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Robustness of structures as a design criterion 280
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L. Lin, N. Naumoski, S. Foo & M. Saatcioglu
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Inspection intervals for bridge welded joints: Guidelines for the Eurocode 3 applications 289
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X.F. Xu
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L. Graham-Brady & C. Zingale
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T. Yoshioka, Y. Moriya & T. Nagao

A comparison of safety levels of sheet pile quay wall based on minimization of life cycle cost
and expected total cost 386
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Monitoring techniques for lab-scaled underwater landslides 406
Q.H. Truong, H.-K. Yoon & J.-S. Lee

Wireless sensor network based slope monitoring system considering variability of matric suction 407
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Analysis of the probability distribution of snow load effects for gable roofs 434
M. Kasperski

Detailed analysis of the safety of design buckling curves for steel members 435
J. Szalai & F. Papp
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Prediction of deterioration in PC bridge girders severely damaged in coastal environment 446
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S.H. Cheung & J.L. Beck
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Stochastic model of tunnel concrete degrading process 476
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J.E. Padgett & A. Spiller

Systems modeling of large transportation networks exposed to multiple hazards 485
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A. Yazdani & T. Takada

Mini-Symposia (MS08) Time-Dependent Reliability Methods and Their Applications

Seismic reliability analysis of corrosive pipelines 497
W. Liu & J. Li

XXVIII
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T. Yoda

Assessment of vibration serviceability for bridge using artificial wheel load 507
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S.-H. Kim, K.-I. Cho, M.-S. Choi, W.-S. Hwang, I.-T. Kim
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S. Aoki & A. Fukano
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F. Tubino & G. Piccardo
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L. Carassale & A. Kareem
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Mini-Symposia (MS06) Uncertainties in Civil Structures & Infrastructure
Engineering

Gaussian process emulators for dynamical systems with random parameters 537
F.A. DiazDelaO & S. Adhikari

XXX

  



Stage critical strength branch and bound algorithm based bridge failure mode identification strategy 538
X. Gao & J. Ou

Depth to bedrock randomness effect on the design spectra 539
M. Badaoui, A. Mébarkis & M.K. Berrah

Analytical solution of structural response under stochastic excitation with phase uncertainty 540
L.Y. Lu, T. Sato & Y. Murono

Mini-Symposia (MS07) Vulnerability Assessment and Risk-Based
Life-Cycle Analysis and Design

A conceptual model for time varying risk assessment for extreme events 543
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Preface

In recent years, safety, reliability, risk and life-cycle management of structures, infrastructures and engineering
systems have become emergent and key issues due to the frequent occurrence of natural and man-made disasters
(such as earthquakes, hurricanes, tsunamis, terrorist attacks, and airplane, offshore platform, and nuclear power
plant accidents), the infrastructure crisis, sustainability issues and global warming. In dealing with these problems
uncertainties are unavoidable.The society can no longer afford to ignore congested roads, deficient bridges, aging
dams, broken levees and water mains, among others. The importance of costs associated with managing existing
structures, infrastructures and engineering systems is increasingly recognized. Decisions regarding requirements
for design, continued service, rehabilitation or replacement should be based on multi-objective optimization
under uncertainty, in order to balance conflicting requirements such as cost and performance.

In the past four decades, the International Conference on Structural Safety and Reliability (ICOSSAR) orga-
nized by the International Association for Structural Safety and Reliability (IASSAR) has provided a valuable
opportunity to share the knowledge, experience and information on structural safety and reliability among sci-
entists and engineers. The first ICOSSAR was held in 1969 in Washington, D.C., USA. Since 1977, it has been
successfully held every four years at several cities in Europe, USA and Japan, and gathered many engineers in
academia, industry, government and private practice. Previous ICOSSARs have been held in Washington, D.C.,
USA (1969), Munich, Germany (1977), Trondheim, Norway (1981), Kobe, Japan (1985), San Francisco, USA
(1989), Innsbruck, Austria (1993), Kyoto, Japan (1997), Newport Beach, USA (2001) and Rome, Italy (2005).
Following the past two ICOSSARs in Japan, Kobe in 1985 and Kyoto in 1997, the ICOSSAR2009 is held in
Osaka, which is the second biggest city in Japan and the center of commerce and industry.

Safety, Reliability and Risk of Structures, Infrastructures and Engineering Systems consists of a book of
abstracts and a CD-ROM containing the full texts of the lectures and papers presented at the Tenth International
Conference on Structural Safety and Reliability (ICOSSAR2009) held in Osaka, Japan, September 13–17,
2009. It includes the Freudenthal lecture, the special lecture, the eight keynote lectures and 540 technical papers
from 43 countries. This set presents an up-to-date overview and significant novel contributions to the safety,
reliability and risk issues of all types of engineering systems. The topics cover major aspects of safety, reliability
and risk of structures, infrastructures and engineering systems, with special focus on advanced technologies,
analytical and computational methods of risk analysis, probability based design and regulations, smart systems
and materials, life cycle cost analysis, damage assessment, social aspects, urban planning, and commercial
applications. Emerging concepts as well as state of the art and novel applications of reliability principles in all
types of structural systems and mechanical components are included. Civil, marine, mechanical, transportation,
nuclear and aerospace applications are discussed.

On behalf of IASSAR and ICOSSAR2009, the Editors would like to thank the authors, organizers of sessions
and mini-symposia, and participants for their contributions, the members of the Conference Scientific Committee
for their dedicated work, and the members of the InternationalAdvisory Committee, IASSARAward Committee,
and Local Organizing Committee for their continuous teamwork. Finally, we would like to thank all the sponsors
of ICOSSAR2009, and in particular Osaka Convention & Tourism Bureau, the Maeda Engineering Foundation,
the Obayashi Foundation, the Kajima Foundation, and Kansai University

Hitoshi Furuta, Dan M. Frangopol, and Masanobu Shinozuka
July 2009
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Conference Organization

Organizing Association

IASSAR
International Association for Structural Safety and Reliability (http://www.civil.columbia.edu/iassar). The pri-
mary objective of IASSAR is to sponsor and oversee the organization of the International Conferences on
Structural Safety and Reliability (ICOSSAR) that are held regularly at approximately four year intervals. IASSAR
was founded in 1985.
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A fuzzy-based approach to comprehensive modeling and analysis of systems
with epistemic uncertainties

M. Hanss & S. Turrin
Institut für Angewandte und Experimentelle Mechanik, Universität Stuttgart,
Stuttgart, Germany

ABSTRACT

A common problem in the numerical simulation of
real-world systems is the fact that exact values for
the parameters of the models can exhibit a high
level of uncertainty. This non-determinism in numer-
ical models may arise as a consequence of different
sources, motivating some categorization of uncertain-
ties. Although other classifications are possible in
almost the same manner (e.g. (Möller 2004)), the fol-
lowing categorization (Oberkampf 2007) proves to
be well-suited in this context: aleatory uncertainties,
such as natural variability or scatter, on the one side,
and on the other side, epistemic uncertainties, which
arise from an absence of information, rare data, vague-
ness in parameter definition, subjectivity in numerical
implementation, or simplification and idealization
processes employed in the modeling procedure.

While aleatory uncertainties have successfully been
taken into account by the use of probability theory,
the modeling of epistemic uncertainties still remains
a challenging topic. As a practical approach to solve
this limitation, an interdisciplinary methodology to
comprehensive modeling and analysis of systems is
presented which allows for the inclusion of uncer-
tainties – in particular of those of epistemic type –
from the very beginning of the modeling procedure.
This approach is based on fuzzy arithmetic, a special
field of fuzzy set theory, which has gained practical
relevance after the introduction of the Transforma-
tion Method (Hanss 2002). By this technique, the
uncertainties can be assessed in a well-defined way
and included in the mathematical model, and one
can demonstrate how the uncertainties are propagated
through the calculation procedure.TheTransformation
Method avoids the possibly serious drawbacks of con-
ventional fuzzy arithmetic (Hanss 2002) and allows
the determination of the degrees of influence of each
fuzzy parameter, quantifying the proportion to which
the uncertainty of each model parameter contributes
to the overall uncertainty of the model output.

As practical and illustrative examples of two differ-
ent areas of the engineering sciences, the fuzzy-based

approach to comprehensive modeling and analysis
of uncertain systems is applied to the simulation of
automotive crash in structural dynamics as well as
to the simulation of landslide failure in geotechnical
science and engineering (Musso 2002). In both appli-
cations, epistemic uncertainties are considered which
arise from some lack of knowledge, from simplifi-
cation in modeling as well as from subjectivity in
implementation.

The main achievement of comprehensive modeling
can be seen in the fact that the intentional inclusion
of uncertainties in the modeling procedure from the
very beginning leads to a somehow more sincere and
honest numerical simulation which reflects both the
benefits and the limitations of the available informa-
tion about the system model. This also offers a new
perspective on the comparison of numerical simula-
tion and experimental results and evokes the authors’
proposal to reconsider the current modus operandi in
modeling of dynamical systems for the future by redi-
recting the increasing computer power to the inclusion
of uncertainties, rather than to a further refinement of
the often already very complex models.
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Dynamic reliability of structures using adapted process

S.K. Au
Department of Building and Construction, City University of Hong Kong, HKSAR, China

ABSTRACT

Importance sampling is a variance reduction technique
that can be used for estimating failure probabilities
of engineering systems. Its successful implementation
relies critically on a good choice of an importance
sampling density that is intended to generate failure
samples more frequently. For linear structures sub-
jected to stochastic excitations, very efficient impor-
tant sampling densities have been constructed using
design point excitations (Au & Beck 2001; Yuen &
Katafygiotis 2005; Jensen & Valdebenito 2007). The
picture is quite different for nonlinear hysteretic struc-
tures, however. Importance sampling has not been
successful with hysteretic systems, even in the SDOF
case. The determination of design point excitations
was thought to be the major hurdle for hysteretic
systems. An efficient algorithm has been recently
developed for determining the design point excita-
tions of SDOF elasto-plastic systems (Au 2006a; Au
2006b). A follow-up numerical study (Au et al 2007),
however, showed that simply using an importance sam-
pling density as a weighted sum of Gaussian PDFs
among the design points only leads to a limited gain in
efficiency. Essentially, the random occurrence of plas-
tic excursions de-synchronizes the critical excitation
from the response and undermining its effectiveness
in producing failure samples. This motivates research
into developing a change of distribution with a mean
shift that can ‘adapt’ to the response so that its future
action can be more effective. This idea may appear
subtle or even illegitimate at first glance, because the
mean shift in the importance sampling density is by
definition fixed. However, in the context of stochastic
simulation problems where there is an embedded tem-
poral structure in the random variables, it is legitimate
when the mean shift as a stochastic process has the
property that its next future value depends on informa-
tion only up to the present. In the theory of stochastic
process this is called an ‘adapted process’.

This paper presents an importance sampling method
using adapted process for estimating the first pas-
sage probability of both linear and hysteretic structures
subjected to stochastic excitations. The importance
sampling distribution corresponds to shifting the mean
of the excitation to an ‘adapted’ stochastic process
whose future is determined based on information only
up to the present. Previous work ignored the effect of
white noise in the design of the adapted process. In
this paper we adopt a stochastic control approach that
explicitly address the issue. The optimal control law
is determined by a control potential, which satisfies
the Bellman’s equation, a nonlinear partial differen-
tial equation on the response state-space. Numerical
results for a single-degree-of freedom elasto-plastic
structure shows that the proposed method leads to
significant improvement in variance reduction over
importance sampling using design points reported
recently.
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Comparison of uncertainty models in the analysis of
offshore structures

M.Q. Zhang, M. Beer, S.T. Quek & Y.S. Choo
Department of Civil Engineering, Center for Offshore Research & Engineering,
National University of Singapore, Singapore

ABSTRACT

In this paper selected uncertainty models are compared
with one another in view of their capabilities in deal-
ing with rare and imprecise information. The effects
of the different models on the results of a reliability
assessment are investigated with focus on corrosion
of offshore structures.

Variations of structural parameters due to uncer-
tainty can be modeled and processed appropriately
with the aid of probabilistic methods; these are well-
established and widely applicable in engineering prac-
tice (Schenk & Schuëller 2005, Spanos & Deodatis
2007). A problematic issue, however, can be the prob-
abilistic modeling of the available information if this
appears in the form of rare and imprecise data. Exam-
ples are uncertain quantities for which mere bounds or
linguistic expressions are known. A traditional prob-
abilistic modeling then requires subjective assump-
tions, which may introduce unwarranted information
if they cannot be justified sufficiently. This may lead
to biased computational results and to wrong decisions
with potential for serious consequences.

It is, thus, advisable to take account of the entire
uncertainty according to its nature to obtain realis-
tic results (Helton & Oberkampf 2004). A variety of
non-traditional mathematical models and approaches
have been formulated for this purpose; see Fellin et
al. (2005) and Klir (2006). The usefulness and capa-
bilities of these models and approaches have already
been demonstrated in the solution of practical prob-
lems in civil and mechanical engineering (Helton &
Oberkampf 2004, Möller & Beer 2008).

In the present study, the probabilistic model for
marine corrosion of steel provided in Melchers (2003)
is investigated in the context of limited information.
This model contains several uncertain parameters. Due
to rare and imprecise information, the bias factor in
the model cannot be specified precisely and is merely
known in the form of bounds. The solutions obtained
with respect to pure probabilistics, interval model-
ing, fuzzy modeling, and imprecise probabilities are
comparatively scrutinized.

The various uncertain forms of the corrosion model
are applied to a simple numerical example of a steel
plate according to Melchers (2003). The upper bound
of the failure probability is computed with the different
uncertainty models via sampling methods. All prob-
abilistic quantities are processed with direct Monte
Carlo simulation. For calculations with interval and
fuzzy quantities the algorithm of α-level optimization
according to Möller & Beer (2004) is adopted. Compu-
tations with imprecise probabilities are realized with a
combination of both methods.The effects of the differ-
ent uncertainty models are investigated by comparing
the information contents in the results and the numeri-
cal efficiency. Practical applicability is demonstrated.
A reliability analysis is performed for a jacket-type off-
shore platform with a limit state defined by a push-over
analysis.
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Copulas and T-norms: Mathematical tools for modelling propagation of
errors and interactions

W. Näther
TU Bergakademie Freiberg, Germany

ABSTRACT

In this presentation, we will demonstrate that such
similar tools like T-norms and copulas are useful for
different kinds of error propagation as well as for
interaction models.

Traditionally there are at least three approaches
for propagation of errors. Firstly there is the clas-
sical error propagation using calculus and a linear
Taylor series approximation. Secondly we know prop-
agation of absolute errors by interval mathematics.
Thirdly the Gaussian error propagation is known which
presents approximately the standard deviation of the
output if the standard deviations of the inputs and the
input-output transfer function are given.

Firstly, we point out that the well known extensional
principle from Fuzzy SetTheory is nothing more than a
soft variant of error propagation by interval mathemat-
ics. This typical worst case scenario of error propaga-
tion can be dampened by use of modified extensional
principles where the strong min −T−norm is changed
by a weaker T−norm. Some examples are discussed
in the presentation. Of special interest in this context
are parametric families of T -norms. Some of which
are discussed in this paper.

Error propagation is deeply influenced by depen-
dencies or interactions between the input variables.
But only the general Gaussian error propagation takes
into account these dependencies by considering cor-
relations between the variables. As a simple example
consider two random (input-) variables X and Y with
VarX = 1 and VarY = 1, correlation ρ(X , Y ) and the
sum X + Y as output. Obviously, since Var(X + Y ) =
2 + 2ρ(X , Y ), the variance of the sum can taken any
value between zero and four depending on the value
of ρ(X , Y ).

Only linear dependencies can be identified by
correlations.A more general tool for describing depen-
dencies between random variables are copulas, well
known since 1960 (Schweizer and Sklar) but applied
just in the last years, for example in finance mathe-
matics. In this presentation, we will introduce copulas
and discuss some special cases. Consider, for example,
two random variables X and Y where Y = g(X ) with
a monotonically increasing g. This dependency leads
to the strongest possible copula, nevertheless ρ(X , Y )
may be nearly zero.

The classical approach for identifying interactions
uses a parametric stochastic model for input and out-
put variables. Some efforts are done in the last years to
integrate interactions directly in the measure of eval-
uation. Obviously, if the measure of evaluation is a
probability measure for disjoint events A and B we
always have P(A ∪ B) = P(A) + P(B), i.e. interac-
tion between A and B does not change this relation.
However, non-additive set functions Q (so called fuzzy
measures) with Q(A ∪ B) < Q(A) + Q(B) (negative
synergy) or Q(A ∪ B) > Q(A) + Q(B) (positive syn-
ergy) are suitable for modelling interactions. For some
kind of fuzzy measures the deviation from additivity
can be described by T−conorms. We point out that
modelling interactions by fuzzy measures (especially
by ordered weighted averages) needs a smaller number
of parameters than traditional modelling.
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Multivariate models for random sets generated by non-parametric methods

Th. Fetz & M. Oberguggenberger
Unit of Engineering Mathematics, University of Innsbruck, Austria

ABSTRACT

Let g(x1, . . . , xn) be a limit state function of a structure
depending on n variables x1, . . . , xn which are assumed
to be uncertain. The uncertainty for each variable is
modelled from measurement data by a non-parametric
method using Tchebycheff’s inequality

P

(
|X − µ| >

σ√
α

)
≤ α. (1)

The inequality shows that Iα = [µ− σ√
α

, µ+ σ√
α

] is a
confidence interval of level 1 − α. Denoting by I c

α its
complement, we get

P(I c
α) ≤ α = P̄(I c

α) (2)

where P(I c
α) is the upper probability of the values

outside the confidence interval, cf. Oberguggenberger
et al. (2007); Oberguggenberger et al. (2008); Ober-
guggenberger & Fellin (2008). Since confidence inter-
vals Iα parameterized by α ∈ (0, 1] are nested, a fuzzy
set or a random set can be constructed from these
intervals. The goal is to compute upper bounds for
the probability P(g(x1, . . . , xn) ≤ 0) of failure. For
this we have to model the joint uncertainty of all vari-
ables involved. There are two generic ways to do that
depending on which uncertainty model is used:

Fuzzy sets: The advantage is the low computational
effort, but from a probabilistic point of view there
is no non-parametric way of taking independence or
interactions into account.

Random sets: Here we would have the possibil-
ity to model different types of independence and
unknown interaction Fetz (2004); Fetz & Oberguggen-
berger (2004), but the main disadvantage is the high
computational effort.

Our new approach here is somewhere between the
above two approaches. We only combine intervals of
the same confidence level α, which also reduces the
computational effort, but then we use random sets in
the following way: For a variable xk a local random
set based on level α consists of two focal sets Ik ,α, I c

k ,α

and weights m(I c
k ,α) = P(I c

k ,α) = α and m(Ik ,α) = 1 − α.
To obtain the joint uncertainty of several variables
we construct the joint random set assuming random

set independence or using Fréchet’s bounds for the
weights. The result for a joint confidence set I1,α × I2,α
for two variables is then an inequality of the same style
as the above inequality (2), but with different right
hand sides f (α) dependening on the method used to
combine the random sets:

P((I1,α × I2,α)c) ≤ f (α) with (3)

f (α) =



α lower bound,
2α − α2 random set independence,
min(2α, 1) upper bound.

The sets I1,α × I2,α are nested again, but the level
is now f (α). That means the joint confidence set is
written as Jf (α) = I1,α×I2,α which leads to the following
formula for the upper probability of failure:

P(g(x1, x2) ≤ 0) ≤ inf {f (α): g(Jf (α)) ∩ (−∞, 0] = ∅}.
An example similar to Melchers (1999) is presented
where we model the uncertainty of the variables by
Tchebycheff’s inequality and compute the probability
of failure for the different approaches.
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Uncertainty in building and the effect of human intervention
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ABSTRACT

The paper attempts to find a relationship between the
theoretical concept of uncertainty with respect to the
parameters of the building process and the practice
which recognizes the main source of significant devi-
ations from he correct value of those parameters to be
human intervention. Human action is the main con-
taminating agent in the building process but at the
same time also the filtering agent which usually suc-
ceeds in achieving acceptable performance. This fact
must therefore be reflected prominently in any assess-
ment of uncertainty and if that uncertainty shall be
minimized, this is where we must begin.

Attempts have been made in the past to find mod-
eling parameters which would permit a mathematical
treatment of human intervention in the building pro-
cess.To this author’s knowledge, none of these endeav-
ours was pursued to an useful end, in other words, a
model permitting research on the basis of forensic data
from real life situations.

The enormous complexity and variety of reality may
be cited as the main reason for this as it surpasses what
a single researcher or even a small team seems to be
able to handle. In this paper the author tries to lay out
the rudiments of a new attempt to “come to grips” with
the problem, identifying some characteristics of error

generation as well as their correction, both of which are
rooted entirely in the individual behaviour of humans.

Experience shows that real life data often comes
incomplete, contradictory and very often contentious
since in many cases attempts to find the truth are
stopped short – judges tend to favour settlements out of
court rather than drawn-out battles clogging the courts’
agenda.

The uncertainty coming of the fact that most data
is less than unequivocal and clear must not necessar-
ily prevent the gathering of insight through concerted
research which ought to include cases where errors
were caught in time and corrected, albeit at extra
costs

The paper focusses on the filtering which occurs
simultaneously with the generation of errors during the
construction process. It is effective to the point of cre-
ating a socially acceptable general degree of reliability
in building construction. Better knowledge about how,
when and where it works, or the circumstances which
hinder it will eventually permit to develop rationally
founded strategies to improve the filtering.At this time
these strategies are entirely based on the personal expe-
rience and judgment of the participants which may at
the same time answer to incentives or interests foreign
to the task which is to reduce the effect of Murphy’s
law: “If something can go wrong it will”.
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Wireless impedance sensor nodes for structural health monitoring

S. Park
Sungkyunkwan University, Suwon Gyonggi, Korea

H. Shin, H.-J. Kim & C.B. Yun
KAIST, Daejeon, Korea

ABSTRACT

Cost-effective and reliable structural health moni-
toring (SHM) of critical members is very essential
for safe operation of civil infrastructures such as
bridges, buildings, power plants, and pipeline sys-
tems. In recent years, a large amount of research
has been focused on utilizing the impedance-based
SHM techniques (Linag et al., 1996; Park et al.,
2003). Particularly, with a current trend of SHM head-
ing towards ubiquitous self-contained sensor envi-
ronments, a wireless impedance sensor node was
developed (Mascarenas et al., 2007). The wireless
impedance sensor node incorporates a low-cost minia-
turized impedance circuit chip that can measure and
record the electrical impedance of a piezoelectric sen-
sor, an on-board microcontroller that performs local
computing for signal processing, and a radio frequency
(RF) telemetry module that transmits the structural
health diagnostic results to a base station. In this con-
text, the main goal of this study is to develop an
improved wireless impedance sensor node shown in
Figure 1 with a multiplexer and an external temper-
ature sensor for simultaneous achievement of both
functions of structural damage detection and sensor-
self diagnosis (Park et al., 2008).Three main objectives
are as follows: (1) to develop reliable and adjustable
wireless impedance sensor nodes in terms of both
hardware and software, (2) to verify the feasibility of
the wireless impedance sensor node for both functions
of structural damage identification and sensor self-
diagnosis, and (3) to propose a temperature effects-free
sensor self-diagnosis algorithm. The block diagram of
the sensor node is displayed in Figure 2.

Figure 1. New prototype of wireless impedance node.

Figure 2. Block diagram of the impedance sensor node.

The performances of the new wireless impedance
sensor node have been demonstrated in an experimen-
tal study to detect cut damage in an aluminum plate and
to diagnosis PZT sensor and/or bonding defects at the
sensor node by itself. Finally, this paper summarizes
several issues and future works that deal with energy
harvesting and power delivery/management issues of
the sensor nodes.
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Development of a wireless piezoelectric transducer excitation
technique using laser and optoelectronic devices
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ABSTRACT

In recent years, nondestructive testing (NDT) has seen
increasingly wider use for structural health monitoring
and damage detection applications. Among the NDT
methods, guided wave based NDT techniques have
attracted much attention from re-searchers, because
they are not only sensitive to small defects, but also
can propagate over a long dis-tance in a plate-like
structure.

These guided waves in a structure can be gener-
ated and sensed by a variety of techniques (Su et al.
2006). Our study proposes a new scheme for PZT
excitation and sensing based on laser and optoelec-
tronic technologies where power as well as data can be
transmitted via laser. This paper mainly focuses on the
excitation aspect of the ultimate goal (Fig. 1). First,
a laser is used as the power source and an arbitrary
waveform such as a toneburst signal is generated using
an electro-optic modulator (EOM) (Smith et al. 1995,
Wilson et al. 1998). This modulated laser is ampli-
fied by an erbium-doped fiber amplifier (EDFA) and
emitted to a photodiode (Kasap et al. 2001). The pho-
todiode converts the light into an electrical power and
a transformer increase the voltage level of the con-
verted electrical power. Finally, this electrical power
can excite a PZT transducer and the guided waves are
generated in a structure. In particular, the feasibility of
the power transmission aspect of the proposed wire-
less scheme has been experimentally demonstrated in
a laboratory setup (Fig. 2).

The results confirm that the laser-based guided
wave generation technique exhibits the reasonable
performance by comparing the conventional wiring
guided wave generation method. Utilizing the pro-
posed technology, a PZT transducer can be perma-
nently attached to a structure with no needs of power
supply and thus a self-sufficient PZT transducer unit
with little additional electronic components can be
envisioned. Although the technology to sense the
generated guided waves is not be described in this
paper, some potential techniques for sensing can be

Figure 1. Overall Schematics of the optic-based wireless
power and data transmission system.

Figure 2. The guided waves generated by an arbitrary
waveform generator and laser.

developed by utilizing other optoelectronic devices
such as light-emitting diodes (LEDs) or laser vibrom-
eters. These are also being investigated by the authors.
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Landslide detection using microwave
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ABSTRACT

In this paper, the measurements of the dielectric prop-
erties of soil are made using both a dielectric probe kit
and ground penetrating radar. Soil samples are oven-
dried until there is no change in weight, we make soil
samples with moisture content varying from 5 to 35
%. The dielectric constants are first measured using
a dielectric probe kit including an open ended coaxial
probe and network analyzer from 600 MHz to 2.0 GHz
as shown in Figure 1.

And two different antennas with 900 MHz and
1.0 GHz are connected to the GPR system, we obtained
GPR data from soil samples (Fig. 2).

Figure 1. Network analyzer and dielectric probe kit.

Figure 2. GPR system for moisture measurements.

Data obtained from the measurements can be used
to establish relationship between the dielectric con-
stants and moisture content of soil. This information
can be further utilized in predicting the possibility of
landslide by relating the variation of water movement
inside soil to the initiation of soil movement prior
to the landslide. The measurement setup is described
and sample results are provided.and has important
implications for upland water quality.
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ABSTRACT

For retrofitting concrete beams or slabs with fiber
reinforced polymer (FRP) composites, debonding of
FRP sheets is an issue of great concern. One of
the most preferable methods to inspect debonding is
to measure strain, because strain on FRP is almost
constant at debonded areas. Unlike discrete sensors,
Brillouin-based fiber optic sensor is promising for
debonding detection because of its capability of mea-
suring strain distribution along the entire length of
the sensing fiber. Using two encountered lightwaves,
recent progress has been made to increase the spatial
resolution of Brillouin-based senor. If the lightwave
interaction length is sufficient, only the steady state of
the induced acoustic wave needs to be considered. If
the length is shorter than the phonon lifetime, the influ-
ence of the transient state cannot be ignored. Thus, an
analysis is necessary to be developed to extract mean-
ingful information from measured Brillouin spectrum
in the case of the narrow pulse lightwave which enables
high spatial resolution.

This paper proposes a model that takes into consid-
eration of both the steady and the transient Brillouin
interaction state. Assuming that the transient term has
an analogous effect to the steady state term, new two
parameters are introduced. A simple test is conducted
for phenomenological determination of the coeffi-
cients. The proposed model indicates that the signal
intensity distribution at the specific frequency, which
corresponds to strain at debonded region, is sensitive to
occurrence of debonding. For evaluation of the model,
an experiment is carried out on a reinforced con-
crete beam specimen retrofitted with glass FRP sheets
which sensing fibers are mounted on. The specimen is
subjected to bending, and strain on the FRP sheets is
determined by stimulated Brillouin-based fiber optic
sensor. Simultaneously, measured Brillouin spectrum
is analyzed by the proposed model and the debonding
location and length is estimated. The results agree well
with test observation, thus its analytical and exper-
imental study demonstrates the effectiveness of the
proposed model that incorporates not only the steady

Figure 1. Analytical result of distributed Brillouin loss
spectrum.

Brillouin interaction state. Using the model, the study
provides a simple method for detecting FRP-concrete
debonding without baseline.
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Measurement and diagnosis of concrete cracks using image
processing and fuzzy theory
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ABSTRACT

A structure is required to be sustained during the tar-
get service life without any severe problems in safety,
serviceability and durability. Most of reinforced con-
crete structures, however, degraded serviceability and
durability due to a very low tensile strength of concrete
material even though it has quite high strength on com-
pression. Especially, concrete structures with cracks
due to tensile stresses show very fast degradation
on serviceability and durability. Therefore, measuring
and diagnosing cracks are essential to decrease direct
or indirect effect of cracks on the safety, durability, and
serviceability of concrete structures. In this regard, it
is necessary to accurately measure the width, length,
and direction of the cracks and deduce the causes
of cracking based on the measuring data. However,
because inspectors generally measure cracks manu-
ally, a great deal of time and energy is required to take
measurements and to compile relevant data.

This paper presents the crack measurement tech-
nique for detection and analysis of cracks in digital
image of concrete surface. This technique composes
of an automatic measurement process of crack charac-
teristics such as width, length, and orientation based on
image processing and inference and recognition pro-
cess of crack patterns, which includes horizontal, ver-
tical, diagonal(−45◦), diagonal(+45◦), and random
cracks, based on artificial neural network. Diagnosis
technique based on fuzzy theory also is presented.

Figure 1. Developed measurement and diagnosis program.

To verify the applicability of proposed technique,
measurement and diagnosis program have been devel-
oped and a series of experimental investigations was
carried out. A comparison of the original crack images
with the results obtained by the proposed technique
shows that the proposed technique can accurately
detect and measure crack images. Presented crack pat-
tern classifier based on ANNs can effectively classify
cracks into 5 categories. Presented crack diagnosis
program based on fuzzy theory presented same results
with those by human and the possibility of each crack
causes which is quantitative result.
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ABSTRACT

Girders with corrugated steel web have been of
increasing interest in bridge design and construction
since its web is supposed to own adequate out-of-
plane stiffness and negligible bending capacity. Also,
corrugated steel web plates have been suggested as a
substitute to traditional concrete or plane steel plate
webs with stiffeners and a better way of weight sav-
ing to meet requirements for bridge girders. Currently,
increasing concerns regarding the fatigue behavior of
the joint between corrugated web and flange plate
have been reported in several experimental studies.
However, due to rather difficulty in weld profile mod-
eling and complexity of the stress field in the vicinity
of the welds, the web-to-flange welded joints have
not been sufficiently considered by the majority of
recent studies regarding fatigue behavior of corrugated
web girder.

This study investigated the stress distribution along
weld throat plane and at the hot spot region for web-to-
flange welded joints of corrugated web girder. As the
stress distribution along the weld is very important for
the prediction of the fatigue life of welded structural
components, the analysis with sufficient consideration
of weld profile can be of great benefit to further study
the fatigue behavior of corrugated web girder. A three
dimensional finite element model has been developed.
Based on the numerical results, the effect of the geo-
metrical parameters on the stress distribution on weld
throat plane along external & internal ridge were ana-
lyzed and compared. In this study, the hot spot stresses
were defined at the intersection points of parallel
and inclined weld. Three different stress extrapola-
tion techniques for predicting hot-spot stresses at the
weld toes were investigated and compared with Dong’s
method. Thereafter, a parametric study has been car-
ried out to study the effect of four popularly used geo-
metrical parameters on stress gradient in the vicinity
of the intersection points of parallel and inclined weld.

It is found that the weld joints at intersection points
of parallel and inclined fold may become plastic much
earlier than that in other parts of the web-to-flange
welded joints working in low stress state, which sug-
gest much attention need to be paid to the stress
distribution at these intersection points in fatigue pro-
cess. Besides, the significant influence of corrugated
angle not only on stress ratio of the end and middle of
the inclined weld along external weld ridge, but on the
hot spot stress of welded joints has been revealed.
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ABSTRACT

Recent design methods of steel-framed structure
assume beam-to-column connection as one of the most
important structural elements since the reliability and
efficiency of the joint have great influences not only
on the structural components but also on the behavior
of the whole structure. Since the end of 20th cen-
tury, bolted endplate joint has been paid increasing
attention as a type of improved beam-to-column con-
nection in seismic area by both industry and academia.
As an important point to study the ductility the joint
possesses, many experimental and numerical studies
have been carried out to study cyclic behavior of iso-
lated bolted endplate joint configuration. However,
few researches were reported on the cyclic behavior
of bolted endplate joint with sufficient consideration
of the simultaneous presence of column axial load.

The aim of the present study is to obtain insights
into the influence of column axial load on the behav-
ior of bolted endplate joint under cyclic loading. The
application of finite element modeling will explore
related variables and potential failure modes, which
could complement the experimental studies. A series
of ANSYS elastic-plastic large deflection finite ele-
ment analyses (FEA) have been carried out in the
present paper. The monotonic behavior of the column
flange plate analytical model subjected to combined
bending and axial loading was examined at first to pro-
vide related evidence for following numerical analysis
model of joint, and the findings were compared with
the relevant equations. Then the analytical model of
bolted endplate joint was investigated and tests were
carried out to study the cyclic behavior of this com-
ponent of bolted endplate joints subjected to column
axial loading. The verification of the numerical results
with experiment results is also reported.

Based on the numerical analysis results, this paper
demonstrates how the column axial load affect the
moment–rotation hysteresis loops, energy dissipation
capacity and failure modes of the joint subjected to

cyclic loading. It shows that the cyclic behavior of
bolted endplate joint seems to be significantly influ-
enced especially under high column axial load levels.
An explanation for this phenomenon is also made
with the comparison of the corresponding theory and
experiment.
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Estimation of failure probabilities by Markov chain simulation-based
approximate method
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ABSTRACT

In order to predict the failure probability of a compli-
cated structure, the structural responses usually need
to be estimated by a numerical procedure, such as
finite element analysis. When the performance func-
tions are implicit, such calculations require additional
efforts and might be time-consuming. To reduce the
computational effort required for reliability analysis,
the support vector machine (SVM) method has been
developed recently to cope with the issues with implicit
performance functions. The main role of the SVM is
simply a classifier though it has been applied in struc-
tural reliability community successfully, on the other
hand, the training samples for the SVM, as published
so far, are mostly generated randomly around the basic
random variables. This is not appropriate for many
cases, especially for the problems of small failure prob-
ability. Because only with the enough large number of
samples, can the results achieve the satisfied accuracy.
Therefore, the method is computationally expensive.

To overcome the above issues in the present meth-
ods, this paper develops an approximate method comb-
ing the Markov chain simulation (Metropolis 1953,
Au & Beck 1999) and the support vector regression
algorithm (Hurtado 2004). In the proposed method, the
training samples are firstly simulated as the states of
a Markov chain, an approximate limit state function
(LSF) is then re-constructed from these samples via
support vector regression machine, the Monte Carlo
simulation method is finally adopted to compute the
failure probability for the above approximate LSF.
The purpose of the Markov chain is to generate the
training samples for SVM which can adaptively dis-
tributed these sample points in the region of higher
probability density in the failure domain, while the
SVM is to produce a surrogate of the finite element
solver that provides the value of the LSF. The com-
putational cost of the proposed method comes mainly

from the simulation of the Markov chain samples to
re-construct the approximate LSF and this is propor-
tional to the number of function calls of the indicator
function If (x). In order to decrease the Markov chain
samples needed to construct the LSF and thus increase
the computational efficiency of the proposed method,
this paper introduces an adaptive Metropolis algorithm
(Haario et al 2001) to generate the Markov chain. This
adaptive Markov chain simulation method is based
on the concept that the adaptive Metropolis algorithm
can effectively increase the rate of convergence of the
classical Metropolis-Hasting algorithm and thus can
greatly decrease the number of function calls of the
indicator function If (x).

The numerical examples show that the re-
constructed LSF using the above Markov chain sam-
ples can well approximate the true LSF around the
design point and thereby can be used as an alterna-
tive as the real one. In addition, the proposed method
can achieve comparable accuracy when compared
with traditional method with much fewer samples,
indicating that it can provide accurate and compu-
tationally efficient estimates of failure probability.
Therefore, the proposed Markov chain-based approx-
imate method qualifies as a comprehensive tool in
structural reliability analysis.
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based on the vehicle axle load survey
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ABSTRACT

A new design traffic live load for a cable-stayed bridge
is proposed in this study. A probabilistic model of the
traffic live load is developed by the vehicle axle load
survey. Monte Carlo simulation is conducted to get
the expected values of the annual peak response forces
and their traffic live load. It turns out that the range
of the safety indices among structural members by the
proposed load is narrower than that by the conventional
one, that means the proposed load is more reasonable
than the conventional one from the viewpoint of the
reliability design.
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Figure 1. The flow chart of this approach.

Figure 2. Relationship between the traffic live load intensity
and the distance of dominant sign area of the influence line.

Figure 3. Comparison of the safety indices between the
conventional and the proposed design load.
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An efficient Bayesian method for taking into account the modeling
uncertainties in the evaluation of structural reliability
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ABSTRACT

A significant portion of the total seismic risk in Italy,
evaluated in economic terms, comes from the dam-
ages endured by the existing buildings. As a result,
more recent Italian seismic guidelines (e.g., OPCM,
NTC) pay particular attention to seismic assessment
of existing structures, which is distinguished from
that of the new construction by lack of informa-
tion about both the original features and the current
state of building. These modeling uncertainties can
be classified into two groups; the uncertainty in the
mechanical properties of the construction materials
and the uncertainty in the structural detailing (a.k.a.
the defects). This work employs the Bayesian proba-
bility framework in order to make robust estimation
of the structural reliability and its dispersion (mean
and standard deviation) based on a limited number of
structural analyses. The resulting probabilistic assess-
ments of the structural performance are compared to

the corresponding assessments based on simulation-
based reliability methods and extensive structural
analyses. In order to evaluate the overall effect of mod-
eling uncertainties on reliability assessment of existing
buildings, the structural modeling uncertainties are
taken into account together with the uncertainties in
the ground motion representation.
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ABSTRACT

A time domain nonlinear reliability analysis technique
is presented to estimate reliability of dynamic systems
as an alternative to the classical Monte Carlo simula-
tions (MCS) technique.Variance-reduction techniques
(VRTs) are generally used to improve efficiency in
MCS by altering the sampling methods, correlation
methods, and special methods. By utilizing a special
input scheme or sampling method, a new simulation-
based reliability evaluation method is proposed. It is
ideally suitable for the reliability analysis of nonlinear
dynamic systems represented by finite elements. In
this class of problems, the limit state or performance
functions are implicit in nature and also function of
time. To approximately generate the implicit perfor-
mance function in the failure region, the response
surface method (RSM), the stochastic finite element
method (SFEM) proposed by the authors, and the
first-order reliability method (FORM) are integrated.

The damage to steel structures caused by the
Northridge earthquake of 1994 is a major motiva-
tion behind this study. To mitigate the problem, in
post-Northridge steel connections, flexibility is being
introduced in many different forms. It introduces a
major source of energy dissipation but it is also a major
source of nonlinearity. To improve efficiency in the
deterministic finite element method to consider flexi-
bility of connections, the stress-based finite element is
used in the mathematical formulation. In the assumed
stress-based finite element method, the tangent stiff-
ness can be expressed in explicit form, the stresses of
an element can be obtained directly, fewer elements
are required to describe a large deformation config-
uration, and integration is not required to obtain the
tangent stiffness.

Moment rotation (M -θ) curves are generally used
to consider flexibility in the connections. In this study,
the Richard four-parameter moment-rotation model is

used to represent loading behavior. The unloading and
reloading parts of the M -θ curves are theoretically
constructed using the Masing rule.

Two types of second order polynomial are used
for the response surface. Saturated design and central
composite design (CCD) are used for the experimen-
tal sampling points. To generate the response surface
in the failure region, it is linked with FORM. The ini-
tial center point is assumed to be the mean values of
the random variables for the first iteration. By con-
ducting nonlinear FEM, the responses are calculated
using saturated design for a second order polyno-
mial without cross terms; and a limit state function is
generated. Using the explicit expression for the limit
state function and FORM, the reliability index β, the
corresponding coordinates of the checking point are
obtained for each random variable. The coordinate of
the new center point is obtained by applying the linear
interpolation scheme. The updating of the center point
continues until it converges to a predetermined toler-
ance level. In the final iteration, the information on the
most recent center point is used to formulate the final
response surface using CCD with a full second order
polynomial. The FORM method is then used to cal-
culate β and the corresponding most probable failure
point (MPFP).

To demonstrate the desirability and application
potential of the method, the reliability is estimated for
both serviceability and strength limit states. All the
design parameters including the four parameters of the
Richard model are considered to be random variables.
Two steel frames with different flexibilities of connec-
tions are then excited by actual recorded earthquake
time histories and the corresponding reliabilities are
estimated. The accuracy of the method was estimated
by calculating the corresponding risk using MCS of
100,000 cycles. It was shown that the proposed method
can estimate reliability with similar accuracy with only
about 100 to 200 cycles of simulation.
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ABSTRACT

In order to motivate the incorporation of the reliability
concept in the structural design and analysis proce-
dure, the engineering community is in need of finite
element (FE) software with capabilities of including
the stochastic nature of input parameters.

In this paper, a reliability tool that is being devel-
oped as part of the SOFiSTiK FE software package
is presented. SOFiSTiK is a FE program with par-
ticular emphasis on civil and structural engineering
(SOFiSTiK AG 2008). The program is made up of
a modular structure and provides communication by
a very efficient database. The reliability tool is pro-
grammed in a stand-alone fashion. The tool controls
the deterministic analyses by running the correspond-
ing SOFiSTiK modules, while the data-exchange is
achieved by interaction with the database (Fig. 1).

The reliability analysis may be assessed either by
the first order reliability method (FORM) or by a
variety of simulation techniques. In the FORM, an
optimization problem is solved in order to find the
minimum distance of the limit state function to the ori-
gin of the equivalent standard normal space (Liu & Der
Kiureghian 1991). For the solution of this program,
a series of optimization algorithms have been imple-
mented. These include the standard HLRF method and
its improved version, the sequential quadratic pro-
gramming method and an improved version of the
gradient projection method.

Figure 1. Communication between the reliability module
and the SOFiSTiK program.

The implemented simulation methods may be
divided into two categories. In the first, the sampling
is done directly, i.e. without previous information.
Such methods are the direct Monte Carlo method with
Latin hypercube sampling (LHS) for a better variance
reduction rate (Olsson et al. 2003), and the direc-
tional simulation (DS) (Bjerager 1990). The DS is
further combined with smart techniques that select
an optimum directional sample distribution (Nie &
Ellingwood 2000). In the second category, initial cal-
culations are used in order to reduce the variance of
the produced samples. These include importance sam-
pling (IS) based on the design point (Bjerager 1990),
such as standard IS, axis orthogonal IS, radial IS and
directional IS, and two adaptive techniques.

The reliability methods may also be combined with
an approximation of the response surface, utilizing a
polynomial meta-model (Faravelli 1989).

The paper gives a pair of geotechnical FE reliability
analysis examples, to demonstrate the applicability of
the tool to industrial problems.
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ABSTRACT

This research applies SLSV (Single-Loop-Single-
Variable) method (Chen and Neill 1997) to reliability-
based topology optimization (RBTO) problem for
frame structure to improve computational efficiency.
The design problem is formulated to minimize the
structural volume of frame structure in terms of
cross-sectional area of each frame element under the
two reliability constraints. The two mode reliability
criteria consist of the mean compliance and mean
eigenfrequency under variations on applied loads and
nonstructural mass.

The SLSV method is known as an efficient
technique for decoupling the nested iteration loops
consisting of the reliability analysis loop inside of
the optimization loop by onverting the reliability
constraint into equivalent deterministic one.

Through numerical example, the computational
efficiency and the accuracy of the reliability approx-
imation by SLSV method are demonstrated in com-
parison with those by the conventional double-loop
method (Mogami and Kogiso 2006).The ground struc-
ture is shown in Figure 1, where the applied load
and the nonstructural mass with normal distributed
variations are applied at the center of the right-hand
side. The reliability-based optimum configurations
obtained by SLSV method under target reliability of
βt = 3.0 for the mean compliance criterion βl and
the mean eigenrequency criterion β	 is illustrated in
Figure 2, that has almost the same volume with identi-
fied configuration as one obtained by the conventional
double-loop method. The computational performance
of the SLSV method is compared with the conven-
tional double-loop method in Table 1. It is indicated
that SLSV method has sufficient reliability approxi-
mation accuracy, regardless that the method evaluate
the reliability only by approximation. Note that the
reliability indices for the optimum design in Table 1
are evaluated by th first-order reliability method. It
is also found that SLSV method significantly reduces
the number of limit state function evaluations (NFE)
and CPU time in comparison with the conventional
double-loop method.

This result indicates that SLSV method has suffi-
cient ability for practical RBTO problems.

Figure 1. Ground structure of 3D frame.

Figure 2. Reliability-based optimum configuration
(βt = 3.0)

Table 1. Comparison of computational performance.

SLSV Double-loop

βl 3.024 3.000
β	 2.988 2.997
Volume (mm3) 63581 63791
NFE (g1) 616 6358
NFE (g2) 616 10075
CPU time (sec.)∗ 1262 8424

* Pentium 4, 3.4 GHz
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Updating fragility estimates for reinforced concrete bridges using
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ABSTRACT

Existing bridges in the US are suffering from aging
and deterioration due to harsh environmental exposure
conditions and/or are damaged by natural (earth-
quakes, hydrologic forces, etc.) or man-made (colli-
sions, fire, road salt, etc.) hazards. With limited funds
available for the maintenance of aging and degrading
bridges, it is critical to evaluate the performance of
existing bridges in the field such that the bridge owners
can optimize the allocation of the resources for mainte-
nance, repair, and/or rehabilitation of bridge systems.
Accurately estimating the up-to-date in-place struc-
tural properties is a critical part to evaluate the bridge
performance.

Compared with the widely used visual inspection,
which gives a subjective assessment and is unable to
detect hidden damages in a structure, vibration-based
nondestructive testing (NDT) can be used to identify
damage at an earlier stage in an objective manner.
In this paper, we propose a methodology to iden-
tify the structural properties of a reinforced concrete
(RC) bridge with modal data obtained from vibra-
tion responses using NDT. The structural properties
are then used to update the shear and deformation
fragility estimates of the bridge. Modal data can be
easily extracted from a vibration testing, making the
proposed approach of practical value.

Finite element model (FEM) updating is a straight-
forward method to determine the changes in the phys-
ical properties of a structure by calibrating or updating
the structural parameters using vibration measure-
ments. However, due to the computational cost and the

inverse ill-conditioning problem, FEM updating is not
practical for identifying damages at the element level.
On the other hand, investigating the changes of struc-
tural vibration characteristics before and after damage
can provide the needed information about the changes
in the physical properties of a structure at the element
level. In this case, a reliable baseline is critical for the
successful performance.

In this study, a Bayesian model updating approach is
used to develop the baseline structure using eigenfre-
quencies, and the damage index method (DIM), which
is based on mode shape curvature changes, is used to
identify the local damages. The proposed framework
makes use of the advantages of these two techniques
and compensates for their drawbacks. Additionally,
two types of uncertainties can be easily accounted
for: modeling error due to the inexactness in the
computer-simulated model and the uncertainties in the
structural properties of the real structure, and measure-
ment error reflecting the uncertainties in the response
measurement.

The proposed framework is illustrated using a sim-
ulated FEM of the Lavic Road Overcrossing Bridge,
a typical box-girder RC highway bridge in Califor-
nia. Through this case study, we found that a Bayesian
approach can effectively be used to update a pre-
liminary FEM based on the frequencies of the first
four bending modes of the bridge, providing a more
accurate baseline for the DIM. With this baseline, the
DIM successfully detects the change in the local stiff-
ness. Finally, the shear and deformation fragility of the
Lavic Road Overcrossing Bridge is computed using
the updated structural properties.
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ABSTRACT

A computational methodology for defining Reliability-
Based Vulnerability Requirements (RBVRs) using
probabilistic Finite Element (FE) analysis is described
in this paper. Previous reliability-based work on the
response of typical stiffened panels from blast loads
of a 4 kg explosive charge highlighted the most influ-
ential design parameters against the arisen stresses.
The reliability index was found to be negative as an
indication that typical ship panels found in merchant
vessels are vulnerable against blast loads. The next
step forward is to prudently increase these contribu-
tive strength variables, pointed out by the sensitivity
analysis, in order to raise the reliability index, and
subsequently reduce vulnerability. The challenge lies
in finding the golden means of this increase so that
the proposed methodology is cost-effective and oper-
ationally realisable. The geometric variation of the
most contributive design strength variables is based
on a rational increase from the inventory of mod-
ern shipyards. Manufacturing-induced distortions are
also accounted in the probabilistic design. All the
above are incorporated in a parametrically-defined
macro file subjected to the probabilistic characteristics
of strength and load variables. ANSYS probabilis-

tic design analysis (PDA) is used as a basis for
determining the response surface of the accounted
designs. The blast effect from the detonation of 4 kg
PETN Improvised Explosive Device was realised in
LS-DYNA solver, while the PDA was realised with
ANSYS implicit. Reliability assessment is performed
with CALREL software and more precisely First Order
Reliability Method. The reliability index of the stiff-
ened panel, loaded by the impulse of 4 kg PETN charge
at a selective range of standoff distances, was found
to gradually increase as the panel is reinforced. The
resulting response surface of the reliability index as a
function of the most contributive variables was found
in this work.The generated response surface allows for
quick, yet reliable, estimates during the design stage
regarding the vulnerability of stiffened panels against
blast loads. It is aspired that the proposed methodology
is to have a significant impact on establishing RBVRs
for ship panels at an early stage of the design.This work
is putting forward a methodology that can be used for
developing future rules and requirements for asym-
metric threats in the marine environment. Ultimately,
this work gives a better appraisal of the vulnerability
of typical ship panels as a step forward in enhancing
safety at sea and fighting the global war on terror.
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ABSTRACT

Flexible pavements represent the major part of the U.S.
transportation infrastructure. It is estimated that flex-
ible pavements comprise approximately 60 percent of
the total paved public roads in the U.S., or approxi-
mately 500,000 miles (Highway Statistics 2005). With
utilization and aging, the condition of pavements
deteriorates. As a result, periodic rehabilitation and
preventive maintenance actions are needed to sustain
pavement functionality and safety.

In pavement engineering, preventive maintenance
is a planned strategy of treatments. Examples of treat-
ments are fog sealing, microsurfacing, crack sealing
and other treatments designed to slow down the deteri-
oration process and improve the functionality without
increasing the pavement structural capacity. On the
other hand, rehabilitation actions such as pavement
overlays represent activities that increase pavement
structural capacity.

One of the most important considerations in pave-
ment design is the life-cycle cost. Life-cycle cost
includes all the costs incurred during pavement life
such as: initial construction cost, preventive main-
tenance costs, rehabilitation costs, as well as users’
costs (e.g., time related, vehicle operating, safety, and
environmental costs) (Abaza 2002).

Timely planned application of rehabilitation and
maintenance actions is essentially a cost effective
means for obtaining desired performance and service
life for the pavement structures. Delaying the appli-
cation of these actions beyond serviceability level
requires more extensive, time consuming and costly
actions, and makes the pavement section unusable for
an extended time, thus causing inconvenience to public
by disrupting the traffic. On the other hand, very early

application of maintenance and rehabilitation actions
adds little or no benefits.

The performance of pavement structures is gener-
ally associated with large uncertainties that arise from
two different sources: uncertainty in the pavement uti-
lization and uncertainty in the pavement response.
Hence, it is important to explicitly account for
these uncertainties while developing optimal design
strategies.

The concept of reliability has been used in pavement
engineering applications to account for the probabilis-
tic nature of the pavement performance. However,
current models do not explicitly consider the effect
of rehabilitation actions on the pavement reliability,
which is an important shortcoming for their effective
implementation in determining optimal rehabilitation
strategies.

This paper develops a reliability-based optimiza-
tion model that can be used for determining optimal
rehabilitation strategies (time and design) for flexi-
ble pavements. Pavement fragility curves, defined as
the conditional probability of failure given a specified
level of demand, are used in the reliability analysis. To
facilitate the use of the fragility curves in the opti-
mization problem, a closed-from fragility model is
developed to expresses the fragility estimates in terms
of decision variables.

In this paper, a multi-objective reliability-based
optimization model is developed. Since the devel-
oped model is nonlinear and non-convex, a multi-
objective genetic algorithm (MOGA) is used for the
optimization.

The results from a numerical example show that the
developed optimization model can be efficiently used
in determining the optimal rehabilitation strategies and
cost-reliability tradeoffs.
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ABSTRACT

When bridges are designed, the future service condi-
tions and loads on it can only be estimated. Once put
into service, a bridge is subjected to loading and dete-
rioration processes, some of which may be out of the
envelope considered in the design process. An accu-
rate estimate for the remaining life and load carrying
capacity of an inservice bridge is needed so that pub-
lic safety is not compromised, and, at the same time,
scarce resources are not unnecessarily spent in bridge
repair.

Once built, the best model of the bridge is the
bridge itself and inservice data should be used as
much as possible. This paper presents a probability-
based methodology for load rating bridges that can
accommodate detailed site-specific in-service struc-
tural deterioration and response data in an LRFR (load
and resistance factor rating) format.

A new model of gross section loss, C, due to
corrosion occurring with an exponentiated Ornstein-
Uhlenbeck type stochastic noise (η) is considered:

where β, γ are random parameters of the model, TI is
the random corrosion initiation time, and the evolution
of the Ornstein-Uhlenbeck process is given by:

ζ is the Gaussian white noise, and k, D are drift and
diffusion coefficients.

The proposed methodology also allows a stationary,
dependent live load-effect sequence; the dependence
is of a weakened mixing type that asymptotically
decreases to zero with increasing separation. In addi-
tion, uncertainties in field measurement, modeling
uncertainties and Bayesian updating of the empir-
ical distribution function are considered to obtain
an extreme value distribution of the time-dependent
maximum live load.

An illustrative example utilizes in-service peak
strain data from ambient traffic collected on a high-
volume steel girder bridge. The limit state considered
is plastic collapse of the critical girder cross-section
during a specified service life. In-service load and
aging resistance factors, optimized for an inventory
of bridges, are developed for different service lives.
The rating factors thus obtained can aid bridge own-
ers to schedule the time and extent of future repairs
more efficiently than allowed by the current standard
practices.
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ABSTRACT

Seismic risk management becomes more and more
important in the disaster prevention and mitigation for
local government. There are two kinds of risk, individ-
ual and aggregate. The former is basically applied to a
critical facility at a specific site such as nuclear power
plant, while the latter could be aggregate risk of mul-
tiple buildings either located at a single site or widely
distributed at the different sites. This study focuses on
the aggregate risk assessment for the building portfolio
at a single location instead of for spatially distributed
portfolio.

The site-specific risk analysis cannot directly be
applied to the aggregate risk analysis for certain tech-
nical problems such as the correlation of the ground
motion.The estimation of the probability of simultane-
ous failure, Pf , is of much concern in the building port-
folio. The analytical expression of Pf for two building
is formulated. Suppose that the limit state function,
G, for a single building can simply be defined as
G = lnR – lnSA where R is the resistance of the building
and SA is the response spectral acceleration. Assuming
both R and SA are independent log-normal variables,
G follows normal distribution with parameter µG and
σ2

G . As far as two buildings are concerned, the prob-
ability of simultaneous failure is equal to probability
that both G1 and G2 are smaller than 0, that is

where | · | denotes the determinant,

Equation 1 can easily be extended to more than two
buildings. Given the loss definition, the total risk can
be obtained in a straightforward manner.

As can be seen, the accuracy in the estimate of Pf
depends on the appropriate estimate of the ground
motion (µlnSA and σlnSA), correlation of the ground
motion (ρlnSA) between the two different buildings, and
the correlation of the resistance (ρR) between the two

Figure 1. Comparison of Pf for 7-story and 11-story build-
ings with the ground motions predicted by SSAR and
UMAR.

buildings. In this paper, the site-specific attenuation
relationship (SSAR) for SA is developed within the
Bayesian framework in light of the new observations
at the specific site. Based on the high-density observa-
tions from recent earthquakes, the correlation model of
SA between the different periods is developed as well.

A numerical example of a building portfolio is illus-
trated for three steel buildings under an earthquake
scenario by incorporating the ground motion predicted
by SSAR, the correlation of ground motion (ρlnSA) and
the correlation of resistance (ρR) Figure 1 shows the
Pf estimated for 7-story and 11-story buildings. The
fragility curves for moderate damage are adopted from
Nakamura & Nakamura (2001).

The following observations are notable: 1)
the Pf using SSAR ground motion is larger
than that using ground motion obtained from
the Uchiyama-Midorikawa attenuation relationship
(UMAR, Uchiyama & Midorikawa 2006); 2) the
Pf with consideration of the correlation of ground
motion lies between those using perfectly correlated
and independent ground motion; 3) the Pf increases
with increasing ρR, however, the effect of ρR is
slight because the uncertainty is predominated by the
uncertainty of the ground motion.
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ABSTRACT

Due to a large development of regional networks in
recent years worldwide, and because of the current
advances of real-time seismology, the question of
using earthquake early warning systems (EEWSs) for
site-specific applications (Figure 1) is rising. Hybrid
EEWS’ are of current interest as cost-effective solu-
tions for seismic risk mitigation, although efficiency
evaluation and feasibility analysis for earthquake engi-
neering applications is still debated.

Seismologists have recently developed several
methods to estimate the magnitude (M) of an event
given limited information of the P-waves for real-
time applications. Similarly, the source-to-site dis-
tance (R) may be rapidly determined by analyz-
ing the time and order of the seismic stations
detect the developing earthquake. Consequently, given
a vector of measures informative for the mag-
nitude, {τ1, τ2, . . . , τn}, and the sequence of sta-
tions triggered by the event, {s1, s2, . . . , sn}, the
probability density functions (PDFs) of M and
R, f (m|τ1, τ2, ..., τn)andf (r|s1, s2, ..., sn) respectively,
may be available.Thus, it is possible to compute in real-
time the probabilistic distribution (or hazard curve) of
a ground motion intensity measure at a site of interest
(Iervolino et al., 2006) as in Eq. (1), which also requires
an attenuation relationship, f (im|m, r), available for
the chosen IM.

Figure 1. Hybrid EEWS sketch (Iervolino et al., 2006).

Nevertheless, such prediction involves significant
uncertainty and therefore effectiveness of EEW for
engineering applications requires proper assessment.

This paper presents a review of the work of the
author and co-workers about the real-time adaption of
probabilistic seismic hazard analysis or PSHA (Cor-
nell, 1968) and of the performance-based earthquake
engineering framework.

The procedure for early warning predictions of engi-
neering ground motion parameters is presented first,
then some issues related to the involved uncertainty
and its influence on the alarm issuance decision (e.g.,
false/missed alarm occurrences) are discussed. Sec-
ondly, a prototypal terminal based on real-time PSHA
and able to issue the alarm for the EEWS under devel-
opment in the Campania region (southern Italy) is
shown. Finally, it is discussed how to set EEW alarm
thresholds, for structures/infrastructures, based on the
expected loss conditional to the information provided
in real-time by the seismic network.
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ABSTRACT

Performance-Based Earthquake Engineering (Cornell
& Krawinkler 2000) aims to quantify the seismic reli-
ability of a structure at a site. For that purpose, Proba-
bilistic Seismic Demand Analysis (PSDA, Shome et
al. 1998) quantifies the mean annual frequency of
exceeding a specified value of the significant seismic
response of a building, known as engineering demand
parameter, EDP. Usually, PSDA is decoupled in the
ground motion hazard and nonlinear dynamic analyses
(such as incremental) through an intermediate variable
known as the ground motion intensity measure, IM,
which quantifies the characteristics of a record that are
important to predict the inelastic structural response.
Conventional scalar IMs are the peak ground accelera-
tion, PGA, and the pseudo-spectral acceleration at the
first-mode period, Sa(T (1)), or simply Sa.

Some desirable properties are needed to define
an optimal IM in PSDA of inelastic systems, such
as hazard computability, efficiency, sufficiency and
scaling robustness. Since IM defines also the seis-
mic hazard curve at a given site, the availability of
ground motion prediction model and the simplicity in
performing the analysis for a given IM leads to the haz-
ard computability property. However, one of the most
important desirable properties consists in the effi-
ciency of IM, i.e., in reducing the standard deviation
of the ln(IMcap|EDP), which, in turn, reduces the num-
ber of nonlinear dynamic analyses preserving the same
accuracy in seismic performance estimation (Fig. 1).

Other desirable properties of an optimal IM are
the sufficiency and the scaling robustness. The first
property requires that the probability distribution of
the EDP given an IM is conditionally independent of
the other ground motion parameters (e.g., magnitude,
distance, ε, etc.), whereas the latter implies there is
no statistically strong relationship between the EDPs
and the scale factors used in scaling the amplitude of
records.

Since structural response of inelastic multi-degree-
of-freedom systems is sensitive to multiple period Ti,
then an IM which averages elastic spectral acceleration

Figure 1. Comparison between the standard deviation
of ln(IMcap|EDP) for several median ductility capaci-
ties assuming PGA, Sa and Sa,avg as IM. The inelastic
multi-degree-of-freedom system has an elastic fundamental
period equal to 1.8 s and a number of storeys of 18.

values over a certain range of periods might be a use-
ful and convenient predictor of structural response of
inelastic systems. The present work shows the desir-
able IM properties of Sa,avg(T1, . . . , Tn), or briefly
Sa,avg , to be used in PSDA (Bianchini et al., in prep.).
Sa,avg is defined as the geometric mean of a certain
number of Sa(Ti) and it is applied to demand assess-
ment of inelastic multi-degree-of-freedom systems. It
was found that Sa,avg can be used as a useful and prac-
tical predictor of structural response compared with
other scalar-based IMs.
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ABSTRACT

In recent years, the site-specific seismic hazard anal-
ysis has become a common tool in the engineering
community to determine the likelihood that ground
motions of different amplitude may be observed at
a designated site. Conventionally this computation
is only done for a scalar ground motion intensity
measure–such as peak ground acceleration or spectral
acceleration–although the methodology for computing
the joint (i.e., vector-valued) hazard has been proposed
almost 10 years ago. The knowledge of joint hazard at
a site is valuable in many applications where more than
one ground motion parameters is needed for predicting

a structure’s response. However, the joint hazard anal-
ysis has not yet been adopted in the engineering
seismology community mainly due to the lack of a
computational tool to perform the vector-valued seis-
mic hazard analysis (VPSHA). This article presents a
VPSHA methodology that requires only the manipu-
lation of results from the scalar PSHA as opposed to
performing a direct integration of the jointly normal
distribution, as originally proposed. This alternative
VPSHA approach is not only appealing because by-
passes the need of writing a VPSHA code but also
because it can be used to compute the hazard of a pool
of ground motion parameters larger than that allowed
by the original method.
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ABSTRACT

In Japan, with the sudden occurrence of the natural dis-
aster such as the earthquake, heavy rain fall, sediment
disaster, etc., social infrastructure facilities frequently
catastrophic damaged, so that much of human life and
huge fortune were lost. It is fear that the disastrous
earthquake namedToukai,Tounankai, and Nankai will
occur more than 50% of high probabilities within 30
years in the future. Therefore, each local government
that will be damaged already proceeded to consider
the emergency response plan mainly in the urban area
which is a densely populated region.

In general, the emergency response plan is com-
posed of the three steps such as emergency response,
emergency compatible and the restoration and revival,
and then the contents in each step are organized in time
series. Among these, the emergency response which
makes a hit within 1 day from the earthquake occurring
is the most important phase which does the activity
of the reduction and the prevention of the lifesav-
ing, the after damage. Immediately after earthquake
occurring, an epicenter, the depth of the epicenter,
the scale of the earthquake and earthquake intensity
distribution at each place are released from the Mete-
orological Agency. If the reliability assessment of the
highway network in the target area is quickly done
at this point, the response at the initial stage can be
done for reduction of the damage. In such plans, how-
ever, it is not treated various damage scenario patterns
with considering the lost of performance of the social
infrastructure facilities such as bridges and roads.

In early studies, based on the live design concept,
we proposed a new strategic maintenance approach for

protection against disasters management of existing
social infrastructure stock as well as for long-range
management at normal service time.

In this paper, based on this live management1)−3),
the safety evaluation of road-networks for feasible
routes from a fire station to two hospitals and one har-
bor in Akashi City which is a typical satellite town
near Kobe City is examined immediately after earth-
quake using a simulation method. As the result, three
safety road-network routes are selected as important
routes at an emergency, and the effective emergency
countermeasures are considered. The effectiveness of
the live management approach is demonstrated by the
example.
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ABSTRACT

Authors are trying to apply MSS1) to seismic design of
the bridge, and to evaluate the influence degree that the
state of performance demonstrating of an individual struc-
tural element that composes the bridge and the performance
demonstrating of an individual structural element cause in the
state of the performance demonstrating of the entire bridge
quantitatively. In this study, as a second stage of study of
weight putting of the damage extent between structural ele-
ments, the structure analysis that changes the performance
of structural element (bridge shoe) of the bridge system
designed with present design code2) is executed. And, the
influence level that the performance of bridge shoe causes
for performance of entire system is considered. Moreover,
it proposed the method of setting the earthquake-proof per-
formance demonstrating rate to the entire bridge of each
structural element.

The entire analysis model is shown in Fig. 1. Superstruc-
ture and substructure were modeled by beam element. A
nonlinear characteristic was evaluated with plasticity spring
given to base of pier.

Analysis condition was assumed to be 4 cases that changed
the rigidity of shoe. (Case 0∼Case 3)

Here, performance rate of individual structural element
was defined as regularized numerical value of individual
structural element displacement by ultimate displacement of
individual structural element “This performance rate shows
a relative performance to the entire bridge system of an
individual structural element.” (Refer to Table1)

Here, displacement coefficient is value that ultimate
displacement of each structural element is regularized by

Figure 1. Analytical model chart.

Table 1. Performance rate table.

Shoe on Falling prevention
Case Pier abutment device

Case 0 0.81 0.43 0.01
Case 1 0.85 0.59 0.01
Case 2 0.86 0.71 0.07
Case 3 0.87 0.73 0.08

Figure 2. Load – Coefficient of displacement curve
(case.0∼case.3).
the ultimate displacement of pier, and the value indirectly
expresses performance rate of entire bridge.
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ABSTRACT

The characteristic loads on wind turbines during oper-
ation are among others dependent on the mean wind
speed, the turbulence intensity and the type and set-
tings of the control system. These parameters must be
taken into account in the assessment of the character-
istic load.

The characteristic load is normally determined by
statistical extrapolation of the simulated response dur-
ing operation according to (IEC 61400-1 2005). How-
ever, this method assumes that the individual 10 min.
time series are independent and that peaks extracted
by the Peak Over Threshold method are indepen-
dent. In the present paper two new methods for loads
extrapolation are presented.

The first method (method 1) is based on the same
assumptions about independence of the individual
extremes and the 10 min. time series as the exist-
ing method. However, for this method the statistical
extrapolation is only performed for a limited number
of mean wind speeds where the extreme load is likely
to occur. The wind speed for which the response can
start to become critical is denoted the storm wind speed
and determined from the nominal wind speed for the
wind turbine and the turbulence intensity.

The second method (method 2) for load extrap-
olation divides the 10 min. mean wind speeds into
storms which are assumed independent. The assump-
tion about independence is secured by adding a time
separation between the storms and combined two
storms into one if the mean wind speed between the
storms is not below 80% of the storm wind speed.
The characteristic load is determined by statistical
extrapolation of the extreme load in each storm.

RESULTS

In order to compare the existing method in (IEC
61400-1 2005) with the two new methods proposed in

Table 1. Characteristic loads for the three methods.

Method Characteristic load with stat. unc.
without stat. unc.

IEC 61400-1 1.000 1.037
Method 1 1.025 1.162
Method 2 1.106 1.348

this paper the characteristic load is calculated for the
same wind turbine using the three different methods.
The calculated characteristic loads are given in table 1
where the loads are normalized with the characteris-
tic load calculated for IEC 61400-1 without statistical
uncertainty.

For the first method (method 1) the calculated char-
acteristic load without statistical uncertainty is approx-
imate 3% higher than using (IEC 61400-1 2005).
For the second method (method 2) the characteris-
tic load without statistical uncertainty is approximate
11% higher. The significant increase in the character-
istic load by using this method can be due to that the
assumptions of independence of the extremes and the
10 min. time series in the (IEC 61400-1 2005) method
are not satisfied.

Based on the present study it is recommended that
load extrapolation for wind turbines during operation
is performed by the second method where the charac-
teristic load is determined based on the extreme loads
in each storm. The advantage of this method is that
the load extrapolation is performed based on indepen-
dent extremes leading to a statistically more accurate
determination of the characteristic load. The drawback
of the method is the large amount of measurement
or simulations required in order to perform the load
extrapolation.
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ABSTRACT

A new method for generating synthetic turbulence is
presented. The method is intended for generating a
turbulent velocity field with a fine spatial resolution
in a domain covering a small moving part of the rotor
area of a wind turbine. An example of such a domain
is shown in Figure 1.

To generate the synthetic turbulence field shown in
the figure by the methods of Mann (1994, 1998) or
Veers (1984) the domain should cover the entire rotor
area. To obtain a fine resolution in the area of interest a
fine resolution should be used in the entire rotor plane.
This would require an unfeasible number of points in
the resolved domain.

In the method of this paper the synthetic turbulence
is generated in a number of points that are allowed to
move in time. Thereby, the domain in Figure 1 only
consists of 16 points moving in time. This approach
gives a large saving in required computer memory,
which allows generating turbulence fields with fine
resolution.

The proposed method can generate synthetic tur-
bulence with the correct correlation in space and the
correct auto-spectrum. Like the Sandia method by
Veers it is based on one-dimensional Fourier trans-
form of correlated auto-spectra for each point in the
resolved domain. The main difference from the San-
dia method is that here the points in the domain are
allowed to move in time.

The three-dimensional cross-correlation tensor of
the frozen turbulence field is determined from an
analytical or empirical expression. By the Wiener-
Khinchin relation the cross- and auto-spectra are
determined for all points in the resolved domain. The
spectral information is factored and multiplied by
Gaussian complex random numbers before it is Fourier
transformed to give the time dependent velocity field.

The presented method reduces to the Sandia method
with an alternative coherence function for applications

Figure 1. Inflow turbulence for a large eddy simulation of
a section of a rotating blade. Each of the cones represents a
velocity vector in the frozen turbulence field. The resolution
here is only 4 × 4 in the x2 − x3-plane.

where the full turbulence field covering the entire rotor
area is needed.
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Risk-based inspection and maintenance planning optimization
of offshore wind turbines
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ABSTRACT

Wind power installations have become the second
largest contributor to installation of electricity capac-
ity in the European Union during the last decade. With
this increase in production capability and size, tech-
nical and economical efforts should be intended for
an optimal and suitable life-cycle planning of their
components, assuring an acceptable risk state. The
deterioration processes such as fatigue and corrosion
are typically affecting offshore structural systems. The
damage decreases the system performance, thus not
fulfilling the established safety criteria. To control
this deterioration, the inspection/maintenance activi-
ties are developed, representing the most relevant and
effective means of control. The Risk-based inspection
planning (RBI) methodology, based on Bayesian deci-
sion theory, represent an important tool to identify the
suitable strategy to inspect and control the deteriora-
tion in structures such as wind turbines. During the last
decades (Madsen et al. 1987 and Thoft-Christensen
and Sørensen 1987) RBI approach has been applied
to the oil and gas industry, giving a theoretical back-
ground that can also be applied for offshore wind
turbines (OWT). Unlike other structures, OWTs rep-
resent low risk of human injury allowing allocation of
a lower reliability level.

In water depths of about 20 m to 50 m, the use of
jacket and tripod structures represents a feasible option
that improves technical aspects concerning struc-
tural redundancy, damage distribution and dynamical
behavior.An important OWT part is the transition node
between the jacket or tripod and the tubular tower. The
transition node is a critical design element, needing
special careful design concerning the fatigue perfor-
mance. Offshore Wind farms need additional technical
efforts. Wake effects, coming from the decrease of
wind velocity behind OWT, increase the turbulence
resulting in decrease in OWT fatigue life. The tur-
bulence intensity represents an important aspect to
consider because of its effect on OWT’s fatigue life.
In this work, a code-based model (Frandsen, S. 2005

and Sørensen et al. 2007) is used for the efficient
standard deviation of wake turbulence. A framework
for optimal inspection and maintenance planning is
applied for OWT, addressing the analysis of fatigue
prone details in cast iron and welded steel at the jacket
or tripod steel support structures. In wind park loca-
tion and single/alone OWT are taken into account by
using a turbulence model. For RBI planning the frac-
ture mechanics model is usually calibrated to result in
the same reliability level as the code-based SN model
and inspection plan obtained with a maximum accept-
able annual probability of failure. The results show
earlier inspections times coming out in-wind farm sites
due to the increase of fatigue coming from wake turbu-
lence. It is noted that in all cases the design parameters
are determined by deterministic design such that the
design criteria is exactly satisfied. This inspection
optimization approach represents a viable method to
outline inspection plans aimed at OWT, regarding its
application to large structural systems.
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ABSTRACT

Wind turbines with a rated power of 5-6 MW are now
being designed and produced. Within the EU sup-
ported UpWind research project (UpWind 2008) a cost
model is being developed for up-scaling of wind tur-
bines up to 20 MW. These wind turbines are expected
to have a rotor diameter of approx. 250 m and a hub
height of approx. 150 m. The optimal design of wind
turbines can be obtained using a life-cycle approach
where all relevant benefits and costs are included. Fur-
ther, a constraint on a maximum acceptable probability
of failure is in general added. Offshore wind turbines
are characterized by a low risk of human injury in
case of failure when compared to onshore wind tur-
bines, and to civil engineering structures in general.
It is therefore relevant to assess the optimal design
on the basis of minimizing the total life-cycle costs
of the turbine (farm) without a reliability constraint.
Especially for offshore wind turbines costs related to
operation and maintenance can be significant and have
to be included. One reason is that maintenance can only
be performed under certain weather conditions, which
affects the availability of the system strongly.

A theoretical framework for risk-based optimal
design of large wind turbines is developed.Three levels
of formulations are considered: 1) a risk/reliability-
based formulation, 2) a deterministic, code-based
formulation and 3) a crude deterministic formulation.
These formulations are described in the paper.

In the crude, deterministic formulation generic
models for the costs are formulated directly as function
of the design parameters and using basic up-scaling
laws adjusted for technology improvement effects.
The optimal design is obtained as the design which

minimises the total expected costs per MWh (lev-
elised production costs). The main design parameters
are selected as the rotor diameter, the hub height, the
tip speed and the wind turbine separation (in wind
farms). In a more detailed modelling the following
parameters could be added to the list of design parame-
ters: cross-sectional dimensions defining geometry of
blades, tower, . . .), operation & maintenance (O&M)
strategy, etc. Further, the following design conditions
are fixed for a given site: wind farm size (in terms
of MW and / or geographic area of wind farm), wind
climate and terrain: mean wind speed & turbulence,
wave and current climate (offshore), water depth,
soil conditions and distance from land and nearest
harbour.

The costs model is formulated on the basis of a life-
cycle approach including capitalised costs to planning,
fabrication, installation, operations & maintenance,
inspection & repair and demolition. The main up-
scaling parameter is typically the rotor diameter. The
cost models are basically formulated as function of this
design parameter using an up-scaling factor with an
up-scaling exponent (3. for example) and a technology
improvement factor.

An important overall design decision is to find the
optimal balance between a relatively expensive initial
design with low failure rates of the main components
(blades, gearbox etc.) and therefore low O&M costs,
and a relatively inexpensive initial design with higher
failure rates and thus high O&M costs. Further, there
is also a decision to find the optimal ratio of corrective
and preventive maintenance.

The paper presents the overall framework for cost-
optimal up-scaling of offshore wind turbines, and
illustrative examples are given.
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ABSTRACT

Due to the stagnation of the wind field upwind of
tower, the blades will meet a smaller lift during the
tower passage, which gives rise to periodic stress
variations. Along with the turbulent and aeroelastic
oscillations this is a major reason for fatigue of the
blades. The width of the stagnation zone depends on
the diameter of the tower. Hence, if the diameter can
be reduced the accumulated damage (crack growth,
debonding, delamination, etc.) will decrease accord-
ingly. In this paper the impact on damage accumulation
is sought reduced with an alternative tower design, see
Figure 1.

The tower is designed as a tripod structure with sev-
eral tubes of smaller radii R1 = R2 = R3 and a mutual
distance 2h = 8 m, compared to the mono tower with
a radius R1. The mean damage evolution of a blade is
determined and compared to the case, where a standard
tubular mono tower is used. The expected damage at
the blade hub is estimated, where a lifetime of 20 years
is assumed. Figure 2 shows the geometry of a single
rotating blade of a horizontal axis up-wind turbine with
a rotational velocity � = 1.26 rad/s. The structural
model of blade and tower is based on low-dimensional
modal analysis, where the blade characteristics are
taken from a 5 MW reference wind turbine, where
L = 65 m and H = 88 m.The applied turbulence model
is based on a frozen turbulence model translated into
the rotor area by the mean wind.

The expected damage value for the blade is lower for
the tripod system compared to the same analysis using

Figure 1. Principal sketch of the two tower configurations.

a mono-tower. In this analysis, the structural design of
the tripod tower is not considered. Furthermore, only
one wind direction is included. However, the analy-
sis suggests that the alternative tower design shows
promise for improving the fatigue life of the blade.

Figure 2. Tower and rotating blade with the wind velocity
components Ut and Un.

Table 1. Expected damage values.

Tower system Expected Damage E(D)

Mono tower 0.251
Tripod tower 0.014
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ABSTRACT

This paper reports on a study to statistically describe
the joint wind-surge hurricane hazard along a section
of the Gulf Coast of the United States comprising
Texas and Louisiana. The analysis is conducted using
information on ground-level wind speeds obtained
either from surface monitoring station measurements
or wind field simulation models, and information on
storm surge levels obtained by near shore monitoring
stations. Numerical models for storm surge prediction
(such as the SLOSH model) are computationally very
intensive and are therefore not suitable for real-time

emergency management purposes. With the increasing
availability of accurate surge measurements, however,
a joint wind-surge model can be defined (e.g. piece-
wise along the coastline) using regression analysis.
The joint wind-surge hazard is considered herein as it
varies from the point of landfall of the hurricane and
by location along the section of Gulf Coast consid-
ered. Good comparison is observed between the storm
surge predictions based on the SLOSH model and the
wind-surge model developed herein. Finally, possible
applications of joint hazard model for infrastructure
design and assessment are discussed.
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ABSTRACT

This paper analyzes an example of a construction
accident, examines the background which results in
an accident, and adds consideration to a safety man-
agement system. It is the Westgate Bridge collapse
accident in Australia which was taken up as an exam-
ple of a construction accident in this paper. At the time
of 1970 bridge construction, a box girder carried out
compression buckling, and then collapsed, and many
casualties came out.

The accident investigating committee was estab-
lished in the state government immediately after the
accident, and investigation about the burden sharing of
cause investigation of a technical side and each orga-
nization which result in the accident was conducted.
Firstly, the outline of an accident was introduced, the
technical factor was analyzed from the contents of the
investigation report. Subsequently, the measure cir-
cumstances to construction of each organization were
considered.

As a result, it is being argued that it is the leading
cause of an accident that the shortage of examination of
the structural design of the consultant who took charge
of bridge designing, and the directions to the construc-
tion contractor about the construction method was not
enough. When these causes are analyzed, it should be
considered a factor with more major indirect factors,
such as problem of a system and each organization,
which generated the technical problem.

There are many points which should be learned
from this accident investigation or subsequent cor-
respondence. The direct cause of this accident is
buckling collapse by the shortage of girder rigidity
when installing, but lack of cooperation between an
authority and a designer, and a constructor is con-
sidered as the potential factor actually. As a result of
analyzing the factor, it was shown rather than the tech-
nical factor which is a direct cause of an accident in
case of this accident that the indirect human factor by
the contract, an organization, governing structure, etc.
has had serious influence. Even if the indirect human
factor is hidden under the direct human factor which
is actually in sight, it is rather big and often important

Figure 1. Concept of Human Factor.

problem.This relation is shown in Fig. 4. In case of this
accident, it can be said that an indirect human factor
becomes clearer than a direct human factor.

Finally, it is shown the collapsed girders are saved
and exhibited within the campus in the Monash Uni-
versity, and it is considering as an aid of the educational
activities to the student and engineer who study civil
engineering.About such an accident example, analysis
is performed from a viewpoint of not only a technical
side but management, and it is thought that it is a useful
method to try the device efficiently employed in future
education in order to improve safety in the engineering
field, and it will be needed increasingly from now on.
It is considered to be an effective method to analyze
the past accident and disaster example, and to use for
safety education as the example.
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Target reliability index determination in risk share consensus making
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ABSTRACT

Recently, the structural design codes in Japan are
changing drastically to the performance based design
system. There are some interpretations for “perfor-
mance based design” among the civil engineers. Most
of engineers interpret the performance based design
as the design harmonizing some requirement perfor-
mance, e.g. safety, initial cost, life cycle cost, envi-
ronmental performance and so on. Some of engineers
consider that the performance based design system
states clearly the hold performance of the structure
supplied by the public organizations from the view
point of their accountability. In this sense, one of
the typical backgrounds is given by the performance
matrix proposed by SEAOC Vision2000. The others
interpret the performance based design as an appli-
cation of design and/or supply system of the globally
standardized structural design concept represented by
ISO2394, i.e. the reliability based design system.

In the reliability based design especially level I or
II, the target reliability index plays an important part of
design and/or design manual. There are some methods
to determine the target reliability index. Most popular
and easy method to apply for developing new design
code is the code calibration method in which the tar-
get reliability index should be adjusted the equivalent
safety level of existent structures designed by conven-
tional design codes. The fact that the safety level of
new design manual is equivalent to the conventional
one may be strongly accountable to the citizen, but not
necessarily convenient for giving the citizen a safety
or reliability level selection opportunity correspond-
ing to the significance of the structure as shown in
ISO2394 or Vision2000.

This paper presents a new idea to determine the
target reliability index from the risk share concept
between user, e.g. tax payer, and the engineer, e.g.
in-house engineer of national or local government as
a code writer. The total risk of structural failure can

be divided into two parts. First one, which relates the
fact that structure will fail against the particular load
exceeding the contracted or defined level of design
process, is shared by user. Second one, which relates
the fact that the structure will fail against smaller load
which is defined in design code, should be respon-
sible to engineer. The proposed method to determine
the reliability index is strongly corresponding to the
second risk.

Based on this concept, the following inverse func-
tion to determine the target reliability index from the
shared risk and optimal shared risk corresponding to
total cost are presented in this paper.

where, βT : target reliability index, Psf : warranty liabil-
ity occurrence probability, PfA: contractual probability,
θ: angle of limit state line, P̃sf = √− ln Psf .

The decision making process of the target reliability
index of a check dam is discussed by using proposed
method.
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ABSTRACT

Recently, safety education has become more impor-
tant. Though the attitude towards, and measures for,
safety education depend on the individual company,
many workers feel that their safety education is super-
ficial at best.We analyzed the results of a questionnaire
survey, “Safety Education at Construction Sites,” that
asked workers who are in charge of safety at their
company about their safety education. The answer
for Question 6, a question that asks workers about
the degree of difference between the practice and
stated purpose of safety education at their company,
let one applicable item choose from 4 items, “Yes”,
“Yes, relatively”, “No, I don’t feel the difference so
much”, “No”. Ten questions in Section 2 of this survey
ask workers about their practice of safety education.
We extracted the relationship between the degree of
difference they feel and the practice.

This survey contains a multi-response type question
that let workers select multiple answers items from
six items. To deal with the background information
of multi-response data with fewer variables in C4.5,
we used a Boolean approach and simplified all the 38
combinations of answers into 7 terms.

We applied C4.5 in two ways. One used six variables
standing for whether each item in the multi-response
typed question was selected or not, and seven vari-
ables, stand for whether each term in the simplified
expression applied to the answer pattern or not.

In the former method, 13 rules are extracted, and
three rules resulted in “Yes” and 8 rules resulted in
“Yes, relatively.” For example, an extracted rule shows
the reflection of qualifications to their salary and
allowance while they must pay their expanse to par-
ticipate third party seminar. The rule results in “Yes”.
Another rule also has reflection of qualifications to
their salary and allowance, but resulted in “Yes, rela-
tively.” This rule shows that their company has their

own safety educational program and pays their expense
to participate third party training. Therefore, it is pos-
sible for companies to make the perceived difference
smaller by providing proper support to their workers.

In the latter method, 10 rules are extracted, but most
rules resulted in “No.” For example, a rule that resulted
in “No.” shows that the company includes acquirement
of qualification in their educational training, but do not
promote it as a company and do not order their workers
participate third party seminar. In short, there is a ten-
dency that workers do not feel a difference if they have
high motivation to acquire third party training even if
the company was not supportive.

Overall, t here is a tendency that promoting safety
educations makes workers feel difference between
their stated purpose and actual practice. On the other
hand, there are some cases wherein the degree of dif-
ference workers feel would change if answer patterns
included the same factor into themselves. It is impor-
tant to select their contents of safety education that suit
for their construction sites.

It appears that there are also some cases that make
workers feel a difference when their practice is not
solid enough; there are also some cases where workers
do not feel a difference if they have high motivation.
These cases suggest that it is important for safety edu-
cation to keep worker motivation high and support
them as well as enrichment of their action.
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ABSTRACT

Fall accidents are a serious problem in the construction
industry in Japan, and approximately 40% of fatal acci-
dents during construction are caused by workers’ falls.
Therefore, the Japanese Ministry of Health, Labour
and Welfare established a committee in our institute
for considering the countermeasures.

The committee’s work experimentally confirmed
the effectiveness of using plastic sheets as a cover-
ing around scaffolds to protect against falls (a method
widely used in Japan) by the human dummy. In all
of the experimental cases, the human dummy did not
fall from the scaffolds, and it was found that the plas-
tic sheets were effective for fall protection, given a
perfectly installed sheet.

However, in some cases, the dummy almost fell
from the scaffolds. Then, the space between the plastic
sheet and the work platform of the scaffolds was spread
widely, and the dummy had a possibility of falling from
the space.

The ideal sheet installation method is difficult to
apply at all construction sites. The falling space in
the case of typical installations is larger than that in
the case of an ideal installation. Therefore, the risk of
falling into the space is not small, when the typical
installation method of the sheet is used.

The plastic sheets are usually bound to the pipes of
the scaffolds by fiber ropes. However, the ropes often
loosen, creating a space that tends to be spread open
by the worker’s weight.Alternatively, the plastic sheets
are occasionally bound to the scaffold pipes by a spe-
cial coupler. This method appears to make it possible
easily to reduce the opening of the space, but the effect
has not yet been fully explored.

Therefore, the effectiveness of the special coupler
was confirmed experimentally in preventing the space
from spreading open easily. In the experiment, the
strengthening effect of the plastic sheets was also con-
firmed, and a small piece of sheeting was piled with
the plastic sheets to add strength. Table 1 shows the
experimental cases in this study.

Figure 1 shows the results of the experiment. The
results were compared with the statistical data for the
hip depth of Japanese males from the ages of 18 to 59
from Japanese body size data 1992-1994 (Research

Table 1. Experimental cases.

Experimental
cases Condition

Case 1 The plastic sheets bound to the scaffolds by
fiber ropes.

Case 2 The plastic sheets bound to the scaffolds by
special couplers.

Case 3 The plastic sheets bound to the scaffolds by
special couplers with strengthening from a
small piece of sheeting.

Figure 1. Experimental results.

Institute . . . 1997)). From Figure 1, more than 95%
of persons might be protected from falling using these
installation methods by Case 2 and 3. Therefore, it was
found that these installation methods are effective in
preventing the spread of the space between the work
platform and the plastic sheets, and it is possible to
easily reduce the risk of falling from the space with
this method.
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Risk assessment for scaffolding work in strong winds
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ABSTRACT

Construction accidents caused by wind are one type
of serious accident that has a high ratio of accidents,
more than 10%, compared to other kinds of serious
accident, both in Japan and overseas. For accidents
caused by wind, accidents related to scaffolding-based
work are important and need to be seriously concerned
as they include many types of accidents such as scaf-
fold collapse, worker falls, etc. Based on the data of
“the disaster investigation report”, “the construction
industry safety health and sanitation year book” and
the previous study of Phongkumsing et al. 2002, many
workers are injured or die every year from accidents
related to strong winds acting on scaffolds.

To prevent these accidents, this study aims to eval-
uate the risk of scaffolding-based work under strong
wind conditions by reviewing the experimental results
of wind acting on the scaffolds both from wind tunnel
and field measurement, and conducting a reliabil-
ity analysis to examine the transferred loads on the
scaffold support ties to a building. Wind tunnel exper-
iments were conducted on the scaffold scale models to
study the wind pressures acting on the scaffolds, and
on the actual scaffolds to study the fall risk of work
conducted on the scaffolds. Field measurement was
conducted on actual scaffolds to measure wind forces
on the scaffolds surface and transferred loads to the
support ties.

The experimental results of the scale models show
that the pressure acting on the interior surface of the
scaffolds (the side of the scaffolds that faces the build-
ing) caused either by wind entering the gap between
the scaffolds and building, or passing through wall
openings, is a significant factor in scaffolds stabil-
ity. Moreover, the wind direction that caused the most
severe case of wind pressures acting on the scaffolds
is found to be other direction that is not normal to the
scaffolds surface due to shape, size and openings of
the scaffolds and the building.

From the field measurement, the transferred loads
at the scaffolds support ties to the building were com-
pared with the computational results from the FEM

analysis, and the system probability of failure was
analyzed for each wind direction. It is found that the
surface loads acting on the scaffolds by wind were not
properly and entirely transferred to the scaffold sup-
port ties due to some scaffold assembly errors, and
these errors reduce the system reliability by increas-
ing the probability of failure more than 10 times. Thus,
the wall opening and the construction errors should
be considered in the design code for wind loads and
overall safety analysis of scaffolds.

Finally, the wind tunnel experiments to study the
fall risk of assembling and dismantling works on the
actual scaffolds show the wind speed limits of such
works exposed to uniform and gust flow. Those wind
speed limits were evaluated by grading experienced
Japanese workers’perception of risks. From the results
of wind speed limits, they were compared to the results
of previous study from Murakami et al. (1982) on the
limits of other works exposed to uniform flow. As the
wind speed limits obtained from this study are lower
as about 8 m/s, it can be implied that the scaffold-
ing works have a higher risk than other works such as
walking and carrying load, changing of posture.
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Effects of climate change on cyclone damage estimation
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ABSTRACT

Numerous global warming and climate change stud-
ies warn that the built environment will be affected by
climate change through rising sea levels and altered
patterns of natural hazards. This has led to a growing
interest in the potential impact of climate change on
building damage from predicted changes in climatol-
ogy of tropical cyclones over the next 100 years. The
Intergovernmental Panel on Climate Change (IPCC
2007) predicts a warming of the climate with asso-
ciated increases in the severity and or frequency of
wind hazards, namely, tropical cyclones (hurricanes).
Recent studies also suggest that tropical cyclone inten-
sities are likely to increase in the next 50-100 years as
a result of warmer ocean temperatures. Cyclone inten-
sity can be described by the maximum wind speed
closes to the surface, which can be directly related to
design wind speed and damage estimation.

The paper proposes a risk-based framework for
assessment of economic damage caused by tropical
cyclones due to the increases in wind speeds result-
ing from climate change. In addition to the direct
losses, cyclones cause tremendous social disruption
for extended periods of time. The framework con-
tains the following key ingredients – probabilistic
modeling of the occurrence and intensity of cyclone,
time-dependent increase in annual maximum wind
speed from global warming, and vulnerability function
to represent the economic risks and losses conditioned
in wind speed. Regional dynamics including increas-
ing house numbers built with different building codes
is integrated into the framework.

Residential construction in North Queensland in
Australia is chosen to demonstrate the potential impact
of climate change on wind damage estimation from
a regional perspective. The worst-case scenario of
a 25% increase in cyclone intensity by 2050 will
result in almost triple the total insured damage for
North Queensland which will comprise approximately
250,000 houses by 2050. In comparison, an increase

Figure 1. Regional cumulative damage losses in North
Queensland with different time references.

in wind speed of 10% will cause 56% addition damage
losses for the same region (Figure 1)

The proposed framework provides an effective tool
for the insurance industry, policy makers and emer-
gency planners for risk-based decision making on
strategies need for climate change adaptation. The
decisions include whether to adopt high wind stan-
dard building codes or mandatory retrofit during house
transactions to minimize the potential impacts of cli-
mate change. This framework can form the basis for
improvements in construction practices and building
codes to adapt to potential impacts of climate change,
appropriate underwriting by the insurance industry,
and sociopolitical response of the community to wind
hazards.
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Evaluation of buildings quality and soil condition in Boumerdes city using
damage data following the 2003 Algeria earthquake
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ABSTRACT

To assess the observed damage distribution in
Boumerdes city following the 2003 Algeria earth-
quake, a detailed analysis on the characteristics of
construction and the damage status was conducted.
From this analysis and by considering the typicality
of Algerian buildings related to the regional culture of
the country, a number of major factors based on the
real conditions of buildings before the earthquake.

Using the collected data on the characteristics
of construction we introduced the following factors:
period of construction, which is related to the seis-
mic code version that has been used; and building use
category: public or private for residential or general
activities use, which are related to the quality during
the construction phase. The both factors are combined
to evaluate the first judgment about the quality of
building. The damage data collected by the Ministry
of Housing, Algeria, were also used for analyzing the
different causes of damage observed after the earth-
quake. The observed damage categories of buildings
have been taken into account as a factor to correlate
the first judgment on the quality of building, based on
expert opinion. The influence of described factors has
been observed from the experience of the past earth-
quakes.The building quality was defined in the similar
manner as the damage grade. This study has been con-
ducted for a total of 2794 buildings existed in the city
of Boumerdes.

Five classes were used to determine the building
quality as follows: Good, Acceptable, Medium, Poor,
and Very Poor). The distribution of building quality
in the city of Boumerdes is shown in Figure 1. The
results from this analysis show that the buildings asso-
ciated with poor and very poor qualities are mostly
private buildings. The constructions with good and
acceptable qualities are mostly for public buildings.
The examination on the relationship between the build-
ing damage and building quality (Figure 2) showed
some variation at several locations, which is consid-
ered due to soil condition. Microtremor observation

Figure 1. Distribution of buildings with respect to the
quality classification in Boumerdes city.

Figure 2. Relationship between of building quality and
observed damage grade.

was conducted at several locations in the city. The
measured H/V ratios showed flat shape at most of the
locations with small amplitude, having small peaks
corresponding to period ranging from 0.4 to 0.9 s. In
the area with heavy damage, the peak is around 0.7 to
0.9 s. Detailed geotechnical information is needed to
better analysis of the soil response characteristics and
explain the damage distribution.
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Low-cycle fatigue effects on steel moment frames
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ABSTRACT

Following the Northridge Earthquake (1994), the SAC
steel project was initiated to investigate the causes
of widespread damage to the connections of steel
moment frame buildings that were discovered follow-
ing the earthquake.The published results of these stud-
ies were concentrated on local connection defects that
could potentially have initiated the observed cracks. It
was also considered that much of the observed connec-
tion damage was the result of yielding of the material
in the connection region and the formation of plastic
hinges. However, damage to some buildings could not
be reconciled by the use of these failure mechanisms.
This has led to a renewed interest in the effects of low-
cycle fatigue on the members and connections in steel
buildings that are either elastic or have been driven
into the weakly nonlinear range.

Several factors have been identified that can con-
tribute to potential low-cycle fatigue failure in steel
buildings. Fatigue is primarily a function of stress level
and number of stress cycles. Conditions that could
cause a stress level that is at or just below yield include
moderate to strong earthquake ground motions, local-
ized stress concentrations and low structural damp-
ing. Factors increasing the number of stress cycles
experienced in the building include the frequency of
occurrence of moderate to strong earthquakes and
the contribution of higher modes of vibration which
increase the number of stress cycles. The contribution
of higher modes can also be increased by structural
framing that incorporates vertical setbacks.

The current study uses a comprehensive analy-
sis procedure for low-cycle fatigue that is based on
the Palmgren-Miner method. Although fatigue curves
relating cyclic stress to number of cycles to failure (S-
N) are readily available for conditions of high-cycle
fatigue there is only a limited amount of experimental
data available for low-cycle fatigue. Using this lim-
ited experimental data, the authors have extended the
S-N curves for the high-cycle fatigue range into the
low-cycle range for use in this study.

Several instrumented high rise buildings in Los
Angeles have recorded dynamic response to earth-
quakes beginning with the San Fernando earthquake
(1971) and extending through the Northridge earth-
quake (1994). Also included in this time frame are
smaller earthquakes such as the Whittier Narrows
earthquake (1987). A linear time history analyses is
conducted on a 16 story building that was instrumented
during this time period and has a lateral force system
consisting of steel moment frames in both directions.
The current paper presents the procedure used for the
low cycle fatigue evaluation. The method of rainflow
cycle counting, developed by Prof. T. Endo, is used
to evaluate the highly irregular variations of load with
time and permit the use of the Palmgren-Miner Method
for estimating the fatigue life that has been expended
during the seismic event. Finally, the pattern of cumu-
lative fatigue at critical locations in the building will
be evaluated.

85

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

A comparative study on equivalent linear models to assess
occurrence of building damage

Y. Niikawa & M. Kohiyama
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ABSTRACT

In estimating probability of seismic damage of a build-
ing, the maximum value of building response to input
earthquake motion is often evaluated to assess exis-
tence of damage. In order to calculate the maximum
response value, the nonlinear time history analysis or
the modal analysis is employed. However the former
method has a problem that it requires longer calcula-
tion time. On the other hand, the latter analysis employs
an equivalent linear model and it can reduce calcula-
tion time. Most of equivalent linear models in past
studies were proposed to obtain the reliable maximum
response value. But this study investigates equivalent
linear models which can assess occurrence of build-
ing damages with high accuracy for several threshold
values.

In this study, 3- and 10-story buildings were ana-
lyzed. The stiffness of each story was given by the
Ai distribution of the Building Standard Law of Japan.
Examined threshold values are 1/200, 1/150 and 1/100
rad for story drift angle. The number of input earth-
quake motions is 900. The accuracy of each model is
compared based on receiver operating characteristics
(ROC) (Van Trees, 1968).

Figure 1. Equivalent stiffness based on the story shear force.

Figure 2. Equivalent stiffness based on the earthquake input
energy.

This study considers a response of a model with
bilinear force-displacement as a true response, and
accuracy of three equivalent linear models are exam-
ined. These models use the equivalent stiffness and
the equivalent damping factor. The nonlinear time his-
tory analysis was conducted to assess which story is
damaged. As a result, the response exceeds the thresh-
old value most frequently in the first story. Hence an
equivalent model with the equivalent stiffness at the
first story and the initial stiffness at the second and
above is examined.

The equivalent stiffness k ′ is calculated in two ways.
The first method for calculating k ′ assumes that the
maximum story drift depends on earthquake story
shear force and k ′ is given to have equal story shear
force at threshold story driftD to that of the nonlin-
ear model as shown in Figure 1. The second method
assumes that the maximum story drift depends on
earthquake input energy and k ′ is given to have equal
earthquake input energy at D as shown in Figure 2.

Regarding examined three equivalent linear mod-
els, Model A uses equivalent stiffness of Figure 1 for
all stories, Model B uses the stiffness of Figure 1 at
the first story and Model C uses the stiffness of Figure
2 at the first story.

In this study, the equivalent damping factor of the
first story is obtained by expanding the energy bal-
ance method (Minami & Midorikawa, 1992) to a
multi-degree-of-freedom system. Modal analysis is
conducted by using the evaluated equivalent damping.

The findings are described below:

1. Model B, a linear model with equivalent stiffness
based on a story shear force at the first story had
the highest accuracy.

2. The accuracy decreased when a threshold value
became larger because the nonlinear behavior of
the second story and above was not considered in
the equivalent linear model.
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ABSTRACT

One of the principle aims of engineering design is
the assurance of the system performance within the
constraint of economy. Indeed, the assurance of perfor-
mance, including safety, is the primarily the responsi-
bility of engineers. In this study, the impact dynamic
behavior of an innovative girder named Concrete-
Filled and Tied steel Tubular Arch or CFTA girder was
studied. The girder consists of steel plate frame, arch
concrete and outside tendons. CFTA girder has sev-
eral advantages compare to the conventional types of
girders such as bucking prevention by concrete fill-
ing, increase the stiffness and durability of concrete
due to confinement effect and aesthetics and econom-
ical matter due to arch concrete. In this study, impact
dynamic simulation and analysis were performed to
investigate the dynamic responses of the girder. Fur-
thermore, the reliability assessment developed for
CFTA girder will facilitate the intuitive sense in the
design, and the evaluation of the bridges’performance

Figure 1. Finite Element Model of CFTA and truck.

Figure 2. Strain- Time relationship of 04 tendons.

Figure 3. Strain- Time relationship of 04 tendons.
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Effect of error measurement of chloride profiles on reliability assessment
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ABSTRACT

Under the marine environment, the main cause of
degradation of reinforced concrete structure is the cor-
rosion of steel bars. It is due to the presence of chloride
ions in the concrete porosity. When the chloride ions
concentration reaches a critical value, steel bars are
not protected and corrosion begins. The determina-
tion of chloride content and corrosion rate is one of
the main goals for the structure service life predic-
tion. Non destructive monitoring techniques are under
development to detect and quantify corrosion rate and
chloride content with good accuracy [1]. Silver/silver
chloride electrodes are used to monitor chloride in
situ but these sensors are affected by environmental
exposure [2, 3].

The deterministic or probabilistic models for ser-
vice life predictions of structures used total chloride
profiles determining by destructive techniques to cali-
brate the models.This study focused on the uncertainty
in measured chloride ingress profiles by destructive
techniques.

This work was done in the frame of an European
Interreg III B project called Medachs which deals with
the durability and maintenance of coasting concrete
structures.

In situ measurements of chloride profiles are gen-
erally determined by a destructive method using the
titration of chloride solution. The determination of
these chloride profiles is a manual procedure: the
experimenter plays an important rule. So to analyze
these profiles, the confidence to the measured values
must be discussed and quantified to give a rational
decision aid-tool for repair or inspection planning.

As the bound chloride are participating to the corro-
sion process this study focused only on the uncertainty
in measuring total chloride content.

Repetitive tests have to be done on laboratory spec-
imens. These tests were done on concrete casted in lab
and stored in the same chloride solution. Four different
researchers from two different laboratories have estab-
lished the total chloride profiles which were analyzed
by a statistical approach. A probabilistic modeling of
errors (human and protocol) were suggested. After
the description of the material and the experimental

Figure 1. Evolution of Preal and Pmeas with time
(x = 3 cm).

procedure, the study provides the statistical analysis,
the probabilistic modeling and the discussion on the
effect of error in measurements for reliability and life-
cycle assessment. Two applications are then selected.
The first concerns the estimation of the probability of
detection of corrosion initiation, from on site destruc-
tive tests. The second compares the evolution of the
probability of corrosion initiation with (Pmeas) and
without taking into account the error of measurement
(Preal) (figure 1).
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Seismic risk curve in infinity time period
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ABSTRACT

Seismic risk information has been employed for
assessment of seismic performance, decision-making
of seismic reinforcement, securitization of real estates,
etc. Seismic risk information is, for instance, probable
maximum loss, seismic life cycle cost, etc. Expected
value of seismic loss, which is frequently utilized for
seismic life cycle cost, and probable maximum loss
indicate only one point in a probability distribution of
seismic loss. Therefore, it is difficult to explain whole
aspect of seismic risk from only these indices.

Hence, we have focused on seismic risk curve
defined by exceedance probability function of seismic
loss, and proposed a method to extend the evaluation
period of seismic risk curve to multiple-year. However,
evaluation period is generally unspecified, uncertain
and there is no clear rule to determine. Thus, to set the
evaluation period on the basis of well-founded reason
is difficult.

The present work is intended to propose an eval-
uation method of seismic risk curve in infinity time
period. The procedure is as follows: 1) Probability
density function of earthquake occurrence is set on
the basis of Poisson process and renewal process; 2)
Seismic risk curve in multiple-year is formulated; 3)
Discount rate is applied to the variable of probabil-
ity density function of seismic loss, and discounted
seismic risk curve in multiple-year is formulated; 4)
Seismic risk curve in infinity time period is finally
formulated.After examining characteristics of seismic
risk curve in infinity time period, cost-effectiveness of
seismic retrofit for a building located in Tokyo, Japan,
is discussed as an examination of applicability.

The major results of this paper are summarized
as follows: 1) Seismic risk curve in infinity time
period is not so different from that in service life
assumed by engineers. Against the evaluation period
without clear rule to determine, infinity time period
taking discount rate into consideration may provide
one criterion which is relatively consistent with ser-
vice life assumed by engineers; 2) Seismic loss greatly
decreases when discount rate is taken into consider-
ation. Therefore, decision-making is greatly affected

Figure 1. Seismic risk curve in infinity time period with
each discount rate r.

Figure 2. Comparison of seismic risk curve between current
state and retrofitted state with each discount rate r.

by whether discount rate is considered or not; 3) Seis-
mic risk curve of current state intersects with that of
retrofitted state at one point. The seismic retrofit is
unexplainable in the range of exceedance probabil-
ity higher than the intersection; 4) Seismic retrofit
is relatively difficult to explain in case of large dis-
count rate compared with small one; 5) Seismic risk
curve in infinity time period enables decision-making
based on economic rationality and decision-maker’s
risk tolerance level.
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ABSTRACT

This paper gives an overview of the integration of
structural reliability analyses into system risk assess-
ment, by looking for the difficulties faced in practical
applications of these methods, and discussing the
valuability of possible solutions.

In the last decades structural reliability analyses
(SRA) have been increasingly applied in many indus-
trial branches. Although they constitute a helpful tool
for safety and reliability assessments, some questions
arise when using them in an industrial context:

• Are they the only probabilistic framework for
degradation modeling? Can they be applied to all
degradation phenomena?

• In most cases industrial companies have to ensure
the safety of both their facilities (considered as
systems) and the components constituting these
facilities, especially the structures; how to make
sure that these two requirements can be met consis-
tently?That target reliability levels for structures are
acceptable considering the failure consequences on
the facility and its environment? And that reliability
assessment for complex structures and systems is
performed adequately?

These two distinct issues have been investigated
in the framework of the ESReDA Project Group:
“SRA into SRA” (i.e. “Structural Reliability Analyses
into System Risk Assessment”). ESReDA (European
Safety & Reliability Data Association) is a European
excellence network, whose objective is to promote and
harmonize European research, application and train-
ing in the fields of dependability of industrial facilities.
In particular, ESReDA has an everlasting activity in
Structural Reliability through some of its Working
Groups.

Regarding the first issue, alternative solutions
are available for the modeling of degradation or

degradation kinetics, if only a poor physical model
exists. In this case, stochastic processes like the (gen-
eralized) gamma process possibly including covariates
may provide a possible solution to model the degra-
dation evolution, although difficulties may arise when
calibrating the process parameters. For kinetics model-
ing, the use of the Cox statistical model may be relevant
and has been performed in industrial applications. In
any case, it is necessary to get a sufficient amount of
data.

Regarding the second issue, the links between struc-
tural reliability assessments, reliability target values,
risk assessments of passive components and of the
industrial systems in which they are integrated, social
acceptance of risks, have been investigated. In par-
ticular, the definition of risk measures by quality
of life measures is proposed and may have advan-
tages for engineers, but the existence of an optimal
safety (an implicit assumption of these approaches)
is questionable since it does not account sufficiently
for subjective risk perception. Finally, it appears that
risk assessments are not sufficient to manage risks:
the global management of risks includes risk assess-
ments, but also relies on mitigation measures, disaster
management and post disaster management.

Finally, the three practical methods applied to spec-
ify reliability target values for structures are presented:
: implicit method, expert judgment and cost-benefit
balancing. The first one is based on either the compar-
ison with existing codes of practice or the analysis of
existing acceptable structures. It is globally accepted
by all the decision-makers. These three approaches are
complementary as the obtained reliability levels reflect
a certain confidence in the way to deal with system
safety (qualitative information, imprecise quantitative
data, etc.). It could be proposed to combine these three
approaches, and to introduce some Bayesian tools for
setting an expert system for decision making relative
to safety targets for engineering systems.
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Risk informed management of road infrastructure

D. Zonta, R. Zandonini & F. Bortot
Department of Mechanical and Structural Engineering, University of Trento, Italy

ABSTRACT

This contribution introduces a risk-based approach to
bridge management as implemented by the Depart-
ment ofTransportation of theAutonomous Province of
Trento (APT). The APT Bridge Management System
(BMS) has been operative since 2004, and inspections
are currently being carried out on the whole bridge
stock. The trained inspectors have allocated the col-
lected data on two different levels. The first-level data
describe the bridge location and geometry, and give a
general characterization of the structure; second-level
data point out in detail the Condition State CS of all
the elements of the bridge. CS is evaluated on the basis
of a procedure that acknowledges the general rules of
the AASHTO Commonly Recognized (CoRe) Stan-
dard Element System (AASHTO 1997), in order to
conserve compatibility with PONTIS (Thompson et
al. 1998) evaluation and deterioration models

All data are gathered in a Data Base where they
are automatically analyzed. The probabilistic models
adopted aim to calculate reliability and risk associ-
ated with each bridge; to assess the evolution of the
condition state in time; to simulate long-term scenar-
ios for facilities development by critically comparing
alternative Maintenance, Repair and Reconstruction
(MR&R) strategies; to prioritize MR&R actions for
the whole stock.

The ranking criterion adopted is based on a prin-
ciple highlighting those plans which, given a certain
budget, will minimize in the future the risk of facing
unacceptable events within the whole stock during a
given time span. Risk is defined as a function of the
damage caused by the given unacceptable event (Adey
& Bruhwiler 2003). The definition of unacceptable
event and damage is an owner-involving act related to
the management policy, which includes technical, eco-
nomical, social and ethical issues. The effectiveness of
an intervention scenario is ranked by a prioritization
index, which takes into account both future social risk
and economic demand for MR&R. Several unaccept-
able events are alleged to affect the overall risk level of
a bridge: failure of a principal element; failure of a sec-
ondary element; pile collapse due to scour; accidents
due to sub-standard guardrails; earthquake.

Figure 1. Distribution of risk associated with structural
failure.

The analysis of the statistical relationships between
bridge age and condition allows us to articulate pre-
diction models and to identify the causes leading more
frequently to abnormal degradation and their after-
math. The results of the analyses are part of the Data
Base, which becomes the main information source
used by APT to plan the future development of the
regional road network.The system is accessed by a web
interface, and the user can interact with it, for exam-
ple to visualize inventory data and inspection results,
to request an analysis as well as to visualize its results.

By referring to some practical cases, this paper aims
to illustrate both how theAPT’s BMS is currently used,
and how it is applied to budget programming.
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Study on risk-informed in-service inspection for nuclear
power plant piping

T. Koriyama, M. Yamashita, S. Miura & H. Fujimoto
Japan Nuclear Energy Safety Organization (JNES), Tokyo, Japan

ABSTRACT: Risk-informed in-service inspection for piping in consideration of both internal and seismic
events was studied for a typical BWR5 plant in Japan.

1 INTRODUCTION

This article identifies significant piping segments
(segments mean portions of piping, each of which has
the same effect on safety when a rupture occurs) in
terms of risk by utilizing Level 1 PSA for internal and
seismic events during power operation for a typical
BWR5 plant in Japan. It also considers the classifica-
tions of piping segments in terms of risk and inspection
methods corresponding to those classifications.

2 EVALUATION OF PIPING RUPTURE
PROBABILITY

Piping segment rupture probabilities were determined
from the database of the OECD-NEA Piping Fail-
ure Data Exchange project for internal events. Since
seismic initiating event frequencies are provided as
functions of peak ground acceleration (PGA) levels,
earthquake-caused piping segment rupture probabili-
ties are given at PGA levels by fragility analyses. The
seismic piping segment rupture probabilities are added
to the existing random rupture probabilities induced by
the internal events.

3 EVALUATION OF EFFECTS ON ACCIDENT
SEQUENCES

In a similar way to the methodology for internal events,
the level 1 PSA model adopted at JNES for seis-
mic events during power operation was utilized as a
basis for evaluating the effects of ruptures in piping
segments on accident sequences, based on the West-
inghouse Owners Group (WOG) methodology. Core
Damage Frequency (CDF) induced by each segment

rupture was determined by the use of a surrogate
component which had the equivalent level of effect
on accident sequences to that of the rupture in the
segment.

4 RISK SIGNIFICANCE INDICATORS,
RUPTURE IMPORTANCE, AND
CORRESPONDED INSPECTION METHODS

Referring theWOG methodology, the risk significance
indicator given by CDF and the rupture importance
that depends on a degradation mechanism were used
for the classifications of piping segments. It is because
the risk significance indicator can be used to review the
priority levels of inspection activities, and the rupture
importance can determine the effectiveness and neces-
sity of inspections. Inspection methods corresponding
to the classification were investigated.

Non-destructive examinations were added to leak
examinations for segments of the resultant high safety
significance determined by the categorization crite-
ria composed with both the risk significance indicator
and rupture importance. The performed engineer-
ing evaluation showed that the changes from current
examinations gave around 19% reduction of segments
subject to both leak and non-destructive examina-
tions within the total segments. Deterministic insights
and engineering judgments on top of risk significance
should be applied to get the final decision of inspec-
tion methods. In that process, an expert panel, which
has yet to be established in this study, will take the
important roles.

Aimed at the contribution to enhancing the scien-
tific rationality of piping inspections, technical knowl-
edge for utilizing risk information in piping inspection
was accumulated.
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Study on seismic performance of wooden houses in snowy region by seismic
response analysis – In 2-stories wooden houses built in Sapporo

Takahiro Chiba, Makihiko Munakata & Tsukasa Tomabechi
Hokkaido Institute of Technology, Sapporo, Japan

Toru Takahashi
Graduate School of Engineering, Chiba University, Chiba, Japan

Takeyoshi Uematsu
Hokkaido Northern Regional Building Research Institute, Asahikawa, Japan

ABSTRACT

To examine relationship between snow load and seis-
mic performance of wooden houses, the authors car-
ried out seismic response analysis. 62 wooden houses
built in Sapporo were analyzed. Snow depth of 0.0m,
1.0m 1.5m, 2.0m used for seismic design were set
in the analysis. Based on the past study, the hystere-
sis characteristics that put the bilinear element on the
slip element were used by the analysis (Araki et al.
2005). In the analysis, to examine snow load depen-
dence of relationship between scale of strong motion
and the seismic performance of the houses, maximum
response displacement of the houses were calculated.

Figure 1 shows the relationship between the maxi-
mum velocity of ground motion and the ratio of object
houses’ response exceeds safety limit displacement.
In addition, the fragility curve (total collapse) of the
past study was installed in the figure (Murao et al.
2002). In most cases, calculated ratio was smaller than
the Murao’s fragility curve. When snow depth was
thicker than 1.0m, the influence of snow depth was
small. The correlation between the maximum velocity
and the ratio exceeds safety limit displacement was
high. In 2F on the wooden houses, the ratio exceeds
safety limit displacement increased with snow depth
increase. However, the ratio more than the safety limit
displacement was smaller than in each snow depth.

As stated above, 2F floor area of many wooden
houses in the analysis was smaller than 1F, and the
wooden houses were analyzed that collapsed in 1F due
to snow load on 1F roof. The damage increment of the
wooden houses with a snow depth increase was clari-
fied. The influence of snow load contribution to ratio
that exceeds damage limit displacement was large in
2F. Even if the seismic reinforcement would be done
only in 1F, it might be collapsed in 2F. Therefore, in
the seismic reinforcement of wooden houses in snowy
region, it is necessary to consider not only 1F but
also 2F.

Figure 1. Relationship between the maximum velocity and
the ratio that exceeds safety limit.

REFERENCES

Osamu Murao, et al. 2002. Building Fragility Curves for
the 1995 Hyogoken-Nanbu Earthquake Based on CPIJ &
AIJ’S Survey Results with Detailed Inventory. Journal of
structural and construction engineering. Transactions of
AIJ. pp.185–192.

Yasuhiro Araki, et al. 2005. A Study on Hysteresis Model
for Earthquake Response Analysis of Timber Structures.
Jour-nal of structural and construction engineering.Trans-
actions of AIJ. pp.79–85.

95

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c9&iName=master.img-003.jpg&w=162&h=252


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Evaluation on accumulation shape and variability of snow-slide from roof
for human safety in snowy country

T. Takahashi & M. Suzuki
Chiba University, Chiba, Japan

T. Chiba & T. Tomabechi
Hokkaido Institute of Technology, Sapporo, Japan

ABSTRACT

In 2005–2006 winter season, 152 people were killed
by snow mainly due to accidents during snow removal,
for example, snow-slide from roof, fall from roof, etc.
That was the second largest number during recent 60
years, in Japan. Reliable evaluation of snow-slide from
the roof is very important for reduce the number of loss
of human. Nakamura (1978a), Abe (1996), Takita and
Watanabe (1998) studied the shape of snow mound
by snow-slide from the roof, but the estimation error
was not negligible. Therefore, the authors assumed not
only friction between snow and roof material, but also
air resistance and ground to roof snow density ratio
caused by impact of snow block on the ground snow.

To measure the air resistance for snow-slide, the
authors performed experiments of snow-slide on
February 18 and February 20, 2008 at Hokkaido Insti-
tute ofTechnology.Totally 37 pairs of snow density and
snow weight were chosen and slid 3 times each. There-
fore, totally 111 times of slide were performed. Each
slide was recorded by two digital video cameras, those
located on the roof and on the ground. Sometimes the
snow block was divided into some fragments. There-
fore, developed muzzle velocity and falling velocity
of totally 196 fragments were calculated based on
video frame numbers. Probabilistic distributions of air
resistance coefficient were calculated in 3 categories
(around 3 kg fragments, around 1 kg fragments, and
smaller than 1 kg fragments). The authors assumed
friction between snow and roof material based on
Takakura et al. (1998). The difference of snow density
before and after the slide was evaluated based on the
survey of Nakamura (1978b). The authors examined
the assurance of these coefficients using 11 cases of
field surveys performed by Abe (1996) and Takakura
(2005). The value of relative error for the shape of
snow accumulation bank was around 11 to 21 percent.
That is around half of the errors by Nakamura, Takita
or Abe. Therefore, the importance of air resistance for

Figure 1. Estimated snow mound (red line) and observed
data (circle). Relative error: 20.2%.

evaluation of the shape of snow accumulation bank by
snow slide was clarified in this paper.
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Model tests and simulation analysis on steel-concrete joint part of hybrid
cable-stayed bridge

J. He, R. Liu, J.M. Wu, X. Kong, Y.Q. Liu & A.R. Chen
Department of Bridge Engineering, Tongji University, Shanghai, China

M.Y. Hu
Hubei E dong Changjiang Expressway Bridge Co., L.T.D, Hubei, China

T. Yoda
Department of Civil and Environmental Engineering, Waseda University, Tokyo, Japan

ABSTRACT

The innovative concept of using steel girders as main
spans and concrete girders as side spans has been
applied and developed world-widely in continuous
girder bridges, cable-stayed bridges, and suspension
bridges. Jointing two different kinds of girders at their
appropriate places in a reasonable way will greatly
improve the performance of bridges and will easily
realize long-span bridges. The structural types and
features of the joint part were introduced. In view
of the existing steel-concrete joint parts of hybrid
cable-stayed bridges, there are two kinds of structural
form: with or without steel cells. As to the positions
of bearing plate, three types of steel-concrete transi-
tion section within steel cells, which are front bearing
plates, back bearing plates, both front and back bear-
ing plates; while there are two types without steel cells,
such as back bearing plates and back bearing plates
combined with bottom plates. The shear connectors
such as studs and PBL on the bearing plates connect
the concrete and steel in the transition section.

Finite element analysis and model tests on key parts
of the bridge are essential for design and construction.
The model test with the scale of 1:2 for the joint part of
the hybrid girder of the cable-stayed bridge is carried
out on site. In the experiments, distributions of normal
stresses, crack resistance ability, slip between concrete
and steel, and deflection were carefully measured to
investigate the mechanical performance, force trans-
mission, stiffness matching and failure mechanism of
the joint part of the hybrid girder. A 3D finite element
model with material and geometrical nonlinear prop-
erty was built to analyze the joint part. The test data
were investigated comparing with the FEA results to
evaluate the load carrying capacity and reliability of
the joint part. From the comparisons of the test and
FEA, it is found that the concentrated stress at the
loading section can be reduced and transfer uniformly
to the concrete through the transition region and joint

part, the distribution and values of the FEA basically
agree well with the test results. In addition, the bear-
ing plate carries about half of the axial load, and the
other half is transferred to the concrete girder through
studs and PBL connectors. This leads to the conclu-
sion that the ratio is rational and the structure shows
good performance and reliability under the design
load. Relatively small slip between concrete and steel
denotes the connection soundness between two dif-
ferent materials. The findings from the tests and FEA
were considered to be of special significance to design
the bridge.
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Influence of shear rigidity in vertical and horizontal frames on strength of
prefabricated scaffolds

H. Takahashi, K. Ohdo & S. Takanashi
National Institute of Occupational Safety and Health, Tokyo, Japan

The vertical load on prefabricated scaffolds holds
‘live weight’, i.e. the people and materials on them.
Expressly, standard prefabricated scaffolds might be
used as the concrete support. Therefore, excessive ver-
tical load is also likely to act on prefabricated scaffolds.
The buckling modes of scaffolds are illustrated in Fig-
ure 1.They include member buckling, when each story
of the scaffold curves, and total buckling, when the
entire side of the scaffold curves (Mori, Y., Mae I. and
Kunimori M. 1962). The buckling load for total buck-
ling is smaller than that for member buckling because
the buckling length in total buckling is greater than that
in member buckling. Therefore, the member buckling
is stronger than the total buckling.

Recent studies (Mori, Y., Mae I. and Kunimori M.
1962) confirm that buckling comes about mainly when
the stiffening member in the vertical frame is short-
ing. Therefore, total buckling happens when the shear
rigidity in the vertical frame is deficient.

On the other hand, the horizontal frame spans the
vertical frame. Shear rigidity of the vertical frame is
the influencing factor when scaffolds are buckling.
Therefore, it is thought that the shear rigidity of the
horizontal frame also influences the strength of scaf-
folds. However, a design method based on this new
knowledge was not examined.

In this study a buckling analysis of standard pre-
fabricated scaffolds was executed, using the shear
rigidity of the vertical and the horizontal frames as
parameters, to investigate the strength performance of
prefabricated scaffolds.

The results of this study can be summarized as
follows:

1. When the junction between the scaffold and the
ground is pinned, as for a highest risk situation and
the scaffold is between 2 and 10 stories, we con-
clude that that the strength of the scaffold is decided
by the shear rigidity of the vertical and horizontal
frames of the lowest story of the scaffold, regardless
of the number of stories.

2. When the shear rigidity of the vertical frame ks
is greater than kcr of the following equation, i.e.
kcr < ks, the prefabricated scaffolds will experience
member buckling in spite of the shear rigidity of the
horizontal frame kh.

Member buckling will also occur in the case of
kcr > ks, when the value of kh is kcr − ks(=kcrh)
or more.
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A proposal of hybrid structure with carbon steel and non-magnetic
steel for MAGLEV

M. Hirohata & Y.-C. Kim
Joining and Welding Research Institute, Osaka University, Osaka, Japan

Recently, research and development of magneti-
cally levitated vehicle (MAGLEV) as a new high-
speed transportation system have been advanced. The
MAGLEV runs by repulsion between superconduc-
tive magnets on the vehicle and coils on the railway.
However, when ordinary steels are used for the girder
as the guide way, it is known that loss of energy
occurs by magnetically resistance force. Although the
non-magnetic steels need to be used, they are more
expensive than ordinary steels. Therefore, it was pro-
posed that the non-magnetic steels were used only
in the area where magnetism was generated and the
ordinary steels were used in the other area where
magnetism was not generated.

Assuming the hybrid structure assembled by the
non-magnetic steel (High manganese non-magnetic
steel: Hi-Mn steel) and the ordinary steel (SM490Y
steel: SM steel), a series of research has been carried
out. Young’s modulus of Hi-Mn steel is about 80% of
that of ordinary steel. Yield stress and tensile strength
of Hi-Mn steel are higher than those of SM steel. At
present, the mechanical behavior of the hybrid steel
structure assembled by dissimilar steels with different
Young’s moduli is not elucidated. Therefore, it is nec-
essary that the safety and reliability of the hybrid steel
structure is evaluated.

In this paper, in order to propose the hybrid struc-
tures assembled by Hi-Mn and SM steels for the guide
way of MAGLEV, the structural characteristics and
mechanical behavior of hybrid steel I-girder assem-
bled by Hi-Mn and SM steels were elucidated based
on the results of the elastic-plastic large deformation
analysis. Moreover, the method for ensuring the struc-
tural performance of the hybrid girder the same as that
of the girder assembled by SM steel was investigated
from the viewpoint of the safety and reliability of the
girder.

The analysis was carried out on the following three
models, the girder with only SM steel (SM model),

the girder with only Hi-Mn steel (Hi-Mn model) and
the hybrid girder with Hi-Mn and SM steels (Hybrid
model). Although the shapes of these girders were the
same, in the case of Hybrid model, the lower flange
and the lower side of web were SM steel, and the upper
flange, upper side of web and stiffeners were Hi-Mn
steel.

From the results of analysis, the yielding load and
ultimate load of Hybrid model were larger than those
of SM model because the yield stress and the tensile
strength of Hi-Mn steel were larger than those of SM
steel. It could be said that the high strength of Hi-
Mn steel was exploited in Hybrid model. However,
the bending stiffness of Hybrid model was lower than
that of SM model because Young’s modulus of Hi-Mn
steel was about 80% of that of SM steel.

In designing a hybrid structure assembled by dis-
similar steels, whose Young’s moduli and yield stress
were different from each other, to make the most of
merits of each material and to compensate their demer-
its with each other were natural demands. In order to
increase the bending stiffness of Hybrid model the
same as that of SM model, enlarging the length of
part with SM steel in the web of Hybrid model was
proposed. It would be more economical than enlarg-
ing the part with Hi-Mn steel because SM steel was
cheaper than Hi-Mn steel. And it would be effective
in increasing the stiffness of Hybrid model because
Young’s modulus of SM steel was larger than that of
Hi-Mn steel.

By enlarging 6% of the height of girder to the length
of part with SM steel in web, the bending stiffness
of Hybrid model was almost the same as that of SM
model. Moreover, the yielding load of Hybrid model
was 10% increased and the ultimate load of Hybrid
model was 21 % increased compared with those of
Hi-Mn model.

101

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Reduction of residual displacements of concrete columns by high strength
rebars

Ali Reza Khaloo, Mostafa Tazarv & Yousef Javid
Department of Civil Engineering, Sharif University of Technology, Tehran, Iran

1 ABSTRACT

Displacements and drifts are major concerns in the
seismic-performance design methodology. Moreover,
residual displacements are gradually getting higher
attention in performance based design. There are sev-
eral examples of damaged bridges that have lost their
serviceability and safety due to large residual displace-
ments of their piers (columns) after severe earthquake.
After 1995 Hyogo-ken Nanbu earthquake (Japan),
more than 100 reinforced concrete bridge columns
experienced a tilt angle of more than 1 degree (1.75%
drift). These columns had to be removed and new
columns built because of the difficulty of setting the
superstructure back to the original alignments and
levels (Kawashima, 2000). So, controlling the resid-
ual displacement of bridges would keep fundamental
infrastructures safe and functional. Even though seis-
mic codes ensure life safety for bridges, large residual
displacement after severe earthquake may make the
bridge useless. Reduction of residual displacement is
also necessary for minimizing the rehabilitation cost
and also maximizing the serviceability of bridges.
In this research, a new method will be proposed in
order to reduce the residual displacements of con-
crete columns as well as bridge’s piers. Several new
structures have been developed to reduce residual
displacements in which post-tensioning technique as
well as unbonded strands and rebars were essence of
these methods. Last innovative method for reduction
of residual displacements of concrete columns has
been developed by Mahin & Sakai (2004a, 2004b and
2006). They replaced some mild rebars of concrete
columns with a longitudinal post-tensioning tendon
at the center of columns section.In this paper, a new
method will be proposed to reduce residual displace-
ments by the use of High Strength Rebars (HSR).
This method is different from the most researched
method for reduction of residual displacement, i.e.,
post-tensioning technique. Some HSR will be replaced
or added to the column’s section as closed as possible to

the center of columns. The optimized position and per-
centage of high strength rebar will also be determined
to minimize residual displacements. Result of analyses
revealed that this method can effectively reduce resid-
ual displacements. High strength rebars distributed
near the core of column section will give the column a
self-centering tendency. Simultaneously consideration
of cyclic and dynamic analyses indicates that the best
position for HSR is the center of the column section.
But, due to construction difficulties, radial distribution
of HSR in the radius of 25% radius of column section
was selected. Adding 40% area of mild reinforce-
ments as HSR to the concrete column will dissipate
adequate energy to restrict residual displacements in
acceptable range. Dynamic analyses indicated that
proposed method can reduce residual displacements
of RC column more than 50% that is comparable to
the previous innovative method in this field. Experi-
mental study on this method may enhance the gained
results and undoubtedly will show the real efficiency
of this method for reduction of residual displacements.
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1 ABSTRACT

Surface roughness plays a fundamental role in the
analysis of bridge-vehicle dynamic interaction since it
represents one of the most important vibration sources
during the passage of vehicles over a bridge. In the
literature, the bridge structure is often treated as an
Euler-Bernoulli beam, while vehicles are modelled
as SDoF oscillators, moving with constant or vari-
able speed along the beam. Moreover, the roughness
is effectively represented as a zero-mean stationary
Gaussian random field, fully characterized by the
Power Spectral Density (PSD) function.As a result, the
dynamic response of the supporting beam in terms of
transverse deflections and internal forces turns out to
be described by time-dependent random fields, which
have to be characterized in a probabilistic sense. For
this purpose, Monte Carlo simulations are generally
resorted to, while just in a handful of papers alterna-
tive stochastic approaches have been investigated (see
e.g. Schenk & Bergman 2003; Muscolino et al. 2007).

The dynamic response of the oscillator-beam sys-
tem is usually obtained by applying the classical modal
analysis, based on a Conventional Series Expansion
(CSE) of the solution in terms of the eigenfunctions of
the undamped and unloaded supporting structure (see
e.g. Muscolino et al. 2008). The rate of convergence
of this technique is quite good as far as the beam’s
transverse displacements are of interest. On the con-
trary, when the evaluation of bending moment and
shear force is performed, the CSE converges poorly,
since higher order derivatives of the eigenfunctions
are required (Frýba 1999).To overcome this drawback,
correction methods have been recently proposed in a
deterministic setting (e.g. Pesterev & Bergman 2000;
Biondi & Muscolino 2005; Bilello et al. 2008).

In this paper, the problem of evaluating the second-
order statistics of internal forces in a simply supported
beam with random surface roughness crossed by a lin-
ear oscillator is tackled. In the context of the CSE,
the set of first-order ordinary differential equations,
with time-dependent coefficients, governing the

second-order statistics of the oscillator-beam response
is derived and solved with an efficient step-by-step
procedure. In a second stage, a Quasi-Static (QS) cor-
rection term, consisting of a time-dependent random
field, is proposed in order to improve the convergence
of the CSE. This novel contribution is formulated by
extending the Mode Acceleration Method (MAM),
originally introduced by Williams (1945) for deter-
ministic problems. It is shown that the QS correction
term so obtained can be probabilistically characterized
starting from the second-order statistics of the CSE,
which makes the proposed technique computationally
very efficient.The accuracy is proved by the numerical
results presented and discussed in the paper.
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ABSTRACT

In the reliability analysis of a bridge structure, traf-
fic induced load effects are some of the most variable
parameters. Because of this, more accurate estima-
tion of the distributions of traffic load effect can
result in improvement in the accuracy of calculated
safety levels. Traditionally, an extreme value analysis
is performed using either the block maxima approach,
through the Generalized Extreme Value (GEV) dis-
tribution, or the peaks-over threshold approach, using
the Generalized Pareto Distribution (GPD). A recently
proposed model, the Box-Cox-GEV distribution (Bali
2003), which nests both the GEV and GPD models,
is used in this study. In this way, the data itself deter-
mines its domain of attraction, be it GEV or GPD.
In addition, the framework of composite distribution
statistics (CDS), recently presented by Caprani et al.
(2008) is used in conjunction with the Box-Cox-GEV
model. This framework allows for the different distri-
butions that result from different loading event types.
This combination of novel approaches is applied to
real traffic data for a range of bridge lengths and load
effects.

Weigh-in-motion data obtained from the A6 motor-
way, France, is used as the basis of a Monte Carlo
simulation of 1000 days of truck traffic. Daily max-
imum load effect data for different bridge lengths,
load effects, and loading event types is calculated.
Based on this data set, a conventional approach (syn-
thesized from the literature), a GEV-CDS model, and
a Box-Cox-GEV-CDS model are used to estimate
characteristic traffic load effect.

Application of the Box-Cox-GEV model shows that
the data lies strongly in the domain of attraction of the
GEV model for a large range of the thresholds consid-
ered. An optimum threshold and model parameter set
are identified. It is also shown that the Box-Cox-GEV
model provides stable estimates of characteristic load
effect for thresholds up to the sample mean. Through
likelihood ratio testing, it is shown that the GEV and
GPD models are strongly rejected in favor of the
Box-Cox-GEV model for almost all cases considered.

Figure 1. An example 4-truck loading event on a 2-span
40 m long bridge.

Comparison of the lifetime load effect predictions
from each of the stated methods is performed. It is
shown that, on average, the GEV-CDS model estimates
slightly lower load effect (-2.3%) than the conventional
method. Conversely, the Box-Cox-GEV model, within
the CDS framework, on average, estimates higher load
effect (+4.9%) than the conventional method.

An interesting critical combination of bridge length
and influence line shape was found for one considered
load effect. It was found that the lifetime value for
this load effect is sensitive to the tail behavior of the
distribution of load effect for 4-truck loading events;
an example is shown in Figure 1.

In summary, the combination of two recently pro-
posed methods, the Box-Cox-GEV and composite
distribution statistics approach, is shown to provide
further statistical information about bridge traffic
load effect. In doing so, the influence that subjective
decision-making can have on the results is minimized.
The output from this proposed approach is readily
applicable to a full reliability analysis.
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ABSTRACT

Uncertainty of parameters in engineering design has
been modeled in different frameworks such as interval
analysis, fuzzy set and possibility theories, random set
theory and imprecise probability theory. The authors
of this paper for many years have been developing new
imprecise reliability models and generalizing conven-
tional ones to imprecise probabilities. The theoretical
setup employed for this purpose is imprecise statistical
reasoning (Walley 1991), whose general framework is
provided by upper and lower previsions (expectations).
The appeal of this theory is its ability to capture both
aleatory (stochastic) and epistemic uncertainty and the
flexibility with which information can be represented.

The previous research of the authors related to
generalizing structural reliability models to imprecise
statistical measures is summarized in Utkin & Kozine
(2002) and Utkin (2004). The presupposed input
for the imprecise structural reliability models was
some probabilistic measures (precise or imprecise) of
strength and stress. While the accepted premises are
meaningful and practical in some applications, they
do not cover many other cases the reliability analyst
faces in practice. Often the above mentioned inputs do
not exist and the analyst has only some judgments or
measurements (observations) of values of stress and
strength. How to utilize this available information for
computing the structural reliability and what to do if
the number of judgments or measurements is very
small? Developing models enabling to answer these
two questions has been in the focus of the new research
the results of which are described in the paper.

In this paper we describe new models for com-
puting structural reliability based on measurements
of values of stress and strength and taking account
of the fact that the number of observations may be
rather small. The approach to developing the models is

based on using the imprecise Bayesian inference mod-
els (Walley 1996). These models provide a rich supply
of coherent imprecise inferences that are expressed
in terms of posterior upper and lower probabilities.
The probabilities are initially vacuous, reflecting prior
ignorance, become more precise as the number of
observations increase.

The new imprecise structural reliability models are
based on imprecise Bayesian inference and are impre-
cise Dirichlet, imprecise negative binomial, gamma-
exponential and normal models. The models are
applied to computing cautious structural reliability
measures when the number of events of interest or
observations is very small. The main feature of the
models is that prior ignorance is not modeled by a
fixed single prior distribution, but by a class of priors
which is defined by upper and lower probabilities that
can converge as statistical data accumulate. Numeri-
cal examples illustrate some features of the proposed
approach.
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Fuzzy extensions in state-space filtering – Some applications in geodesy
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ABSTRACT

State-space filtering is an important task in many
engineering disciplines. A typical example of a state-
space filter is the recursive Kalman filter (KF). As it
is widely used in the applications, it will be mainly
considered in this paper. The KF combines in an opti-
mal way intrinsic information on a system which is
described by a set of linear differential equations and
additional information based on measurements of the
system state. It allows to predict future or unobserv-
able system states and to estimate system parameters
which are not or only weakly determined (adaptive
filtering). Conventionally, the related uncertainty is
assessed in a stochastic framework: measurement and
system errors are modeled using random variables
or stochastic processes, respectively. However, as this
approach neglects all components of the uncertainty
budget which are due to non-stochastic effects the
reported uncertainty measures are too optimistic. For
a more adequate representation and quantification a
more general formulation is required.

In this study, the KF is extended with respect to
imprecision which is due to insufficient knowledge
about model and measurements. It is based on a pre-
vious study where imprecise quantities are modeled
as fuzzy intervals with a random mean point which
reflect the epistemic type of uncertainty. The respec-
tive fuzzy extension of the KF is rigorously based
on Zadeh’s extension principle. This previous work is
now extended with respect to mainly two items: (i)
the extension to adaptive filtering in order to estimate
unobservable system parameters within the filtering
process, and (ii) studies on the improvement of the
efficiency of the numerical computations. Item (i)
addresses in particular the uncertainty of the esti-
mated system parameters in the frame of an extended
uncertainty budget taking the uncertainty of the prior
information on such parameters into account. Item (ii)
is concerned with the fact that recursive operations on
fuzzy intervals are tending to significantly overesti-
mate the spread of the actual fuzzy results. In order to
prevent this effect, the recursive formulation of the KF

Figure 1. Standard deviations (left) and imprecision (inter-
val radii) of the parameters determined by adaptive filtering.

has been resolved in the previous work; this yields a
time-consuming algorithm.

Two relevant applications in geodesy are presented
and discussed with respect to the extended methodol-
ogy for the first time. In both cases the respective mod-
eling of uncertainty and the use of the KF technique
are shown. The first application is concerned with
the geodetic monitoring of control processes based on
positioning devices. The focus is put on the numerical
efficiency of the extended filter algorithms. Structural
monitoring with geodetic techniques is considered in
a simplified scenario as a second application. In this
case material constants are introduced as uncertain
system parameters which are estimated adaptively (see
Figure 1).
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ABSTRACT

This paper presents a distribution-free procedure for
estimating the quantile function (QF) of a non-negative
random variable using the principle of entropy sub-
ject to constraints specified in terms of integer or
fractional probability weighted moments estimated
from complete or censored sample data. When the
prior distribution is uniform, principle of minimum
cross-entropy (CrossEnt) reduces to the principle of
maximum entropy (MaxEnt).

The estimation of extreme quantiles corresponding
to small probabilities of exceedance (POE) is com-
monly encountered in the risk analysis of engineering
systems. Although the entropy approach leads to the
most unbiased distribution, the main problem remains
the accurate estimation of moments from limited data.
The estimates of higher order moments (order > 2)
from small samples (size less than 50) tend to be highly
biased. The entropy distribution derived from poor
moment estimates would lead to inaccurate quantile
values. This difficulty can be circumvented by using
the probability weightd moments (PWM) in place of
ordinary moments.

We would compare the performances of the quan-
tile function estimation procedure based on fractional
PWMs (FPWM) with those based on classical integer
PWMs (IPWM). Meanwhile, we compare the perfor-
mances of the principle of maximum entropy and the
principle of minimum cross entropy.

Two example distributions are considered to evalu-
ate the performance of the proposed method: Gener-
alized Pareto distribution and Weibull distribution. A
practical example was presented to estimate a quan-
tile corresponding to 99.9% probability. The results
show that PPWM based CrossEnt quantile function
results considerable accurate estimates under different
censoring thresholds.

Examples are presented for illustration. Conclu-
sions can be made from Figure 1 that the accuracy
of the FPWMs based quantile function is superior to
that estimated from the use of conventional IPWMs.

Figure 1. Approximation of Pareto distribution tail region
by IPWM/FPWM based MaxEnt/CrossEnt QFs.
[Note: Symbols CE-Ik (or CE-Fk) (k = 1, 2, . . .) represent
the kth order IPWM (or FPWM) solution of CrossEnt QF.
ME-Ik (or CE-Fk) means IPWM/FPWM based MaxEnt QF.
eg, CE-I3 is the tail function using the first three IPWMs.]

A properly-selected prior distribution in the entropy
principle would play a positive role in estimation of
quantile function.
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Hierarchical Fuzzy Inference System (HFIS) modeling for
environmental issues
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ABSTRACT

In science, engineering and many other areas of study,
quantitative problems are solved using mathematical
models, which are cast in deterministic form, yielding
closed form solutions or at least numerical solutions.
In many real cases uncertainty may be due to the
complex nature of the problem, such as the stress dis-
tribution in a component of complex geometry or the
flow pattern around a bluff body in a fluid with com-
plex rheological properties.These are not uncertainties
of a statistical nature and the corresponding concept
is of possibility rather than probability. In some cases
the uncertainty raises because of having lack of knowl-
edge and information.Then, Fuzzy System, generating
data and dealing with vague information, has been in
the attention of many researchers. This concept can be
successfully applied to various environmental issues,
e.g. health risk assessment, flood control, soil ero-
sion, water resource management, aquifer pollution,
wetland design, soil pollution, biogas generation and
transport in landfill.

This paper focus on uncertainty problems observed
during soil remediation processes, particularly when
soil is contaminated with heavy metals having an
important impact on health of inhabitants. Assessing
the mobility (fate) of heavy metals within contami-
nated sites is a key constituent of prioritizing contami-
nant sites for remediation (or other purposes). For this

reason, characteristics of the soil, specifically those
related to sorption of heavy metals ought to be well
studied; therefore, every individual function involved
in the fate of heavy metals in soil has to be selected.
The effect of all of these parameters can be aggre-
gated together.The major objective of this research was
introducing a new methodology for designing models
suitable for decision-making in environmental man-
agement. Subsequently, the hierarchical fuzzy model
approach was applied in this study. For the assessment
and identification of soils vulnerable to heavy metals,
fate of metals, attenuation of metals, or mobility of
metals a hierarchical fuzzy inference system (HFIS)
was developed.

In this tool, soil parameters involved in natural
attenuation (sorption) of heavy metals were selected
(pH, CEC, SSA, Clay content, OM, and Moisture).The
selected parameters were introduced to a hierarchical
fuzzy inference system in order to rank the vulner-
able area in the topsoil. An investigation for finding
a solution technique to predict the sorption potential
in the soil was performed, and subsequently, a fuzzy
inference engine HFIS was designed. The developed
model was validated by studying different case studies

The designed model is suitable for decision-making
in environmental management, particularly where the
development of brownfields presents a common chal-
lenge for municipal and provincial (states) authorities.
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Robustness assessment of structures incorporating generalized
uncertainty models
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ABSTRACT

Actually, structural engineers are increasingly con-
fronted with the task to design structures, which ensure
beside high reliability and safety levels during their
life-cycle also a robust performance. This evolves due
to the occurrence of unforeseen impacts, e.g., haz-
ardous environmental conditions or terrorism. While
the terms reliability and safety level are well-defined,
an overall mathematical definition of the linguistic
well-known term of “robust structures” is missing so
far. The proposed approach based on (Beer & Lieb-
scher 2008) contributes to the discussion how to quan-
tify robustness in order to compare different structural
designs. Thereby, robustness is assessed according to
the definition offered by (Taguchi et al. 2004) which is
enhanced to consider generalized uncertainty models
and different uncertain structural processes.

The proposed robustness assessment approach
bases on a time-dependent reliability analysis of
structures under consideration of stochastic and non-
stochastic uncertainty. In order to incorporate both
stochastic and non-stochastic uncertainty the general-
ized uncertainty model fuzzy randomness is adopted.
Consequently, the reliability analysis results in a time-
dependent fuzzy failure probability, see (Sickert et
al. 2005). This fuzzy function may be discretized in
a set of fuzzy quantities associated with crisp time
points. For selected time points the robustness is com-
puted. Therefore a robustness measure is introduced,
which considers different approaches of robustness as
a unity. Thus, the robustness measure evaluates con-
sequences of uncertainty as well as variations in the
load and alteration process on the structural responses.
Thereby, the robustness assessment requires measur-
ing the uncertainty of quantities. Measures for uncer-
tainty of random and fuzzy quantities are known, e.g.
in (Wu & Mendel 2007). They are introduced for the
application in robustness assessment and evaluated by
way of examples. Additionally, advanced measures to

specify fuzzy random quantities are proposed and also
introduced in robustness assessment.

Beside measuring robustness by itself here the inter-
est is focused implicit on designing robust structures
under consideration of the generalized uncertainty
model fuzzy randomness. The aim is to reduce the
uncertainty of result quantities and extend the safety
margins in order to become independent to the uncer-
tainty of input quantities to a large extent as well as
to capture extreme events. Thereby, reliability analy-
sis is repeatedly performed considering selected stress
processes in order to determine a robust structure in
the sense that the structure will resist a high num-
ber of different – also extreme – load and alteration
processes. The introduced measure is applied by way
of examples. Thereby the focus is set on engineer-
ing applications such as RC folded plate structures
under consideration of the governing nonlinearities
and uncertainties.The robustness measure may be also
utilized to compare different designs in the framework
of a robustness-based optimization.
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Uncertainty modelling and sensitivity analysis of tunnel face stability
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An important issue in the construction of shallow
tunnels, especially in weak ground conditions, is the
tunnel face stability. It has been a topic of research
until the present day to predict the necessary support
pressures for shield tunnelling. A variety of theoret-
ical and numerical models have been proposed. In
this paper, we use laboratory experiments performed
at the University of Innsbruck combined with mod-
ern methods of uncertainty and sensitivity analysis for
assessing adequacy, predictive power and robustness
of the models.

The laboratory experiments were performed with
various types of sand in a box with a piston moving in a
horizontal cylinder.The experimental record consisted
in a sample of force-displacement curves, the onset
of a nearly horizontal plateau defining the necessary
support pressure.

The principal aim of this research was to validate
and compare the predictions of theoretical and numer-
ical models with the experimental results, among
them variations of the Horn model, the Ruse-Vermeer
model, the Kolymbas model, and a Finite Element
model based on the Mohr-Coulomb law.

Robustness and adequacy of the models can be best
understood by means of sensitivity analysis. When
combining experimental data and theoretical models,
sampling based sensitivity analysis – with its recently
developed powerful statistical indicators – suggests
itself as a suitable approach.

In the models under scrutiny, the output parame-
ter was the necessary support pressure pf . The input
(soil) parameters possessing the largest degree of ran-
dom variability were identified as the actual void ratio
e and the loose and dense state void ratios el and ed,
respectively. All these parameters were estimated in
small-scale laboratory experiments. Another impor-
tant model parameter is the friction angle ϕ of the
soil. This parameter is estimated by means of a lin-
ear model ϕ ≈ β0 + β1Id , with the relative density Id
(which in turn is a function of e, el and ed). In order

to assess the influence of the regression coefficients
β0, β1 on the output pf , we needed to determine their
statistical distribution. We achieved this by means of
the so-called resampling technique, producing a large
bootstrap sample of the experimental data and thereby
simulating the joint distribution of β0 and β1. We
believe that this is a novel method for obtaining joint
distributions – including correlations – of geotechnical
data.

As an application of the statistical data model, we
could assess the ranges of the output parameter pf
by means of the First-Order-Second-Moment-Method
and compare them with the experimental results. The
model with the best fit was then scrutinized fur-
ther: we calculated the sensitivities of the output pf
with respect to the five input parameters described
above. Here we used Monte Carlo simulation based on
the input distributions obtained before. Going beyond
the rather crude picture obtained by scatterplots, we
computed stronger statistical measures of sensitivity,
such as partial correlation coefficients. These indica-
tors are designed so as to remove hidden influences
of co-variates. This method lends itself to a further
application of resampling, allowing to determine the
statistical significance of the resulting sensitivities.

Further, we demonstrate that this approach is appli-
cable even in computationally expensive Finite Ele-
ment calculations.

The basis for this presentation is formed by the
investigations of (Kirsch 2008), and the methods
developed in (Oberguggenberger et al. 2009).
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Hybrid health monitoring of PSC girder bridges using
MEMs-based smart sensors
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ABSTRACT

In PSC girder bridges, the compressive prestress
makes more economical use of the concrete by allow-
ing all of the concrete section to play some part
in supporting external loadings. For the PSC girder
bridge, the prestress force of tendon and the flexural
stiffness of concrete girder are two important parame-
ters that should be secured for its serviceability and
safety against external loadings and environmental
conditions.

However, although a proper monitoring system is
installed in a PSC bridge, the following problems still
remain to be solved: (1) the costs associated with
installation and upkeep of monitoring systems, which
employ wires for the transfer of measurements to
a centralized data server, can be high and (2) data
repositories with high capacity is needed for future
engineering analysis. In order to overcome these prob-
lems, many wireless monitoring systems have been
developed.

In this study, a MEMs-based smart sensor is devel-
oped for autonomous SHM of PSC girder bridges.
Figure 2 shows the schematic of the serial opera-
tion scheme for the hybrid SHM in structures. The
basic idea of the serial operating scheme is that the
global SHM methods using acceleration-based smart
sensor node (Acc-SSN) are used for monitoring dam-
age occurrence in global structure level and, as a
subsequent operation, the local SHM methods using
impedance-based smart sensor node (Imp-SSN) are
used for classifying damage types in local member
level. Finally, the performance of the developed sys-
tem and commercial systems is evaluated using a PSC
girder model as shown in Figure 1 and Figure 3.

Figure 1. Experimental setup for PSC girder.

Figure 2. Serial operation scheme for hybrid SHM.

Figure 3. Developed smart sensors and commercial mea-
surement systems.
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Modal identification of short and medium span bridges under
moving loads
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ABSTRACT

This study intends to investigate the feasibility of
modal identification of a short span bridge by means
of a multivariate autoregressive model that provides
information relating to natural frequencies, damping
constants.

Modal identification of bridge structures based on
the system output such as vibration data of bridges
is one of the important methods for model updat-
ing and bridge health monitoring (Doebling et al,
1996).Ambient vibrations induced by traffic and wind
thus have been adopted as dynamic data for long
span bridges. For short and medium span bridges,
which are insensitive (or sometimes impassive) to
the wind-induced vibration, normal traffic excitations
are important dynamic sources (Kim and Kawatani,
2009). However, the traffic-induced vibration is a kind
of nonstationary process (Kim and Kawatani, 2008)
that becomes stronger with decreasing span length.
Field experiments report that the dominant frequency
of the wheel load of heavy vehicle, which is a major
dynamic source for the short and medium span bridges
and affects dynamic responses of the bridges, scat-
ters near the first bending frequency of those short
and medium span bridges. This is one of the reasons
why limit amount of study on the modal identifica-
tion of short and medium bridges using traffic-induced
ambient vibration is reported.

An experiment is performed at a steel plate girder
bridge before and after repairing to investigate feasibil-
ity of this method in case of traffic-induced vibration
of the bridge which is repaired. Examples of pattern
change of identified frequencies and damping con-
stants according to repairing by the AR model are
shown in Figure 1. Observations demonstrate that the
dominant frequency is well identified by theAR model
in comparing with those from Fast Fourier Transform
which gives dominant frequencies of 4.09Hz, 12.54Hz
and 21.48 Hz respectively for the first, second and third
modes. On the other hand, estimated damping con-
stants have large variance. After repairing, dominant

Figure 1. Estimated frequencies and damping constants by
the AR model.

frequencies are dropped in comparison with before
repairing. Comparing the identification results, for
example, between before repairing and after repair-
ing such as pattern change of identified parameters
encourages the use of the method for long term health
monitoring even for short span bridges.
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Modal analysis of the Yeondae Bridge using a reconfigurable
wireless monitoring system
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ABSTRACT

Wireless sensors have evolved into a viable alterna-
tive to traditional tethered sensors. The advantages
offered by wireless sensors are their low costs and
easy installation. Especially for large structures, such
as long-span bridges, elimination of wiring represents
a significant cost-savings. Another advantage wireless
sensors enjoy over tethered sensors is their ability to be
easily reconfigured. In particular, system reconfigura-
tion is attractive for short-term dynamic testing where
a small set of sensors can be repeatedly employed in
different installation locations.

In this study, a rapid-to-deploy wireless monitoring
system is utilized to monitor the vibration response of
the 180 meter long Yeondae Bridge. The bridge con-
sists of a steel box girder section that continuously

Figure 1. Yeondae Bridge: (a) perspective view, (b) forced vibration testing, and (c) extracted modes at 2.246 Hz, 2.637 Hz,
and 3.337 Hz.

spans across five supports. Using 20 wireless sensors
with MEMS accelerometers interfaced, the wireless
monitoring system is installed to measure the bridge
response to truck traffic. The elimination of wiring
allows the wireless monitoring system to be recon-
figured at will. The monitoring system sensors are
installed using three different spatial configurations so
that the acceleration response of the bridge can be mea-
sured at 50 sensor locations evenly distributed across
the bridge length. Using traditional off-line output-
only modal identification techniques, i.e. frequency
domain decomposition (FDD), mode shapes were suc-
cessfully obtained by combining acceleration data
collected from the three system topologies. Mode
shapes are compared to those predicted by a finite
element model of the Yeondae Bridge with excellent
agreement found.

117

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c12&iName=master.img-004.jpg&w=357&h=187


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Structural health monitoring system development and full-scale bridge
vibration measurement using smart sensors
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ABSTRACT

Densely distributed smart sensors can provide rich
information for structural health monitoring using
their computational and wireless communication
capabilities. Though smart sensor technology has seen
substantial advances during recent years, fundamental
functionalities for structural monitoring such as syn-
chronized sensing and reliable communication have
just begun to be provided as middleware services
(Nagayama et al 2009).

Utilizing these middleware services, two struc-
tural monitoring systems are proposed. Both sys-
tems employ distributed processing of synchronously
obtained vibration data. The size of data collected in
dense smart sensor networks is substantial and there-
fore central data processing systems are not scalable to
a large number of sensors. The systems are designed to
handle structural vibration data in a decentralized man-
ner. Information from sensors in the neighborhood is
utilized in data processing while sensors far away from
each other do not need to communicate. In the first
system, smart sensors form sensor clusters to mon-
itor structural vibration. Each cluster autonomously
measures and analyzes random vibration to detect
damage in a distributed and collaborative manner.
(Gao & Spencer 2008; Nagayama & Spencer 2007).
In the second system, smart sensors measure rail-
way bridge vibrations based on train schedule. Smart
sensors then extract vibration responses correspond-
ing to train passages and apply data processing. The
proposed systems are implemented on Imote2s and
experimentally verified using scale-model structures.

Full-scale bridge vibration responses are next mea-
sured at a historic truss bridge using the middleware
services (Figure 1). Ten Imote2s are installed on the
bridge and its free vibration is measured in three

Figure 1. The truss bridge and sensor locations easurement.

Figure 2. Vertical acceleration response.

Figure 3. 2nd vertical modeshape.

directions (Figure 2). Offline analyses of the collected
data reveal modal properties of the vibration includ-
ing modeshapes (Figure 3). To advance the capability
to capture dynamic behaviors, efforts are being made
to improve software stability and integrate multihop
communication into some of command transfer tasks
and time synchronization.
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ABSTRACT

For monitoring of railway structures, optical fiber sen-
sors are very convenient. The fiber sensors are very
small and do not disturb the structural properties.
They also have several merits such as electro-magnetic
immunity, long signal transmission, good accuracy
and multiplicity of one sensor line. Strain measure-
ment technologies with fiber optic sensors have been
investigated as a part of smart structure. In this paper,
we investigated the possibilities of fiber optic sensor
application to the monitoring of railway structures.
Fiber optic sensors showed good durability and long
term stability for continuous monitoring of the railway
structures as well as good response to the structural
behaviors during construction.

In Won-hyo Tunnel KTX 13-4 construction site, the
automatic measurement was enforced with the FBG
sensors at total 13 sections. Figure 1 showed the instal-
lation areas of FBG sensors on the ending point of
the tunnel. Basically, it was designed to be installed
on each 30 m distance. However, 15 m distance on
the entrance area which could be weak of safety, and
observed the changes of diameter of the tunnel.

During two months after the installation of sensors,
the displacement change relatively showed a lot; how-
ever, after that during about six month, the change was
almost not shown. After 14 February 2007, it showed a
sharp displacement change. Therefore, we can conjec-
ture that after section 378 km 310 lower part digging

Figure 1. Installation Area of FBG Sensor at KTX 13-4
Construction Site.

Figure 2. Section 378 km 310 Upper Part Displacement
Change Measurement Data.

was started at 14 February 2007, the displacement
change was occurred on the upper part of the tunnel.

The point of sharp displacement change occur time
shows different between the locations of the measure-
ment, such as Figure 2. This could be explained as the
result of the construction, which was processed sepa-
rately as two pieces from the middle point of the tunnel.
After the digging of the lower part, and after the stabi-
lization of the tunnel, sharp displacement change was
no longer shown.

This measurement process was continued as a very
difficult situation which was performed during con-
struction; however, many sensors are showing good
data from the beginning to the end. Compare with
the measured data of originally installed electronic
sensors in the tunnel or subway construction, this mea-
sured data from fiber optic sensors have a remarkable
reliability.
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of composite materials
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ABSTRACT

Homogenization methods are often a useful tool for
addressing random composite materials, as they pro-
vide a simplified yet physically relevant representa-
tion of the material microstructure. Homogenization
methods applied at the macro-scale provide average
constitutive properties, thereby obscuring effects that
appear locally in the materials, including stress con-
centrations. These local effects may be especially
important when analyzing nonlinear material behavior
such as plasticity, in which local yielding may pro-
vide the mechanism for initiation of material failure.
Meso-scale homogenization provides an intermediate
solution by allowing for local variations in constitutive
properties. Using this technique, some local effects are
retained, while taking advantage of the simplifications
provided by homogenization. This work examines
plastic behavior in composites using meso-scale mod-
eling, specifically, the moving window Generalized
Method of Cells (GMC).

Former research by the co-authors has investi-
gated the optimal level of smoothing (i.e., the optimal
window size) to be applied to pixelized two-phase
microstructures with a range of contrast ratios of elas-
tic constants and yield stresses. This model was based
on a comparison with an analytical model of a single

fiber in an infinite matrix under hydrostatic loading.
Having chosen the optimal level of smoothing for a
given material, the model is expanded here from a sin-
gle inclusion model to a 2D plane strain model which
includes a random scattering of circular inclusions;
this can be considered to model a transverse section of
a fibrous composite. In the current work, a comparison
is made between a two-phase finite element model of
the material with an irregular mesh, and a windowed
finite element model of the material with a regular,
pixelized mesh.

The elastoplastic properties obtained using the
moving-window approach described above provides
samples that serve as the basis of stochastic simu-
lation. By calculating the statistics that describe the
randomly varying elastoplastic properties, it is then
straightforward to apply stochastic simulation tech-
niques to generate further samples of these properties.
The simulated properties are used as input to finite
element analyses to measure variability in such quan-
tities as the global stress that leads to initiation of
plastic strains and the area fraction of yielded material
at given global stress levels. These quantities can be
viewed as some measure of material reliability, since
they are a reflection of the damage levels that vary
between different samples of a nominally identical
material.
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ABSTRACT

Water distribution networks are centralized around
urban areas, which are major consumption sites. Unno-
ticed, the pollution of a municipal drinking system
with harmful chemicals could have a catastrophic
impact on public health. It is crucial to anticipate the
potential contamination of a water system whether
in the form of an accidental infiltration of pollution
due to an aging/damaged system or an intentional
release of chemical or biological agent. Water net-
works should be monitored accordingly to prevent a
contaminant from spreading undetected. However, in
a large water distribution network, the system scale
and budget constraints usually prohibit the monitoring
of the entire structure so where should it be observed
to guarantee rapid threat detection? The optimal sen-
sor placement problem in water distribution networks
constrained on the budget or the number of sensors
has been abundantly undertaken in the past. Primarily,
the difficulty comes from the absence of information
about the potential contamination events. The nature
of the pollution we want to apprehend can take many
forms in terms of source of injection, type of con-
taminant, and instance of occurrence, the impact of
which is closely correlated with the flow pattern and
the water demands. In fact, two identical chemicals
injected at the same source but at different times or
dates will likely generate distinct impacts given that
the flow patterns driving the pollution spread and the
water demands will change.The water demands, which
drive the flow pattern, fluctuate in time depending
on the time of the day, the day of the week and the
season; they reflect the spatial distribution of the popu-
lation. Small perturbations in the nodal demand values
can extensively modify the flow pattern, thus it may
be unfeasible to identify all possible flow patterns.

Yet, current literature on the subject for the most
part ignores those effects and assumes deterministic
demands.

The objective of this study is to find an optimal
sensor layout that is robust to unforeseen fluctua-
tions in the nodal demands as well as the possible
sensor failures. The EPANET object library allowed
us to build an efficient Monte Carlo simulation tool
for the study of water network responses to uncer-
tainty in the demand parameters and contamination
scenarios. For each demand realization, we perform a
hydraulic simulation and for each contamination sce-
nario we perform a water quality simulation. Finally,
the expected damage reduction over all demand pat-
terns and all scenarios is maximized over all possible
sensor placements. For our optimization formula-
tion, we built on the paper by (1) and introduced
uncertainty in the demands and an imperfect sensor
probability of detection that is proportional to the
contaminant concentration at the time it reaches the
sensor. The fast greedy algorithm developed in (1)
allowed us to find a near-optimal solution in a rea-
sonable amount of time. The comparison of the differ-
ent outcomes obtained using deterministic/stochastic
demands and perfect/imperfect sensors demonstrate
the high affectibility of the resulting sensor placement
in relationship to those initial assumptions.
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ABSTRACT

A research project is underway by the support of
Industrial Technology Research Grant Program of
New Energy and Industrial Technology Development
Organization (NEDO), to assess the impact of major
tsunami disaster in the aftermath of the event. The
authors propose a research framework in developing a
method to search and detect the impact of tsunami
disaster by integrating numerical modeling, remote
sensing and GIS technologies, which consist of four
damage mapping efforts, i) Regional hazard/damage
mapping effort to search the potential impacted region,
ii) Damage estimation effort using the numerical mod-
eling of tsunami inundation and fragility function
for structural damage, iii) Regional damage detec-
tion effort using SAR imagery, iv) Local damage
mapping effort using the analysis of high-resolution

Figure 1. Structure of the present study.

optical satellite imagery to detect the extent of tsunami
inundation zone and the structural damage.

The method is implemented to the recent tsunami
event, the 2007 Solomon Islands earthquake tsunami,
to identify the structural damage probabilities within
the inundation zone, combined with the post-tsunami
survey data.

The development of the present method is now
underway in developing automatic damage detection
algorithms, the real-time tsunami inundation mod-
eling, building house/structure inventory database,
and high-resolution merged bathymetry-topography
data. Especially, the global deployment of develop-
ing fragility functions including damage mapping with
satellite imagery is one of the most significant issues.
Also, another significant barrier to overcome is devel-
oping the database of high-resolution bathymetry and
topography grid in world-wide scale.
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ABSTRACT

Pacific coast of southwest Japan is under the threat
of extensive disaster due to the great earthquake and
tsunami that are supposed to occur along the Nankai
Trough within next 30 years. As tsunami disaster pre-
paredness and mitigation effort, local governments
are maintaining coastal facilities, such as seawalls
and land locks. And they are also preparing emer-
gency response systems to operate and utilize these
facilities. Especially in Osaka, more than 400 gates
in 60 km-length of seawall are in operation and are
supposed to be closed prior to the tsunami arrival
(within 90 minutes). The maintenance and operation
of these facilities are important requisites to reduce
damage and loss. However, the problems are how to
manage a large number of facilities in advance under
the limited budget, and how to control them at emer-
gency. To protect coastal communities from tsunami,
the integrations of ‘hardware’ and ‘software’ aspects
of tsunami countermeasures are required as a tsunami
disaster reduction system. Because of the unexpected
damage on the facilities, the feasibility of these coun-
termeasures has great uncertainty. And it makes the
establishment of tsunami disaster mitigation strategy
difficult. Failure of countermeasures will occur if there
are physical damages in facilities due to earthquake,
or there are malfunction of emergency operation due
to the difficulties to assemble operators.

Focusing on the uncertainties in operation of clos-
ing large number of gates, we developed a method to
evaluate the vulnerability of the waterfront of Osaka
and to evaluate the effect of improvement of facilities.
The uncertainty in the failure of gate-closing operation
consists of the probabilities if the gates are physically
damaged by strong ground motion and if emergency
personnel are able to operate the gate. Using these
probabilities, we carry out Monte Carlo simulation to
generate possible status of all the gates as a result of
emergency gate closing operation. Then we executed
the analysis of tsunami inundation flow from open
gates. Through this procedure, we calculated the prob-
ability distribution and probability of non-exceedance

Figure 1. Example of the non-exceedance probability
curves that shows the effect of mitigation strategies.

Figure 2. The expected loss reduction ratio by improving
each gate facility shows the priority of investment.

curve regarding to the total water volume of tsunami
inundation flow as shown in Figure 1. By setting the
acceptable total water volume, we can know the current
condition from the probability of non-exceedance. If
we define the result of investment in improving coastal
facilities as the change of the uncertainties, we can
evaluate the effect of the improvement.

Furthermore, as an application of this method, we
discussed how to prioritize the improvement of gates
using the sensitivity analysis of expected extent of
inundation area and expected loss (e.g. Figure 2).
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ABSTRACT

Water systems are one of the most essential infrastruc-
tures in modern societies. The disruption of water sup-
ply following earthquakes may cause serious incon-
venience to the daily life of people in the disastrous
areas. Medical caring, sanitation, fire-fighting and so
forth may be seriously affected, too. In this study,
a technology for the assessment of seismic perfor-
mance of water pipe networks has been developed
based on earthquake scenario simulation and pipe flow
hydraulic analysis. Figure 1 depicts the flow chart of
the proposed assessment procedure. The pipe damage
model summarized by Shi and Wang (Shi 2006, Wang
2006) was adopted. This model includes pipe break
and various types of pipe leaks, and the probability that
each will occur in various pipe materials, and also the
hydraulic models and parameters for each type of pipe
damage (Figure 2). The software EPANET (Rossman
2000) was employed the water network hydraulic anal-
ysis. The proposed assessment technology is capable
of dealing with uncertainties raised from either the
strong motion attenuation or the pipe repair rate.

The water system of Taipei metropolitan area (Fig-
ure 3) has been employed as a test bed for case study.

Figure 1. Assessment
procedure.

Figure 2. Pipe damage
models.

Figure 3. Taipei water
system.

Figure 4. Assessment
results.

The system serviceability following earthquakes has
been quantified (Figure 4, of an M7.5 event related
to the Hsincheng fault). It seems that the network
characteristics rather than other factors have a pre-
dominant effect on a system’s seismic performance.
The influence of uncertainties in strong motion atten-
uation and pipe repair rate has been investigated. They
were preliminarily found of little or no influence to
the assessment results. Also, there is no clear tendency
that these uncertainties will affect the speed of conver-
gence. Further investigations to bridge the behavior of
system performance and network complexity for water
and other lifeline systems are highly recommended.
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Enhancement of sustainability of nonstructural systems
in critical facilities
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ABSTRACT

In a severe earthquake event, critical facilities are
expected to remain operational. This is because facili-
ties such as acute care hospital must assist the seismi-
cally injured and otherwise traumatized people with
immediate medical attention and necessary care. For
these facilities to remain operational, not only their
building structures must remain safe for continued
occupancy, but also their non-structural components
including elevators, stairs, HVAC systems, sprinklers
and other fire suppression systems, communications
and utility systems, as well as a variety of equip-
ment, must remain functional. Significant studies have
been made to seismically upgrade and retrofit the
non-structural components in these critical facilities.
However, there are no definitive codes, regulations
and guidelines developed as yet that take into con-
sideration their design, manufacturing, qualification
test, installment, operation and maintenance from the
system performance point of view. A number of stud-
ies separately dealt with some of these issues without
significantly recognizing the systems aspect.

The present study explores the system aspect and
demonstrates systems analysis for the ultimate pur-
pose of the development of a framework for design
codes and guidelines for non-structural components
in order to enhance sustainability of nonstructural
systems in critical facilities. Without such recogni-
tion, codes and guidelines may be developed for each
type of non-structural components, as often observed
so far, implicitly allowing them to be designed at
a specific risk level of seismically induced failure
or malfunction. The probabilistic systems analysis
involves development of component fragility (devel-
oped based on observed and experimental data or
analytical simulations coupled with engineering judg-
ments) and in principle utilizes event and fault tree
procedures to evaluate the system fragility defined
by the probability that the system will not perform

Figure 1. Fragility of hospital before and after retrofit.

its intended purpose (Shinozuka et al. 2000). Finally,
enhancement of sustainability by improving perfor-
mance of nonstructural components is demonstrated
by using numerical model of a representative hospital
building, a suit of ground motions of different hazard
levels, and utilizing the concept of average sensitiv-
ity index. Figure 1 shows the over fragility curve for
the hospital before and after retrofit. Here, in order to
enhance sustainability of hospital, it is assumed that
the median values of few critical components of water
and electric power systems identified through sensitiv-
ity analysis and HVAC are increased by 100% using
innovative retrofit methods. One can observe that by
retrofitting only few components, significant overall
fragility reduction is achieved.
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Discrete-continuous variable optimization of stochastic
dynamical systems
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For many structural optimization problems the design
variables must be selected from a list of discrete values.
For example, cross-sectional areas for truss mem-
bers, in practice, have to be chosen from a list of
commercially available member sizes. In addition, the
growing use of composite materials also underlines the
importance of being able to treat structural optimiza-
tion problems where some or even all of the design
variables are discrete.

In this work attention is directed to the structural
synthesis of stochastic dynamical systems. In partic-
ular, the reliability-based optimization of linear and
non-linear systems involving discrete sizing type of
design variables and subject to stochastic excitation is
considered. The reliability-based optimization prob-
lem is formulated as the minimization of an objective
function for a specified reliability. The probability
that design conditions are satisfied within a given
time interval is used as measure of system reliabil-
ity. The basic mathematical programming statement
of the structural optimization problem is converted
into a sequence of explicit approximate primal prob-
lems of separable form. For this purpose, the objective
function and the reliability constraints are approxi-
mated by using a hybrid form of linear and reciprocal
approximations. Specifically, a conservative approxi-
mation is considered in the present formulation. The
approximations are combined with an efficient simula-
tion technique to generate explicit expressions of the
reliability constraints in terms of the discrete design
variables.

The explicit approximate primal problems are
solved by constructing continuous explicit dual func-
tions, which are maximized subject to simple non-
negativity constraints on the dual variables. The evalu-
ation of the dual function is direct since it requires the
minimization of a series of one-dimensional minimiza-
tion problems. A gradient projection type of algorithm
is used to find the solution of each dual problem. The
efficiency of the method is demonstrated by present-
ing a numerical example of a non-linear system subject
to stochastic ground acceleration. The number of reli-
ability estimations required during the optimization
process is very small. In fact, that number represents a
small fraction of the total number of reliability estima-
tions to be performed in discrete variable algorithms
that treat the problem directly in the primal space (i.e.
branch and bound techniques).

The proposed method represents a structural syn-
thesis capability for discrete sizing problems which
exhibits a computational efficiency approaching those
achievable in pure continuous variable problems.Thus,
this technique is expected to be useful in discrete
variable structural synthesis of stochastic dynamical
systems
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ABSTRACT

The authors have investigated the combination of
Bayesian networks (BN) with structural reliabil-
ity methods (SRM) elsewhere (Straub and Der
Kiureghian, Proc. IFIP WG 7.5 conference, Toluca,
Mexico, 2008). Structural reliability methods allow
computation of failure probabilities for structural com-
ponents or systems defined by continuous random
variables. The BN methodology facilitates updating of
the model with evidence, such as results of inspections
or observations of hazards and system performances.
The resulting combination of the SRM and BN is
termed enhanced Bayesian network (eBN). The eBN
facilitates the integration of the detailed modeling of
a structure through SRM into the wider context of risk
and decision analysis in complex civil systems, in par-
ticular for systems with evolving information, where
the capabilities of the BN for Bayesian updating can
be exploited. For this reason, the eBN concept is well
suited for multi-scale probabilistic analysis of large
infrastructure systems and, ultimately, for decision
optimization, at the planning stage and in near-real-
time during the operational phase. This paper outlines
a generic framework for infrastructure risk analysis
based on the eBN framework and demonstrates its
application.

Figures 1 and 2 illustrate the eBN modeling of an
exemplarily infrastructure system.The model includes
both the temporal dimension and the spatial dimen-
sion, and is able to update the full probabilistic model
with any information in an integral manner. Such
information includes measurements of material prop-
erties, observations of structural performances and
monitoring of environmental loads. The eBN, like any
other model, has its computational limitations that
are related to the complexity of the network struc-
ture, which can be analyzed through a novel concept,
the Markov envelopes. Overall, it is concluded that
the eBN provides a powerful tool and framework for
decision support in large infrastructure systems in
near-real-time.

Figure 1. eBN model of the jth structure within the full
model of the infrastructure system (temporal dimension).
Rj(t) is the capacity at time t, Mj4 is the measurements of
structural element 4, Hj is the hazard at location j, Dj is the
deterioration of structure j and Ej is the performance of the
structure.

Figure 2. eBN model of the infrastructure at an instance
of time (spatial dimension). The model includes dependence
among the hazard at different locations (through H ) and
between different hazard events (through σHi).
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redundancy analysis of bridge structures
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ABSTRACT

Following several recent failures and catastrophic col-
lapses due to man-made and natural hazards such as
the collapse of the World Trade Center towers in 2001
and the recent I-35W Mississippi River bridge in Min-
nesota, there has been increased interest in upgrading
the bridge design philosophy from a member-oriented
approach to a system-oriented approach in order to
ensure that bridge structures possess adequate levels
of structural safety, redundancy and robustness. To
account for the high levels of uncertainty associated
with the quantification of the levels of redundancy of
complex structures while remaining consistent with
the reliability basis of recent bridge design code
developments, system reliability methods must be
applied.

Several recent studies have focused on the progres-
sive collapse mechanisms of existing buildings and
on developing guidelines for designing buildings with
high levels of redundancy (Marjanishvili 2004). Exist-
ing criteria to reduce the risk of progressive collapse
have been developed for buildings using traditional
deterministic methods. More recently, Ellingwood
(2006) proposed an outline describing how to account
for member and load uncertainties in developing pro-
gressive collapse guidelines. These probability-based
guidelines are similar to those proposed earlier by
Ghosn & Moses for evaluating the redundancy and
system safety of bridge systems.

The reliability procedures followed by Ghosn &
Moses (1998) used simplified models because of the
difficulty of obtaining accurate estimates of the reli-
ability of complex structural systems using existing
techniques. However, recent research has led to the
development of efficient reliability analysis methods
capable of obtaining accurate estimates of the reliabil-
ity of complex systems with large numbers of random
variables and low probabilities of failures.

In this paper, an advanced Markov-Chain-based
simulation method proposed byAu & Beck (2001) and
known as “Subset Simulation” is used to evaluate the
reliability of bridge systems under overloads. System
reliability is evaluated for different limit states includ-
ing overloading and the risk of collapse of bridges
that sustained local failure following the occurrence
of fatigue or collision type hazards. The application
of system factors following the approach proposed by
Ghosn & Moses (1998) would serve to improve overall
system safety to meet pre-set target reliability levels.

The analysis of a prestressed concrete bridge and
a truss bridge example illustrate the reliability anal-
ysis process. The results of these reliability analyses
can then be used to penalize non-redundant bridges by
requiring that their members be more conservatively
designed than equivalent redundant systems. Alter-
natively, members of bridges having adequate levels
of redundancy and overall system safety would be
allowed to use lower safety factors.
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with a random microstructure
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ABSTRACT

Piezoelectric ceramics are materials that exhibit rel-
atively large deformations through application of an
electric field and vice versa. This electromechani-
cal coupling makes piezoelectrics suitable for many
applications, such as MEMS (micro electromechani-
cal systems). The pronounced piezoelectric effect on
small scales is one of the driving forces of miniaturi-
sation of piezoelectric components. Since the control
of the production processes of piezoelectric compo-
nents on this small scale is more difficult than on
larger scales, the structural properties of piezoelectric
MEMS are subject to relatively large uncertainties.
These uncertainties can have a significant influence
on both the performance and reliability of the com-
ponents. Numerical tools for assesing these issues are
important for the further development of piezoelectric
microsystems.

In this contribution the fracture process of a thin
PZT (Lead Zirconate Titanate) specimen is studied.
For the considered specimen, a significant spatial vari-
ation in properties is experimentally observed. The
idea of the proposed model is to simulate crack nucle-
ation and propagation in a homogenised specimen with
random fields for the bulk and cohesive properties.
These random fields are generated by simulation of
the random microstructure.

From SEM images it is observed that voids are
present in the granular microstructure.The microstruc-
tural geometry is described using random fields for
the porosity and average grain size. In order to derive
the homogenised properties of the microstructure, the
granular structure needs to be simulated. The grains
are modelled using a Poisson Voronoi diagram (Okabe
et al. 1992), with periodic boundary conditions. The

voids are modelled by assuming that some of the
Voronoi cells represent voids instead of grains. The
parameters used for the simulation of the microstruc-
ture are determined on the basis of real statistical
data obtained from SEM images. Three-dimensional
finite element simulations are used to obtain the
homogenised properties of the microstructure at spe-
cific points on the specimen (Verhoosel and Gutiérrez
2008). Random fields for these properties are created
on the basis of the homogenisation results.

Fracture of piezoelectric ceramics such as PZT has
been studied both experimentally and numerically.
In this contribution, crack nucleation and growth is
modelled by means of the partition of unity method
(Babuska and Melenk 1997) in combination with
cohesive zone models. The probability of occurrence
of failure below a specified critical load is determined
using reliability analysis (Gutiérrez and Krenk 2004).
The design point is computed using semi-analytical
expressions for the sensitivities. The proposed model
is demonstrated by means of numerical simulations.
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ABSTRACT

A novel approach is proposed to solve reliability-based
optimization (RBO) problems where the uncertainty
dimension can be large and where there may be many
reliability constraints. The basic idea is to transform
all reliability constraints in the target RBO problem
into non-probabilistic ordinary ones by a theorem of
equivalence between safety factor (η∗) and reliability
(1-P∗

F ).
Three numerical examples are investigated to ver-

ify the proposed novel approach, including a retaining
wall subjected to earthquake excitation and system
uncertainties. Eight limit states such as lateral sliding,
rotation, bearing capacity failure, etc. are considered
as the reliability constraints. The design parameters
considered in this example include the height of the
retaining wall θ1 and the weight of the wall θ2. The
objective of this example is to minimize the volume
of the concrete used to construct the wall subject to

Figure 1. The estimated η∗ − P∗
F relationships (solid line)

for the eight limit states.

the eight reliability constraints that the probabilities of
failure of the first four limit states should not exceed
10−3 and that the probabilities of failure of the last
four limit states should not exceed 10−2.

With a single run of subset simulation, the estimated
η∗ − P∗

F relationships are shown in Figure 1. In Figure
2, the resulting safety-factor feasible sets are shown,
where the thick lines are the feasibility boundaries.
The reliability feasible sets obtained by the brute-force
analysis for the eight limit states are shown in Figure
2, where the regions with label O indicate the feasible
region, while the label × regions are infeasible. The
comparison shows that the safety-factor feasible sets
are close to the actual reliability feasible sets. These
results show that the proposed approach is effective
in converting reliability constraints into safety-factor
constraints for this example.

Figure 2. The safety-factor feasible sets versus the relia-
bility feasible sets, where the thick lines are the feasibility
boundaries for the safety factors, and its comparison with the
actual reliability feasible regions (the region with label O).
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Development of conditional probabilistic seismic hazard map
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Figure 1. Conditional seismic hazard map for Kanto region.

ABSTRACT

Probabilistic seismic hazard technique developed by
Cornell (1968) has been sophisticated in step with the
advances in elemental technology such as empirical
attenuation relations. Recently, the probabilistic haz-
ard maps estimated by this technique have been widely
used for the setting of earthquake loads for structures
or for the calculation of earthquake insurance rate. It
must be noted that, in drawing up these hazard maps,
the each points on the maps are calculated indepen-
dently, since the dominant earthquake for each points
may be different so that it is not adequate for the study
of facilities distributed in wide area. For example, the
estimation of seismic risk of the infrastructure such as
electricity, gas and water supply needs to consider the
events that multiple facilities are damaged simultane-
ously. On the other hand, the hazard map of scenario
earthquake is also employed for such purposes. How-
ever, the damage by unidentified faults in recent years

Figure 2. Conditional seismic hazard map for Kansai
region.

emphasizes the need for probabilistic hazard analysis
for wide areas.

This paper proposes the conditional seismic hazard
map which is the expectation of the ground motion
intensity at the secondary site on the condition that
the given ground motion intensity at the primary site
occurs. This hazard map enables to consider proba-
bilistically the correlation of ground motion for mul-
tiple sites. As application, the two areas in Kanto and
Kansai regions of Japan are employed, followed by
the conditional seismic hazard maps corresponding to
some ground motion intensities at the primary site as
shown in Figures 1 and 2.
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About efficient estimation of the seismic reliability of
complex structural systems
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ABSTRACT

In spite of the merit of the concept of deformation
capacity as an indicator of the variable that determines
the collapse condition of a complex structural system
subjected to earthquake ground motion, its practical
use in quantitative terms shows severe limitations,
which arise from the sensitivity of the deformation
at the instant of impending collapse to variables such
as the lateral deformation pattern of the system at
that instant and the strength and stiffness reductions
associated with the damage produced by the previ-
ous response cycles, by previous seismic events or
by other damage-generating agents, such as differen-
tial settlements. The approach proposed here aims at
both, avoiding these limitations and reducing substan-
tially the sizes of the samples of ground motion time
histories required for the application of incremental
dynamic analysis (IDA) methods.

According to this study, the seismic reliability of a
complex nonlinear system with respect to collapse is
expressed in terms of a damage indicator (D) equal
to the reduction of the secant lateral stiffness of the
system, where the latter is measured by the ratio of
the base shear to the peak roof displacement relative
to the ground at the instant when that displacement is
reached:

Here, K0 is the tangent initial lateral stiffness, as
determined with the aid of a pushover analysis and
K is the secant value of that stiffness at the instant
when the peak value of the roof lateral displacement
is reached. Collapse occurs when K = 0, which corre-
sponds to a stiffness-reduction index equal to unity. For
a given intensity, the safety level of the system can be
expressed in terms of Cornell’s safety index β = Z̄/σZ ,
where Z = −ln D is the safety margin.

In practical applications it may be convenient to
measure the seismic capacity of the system of interest
by YC , the minimum value of the seismic intensity

required to produce collapse; the safety margin is then
expressed as the natural logarithm of the ratio of the
minimum intensity causing collapse to that acting on
the system. In order to estimate the value of β for a
given intensity it is necessary to estimate the mean
value and the dispersion of a new safety margin, now
defined as Z = ln (YC / y), where YC was defined above
and y is the acting intensity. The mean value and the
dispersion of Z have to be estimated from a sample of
pairs of values of the acting intensity and the stiffness-
reduction index (D).

In order to obtain accurate estimates of the prob-
abilistic parameters of the collapse intensity, with a
reasonably small sample of dynamic response time
histories, it is necessary to select the interval of the
ground motion intensities included in the sample in
such a manner that a large proportion of the result-
ing values of the stiffness-reduction index D will be
slightly smaller than unity.This is achieved with the aid
of the Montecarlo algorithm presented in this study.
According to it, a first estimate of the median value
and the dispersion of the intensity producing collapse
is obtained with a small sample of earthquake exci-
tations. A second sample is then generated, based
on these statistical parameters. The efficiency of the
approach is measured by two main indicators: a) the
ratio of the number of cases where collapse does not
occur to the total number of dynamic response simu-
lations, and b) the ratio of the number of cases where
the value of the secant-stiffness reduction index lies
within a specified interval of values slightly smaller
than unity to the total number of dynamic response
simulations. For the cases studied here, maximum val-
ues of those indicators were respectively equal to 0.7
and 0.48; the latter value corresponds to an acceptance
interval 0.8 ≤ d < 1.0. They were obtained with sam-
ple sizes equal to 20 and 60, for the initial estimate and
the final Montecarlo simulation process, respectively.
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ABSTRACT

In the probabilistic seismic hazard procedures, the past
earthquake records that can not be associated with any
one of the specific faults are treated as background
seismic activity. Contribution of background seismic
activity to seismic hazard is generally calculated by
using two different models, namely: background area
source with uniform seismicity and spatially smoothed
seismicity model.

The spatially smoothed seismicity model developed
by Frankel (1995) assumes that future earthquakes
will occur in the vicinity of past earthquakes. In this
model, earthquakes that are not assigned to major
seismic sources are assumed to be potential seismic
sources and are spatially distributed to cells of a grid.
In the alternative model, background area sources are
delineated and over these background area sources
seismic characteristics are assumed to be spatially
homogeneous.

In this study, sensitivity of seismic hazard results to
the models used to describe background seismic activ-
ity is investigated. For this purpose, two case studies
are carried out for a large (a country) and a small region
(a province).These two case studies involve Jordan and
the Bursa province, which is located in Turkey. Seis-
mic databases are compiled for these two regions. In
compiling these databases the raw data in the earth-
quake catalogs are processed as follows: Magnitudes
reported in different scales are converted to a common
magnitude scale. Earthquake clusters are identified
and dependent events (fore and after shocks) are elimi-
nated by defining appropriate space and time windows.
So an alternative database containing only main shocks
is obtained to ensure statistical independence.

Using the resulting seismic databases, seismicity
parameters are determined for background seismic
activity and seismic hazard analyses are carried out
by using both spatially smoothed seismicity model
and background area source with uniform seismicity.

Spatial variation of the differences between the seis-
mic hazard values obtained from these two models is
examined. For this purpose maps displaying the spa-
tial variation of the differences in PGA values obtained
from the spatially smoothed seismicity model and the
background area source with uniform seismicity are
plotted for return periods of 475 and 2475 years. In
order to construct these maps differences between the
PGA values obtained from these two models are cal-
culated at each grid point covering the whole region
under consideration. In the case of Bursa province the
influence of the assumptions with respect to catalog
completeness and dependence are also reflected to the
difference maps.

Based on the results of these two case studies,
it is observed that for background seismic activity,
the use of spatially smoothed seismicity model or
the alternative background area source with uniform
seismicity affects the results. Spatially smoothed seis-
micity model gives higher seismic hazard values at
the regions where the epicenters of earthquakes clus-
ter. On the other hand, nearly a spatially uniform
seismic hazard distribution is obtained in the case
of background area source with uniform seismicity.
Therefore, background area source model with uni-
form seismicity is expected to give higher seismic
hazard values compared to the spatially smoothed seis-
micity model for sites located far away from clustering
regions of past earthquake epicenters; i.e. where the
epicenters of earthquakes are scarce or no earthquakes
have occurred in the past.
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Comparison of vulnerability of new high-rise concrete moment frame
structures using HAZUS and nonlinear dynamic analysis
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ABSTRACT

The HAZUS Loss Model (FEMA 2003) has been
developed to estimate losses for earthquake risk mit-
igation of federal, state, and local governments in
the United States. The HAZUS methodology uses
the Capacity Spectrum Method which is a nonlinear
static analysis procedure to calculate the peak build-
ing response for damage prediction. The structures in
the HAZUS methodology are represented by nonlinear
SDOF systems and the building response characteris-
tics are defined by the building capacity curves. The
capacity curve provides the pushover displacement of
structures for laterally applied earthquake loads. The
capacity curves of the buildings in HAZUS are based
on a considerable degree of engineering judgment and
expert opinion. Recently researchers and practitioners
have started using the results of nonlinear time-history
analysis to estimate losses from earthquakes since non-
linear time-history analysis provides the most accurate
results of seismic demand of structures. In this paper
we are using the nonlinear time-history analysis of
realistic 2-D representations of structures to estimate
the damage. The structure considered in this paper
is a 12-story concrete moment-resisting-frame (MRF)
structure designed according to theASCE 7-02 (ASCE
2002) design requirements. This building has been
designed as part of the Applied Technology Coun-
cil ATC-63 Project (ATC 2007). The details of the
model and design of the structure can be found in
Haselton and Deierlein (2007). The structure was
designed for general high seismic sites in California
for NEHRP-D soil class (Vs ≈ 400 m/s). The nonlin-
ear time history analysis of the structure has been
carried out using the OpenSEES open source soft-
ware package (OpenSEES 2008). The story-drift and
peak-floor acceleration results from nonlinear time-
history analysis for a suite of ground-motion records
have been used to estimate the vulnerability of the
structure. The methodology that we have developed
in this paper is similar to the methodology proposed

by Ellingwood et al. [2007]. Although Ellingwood
et al. have considered the maximum inter-story drift
(which is the maximum drift among all the stories in
the analysis), we have considered the inter-story drift
distribution along the height. This approach helps to
take into account the non-uniform damage distribu-
tion along the height, especially for tall buildings. The
collapse (complete damage) of structure in the pro-
posed approach, unlike HAZUS, is estimated from
the non-converging results or presumed collapse at
10% maximum inter-story drifts. The fragility curves
as well as the mean damage functions developed in this
study are compared with the HAZUS high-code con-
crete frame structures to demonstrate the improvement
of the results from the proposed approach.
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ABSTRACT

Steel structures in sea or estuary area are subjected to
corrosion process. The phenomenon is very complex
due to the nature of the environment and material, and
the type of the structure. This phenomenon needs to
be characterized and modeled for structural analysis
which accounts for the loss of thickness. Moreover,
due to the randomness of the corrosion process, prob-
abilistic models are needed for structural reliability.
Ultrasonic residual measurements allow determining
profiles of loss of thickness, identifying the areas
which are the most affected by corrosion and stating
the assumptions for modeling the random corrosion
process. Several inspection campaigns have been per-
formed during the three last decades in some French
harbours. Thus a great number of ultrasonic resid-
ual measurements are now available for structures in
various environments. The protocol is recommended
by the CETMEF (French Center for Maritime and
Fluvial Technical Studies :Engineering centre of the
French Ministry of Public Works): at a given level,
this protocol suggest to perform three geometrical
measurements at a given location to assess the loss
of thickness as the average of these three readings.
Generally, the amount of data is more than 1000 per
structure and allows performing a statistical analysis of
the spatial distribution of the loss of thickness accord-
ing to the different areas (mainly tidal and immersion
areas). Moreover environmental parameters (tempera-
ture, PH, oxygen, salinity, conductivity, nutrients) have
been measured since a decade and are available.

This study began within the MEDACHS framework
(Marine Environment Damage to Atlantic Coast His-
torical and transport works or Structures-Interreg IIIB
Project funded by EC 2005-2007) and is performed
now in the GEROM framework (Risk management of
French harbor structures: stakes, current practices and
needs – Experience feedback of owners). The steel
structures are sheet-piles, on-pile and on-sheet-pile
wharves. This paper focuses on sheet-piles seawalls
and coffer-dams. More than 30 000 data are available:
they correspond to measurements in 4 harbours and

Figure 1. Mean of loss of thickness and Confidence Interval
according to the depth – Wharf BO1.

concern more than 20 quays. This paper focuses on
the spatial dependence of the corrosion process and
we present only results of three of them where the dis-
tance between data is small (0.20 m horizontally and
0.10 m vertically) – see Figure 1).

In the first part, the paper presents the data available
to study the spatio(-temporal) fields of corrosion for
steel sheet-piles.

The second part presents the geo-statistical mod-
eling of the spatial variability of the steel sheet piles
corrosion; and more particularly the study of the sta-
tionarity of the process of corrosion according to
the length and the depth along three marine struc-
tures. Finally, a first level of stochastic modeling is
suggested.
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Probabilistic assessment of small earthfill dams subject
to adverse climate effects
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ABSTRACT

In recent years, it has been recognized in the UK
that dam failure events are more likely due to climate
change and associated risks will need to be evaluated.
For small earthfill dams that are not subject to regu-
lar inspections carrying out a deterministic assessment
to assess safety will not be adequate. Therefore, more
sophisticated models that reflect uncertain conditions
and obtain a clearer understanding of the risks asso-
ciated with various environmental threats are needed.
Thus, a simple model for the probabilistic assessment
of small dam performance is established, a precip-
itation model for a small dam is defined, notional
reliability for a small dam that is subject to diverse
precipitation scenarios is derived.

The physical model is based on a generic, small,
homogenous earthfill embankment, as illustrated in
Figure 1.

The behaviour of the embankment is predicted in
terms of its failure modes. Here, it is assumed that
embankment failure is due to the overall saturation of
the embankment and the instability of the embank-
ment fill as a result of low shear strength. The stability
of a given slope is evaluated using limit equilibrium
method, namely, the sliding block method or wedge
method. Thus, the associated linear limit state func-
tions are established as functions of the total active
pressures acting on the upstream/downstream sec-
tions, pore water pressure from the reservoir acting on
the upstream section, passive earth pressure and the
shear strength. A long established FOSM (First Order
Second Moment) is used to evaluate the likelihood of
failure. Height of the embankment, crest width, head-
water height, internal friction for the soil, cohesion and
the moisture content of the soil are treated as uncertain.

Figure 1. Cross section of the embankment.

To ascertain how climate change affects different
failure modes associated with small dams the effect of
precipitation on the slope stability of the embankment
is evaluated. To take the rainfall into account, it was
assumed that it had been raining continuously for 3
hrs at a specific rate. Table 1 shows the sample relia-
bility indices obtained for the upstream slope failure
for a particular London clay embankment. Effects of
the rainfall infiltration through embankment fill are
evident.

Table 2. Reliability indices for London clay
embankment after 3hr rainfall for 1:3 upstream and
1:3 downstream slope gradients, when the soil degree
of saturation is varied

β Upstream slope failure

Sr 25% 50% 90%
Initially 6.0783 5.3153 4.7502
3hr rainfall 4.3784 3.5188 2.5987

Sensitivity factors associated with the London clay
embankment show that, with climate effects repre-
sented as the 3hr rainfall, soil properties remain the
most important variables. The methodology can be
expanded for consideration of alternative profile of
the dam, soil properties for the embankment fill and
rainfall rates. Results are a useful tool as they can
provide site-specific information for decision-making
regarding necessary remedial or maintenance work
required to counteract climate change effects and, ulti-
mately, will enable better management and improved
risk assessments in respect to climate effects for these
structures.
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Fire-induced damage in prestressing steels after fire
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ABSTRACT

Following a fire, if no collapse happens, there is a
possibility of fire-induced damage. Then, the ques-
tion which unavoidably arises is if the structure is still
safe; what the load bearing capacity of the structure is
and how it has been affected by the fire. Appropriate
knowledge of the behavior of construction materials
after a fire is of major importance for answering these
questions; For this end, the behavior of prestressing
steel wires after a fire is the subject of this work.

Measurements on loaded steel wires used for pre-
stressed concrete during and after several simulated
fires have been performed. A detailed study of the pre-
stressing steel behavior was performed, examining the
two principal aspects that could affect the performance
of the structure after fire:

– The residual mechanical properties of the wires
after fire: Extensive literature is available on the
mechanical properties of structural steel at high
temperatures. However no attention has been paid
to the mechanical residual properties after fire. In
this work, wires were subjected to a complete cycle
of heating and cooling while loaded. Figure 1 shows
the variation of tensile strength at room temperature
after fire, for the different maximum temperatures
reached during the fire simulations.

– The stress relaxation losses produced during fire:
Temperature has a great influence on the stress
relaxation; an increment of temperature produces a
large increase in stress relaxation losses and, conse-
quently, the prestressed compressive load provided
to concrete will be significantly reduced after fire.
In this work, stress relaxation tests at different tem-
peratures and at different initial loads were carried
out. In Figure 2, an example of the time-stress relax-
ation losses curves obtained in this work is depicted
as a function of temperature for a fire of 4 hours.

Fire safety should consider not only the perfor-
mance of the structure during the fire but also the
behavior of the structure after cooling. Even if a fire
does not give rise to apparent damage in the prestressed
structure, mechanical properties of materials as well
as load distribution can be affected.

Figure 1. Relative residual strength and yield stress at room
temperature, after heating at different temperatures.

Figure 2. Stress-relaxation losses (lost load/maximum load)
as a function of temperature, for an initial stress of 70% of
the wire strength.

After fire, a verification of residual load-bearing
capacity is necessary to determine if the structure
can be maintained in use. This paper seeks to give a
simplified estimation of the non-visible fire-induced
damages produced in steel wires, with the hope that
this information can be useful for engineers in the
structural evaluation after a fire.
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Effect of micro structure on mechanical properties of
woven fabric composite
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ABSTRACT

Thought a fiber reinforced plastic (FRP) has high per-
formance properties such as the specific strength and
stiffness, a variation in the mechanical properties is
unavoidable due to some uncertainties like a random
array of mono-filament, heat, pressure and curing time
and so on. It is very important for the design of struc-
ture with composites to consider the variation. In this
paper, the uncertainty has been described and an evalu-
ation procedure of the mechanical properties of woven
fabric has been proposed.

Many of the fabric composites are consist of fiber
bundles and the fiber bundles are also consisting of
continuous filaments.The microstructure of fiber bun-
dles are treated as unidirectional FRP. In the FE models
of woven fabric composites, equivalent mechanical
properties of unidirectional FRP are applied in the ele-
ment in the fiber bundles to prevent huge number of
elements and a lot of computational time.The mechan-
ical properties of unidirectional FRP are calculated by
theoretical method but they can’t evaluate the disper-
sion of the mechanical properties. Filaments in the
fiber bundles array randomly and the micro structure
becomes uncertain. The mechanical behavior should
vary because of it. To characterize the dispersion of
mechanical properties of woven fabric composites, it
is important to consider the micro scale behaviors.
Based on these backgrounds, the purpose of this study
is to characterize the mechanical properties of unidi-
rectional FRP in woven fabric composites considering
random fiber arrangement.

In this study, FEM has been used to estimate the
effect of random fiber arrangement. As a proposal
method, firstly several FE models with randomly
arrayed fibers have been generated and carried out
damage development analysis for each models. The
mechanical behaviors for these models have been sim-
ulated and the effects of the array on the stiffness,
the strength and Poisson’s ratio have been evaluated.
In addition, the residual thermal stress of manufac-
turing process has also been considered to estimate
strength correctly. As the temperature difference, −50
degree C and −80 degree C are provided to consider
strain release and investigate the effect on mechani-
cal behaviors. FE model of hexagonal model has also
been generated to compare with random model. Figure
1 shows typical example of FE models.

Figure 1. Example of FE models.

Figure 2. Numerical result of transverse strength.

As the result, it is recognized that the stiffness for
longitudinal direction increases along with the vol-
ume fraction of fibers (Vf ) and the dispersions of the
stiffness and Poisson’s ratio for longitudinal direction
are small. On the other hand, the transversal strength
has been dispersed. Figure 2 shows the numerical
result of transverse strength. From this figure, it is
recognized that the fiber arrangement and residual
thermal stresses have a great influence on the transver-
sal strength. Therefore, it is important for estimation
of the dispersion of the strength on woven fabric com-
posites to consider the fiber arrangement and residual
thermal stresses.

However, corresponding �T to each volume frac-
tion of fiber should be provided because transverse
strength decreases generally when volume fraction of
fiber increases. When volume fraction of fiber is large,
�T will be large.
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Macroscopic mechanical behavior of metal foam influenced by
mesoscopic randomness
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1 ABSTRACT

Due to their useful properties in lightweight construc-
tion and due to their excellent behavior in energy
absorption for example in crash mechanics, metal
foams became an interesting, often utilized and inves-
tigated material. For the determination of the mechan-
ical properties of foams without the help of expensive
experiments, a way for computing these properties and
their distributions is searched. With the help of these
distributions, computations can be done in order to pre-
dict, for example with the help of stochastic FEM, the
failure probabilities of mechanical components made
of foam. This work concentrates on the description of
the elastic properties by distribution functions.

In order to get information on the macroscopic
behavior of a mechanical structure consisting of metal
foam, mesoscopic three dimensional volume elements
of a foam are randomly sampled including the effects
of inhomogenities like varying thickness along a lig-
ament, pre-deformed ligaments, imperfections, par-
tially closed cell faces or non-planar cell faces. These
volume elements are analyzed via the finite element
method. Because of their irregular structure, the size
of the volume elements is smaller than the so called
representative volume elements (RVE) and therefore
only bounds for the mechanical properties can be com-
puted by introducing kinematic uniform (KUBC) and
static uniform boundary conditions (SUBC), respec-
tively (Kanit et al. 2003, Ostoja-Starzewski 2006).
The elastic properties of these volume elements and
the influences of the introduced inhomogenities are
estimated and evaluated.The mesoscopic model is val-
idated by comparing with results of the computations
to results found in literature and in experiments.

In order to perform the step from the mesoscale
to the macroscale, the distributions of the mechanical
properties of the volume element are computed and
compared to different analytic distribution functions,
which were fit to the calculated distribution by an opti-
mization. Also the Kolmogorov-Smirnov test is done.
The result is that the Young’s modulus is normal dis-
tributed. In a next step the autocorrelation function is
also determined by cutting out cubes of a macroscopic

sample moving through the complete volume of the
sample. For each cube the mechanical properties are
computed and therefore the autocorrelation functions
can be approximated by an analytical function of the
following type:

With the help of this function, the Karhunen-Loeve
expansion can be calculated in order to precede to
the next step in describing the scatter of the mate-
rial parameters (Ghanem 1991). This expansion can
be used in methods like the stochastic finite element
method, which will be done in future work.

In this work the step to the macroscale will be done
via numerical simulations with the help of these results
and the statistical quantities of the mechanical prop-
erties. A local varying stiffness can be computed and
inserted into the macromechanical model. In this way
the propagation of uncertainties from the mesoscale
to the macroscale can be assessed. This procedure is
used to predict the scatter of the eigenfrequencies for
aluminum foam beams.
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ABSTRACT

In the light of both experimental and analytical results,
it is being suggested that considering the spatial vari-
ability of mechanical properties in FRP structures
could improve performance estimates, as compared
to a traditional random variable based probabilistic
approach. However, the analytical and computational
complexity associated with such models, coupled with
the lack of experimentally based random field descrip-
tions, has hitherto restricted the scope of such studies.
This paper is a contribution towards filling the gap
in experimentally based characterization of the spa-
tial variability of FRP composites; it describes the
experimental approach, and the associated modeling
technique, adopted for probabilistic spatial charac-
terisation of a set of GFRP panels. These panels
are obtained from Mondial House, a state-of-the-art
45m building constructed at London in 1974 that
was demolished after 32 years of service for prop-
erty development reasons. Coupons from these panels
are obtained in a pattern suitable for spatial variabil-
ity modelling as per two cutting plans attempting to
capture spatial correlations over a range of coupon
spacings. A spatial plot of compression strength (XC )
for a typical panel is shown in Figure 1, where it
can be seen that the variability over a ∼1 m2 area is
substantial.

Statistical analysis of the two sets of data support
the hypothesis that these two sets can be considered as
one group. The characteristics of random fields asso-
ciated with the tensile and compressive properties and
thickness of the composite panels are considered in
the paper. The random fields are assumed to be spa-
tially statistically homogeneous so that the primary
and higher-order moments are independent of coupon
location. Typical results of the auto and cross correla-
tion patterns for a number of mechanical properties
in tension and compression are presented and dis-
cussed. Alternative auto correlation functional forms
are evaluated and correlation lengths are estimated,
e.g. a typical auto correlation plot for compression
strength is shown in Figure 2. The correlation lengths
for the experimentally obtained variables suggest that
the higher the variability, the smaller is the correlation
length. These aged and weathered panels are expected
to provide an indication of the upper bound on the
variability of FRP composites. Further studies are

Figure 1. Spatial variation of XC for a typical panel.

Figure 2. Auto correlation estimates of XC .

currently undertaken on alternative factory made com-
posite material systems in a pristine condition. It is
hoped that such studies can aid in formulating appro-
priate SFEA and multi-scale methods for composite
structures.
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ABSTRACT

Deterioration of reinforced concrete (RC) structures
is attributed to the adverse environmental conditions
that the structures undergo during their lifetimes. In
general, carbonation and chloride penetration are con-
sidered as two major deterioration processes. Concrete
structures in urban areas or in underground sites such
as subways are generally exposed to carbonation due
to acid rain or high concentration of carbon dioxide
(CO2). Once corrosion of reinforcement is initiated in
a concrete structure, it progresses almost at a steady
rate. This corrosion of reinforcement shortens the ser-
vice life of the structure by causing surface cracking
and subsequent spalling of the cover concrete. Since
the rate of corrosion directly affects the service life of
RC structures, service life prediction and evaluation
has been considered as one of very important issues
related to durability design for both new and existing
structures.

A lot of researches have been conducted to develop
reliable prediction models for carbonation. For the
evaluation of service life, the so-called limit state
design concept for durability has been introduced
in the concrete specifications of many countries.
Related to probabilistic analysis, various approaches
have been attempted to consider the uncertainties of
input variables in the analysis is. For the carbonation
behavior, various parameters such as carbon dioxide
diffusion coefficient, cover depth, and skin effect of
cover concrete have been considered as random vari-
ables through statistical distributions. However, these
applications using probabilistic approaches have been
generally limited to the sound concrete without con-
sidering crack effect. This is due to the difficulty to
evaluate the crack effect on the carbon dioxide diffu-
sion characteristics. However, early-aged cracks may
occur in concrete structures so that the crack effect
on carbon dioxide diffusion behavior should be con-
sidered for accurate prediction of service life in RC
structures.

In this study, the early-aged crack is defined as
cracking due to material characteristics such as hydra-
tion heat and drying shrinkage. This crack is neither
progressive nor critical to the structural safety but gen-
erally becomes a main route of deteriorating agent,
which may lead to the more rapid steel corrosion.
To consider the crack effects on carbonation behav-
ior, field investigations for twenty seven RC columns,
which had been exposed to carbonation in urban city
area for 18 years, were conducted. Through the field
investigation, diffusion coefficients of concrete with
different crack width are obtained. Using the rela-
tionship between diffusion coefficients of cracked
concrete and crack widths, the service life is predicted
and discussed. For the probabilistic analysis, carbon
dioxide diffusion coefficient, cover depth, binding
capacity and concentration of carbon dioxide at the
surface of cover concrete are considered as statistical
variables.To decide the criterion of durability failure, it
is assumed that corrosion process begins when the car-
bonation front reaches reinforcement steel bar. Based
on the results of the field investigations, the service
life of cracked concrete is predicted through the prob-
abilistic methodology framework using Monte Carlo
Simulation.
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ABSTRACT

A conventional method to estimate the fatigue life of
textile composite based on damage propagation anal-
ysis has been proposed. In the proposed method, the
stress distribution under cyclic loading is evaluated by
FEM. On the other hand, each element of fiber bundle
is considered as unidirectional material and its mate-
rial properties are estimated by fatigue test results for
unidirectional composites.

The stress distribution in the textile structure is esti-
mated by FEM and SACOM software (Zako, M.et
al.1995) is used in this study. SACOM has a function
for damage development analysis. The damage mode,
which affects strongly the mechanical behavior, is clas-
sified into mode L, T&LT, Z&ZL and TZ. The mode L
represents the fibre breaking; the others represent the
transverse and shear cracking. The cumulative dam-
age in each element is evaluated by Minor’s damage
rule. At each stress cycle, the cumulative damage is
calculated according to the results of stress analysis
and S − N property of unidirectional material.

The proposed method is applied to the fatigue test
for plain woven fabric. To validate obtained results,
the fatigue test results obtained by Nishikawa et al
(Nishikawa, Y. et al. 2006) is selected. In this cal-
culation, meso-model of textile structure is prepared.
For the geometric modeling of internal textile struc-
ture, the Wise Tex software package (Lomov, SV. et al.
2001) is applied. Fig.1 shows estimated S−N curve for
plain woven CFRP. Experimental results obtained by
Nishikawa et al (Nishikawa, Y. et al. 2006) are also
plotted in this graph. It is confirmed that the esti-
mated S − N curve shows good agreement in high
cycle fatigue region. To consider the effect of scat-
ter of input data on estimated fatigue life of textile
composite, Monte Carlo simulation is carried out. In
this analysis, the stress level of fatigue limit is treated
as random valuable. Fig.2 shows log-normal plots of
obtained fatigue life. It is also confirmed that fatigue
life distribution is well approximated by log normal
distribution.

Figure 1. Obtained S − N curve for plain woven CFRP.

Figure 2. Log-normal plots of fatigue life distribution.

REFERENCES

Zako M, Takano N, Tsujikami T, Uetsuji Y. 1995. A proposi-
tion for fracture behavior analysis of composites, Proceed-
ings of the 38th Japan congress on materials research,
163–169.

Nishikawa Y, Okubo K, Fujii T, Kawabe K. 2006. Fatigue
crack constraint in plain-woven CFRP using newly-
developed spread tows, International Journal of Fatigue,
28, 1248–1253.

Lomov SV, Huysmans G, Luo Y, Parnas R, Prodromou A.
2001. Verpoest I, et al. Textile composites: modelling
strategies, Composites Part A, 32, 1379–1394.

152

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c16&iName=master.img-007.jpg&w=171&h=129
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c16&iName=master.img-008.jpg&w=171&h=111


General Session (Deterioration Modeling)



  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Solar radiation effect on long-term performance of rubber bearings
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Department of Civil Engineering, Nagoya University, Japan

ABSTRACT

Previous studies by Itoh (2006) have revealed that
heat oxidation is one of the major deterioration fac-
tors for rubber and that temperature has a significant
influence on the deterioration process of rubber. The
equivalent shear stiffness of a rubber bridge bearing
increases over time due to the deterioration of rubber,
and the higher the temperature, the faster it increases.
A yearly average ambient temperature is currently used
to predict aging of rubber bearings. It is assumed in
the aging estimation that rubber in the bearing and at
the surface has the same temperature as its surround-
ing ambient temperature because rubber bearings are
thought to be usually in the shadow as they are installed
between superstructure and substructure. However, in
the actual environment, there are many bearings that
are exposed to solar radiation that causes bearing tem-
perature to increase. To evaluate the effect of solar
radiation on the bearing temperature, bearing surface
temperatures were measured for a bearing installed in
an elevated highway in Nagoya, Japan. To understand
a temperature variation in a bearing, a bearing model
was manufactured, and a temperature measurement
was carried out.

The long-term shear stiffness changes based on
the yearly average ambient temperature and bearing’s
internal temperature are calculated, and the difference
is discussed.

The measurement results show that bearing surface
temperatures are significantly higher than the ambi-
ent temperature when the surface is exposed to solar
radiation. The maximum difference can be more than
20˚C.

From the measurement of bearing’s internal temper-
ature, it is resulted that bearing internal temperature
is always greater than the ambient temperature when
bearing is exposed to solar radiation.

Solar radiation results in the increase of bearing
internal temperature. By using the bearing internal
temperature variation in the long-term performance
prediction, it will result in a greater aging effect than
the case using the yearly average ambient temperature,
implying that the long-term performance prediction
of a bearing exposed to solar radiation is not accurate
when the yearly average ambient temperature is used
to predict the aging effect.
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A comparison of statistical models for visual inspection data

M.J. Kallen
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ABSTRACT

Large groups of structures like bridges, pavements
and sewer systems, are often inspected visually and
their condition is quantified based on a discrete scale.
Markov chains have traditionally been used to model
the uncertain rate at which these structures progress
through a condition scale. In order to determine opti-
mal strategies for inspections and maintenance activ-
ities, these Markov chains must be fitted to the data
obtained in the field. For this purpose, quite a few
models and methods have been proposed in the past.
These are reviewed here and references to applications
in the field of civil engineering are given. Such mod-
els are typically applied to inspection data of bridges,
pavements, sewer systems and water distribution net-
works. Three model categories are distinguished in the
paper:

1. regression-based models which are represented by
some objective function which provides a measure
for the difference between the data and the model;
the model parameters are estimated by minimiz-
ing this objective function subject to the relevant
constraints.

2. models based on the principle of maximum like-
lihood estimation which are represented by a like-
lihood function which provides the probability of
the parameters given the data; the model param-
eters are estimated by maximizing the likelihood
function subject to the relevant constraints.

3. other models, like non-parametric models and
Bayesian models; these are only briefly mentioned.

Models based on the principle of maximum likeli-
hood estimation are generally more flexible in terms

of model building when compared to regression-based
models. However, well-defined regression models are
no less suitable for the purpose of parameter estimation
in Markov chains. A choice for either type will there-
fore largely be a matter of personal preference. On the
other hand, the choice for a specific model within one
of the categories above mostly depends on the type of
data available to the modeller. Three types of data may
be distinguished:

Type I: observations of the state itself and represented
by realizations x(t) of the process X (t),

Type II: aggregated data in the form of relative frac-
tions of proportions represented by y(t), and

Type III: count data in the form of the number of
transitions represented by realizations n(t) of some
counting process N (t).

Each of these models will perform differently under
different situations. However, some models will per-
form poorly under all conditions. Most notably, these
are the models which ignore the dependence between
successively observed states and the (ordered) probit
or logit models. The latter models are well suited for
categorical data, but not the type of categorical data
which arrises from a Markov chain.

Note that this paper does not include a review of
all models which are theoretically possible. Rather,
it provides an overview of those models which have
been applied in the field of civil engineering. The
intended audience are decision makers looking for
models to analyse data which they obtained through
visual inspections.
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Reliability analysis for pipe failure due to corrosion

Hongan Lin
ReliaSoft Asia, Singapore

ABSTRACT

Corrosion in Pipes is inevitable especially in process
industries. The cost of pipe failure can be expensive,
and knowing when to perform preventive mainte-
nance is desirable to the company. In this presenta-
tion, a method to perform reliability analysis using
degradation data obtained during inspection will be
presented.

Degradation analysis involves the measurement and
extrapolation of degradation or performance data that
can be directly related to the presumed failure of the
product in question. Many failure mechanisms can be
directly linked to the degradation of part of the product,
and degradation analysis allows the user to extrapolate
to an assumed failure time based on the measurements
of degradation or performance over time.

First of all, it is necessary to be able to define a
level of degradation or performance at which a fail-
ure is said to have occurred. With this failure level
of performance defined, it is a relatively simple mat-
ter to use basic mathematical models to extrapolate
the performance measurements over time to the point
where the failure is said to occur. In addition, multi-
level degradation can be defined and estimated. For
example, engineers can set design limit and destructive
limit to assess different level of risk.

Secondly, after the level of failure (or the degrada-
tion level that would constitute a failure) is defined,
the degradation for multiple units over time needs to
be measured. Once this information has been recorded,
the next task is to extrapolate the performance mea-
surements to the defined failure level in order to
estimate the failure time.

With thisTTF data set, this presentation will attempt
to answer the following questions:

1. The time by which 1% of the pipe corrosion will
degrade beyond critical point;

2. Given the cost of corrective maintenance and pre-
ventive maintenance, when is the optimum time to
replace the pipe.

Figure 1. Extrapolating degradation data to expected
Time-to-Failure (TTF).

This method can also be used in other situations
where the equipment/component failure is due to a
characteristic that degrade with usage time.
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Stochastic assessment of chloride ingress into concrete matrix
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ABSTRACT

Although durability is one of the main properties of
reinforced concrete structures, experience has shown
that in chloride-contaminated environments, corrosion
induced by chloride ingress affects significantly their
operational life. Chloride ingress is treated as a diffu-
sion problem governed by Fick’s second law where the
chloride concentration inside the concrete is estimated
as a function of an error function complement (Tuuti,
1982). This classical approach evaluates the apparent
diffusion coefficient as constant in time and space,
and assumes that the chloride concentration in the sur-
rounding environment remains constant and that the
concrete is saturated.

This paper presents a stochastic approach to assess
chloride ingress accounting mainly for: (1) the chlo-
ride binding capacity; (2) the random nature of tem-
perature, humidity and chloride concentration in the
surrounding environment; (3) concrete aging; and (4)
convection. Chloride-ingress is described by a system
of three partial differential equations (PDEs) repre-
senting: chloride transport, moisture transport, and
heat transfer (Saetta et al., 1993). The flow of chlo-
rides into concrete is estimated by solving the system
of PDEs simultaneously. The solution methodology
combines a finite element formulation with finite
difference and considers Robin boundary conditions.

The time to corrosion initiation is defined as the
time at which the chloride concentration at the cover
thickness reaches a threshold value and corrosion
begins. The probability of corrosion initiation is deter-
mined based on this definition. Given the complexity
of the procedure used to estimate the chloride ingress,
the proposed model uses Monte Carlo simulation with
Latin hypercube sampling. The proposed probabilistic
approach distinguishes between two types of random
variables “time-invariant” and “time-variant”. The lat-
ter are treated as stochastic processes which are mod-
eled by Karhunen-Loève expansion and log-normal
noises.

The proposed approach is illustrated by a numeri-
cal example where the factors controlling the chloride

Figure 1. Impact of type of weather model.

ingress were studied. For instance, Figure 1 illustrates
about the effect of the type of weather model on the
probability of corrosion initiation. Overall behavior
indicates that the probability of corrosion initiation
increases when the randomness and the seasonal vari-
ations of humidity and temperature and convection
are considered; and decreases when chloride binding
is taken into account. These results stress the impor-
tance of including the effects and the random nature of
temperature, humidity, surface chloride concentration,
chloride binding and convection for a comprehensive
lifetime assessment.
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An efficient computational framework for probabilistic deterioration
modeling and reliability updating

Daniel Straub
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ABSTRACT

The modeling of deterioration is subject to significant
uncertainty, which arises from a simplistic representa-
tion of the actual physical processes (typically through
empirical or semi-empirical models) and from limited
information of material, environmental and loading
characteristics. This uncertainty has been addressed
in stochastic models of the deterioration processes.
Through Bayesian updating these models can also
account for the effect of additional information on
the uncertainty, with information arising, e.g., from
inspection and monitoring. In the past, stochastic dete-
rioration models have been applied in the context of
life-cycle optimization and inspection planning, but
the application in practice has been relatively limited.
A main reason for this is that the evaluation of the
stochastic deterioration and inspection models through
structural reliability methods or simulation techniques
either requires expert knowledge or is too computa-
tionally demanding (when applying robust simulation
methods).

Based on recent work of the author (Straub, in
press), this paper presents a computational frame-
work for evaluating stochastic deterioration models,
which can accommodate most common stochastic
deterioration models. The framework is based on the
dynamic Bayesian network (DBN) methodology that
can be interpreted as a generalization of the Markov
chain. However, unlike the Markov chain model, the
proposed framework allows to efficiently include non-
ergodic random variables, which are the dominant
source of uncertainty in most engineering models of
deterioration.

The intention of this paper is to summarize the
framework and demonstrate its application to relia-
bility analysis and updating for pipelines and process
equipment subject to localized corrosion. It is demon-
strated that the framework enables the evaluation of
time-variant reliability problems conditional on any
type of information. Exemplarily, Figure 1 shows the
reliability of a pipe conditional on inspection and
monitoring results. In addition, the framework allows
updating any of the uncertain model parameters. This

Figure 1. The reliability index of a pipe subject to CO2 cor-
rosion, conditional on monitoring of the process conditions
and inspections of the pipe.

facilitates learning about the model parameters from
information obtained in-service. Finally, the DBN
model can be readily expanded to model jointly the
performance of a large number of components, by
introduction of common parameters as parent nodes
in the DBN.

The presented application demonstrates that the
DBN framework allows including inspection results
and monitoring data through Bayesian updating in
a robust manner, i.e., the computations can be per-
formed automatically. Such robust computations have
a strong potential for applications in the asset integrity
management of engineering systems.
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ABSTRACT

The durability of RC structures is adversely affected
by environmental stressors. A common and serious
stressor is carbon dioxide (CO2) which can cause
depassivation of the protective film of steel rein-
forcement (known as carbonation). Carbon dioxide is
always present in the atmosphere and its concentration
is higher in the vicinity of its sources – in industrial
and densely populated regions which tend to have the
highest proportion of built infrastructure. The present
concentration of atmospheric CO2 is about 380 ppm.
However, climate change and global warming stud-
ies predict that the level of CO2 may increase to over
1000 ppm by the year 2100. The paper will assess
how increases in atmospheric CO2 levels will affect
carbonation-induced corrosion damage and safety loss
to reinforced concrete structures. The 2007 Intergov-
ernmental Panel on Climate Change (IPCC) reported
future CO2 concentrations for six emission scenar-
ios. The two emission scenarios considered herein
are A1FI and B1 emission scenarios. Both these sce-
narios assume that there are no controls/regulations
to mitigate CO2 emissions. The annual CO2 concen-
tration growth-rate is 1.9 ppm per year since 2000,
and so the best case scenario after 2010 would be
that the CO2 concentration is kept stable at 2010
levels (386 ppm) due to reduction and stabilisation
of CO2 emissions. This scenario is called the ‘best
mitigation’ scenario. The carbonation depth (xc in
cm) is predicted from Yoon et al. (2007), but cor-
rected to allow for modelling uncertainties. The mean
corrosion current density (icorr) is assumed equal to
0.25 µA/cm2 with a COV of 1.0 as typical for moder-
ate deterioration induced by carbonation. Probabilistic
methods are used as there is significant uncertainty
and variability of atmospheric CO2 levels, deterio-
ration mechanisms, material properties, dimensions,
strength and loading. The time-dependent structural
reliability analysis will predict the probability of cor-
rosion initiation, mean proportion of corrosion (cover)
damage and the probability of failure (collapse) of
typical reinforced concrete beams over the next 100

years when the CO2 concentration increases with
time over the next 100 years for a typical RC beam.
The nominal resistance in RC beam is obtained from
design condition φ Rnom = 1.2Gn + 1.6Qn, in which
φ = 0.9. It follows that nominal flexural capacity is
Mnom = (1.2Gn + 1.6Qn)/0.9. The nominal capacity
depends on the live-to-dead load ratio ρ = Qn/Gn
where Gn and Qn are design dead and live loads
respectively.The ultimate to nominal flexural resis-
tance (Mu/Mnom) for a RC beam is modeled as nor-
mal distribution with mean of 1.135 and COV of
0.085.These statistics include the random variabil-
ity of ME, f ′

c , d , fy , and Ast . The reduction in
bond between concrete and steel is ignored. Statis-
tic parameters for a stochastic office floor load form
these uniformly distributed loads produce a bending
moment (S). The time period is taken as 100 years,
with extraordinary live load effects updated annually
and sustained live load effects updated every 8 years
resulting in k = 100 load events. The bottom main lon-
gitudinal and transverse reinforcement is 16-mm or
27-mm diameter bars. The specified concrete com-
pressive strength is 30 MPa and water-cement ratio is
0.5. Concrete design cover is 30 mm. The live-to-dead
load ratio (ρ = 0.5−1.5) did not affect the overall trend
of the results presented herein, hence results to follow
are for ρ = 1.0. The likelihood and extent of corrosion
damage and strength failure of RC beam will be evalu-
ated at annual time increments for a design life of 100
years. A reliability analysis of a RC beam including
various emission and mitigation scenarios found that
for the worst case scenario the probability of corro-
sion initiation is 720% higher than a scenario based
on maximum mitigation of CO2 emissions. It is found
that for the worst case scenario the mean proportion of
corrosion damage is 540% higher than the best mitiga-
tion scenario. It was also found that the worst emission
scenario increased the probability of strength failure
by only 6% when compared to the structural reliability
for the best mitigation scenario. If the worst emissions
scenario is viewed as the most likely scenario then
increasing design cover by approximately 3–18 mm
may be needed to ameliorate corrosion damage.
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Application of support vector machine for reliability assessment and
structural health monitoring
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ABSTRACT

The paper presents two applications of the support
vector machine (SVM): one for structural reliability
assessment and the other for structural health mon-
itoring. Applying the SVM technique to a structural
system for which training data are available, the data
can be classified into two classes and a hyper plane that
separates the two classes can be determined. If needed,
a nonlinear boundary surface can be constructed by a
kernel mapping.

In reliability analysis, the training data are gener-
ated by the Monte Carlo simulation (MCS) based on
the given probabilistic distribution of uncertainties and
the hyper plane found can be viewed as an approximate
limit state function that defines the safe and failure
regions. The trained hyper plane is tested by the test
data also generated by MCS. The classification error
rate, defined as a ratio of the unsuccessful testing cases
to the total size of the test data, is used to evaluate the
performance of the SVM classifier. The approximate
limit state function can be used by some established
approaches for reliability analysis. In this study, MCS
is used to generate samples and each sample represents
a point in the space of random variables that may fall in
either the safe region or the failure region. For a large
number of such points, the ratio of number of the points
in the safe region to the total number of points gives
the estimated structural reliability. Two cases studies
are provided: one for a linear state function and the
other for a nonlinear state function. The results are
compared with the exact solution and those by other
approaches such as FORM and SORM. Effects of the
kernel function on the classification error rate and the
accuracy of the failure probability are investigated.

In structural health monitoring, the SVM classi-
fier is used to classify the structure into two classes:
damaged and undamaged. The training data are the

vibration measurements for the undamaged class sup-
plemented by data for the damaged class artificially
created by shifting the first two natural frequencies
of the healthy class. A cepstrum-like technique is uti-
lized to improve performance of the SVM classifier
in the presence of noises. The trained SVM hyper
plane can later be used for structural health monitor-
ing when new vibration data become available. The
SVM trained hyper plane can be adapted by including
the new measurement data in the training set and the
evolving hyper plane may indicate the current status
of the structural health condition. The methodology is
illustrated for health monitoring of a linear four-DOF
building model. Effects of the percentage shift of the
natural frequencies in generation of data in the dam-
aged class, the noise level, and the kernel function on
the classification error rate are studied.

Good results are obtained for all the test examples.
The results demonstrate great promises of SVM for
reliability analysis and structural health monitoring.
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Vulnerability curve for a timber house considering
the maximum bearing force variation

K. Yamada
Toyota National College of Technology, Toyota, Japan

A vulnerability curve is made from a given seismic
hazard. This vulnerability curve means the macro-
scopic damage function. Nowadays, we need the vul-
nerability curve for a given building to estimate its
read-estate value. This means that we have to consider
the structural strength variation of a given building and
the variation of estimated ground motions. There is no
attempt to author’s knowledge. In this paper, I propose
the generation method of the vulnerability curve for a
Japanese traditional timber house in consideration of
the maximum shear force variation.

The seismic damage of a house occurs in the bal-
ance of the earthquake motion at the house’s site and
the seismic performance of the house. The earthquake
motion is affected by an earthquake fault, and the sur-
face ground vibration property at the site. Both the
seismic performance of the house and maximum and
the transient behavior of the earthquake motion have
an effect on the maximum displacement response of
the house. Nowadays, we know the variation of seismic
performance and the variation of the surface ground
vibration property. So this report deals with these vari-
ations to calculate the vulnerability curve.The damage
probability of a house is calculated by the next 4 steps.

First, the earthquake motion at the engineering
bedrock with its event probability is defined by a
theoretical method.

Second, a number of surface earthquake motions are
calculated by SHAKE in consideration of the variation
of the surface ground vibration property.

Third, the response analyses of a house are executed
against each surface earthquake motion in considera-
tion of the variation of seismic performance. These
calculations are executed by Monte Carlo simulation.

Forth, the distribution of the maximum displace-
ment responses gives the damage probability. In this
report, I discuss the minimum total number of sim-
ulation instances for one house against one surface
ground motion.

A Japanese traditional wooden house has bearing
walls and non-structural walls that cause 1/3 of its
horizontal resistance force. Analysis model consists of
both wall elements and rigid floor elements. Aseismic
elements of this analysis model are bearing walls and
non-structural walls. Their analysis model is supposed
as equivalent spring, which is proportional to both their
wall length. The variation coefficient of the maximum
resisting force is supposed as 0.3. Non-structural wall
is fixed on the both side of inner wall, and fixed on
the inner side of outside wall. A height of storey is
2,700 mm. Mass matrix consists of consistent mass
matrix.

Five surface ground motions are adopted to check
the influence of the transient behavior of earthquake
motions. Their peak ground velocities of earthquakes
are modified into 50 cm/s. The mid-acceleration
method is applied with 0.005 s time subtraction.

The maximum displacement response is defined as
the largest relative storey displacement between 1st
floor and 2nd floor, which is almost approximately
larger than the relative storey displacement between
2nd floor and roof.

The results may be summarized as follows: the min-
imum number of instances for one house is 20 for the
average and standard variation of a vulnerability curve.
A simplified vulnerability curve generation method
with one instance is also proposed. The 50 percentile
of this simplified method is 10 cm/s greater than the 50
percentile of the proposed method with 20 instances.
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ABSTRACT

It has not been clarified that the structure-mechanical
characteristics for the traditional wooden buildings
because of the horizontal plane of structure such as
roof or floor construction, the foundation stone of col-
umn base which does not hold the waist tie beam,
Orthogonal vertical plane of structure, and compli-
cated joints such as the connected beam to column
and so on. The vibration test was carried out at the
E-defense (Hyogo Earthquake Engineering Research
Center) to clear the effect of seismic response charac-
teristic and earthquake resisting performance for tra-
ditional wooden buildings. These traditional wooden
buildings have soil walls for earthquake resisting ele-
ment. In this study, we remarked the particularity for
tradition construction method on the column base and
floor plane of structure.

In this paper, we illustrate the modeling for soil
walls and the beam-column joints using on the semi-
rigid frame analysis. The soil wall element is for-
mulated by the composite elements consist of one
horizontal nonlinear spring element and three rigid
beams pined other elements (See Fig.1). The nonlin-
ear characteristics of walls and beam-column joints are
evaluated by slip-bilinear relationship model obtained
from previous experimental studies. We compare the
present earthquake response analysis with full-scale
vibration test on E-defense. And we investigate the
validity of this modeling and characteristics of the
solution on earthquake response for Japanese tradi-
tional wooden buildings. The numerical example is
shown in Figure 2. The nonlinear characteristic of
column-beam joint is formulated by the semi-rigid
beam element and the relationships between bending
moment and relative rotation angle of the column-
beam joint are evaluated by slip bilinear restoring force
characteristics based on previous experimental tests.
The story deformation angle of X13 plane of structure
inputted BCJ-L2 wave 300 gal is shown in Figures 3.

As the result, it was confirmed that the effectiveness
of modeling for the wooden building by the rotation
spring element at the element ends and shear spring
element for soil wall. These results can be applied

Figure 1. The wall model (rocking rigid body model).

Figure 2. Numerical example.

Figure 3. The story deformation angle of X13 plane of
structure.

to the research of the structure health monitoring in
future.
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Structural identification of existing building using variable pendulum sensor

Y. Kobayashi & T. Furukawa
Nagoya University, Nagoya, Aichi, Japan

ABSTRACT

This paper reports the result of experimental veri-
fication on performance and accuracy of structural
identification using Variable Pendulum Sensor (VPS).
A SDOF shear model is used as structural model.
A prototype of VPS, which can change the swing-
ing cycle of the pendulum by changing springs, was
installed on the upper surface of the model. Forced
vibration test was carried out, and responses of both
the structure and the VPS were measured before and
after changing the springs of the VPS. As the physical
dynamical parameters, the mass, the shear stiffness,
and the damping coefficient of the model are directly
identified from the observed response data, by predic-
tion error method and using reduplicated state-space
model derived from the equations of motion before
and after the shifting of the swinging cycle of the
pendulum.

The experimental structural model consists of the
VPS, the structural model, viscous dampers, and an
excitation device. To estimate the dynamical charac-
teristics of the structural model, system identification
are carried out using the observed data. Six cases of
identification are carried out based on the selection of
the column of the structural model and the selection of
the spring of VPS. 300 times of different identification
trials are carried out using the same experimental data
with 300 random sets of initial value factors. Accuracy
of the identification is evaluated stochastically.

Result of the structural system identification using
the response data of the structural model with VPS
shows that the proposed VPS can successfully esti-
mate the physical dynamical parameters, e.g. mass,
stiffness, and damping coefficient of single degree of

Figure 1. Variable Pendulum Sensor and Experimental
structural model.

Table 1. The case classification for the system
identification.

Model’s columns VPS springs

Case 1 Slender (1.95Hz) Soft (2.92Hz) Middle (4.90Hz)
Case 2 Slender (1.95Hz) Soft (2.92Hz) Hard (6.68Hz)
Case 3 Slender (1.95Hz) Middle (4.90Hz) Hard (6.68Hz)
Case 4 Thick (3.54Hz) Soft (2.92Hz) Middle (4.90Hz)
Case 5 Thick (3.54Hz) Soft (2.92Hz) Hard (6.68Hz)
Case 6 Thick (3.54Hz) Middle (4.90Hz) Hard (6.68Hz)

Table 2. Identification results about median and conver-
gence probability.

Median / true value Convergence probability

% %

m1 k1 c1 Error +−10% +−15%
Case 1 94.3 86.2 94.3 8.4 0.0 99.7
Case 2 94.8 86.5 104.6 7.8 0.3 86.0
Case 3 94.7 86.1 90.8 9.5 0.0 94.7
Case 4 92.5 92.2 96.5 6.3 100 100
Case 5 92.5 89.8 88.2 9.8 21.7 97.0
Case 6 92.4 91.2 94.2 7.4 99.3 99.3

freedom structural model to an accuracy of 15 % of
relative error. The accuracy of the estimation depends
on the selection of the springs of the VPS. It indicate
that to improve the accuracy of the estimation, fur-
ther study about the methodology of tuning the sifting
swinging cycle of the pendulum should be needed.
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ABSTRACT

Pipelines, especially oil transmission pipelines, are
subject to environment-induced corrosion mecha-
nisms. The growing of corrosion defects can poten-
tially lead to burst and leak failures if without proper
monitoring and maintenance programs. The conse-
quences of the failures range from simple local repairs
to major replacements that cause interruptions of oil
production. In addition, certain failures may create
significant safety and environmental issues. To man-
age the risks, in-line inspection (ILI) tools such as
the magnetic flux leakage device are increasingly
being used to detect the locations of the metal-loss
with defect size estimates to provide information for
pipeline operators to make decisions on maintenance.
This paper presents a risk-based maintenance opti-
mization (RBMO) methodology based on ILI data.
A RBMO framework is summarized in Figure 1. The
objective of RBMO is to optimize the life-cycle risk by
including ILI inspections, repair/replacement time and
decision thresholds, and other mitigation strategies.

Figure 1. A RBMO Methodology Framework.

The sampling-based simulation approach has been
implemented in a PipeRisk software with the follow-
ing features: (1) Capable of handling thousands of
defects each with 10 random variables. (2) Builds on
a system PRA framework that integrates data, fail-
ure predictive models, and cost model for maintenance
optimization. (3) Builds on a flexible segment-based
analysis framework that analyzes multiple segments
with different pipe properties, allowable risks, fail-
ure consequences, and corrosion rates. (4) Based on

computationally robust random simulations to model
complex maintenance scenarios. (5) Implements sev-
eral importance-sampling methods including a two-
stage RBMO approach, a failure sample generator
using Markov-Chain Monte Carlo, and an Adaptive
Stratified Importance Sampling (ASIS) method for
accurately and efficiently computing probability-of-
failure. Figs. 2–3 shows sample results.

Figure 2. Expected Costs for Six Strategies.

Figure 3. ILI Time Optimization.
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Numerical evaluation for shaking-table test results of full-scale
wooden frames supported by unanchored foundation
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ABSTRACT

To investigate for non-linear seismic behaviors of
wooden frame structures constructed by traditional
jointing and built-up way, shaking-table tests were
carried out at “E-defence” in Hyogo, Japan in 2007.
Emphases are put on evaluating interactions of multi-
spans frames which are connected to each neighboring
other with comparatively flexible floor diaphragm
at eaves level, and put on comparing difference of
seismic responses whether foundation girders at bot-
tom of columns are anchored to basement or not. 3
kinds of single-story and three spans full-scale test-
ing frames which have different stiffness of horizontal
floor diaphragm; rigid, semi-rigid and flexible, were
used for this experimental tests. 2 kinds of variation at
their foundations, anchored type and unanchored type,
are also designed by every those 3 kinds of testing
frames.

In this paper, simplified lumped-mass system
is considered to numerically reproduce seismic
responses of examining wooden frames (such as seen
in Photograph 1). Parametric surveys are executed
to find out adequate value of structural parameters
of numerical model and sensitivity of those identi-
fied parameters are estimated. At the touching plane
between column and foundation, virtual small mass
in numerical model are supposed to represent slid-
ing behaviors of unanchored foundation. Restoration
characteristics of spring elements are configured as tri-
linear slip type for upper structure and normal bi-linear
type for unanchored foundation.

At first, experimental results for anchored-type
frames are surveyed and numerical parameters of ana-
lytical model are identified as to accurately simulate
non-liner behaviors of upper structures by every vari-
ation of different stiffness of floor diaphragm. Each
set of shaking table tests for those 3-kind frames with
different floor stiffness were operated for 3 kinds of
wall-arrangements under several input motion levels.
By considering extent of plastic deformation at every
anti-seismic element, parameters of restoration models
of columns, walls, diaphragms could be properly esti-
mated. After those calibrating procedures, friction

Photograph 1. Testing frame (Unanchored type).

and slipping behaviors between bottom of wooden
columns and flat supporting plates made of stone are
numerically investigated for the unanchored cases.

Thorough those studies, following features are
assured. 1) To trace accurately out time-history of
non-linear behaviors of testing frames, it is significant
to identify not only parameters beyond elastic-limit
of spring elements, but also elastic-domain stiffness.
2) While sliding behaviors of the unanchored model
can be fairly simulated by using simply-modeled
restoration element, slipping gap between column and
basement is quite sensitively affected by assumption
of sliding (yielding) point of restoration model. 3)
Equivalent friction force ratio is estimated to com-
paratively small value, and sliding behavior of the
unanchored model is considered as depending on
interaction related to upper structures stiffness.
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Assessment and characteristic analysis of safety for shear failure on
deteriorated RC bridges due to chloride attack based on field testing

H. Kano
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ABSTRACT

The safety evaluation of RC bridge is executed for the
bending moment mainly. However, there is concern
that the shear failure may become predominant on con-
sidering the uncertainties of rebar corrosion, execution
management, material strength and so on. Therefore,
in this paper, the deterioration prediction on three tar-
get bridges was carried out newly by the previous
method (Yuasa & Morikawa, 2006) in consideration of
the uncertainties included in the deterioration factors,
and the shear safety based on various indices was eval-
uated. In addition, various safety evaluation indices
were also examined by comparing with the flexural
safety evaluation result.

The principal findings obtained in this paper are as
follows.

(1) The comparison of time dependent degradation in
safety by three indices which are factor of safety
FS, safety margin M , and safety index β, was car-
ried out in the three target bridges. For “Bridge S”,
the safety index β fell below the limit value of tar-
get reliability index 2.08 in 75 years old because
of the progress of degradation, though the other
indices still stayed over the threshold in 100 years
old. It is the case where the importance of the
safety evaluation in consideration of uncertainty
of deterioration factor is suggested on evaluating
safety (Figure 1).

(2) The conversion of the load carrying capacity R and
stress resultant S into the safety value where the
reliability of 95% was secured was attempted. For
“Bridge S”, the converted FS in consideration of
uncertainties fell below the limit value in almost
the same age as the safety index β (Figure 1).

(3) When the concrete strength is high and the cor-
rosion of rebar progresses early at the bottom of
girder like “Bridge I”, there are a lot of possibili-
ties that the flexural failure becomes predominant
like a normal girder. However, there are also
possibilities that the shear failure becomes pre-
dominant when it is expected that the concrete
strength is low level, or that the uncertainties of

Figure 1. Safety Evaluation Result on “Bridge S”.

Figure 2. Comparison of β on Target Bridges.

concrete strength is large and the stirrup on the
side of girder corrodes earlier than the bottom
rebar like “Bridge S” or “Bridge M”. In this case,
it is considered that the shear safety evaluation is
available (Figure 2).
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System reliability analysis of existing RC slab bridges incorporating spatial
variation of damages
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ABSTRACT

In accordance with notion of system identification,
the paper divides bridge assessment method into
two categories: Inverse-problem class Method and
Forward-problem class Method. A bridge probabil-
ity assessment model considering the brittle fracture
of the corner corroded reinforcements is proposed to
solve the phenomenon that the diseases are mainly
concentrated in the outer corner of the exterior slabs in
assembly RC Slab Bridges, using the Forward-problem
class Method, By introduction of the spatial variability,
the model considers the inconsistent disease distribu-
tion along the longitudinal direction of bridges. The
correlation formula is established, which is fit for the
Monte Carlo sampling.A simple supported slab bridge
is evaluated using the proposed model.

By the appearance observation and nondestructive
inspection, it is often observed that some reinforce-
ments corrode severely because of protective layers
peeling, while other reinforcements have lower cor-
rosion ratio owing to their protective layers sound.
The reinforcements with high corrosion ratio are often
in the corner of the section. A specialized resistance
model is established to consider the brittle fracture
caused by high corrosion ratio.

With the changes of damage degree, geometric and
mechanical parameters of slabs along bridge span,
structural resistance changes also. So the whole struc-
ture can’t only be assessed by the mid-span section
since the spatial variability in resistance and effects.
In order to get the flexural failure probability of
the structure, the paper establishes a series model of
multi-sections.

Monte-Carlo simulation is used herein to calculate
the failure probability of the slab. PSAS1£¨Probability
Structural Analysis Software Version 1£©is employed
to calculate the reliability index and the failure proba-
bility of each sections.

By using the adaptive importance sampling method,
the program PSAS1 can not only solve the failure
probability of small probability event which can not
be solved by the direct Monte-Carlos method, but also

take the correlation of the multi limit state into account
accurately.

Based on the proposed assessment process and
results presented the following conclusions are made:

1. It maybe seriously underestimate the failure proba-
bility if the assessment of simply supported slab
is based on mid-span section, especially for the
structure in the presence of disease. The system
assessment method consisting of several sections
in mid-span region can solve the problem.

2. Bridge assessment method belonging to Forward-
Problem Class can obtain the evaluation parameters
directly and identify credible system model based
on inspection data. Consequently, it would improve
accuracy of the assessment and predication effec-
tively. With development of the detection technol-
ogy, this kind of method would solve more practical
problems.

3. The model proposed in the paper is suitable for
the RC slab or beam. Its further application for
PRC structure needs the development of the detec-
tion technology for some key parameters such as
the degree of prestress loss resulted form pipeline
friction and long-term effects.
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Safety assessment of RC bridges strengthened by using CFRP sheet related
to chloride-induced deterioration

F. Peng & H. Morikawa
Kobe University, Kobe, Japan

ABSTRACT

Due to the large volume of existing RC structures, in
which such damage occurred by various cause, dura-
bility concerns have grasped considerable attention
worldwide. And now, it is obviously the issue of how
to maintain in service existing concrete infrastructure
has been important for society. In recent years, the use
of Fiber Reinforced Polymers (FRP) sheet has been
established as one of the most promising methodolo-
gies in the field of structural rehabilitation of concrete
structures.

In this study, the effect of deteriorated reinforced
concrete bridge strengthened with Carbon Fiber Rein-
forced Polymer (CFRP) sheet was evaluated by reli-
ability analysis. And this paper addressed a way of
managing bridge before and after strengthened with
CFRP sheet by safety assessment.

The actual existing RC Bridge F located in Awaji
Island, Japan, damaged by chloride-induced deteri-
oration, was assessed in this study. It is composed
of three main girders (from ocean-side, A-girder, B-
girder, C-girder). In this paper, firstly the systematic
and detailed inspection was carried out by both the
Non-Destructive Inspection and the truck loading test
at the age of 46. From the results of the material phys-
ical and chemical tests (were conducted for the core
test specimen sampled from girders), it was clarified
that the ingress of chloride ions into concrete plays a
crucial role in reinforcing bar corrosion and, hence, for
the durability of A-girder, B-girder. And then the dete-
rioration prediction of girders was evaluated based on
the methodology proposed by the authors [1].

When the Monte Carlo simulations for evaluation
of the probability model of the stress resultant and
the probability model of the load carrying capacity,
were proceeded, it is necessary to evaluate and to
model the peeling property of CFRP sheet bonded on
girders, and finally to verify the applicability of the
proposed method to smeared crack type FEM analy-
sis. This paper shows that the sheet bond constitutive
law has been studied by two ways. One is getting
it from RC beam test (different dimension from the
girder) [2]. And the other is from the database which

was constructed by collecting experimental results of
many research institutions. This database stores large
amounts of information of RC members in considera-
tion of strengthening by FRP sheet, and were studied
by multiple linear regression analysis.

Finally, the safety index “β” was calculated based
on the probability model of safety margin evaluated
from the stress resultant and the load carrying capacity.
When the “β” of the analysis result after strengthening
with CFRP sheet was compared with the before, the
following remarks were derived:

1. The method, which was proposed in this study as
managing bridge before and after strengthening
with CFRP sheet by reliability analysis of safety
assessment, was demonstrated to be effective.

2. In spite of different sheet bond constitutive law, the
results of analysis presents that the load carrying
capacity and safety index of each girder increased
with strengthening.

3. By the reliability analysis, the difference of two
sheet bond constitutive laws was clarified. The
evaluation based on “RC beam test” is relative con-
servative in comparison with the evaluation from
database.
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Comparative seismic performance of the steel building systems
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ABSTRACT

The text in this paper is for visual purpose only. No
rights can be taken from this.

The seismic performance of steel buildings can vary
significantly depending on the adopted lateral load
resisting systems (e.g. Wei 2006; Mayes et al 2005).
This paper presents the result of a reliability-based
seismic performance assessment for steel building sys-
tems. The analyzed 6- and 20-story steel office build-
ings have three kinds of different bracing systems,
including moment-resisting frames (MRFs), eccentri-
cally braced frames (EBFs) and buck-ling-restrained
braced frames (BRBFs) (Wei 2006).The buildings had
the same floor plans (5 × 3 bays) with 9-m bay spacing
while the height was 4.5 m at the first story and 4.0 m at
the remaining floors. The buildings were designed for
the peak ground acceleration (PGA) of 0.428 g (value
from seismic hazard curve that has a 10% chance of
exceedance in 50 years) in accordance with Taiwan’s
building codes.All the beam-column connections were
moment-resisting. Lateral loads were also resisted by
a total of four braced frames, two in each direction.

The performance of the buildings was assessed
using three-dimension nonlinear time history analy-
ses with a suite of earthquake ground motions scaled
to increasingly higher intensity (Curadelli and Rieba
2004; Lin andTsai 2004) Following that, the fragilities
(i.e. failure probabilities, Pf ) for immediate occupancy
(IO) and life safety (LS) were evaluated using the drift
limits of 0.7% and 2.5%, respectively (FEMA2000).
It was found that for the IO limit states, the lateral
load resisting systems can only make a small differ-
ence to the failure probability of the 6-story buildings.
For the LS limit states, the difference in the probability
of failure using MRFs, EBFs and BRBFs becomes sig-
nificantly large. Compared to the 6-story building, the
20-story buildings are not easily affected by the lateral
load resisting systems. For the IO limit states, the lat-
eral load resisting systems cannot make any marked
distinction to the failure probability of the 20-story
buildings using MRFs, EBFs and BRBFs. At more
severe limit states (i.e. the LS limit states), the dis-
tinction in the probability of failure reduces to a small

Table 1. Limit-state PGAs for 6- and 20-story buildings.

(a)

6-story building MRF EBF BRBF

θ ≥ 0.7% PGA (g) 0.171 0.300 0.318
Pf = 10% Normalization 1.000 1.754 1.860
θ ≥2.5% PGA (g) 0.625 1.191 1.390
Pf = 50% Normalization 1.000 1.906 2.224

(b)

20-story building MRF EBF BRBF

θ ≥0.7% PGA (g) 0.310 0.365 0.410
Pf = 10% Normalization 1.000 1.177 1.322
θ ≥2.5% PGA (g) 1.343 1.700 1.610
Pf = 50% Normalization 1.000 1.265 1.191

extent. The added EBFs and BRBFs have shown dif-
ferent effects in enhancing the seismic performance of
low-rise and high-rise steel buildings.
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Simulation of the loads induced by running
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ABSTRACT

The modern architecture tends to design lightweight
and slender structures which is leading to an increased
susceptibility to vibrations. Accordingly, the evalua-
tion of serviceability against vibrations due to human
excitation has gained more and more importance.
More then ever it is important to determine and
describe action effects on a structure to avoid vibration
levels affecting the serviceability or even the safety.
Men-induced dynamic loads can be subdivided into
two major groups of activities addressing basically two
groups of structures. Rhythmic activities on the spot
like foot stamping, bobbing and jumping have to be
considered for the design of grandstands or assem-
bly halls. The basic locomotion forms walking and
running have to be considered for the design of pedes-
trian bridges. The basic definition of the locomotion
‘walking’ is that at least one foot has contact to the
ground; if between two contact phases a flight phase
occurs, the corresponding locomotion form is called
‘running’. While in recent years the loads induced
by walking have been intensively studied sound and
reliable data for the loads induced by a running per-
son are scarce. A major reason for the absence of
good data probably is that tests for running require
a large experimental effort. Recent studies make use
of data acquired from treadmill device tests. However,
treadmill devices are an inappropriate test arrangement
leading to an underestimation of the load amplitudes.

As optimum method for monitoring the loads for con-
secutive steps for natural running a longer walkway
is required which is mounted on force-sensors. Such
an experimental setup has been realized worldwide
for the first time at the Ruhr-University Bochum by
the Research Team EKIB. A 16 m measuring platform
has been constructed which is completely mounted on
force-sensors.To allow an almost natural running a 4 m
lead-in section and a 8 m lead-out section was added
at both ends of the platform leading to a total walkway
length of 28 m.The width of the walkway has been cho-
sen with 1.5 m. The basic aim of the experiments at the
Ruhr-University Bochum is to identify the randomness
and imperfections in the load process running.Two dif-
ferent subsets or scenarios have to be distinguished.
The first scenario comprises ‘short distance running
with a specific purpose’, e.g. catching a train. To study
this subset of running, almost any volunteer can be
analysed. The second scenario summarizes all running
forms as they occur in sport and leisure, e.g. jogging,
sprinting or even running a marathon. For the respec-
tive experiments, only practicing runners should be
investigated.The paper presents the extended tests per-
formed at the Ruhr-University Bochum and discusses
in detail the randomness in the running parameters and
their interdependencies. The randomness in the load
amplitudes in regard to the basic frequency content is
analysed. The paper finally gives some recommenda-
tions for a load model which can be implemented in a
simulation.
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ABSTRACT

Japan is located in an earthquake-prone region, and
the earthquake-proof capacity of the Shinkansen bridge-
train interaction system is always a concern considering
the extremely high-speed of the bullet trains. However,
the dynamic response of the bridge-train interaction
system under earthquakes is an extremely complicated
phenomenon and is not adequately elucidated.

In this study, assuming that the structural behavior
remains elastic during a moderate earthquake, an ana-
lytical approach to simulate the seismic response of the
Shinkansen bridge-train interaction system is established.
A bullet train car model idealized as three-dimensional
sprung-mass dynamic system, which can express the
motions of the car in both vertical and horizontal direc-
tions, is developed. The depiction of the car model is
shown in Figure 1. A typical high-speed railway rein-
forced concrete viaduct in the form of rigid portal frame
is adopted for the seismic response analysis. The viaduct
with track structures is modeled with three-dimensional
finite elements as shown in Figure 2. The dynamic dif-
ferential equations of the bridge are derived using modal
analysis technique. To discuss the seismic response of
the bridge-train interaction system, three actual recorded
moderate ground motions with different frequency com-
ponents downloaded from Kyoshin Network of National
Research Institute for Earth Science and Disaster Pre-
vention are adopted as the seismic loads. Newmark’s β

step-by-stet numerical integration method is employed to
solve the coupled differential equations of the bridge-train
interaction system subjected to seismic loads.

Employing the seismic analytical procedure of the
bridge-train interaction system established in this study,
the seismic responses of the bridge and the train are simu-
lated and evaluated. The dynamic effect of the train on the
seismic response of the bridge is examined. The influence
of the input ground motion on the response of the train is
investigated.

The main conclusions can be summarized as follows.
The seismic response of the bridge-train interaction sys-
tem is rather complicated and dependent on both the

Figure 1. 15-DOF bullet train car model.

Figure 2. Finite element bridge model.

characteristics of the bridge and the ground motions. The
phenomenon that the train can act as a damper to the
bridge during the earthquake is confirmed by the analyt-
ical results. According to the discussion of the seismic
responses of the bridge-train interaction system, the fact
can be recognized that it is not completely rational to
consider the train merely as additional mass to the bridge
structure, which is the case in the seismic design code
in Japan, because in some cases the bridge responses
may even be underestimated. In the design practice based
on performance-based design, effort should be paid to
achieve safer but more economic bridge structures by
considering the train load as appropriate dynamic system.
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On the impact of robust statistics on imprecise probability
models: A review
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ABSTRACT

Especially in the engineering sciences, credibility of
statistical statements is crucial because wrong conclu-
sions can be very expensive or even life-threatening,
and, therefore, careful and cautious modeling of all
kinds of uncertainty is inevitable (e.g. Möller & Beer
(2008), Oberguggenberger et al (2008)). The raise of
robust statistics originates in the discovery that even
small deviations of the real world from the assumed
statistical model (called ideal model) can make the
optimal statistical method break down. Therefore,
robust statistics is concerned with statistical meth-
ods which may be less perfect in the ideal model but
still lead to reliable conclusions if the ideal model
is only approximately true. More recently, the the-
ory of imprecise probabilities was developed as a
general method to cope with the multi-dimensional
nature of uncertainty and to handle also non-stochastic
uncertainty (ambiguity) in an adequate manner. Math-
ematically, imprecise probability can be interpreted
as providing upper and lower bounds on the involved
probabilities, also providing a powerful framework for
sensitivity analysis.

The strong connections between robust statistics
and the theory of imprecise probabilities go far beyond
their similar purposes – a fact which is frequently
neglected. In robust statistics, small deviations of the
ideal model are modeled by certain neighborhoods
around the ideal model. As a matter of fact, nearly all
commonly used neighborhoods are imprecise proba-
bilities. That is, a considerably large part of robust
statistics can be seen as a special case of imprecise
probabilities. Therefore, it seems quite promising to
address problems in the theory of imprecise probabil-
ities by trying to generalize results of robust statistics.
In this review paper, we present some cases where this
has already been done successfully and highlight some
cases where the connections between robust statistics
and imprecise probabilities are most striking. This is
done for the two main parts of frequentist statistics –
namely hypothesis testing and estimation.

One of the main difficulties in the application of
imprecise probabilities is that many problems are
computationally expensive. However, quite often, the
hypothesis testing problem can be solved by consid-
ering a simple testing problem between certain least
favorable distributions which drastically reduces the
computational effort (Huber-Strassen theory). This
proceeding can also be extended to more general
decision problems.

While ideas originating from robust statistics had
a strong impact on hypothesis testing under impre-
cise probabilities, the theory of robust estimation has
hardly been investigated in that context. Though only
very few estimation problems have been analytically
solved for finite sample size in the frequentist the-
ory of robust estimation, these results are particularly
interesting for the theory of imprecise probability as
it seems to be promising to retransmit these results
into the theory of imprecise probabilities in order to
extend them within this new setup. Since many estima-
tion problems have been solved in robust asymptotic
statistics, it seems to be promising to resort to asymp-
totics also in the theory of imprecise probabilities
whenever exact finite sample optimality results are
not attainable. This also provides a strong motiva-
tion for developing an asymptotic theory of imprecise
probability since such a theory is still at an early stage.

REFERENCES

Oberguggenberger, M., King, J. & Schmelzer, B. 2009.
Imprecise probability methods for sensitivity analysis
in engineering. International Journal of Approximate
Reasoning, in press.

Moeller, B. & Beer, M. 2008. Engineering computation
underuncertainty - Capabilities of non-traditional models.
Computer & Structures, 86(10): 1024–1041

179

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Random set analysis for tunnel excavation – Application to real project
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ABSTRACT

In order to carry out a full probabilistic design in
practical geotechnics subjective assumptions about
probability density function of parameters are often
made while in many cases the results of geotech-
nical investigations are set valued rather than being
precise and point valued. Peschl (2004) has extended
Random Set Theory to be combined with the finite
element method, called Random Set Finite Element
Method (RS-FEM) to deal with this kind of uncertainty
in geotechnics doing semi probabilistic analysis (e.g.
reliability analysis). They illustrated the applicability
of the developed framework to practical geotechni-
cal problems and showed that RS-FEM is an efficient
tool conducting reliability analysis in geotechnics in
early design phases being highly complementary to the
so-called observational method.

To demonstrate the applicability and efficiency of
RS-FEM in geotechnical practice, a real case study has
been chosen, namely a tunnel excavation located in the
south of Germany. Application of a reliability analy-
sis based on the Random-Set-Finite-Element-Method
(RS-FEM) is presented for a real project. The nov-
elty in this paper lies in the fact that a) the analysis is
done before the start of the project, i.e. no updated
information on material properties is available (the
data provided by the geotechnical report for different
sections of the tunnel are the only source of informa-
tion) and b) that the proposed method is compared to
a conventional design analysis.

The basic variables were obtained from two sources,
first, from the geotechnical report which is based on
a number of laboratory and in situ tests and second,
from expert knowledge that is derived from previous
experiences.

The resulting range of results is shown in Figure 1.
They clearly indicate that conventional design anal-
ysis based on particular parameters sets defined at
the design process cannot reflect the behaviour in
situ, which can be expected. One of the important
features of this kind of analysis is that once in situ

Figure 1. Some of the Results of RS-FEM analysis in terms
of cumulative distribution functions.

measurements are available the quality of the numeri-
cal model can be judged. If measurements fall outside
the range of calculated displacements than either the
model itself was not appropriate or the range of param-
eters did not reflect the in situ behaviour. This result
may have important consequences in cases where e.g.
the ground investigation programme was insufficient
and therefore design and construction has been based
on incorrect assumptions. Unfortunately the start of
the project has been delayed so that comparison with
in situ measurements cannot be presented at this stage
but this will be done once measurements become
available.
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Estimation of design impact forces of debris flows

D. Proske, J, Suda & J. Hübl
University of Natural Resources and Applied Life Sciences, Vienna, Austria

ABSTRACT

Mountain regions are exposed to a number of natural
hazards such as avalanches, debris flows, rock falls
and rock avalanches, flash floods and landslides. Mit-
igation measures are often employed to reduce the
risks of hazards to humans and human settlements
to an acceptable level. The design of structural mit-
igation measures are often not regulated and chosen
arbitrary. Despite this situation, the design should at
least comply with current rules for the design of struc-
tures. This measure has not yet been put in place.
Currently in Austria a new code of practice for the
design of structural mitigation (concrete) measures
against debris flow, is under development. This code
deals with the design of debris flow barriers in terms
of load cases, such as reinforcement details, static
and dynamic loads. One of the major tasks to estab-
lish this new code is the preparation of flow impact
forces for the design process. In this background doc-
ument all known techniques for the estimation of
such debris flow impacts are investigated in terms of
prediction quality. Furthermore, also included are the-
oretical works, miniaturized testing (including tests
conducted by the authors) and known real world mea-
surements. The formulas are further compared (based
on sensitivity) against unknown input variables. This
investigation has been extended to include weight-
ing factors according to the First Order Reliability
Method.

Despite the Institute of Mountain Risk Engineer-
ing having one of the greatest data files on natural
hazard events (starting around 500 A.C.), the knowl-
edge of debris flow in certain regions, very often lacks
a sufficient amount of data for statistical analysis.
Furthermore data sets are heavily corrupted due to
climate change, changing geomorphologic conditions
and changing flora. Besides this the reporting quality
of early events is extremely low.Therefore further tech-
niques have been used, such as Fuzzy sets, Rough sets
and Grey numbers. Awareness of the uncertainty and

indeterminism of the data heavily influences the choice
of the design impact force and can not be neglected.
Furthermore partial safety factors for this event have
also been chosen.
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ABSTRACT

We classify uncertain information into three cate-
gories: randomness of future events, fuzziness of
objective cognition, and incompleteness of subjective
cognition. It has been found by us that incompleteness
is a kind of weak uncertainty in nature compared with
randomness and fuzziness, since it can be incorporated
in the random or fuzzy variables in the form of param-
eters by using “subjective probability” or “subjective
membership degree”, respectively.

As we all know, in classical structural reliability
theory, the uncertainty can be generally broken down
into another three types, that is, physical uncertainty,
statistical uncertainty and modeling uncertainty. The
former is aleatory, while the latter two are epistemic.
In this paper, the statistical and modeling uncertainties
are viewed as two specific kinds of incompleteness,
since they can be described by means of subjective
probability or Bayesian statistics.

When incomplete parameters in random variables
are treated as subjective probability, we call this
phenomenon as “dual randomness”. Likewise, when
incomplete parameters in fuzzy variables are treated
as subjective membership degree, we call this phe-
nomenon as “dual fuzziness”. Meanwhile, random
information and fuzzy information are often coupled
or mixed in many fields, which result in “random
fuzziness” or “fuzzy randomness” situations.

The classical reliability theory of structures only
deals with the physical uncertainty in nature. In this
paper, we introduce four kinds of generalized reliabil-
ity theories of structures. The first is named as “dual
random reliability theory”, which considers both ran-
domness and incompleteness. This kind of reliability
problems has been well solved by many researchers
using the methodologies of Bayesian statistics. The
second is called as “dual fuzzy reliability theory”. To
solve this kind of reliability problems, a new defi-
nition of cumulative distribution function for fuzzy
variables is introduced, and then, the incompleteness

in the satisfaction degree is dealt with by using fuzzy
expectation operation. The third kind of generalized
reliability problems is named “random-fuzzy reliabil-
ity theory”, in which random factors are presented
in the membership function as parameters. We have
utilized fuzzy probability theory to arrive at the reli-
ability probability. The fourth kind of generalized
reliability problems is called “fuzzy-random reliabil-
ity theory”, in which there still exist two cases, one
case is that fuzzy factors are presented in the distri-
bution functions of random variables as parameters;
the other is that fuzzy-random information lies in the
fuzzy membership functions. For these two different
cases, we introduce two different kinds of fuzzy-
random variables to derive at the fuzzy reliability index
respectively.
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ABSTRACT

Different types and multisource uncertain information
occur in characterization of contaminated sites. Three
kinds of uncertainty are identified, i.e. random uncer-
tainty which is inherently random in nature, informal
uncertainty which is caused by a lack of informa-
tion such as when the number of observations is not
sufficient, and lexical uncertainty which occurs when
linguistic variables such as “high” “medium”, “low”,
“near” and “far” are used. Traditionally, stochastic
methods were widely used to represent all types of
uncertainties. With the advent of new uncertainty
theories such as fuzzy set theory, possibility theory,
evidence theory, and random sets, the proper represen-
tations of different kinds of uncertainties are revisited.
Informal and lexical uncertainties can be better rep-
resented using fuzzy set theory and its extension,
possibility theory, evidence theory, and random sets.

When one theory best represents one parameter
whereas another theory may be more suitable for
another, the hybrid propagation of these uncertain-
ties will occur. In this paper, the correlations amongst
different uncertainty theories are investigated. A prob-
ability density function (pdf) can be discretized into a
set of random sets by dividing an approximate sup-
port of a pdf into n intervals and a basic probability
assignment is defined as the integral of the pdf in
the corresponding interval. A fuzzy number can also
be divided into a set of consonant intervals by using
level-cuts. A possibility distribution (the membership
function of a fuzzy set can be used as a possibility
distribution) can be transformed into a family of proba-
bility distributions with the upper and lower bounds. A
possibility measure and its dual, necessity measure can
be used to construct a family of probability measures.
A unimodal probability density function with bounded
support can be transformed into a less specific pos-
sibility distribution which has the same support and
a possibility distribution with upper semi-continuous,
unimodal, support bounded can also be transformed
to a pdf. Basic probability assignment function (m),
Belief function (Bel), and plausibility function (Pl)

are three fundamental definitions of evidence the-
ory. When the sets are nested, the belief measure and
plausibility measures become necessity measure and
possibility measure, respectively. Random sets are sets
defined on some probability space where values are
represented as sets rather than points. The distribution
function of a random finite set is a belief function and
the distribution functional of a random closed set is a
plausibility function.

Three methods were proposed to propagate hybrid
uncertainty (i.e., the random and non-random uncer-
tainty): (1) use a probability-possibility transformation
to convert the probability distributions to the corre-
sponding possibility distributions, (2) transform the
possibility distributions into probability distributions,
and (3) hybrid method. The results obtained from (1)
and (3) are similar though (1) provides the outer bound
of the results of (3), and the results of method (2) are
contained in the results of method (1).

The effects of dependencies amongst uncertain
parameters on the simulation results were also inves-
tigated and quantified by evaluating the belief and
plausibility measures and then using them to approx-
imate the probability measure based on evidence
theory. A simple case study was used to explain
this methodology. The correlations amongst uncer-
tainty theories facilitate the propagation of hybrid
uncertainty through different models.
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ABSTRACT

This paper focuses on the transient dynamic analysis of
a cable-stayed bridge with uncertain structural param-
eters, subjected to an impact load. The uncertainty
is located in the Young’s modulus and mass density
of concrete and steel. These parametric uncertainties
are quantified by triangular membership functions.
The bridge is analyzed using the α-sublevel technique.
In order to analyze the time-domain response of the
bridge under impact loading, an interval extension
of Wilson’s theta method is developed and applied
for the direct evaluation of the uncertain dynamic
response of the structure.The interval problem is based
on the global optimization strategy. A Kriging-based
response surface methodology adapted to multiple
output analysis of FE models is introduced for this pur-
pose. This method is applied and compared to a clas-
sical direct optimization approach. The work demon-
strates the effectiveness of the Kriging-approach based
fuzzy finite element method in evaluating the dynamic
response of the cable-stayed bridge with multiple
uncertainties.

The multiple-output response surface based method-
ology is as follows. In the first step of the procedure, a
small space filling design (for example a Latin hyper-
cube design) is generated and all objective functions
are calculated at these response points by the FE solver.
Using this information, initial response surfaces are
created. Additional points are best selected by the
adaptive procedure in step two instead of being ran-
domly selected in this step. In the second step, a large
space filling design is calculated. These points are
not yet response points; only the few most promising
points from this set will become real response points
for which a finite element analysis will be performed at
the end of this step. For each of these points, the func-
tion value and the expected error on the function value
are estimated using the calculated response surfaces.

For each of these candidate response points, the aver-
age maximum improvement or AMI is calculated. The
sum of squares selects the average maximum improve-
ment over all output quantities.The candidate response
points with the highest AMI are then selected and
added to the response point set. Only in these points, an
FE analysis is performed. Finally, all response surfaces
are recalculated or updated with the new information.

In the numerical example, Wilson’s theta method
is applied to perform a transient structural analysis of
a cable-stayed bridge subjected to dynamic loading.
Uncertainty is introduced into the mass and stiffness
properties of the structural system. The analysis is
performed by optimizing the displacement response
at each time step. It is observed that compared to
the global and local optimisation routines, the Krig-
ing response surface approach yields equally accurate
results at only a small fraction of the computational
cost.
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ABSTRACT

Time domain analysis methodologies based on mea-
sured vibration data, such as the least square estimation
and the extended Kalman filter, have been studied and
shown to be useful for the on-line tracking of struc-
tural damages. The traditional extended Kalman filter
(EKF) method requires that all the external excitation
data (input data) be measured or available, which may
not be the case for many structures. Recently, an adap-
tive extended Kalman filter approach with unknown
inputs (excitations), referred to as AEKF-UI, has been
proposed to identify the structural parameters as well
as the unmeasured excitations [Yang et al (2007b)].

In the AEKF-UI approach, the recursive solutions
for the estimations of the extended state vector Z and
the unknown input f∗, namely Ẑk+1|k+1 and f̂∗

k+1|k+1
(for k = 1, 2, . . .), are given in the following.

in which ĥk+1|k , KZ,k+1, Sk+1, Hk+1|k and D∗
k+1|k are

the intermediate matrices to be computed recursively.
In this paper, the AEKF-UI approach will be veri-

fied using the experimental data obtained in [Wu et al
(2006), Zhou et al (2008)]. A series of experimental

tests using a scaled 3-story building model have been
conducted recently. In the experimental tests, white
noise excitations were applied to the top floor of the
model, and different damage scenarios were simulated
and tested.These experimental data will be used to ver-
ify the capability of theAEKF-UI approach in tracking
the structural damage.The tracking results for the stiff-
ness of all stories, based on the AEKF-UI approach,
are compared with the stiffness predicted by the finite-
element method. Experimental results demonstrate
that the AEKF-UI approach is capable of tracking
the structural damage and unknown excitations with
reasonable accuracy.
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ABSTRACT

The uncertainties of model parameters for deterio-
ration should be updated depending on the quantity
and quality of the inspection data. Consequently more
credible information can be obtained for decision-
making of reasonable maintenance. Reliability esti-
mation of existing structures is however more difficult
than that of newly constructed structures because the
uncertainties related to limit states should be updated
by inspection or measurement data. Probability den-
sity function (PDF) of the updated model parameters
are not expressed in simple form when a nonlinear
equation or non-Gaussian variable is involved. MC
based methods for non-linear filtering or Bayesian
updating technique have been developed since 1990’s
(Gordon et al., 1993, Kitagawa, 1996, Ristic et al.,
2004). This line of methods are referred by many
terms, such as MC filter, Bootstrap filter, recur-
sive MCS, sequential MCS, the Sampling Importance
Resampling (SIR) method or the Sequential Impor-
tance Sampling with Resampling (SISR). In this paper,
the term Sequential MCS (SMCS) is used to refer the
MCS based updating method.

The reliability estimation of existing structure
requires updating process. When performing a prob-
abilistic assessment of the reliability of deteriorating
structures, we often need to integrate the results of
different inspections in time and/or methods. A new
framework is described based on the above mentioned
SMCS in this study. Figure 1 shows the outline of
the method. The proposed method is demonstrated
through a numerical example of reliability analysis
as to deteriorating RC structures. Corrosion of rebar
due to chloride attack is a major mechanism for the
deterioration of RC structures. Several models are
proposed to estimate the limit states for the chlo-
ride attack. Limit state exceeding probabilities of a
RC structure are calculated using one of the deterio-
ration model (Akiyama et al., 2006), in which many
uncertainties such as wind speed, diffusion coefficient,
corrosion speed and so on, are involved. Several sce-
narios of inspection and observed data are assumed,

Figure 1. Flowchart of the proposed method.

including the visual inspection and detailed inspection.
The visual inspection gives rank of deterioration level,
from 1 to 4, whereas detailed inspection gives pro-
filing of chloride concentrations through depth. The
limit state exceeding probabilities are estimated for
each scenario case.
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ABSTRACT

Structural health monitoring (SHM) of the existing
civil infra-structures becomes an important subject,
because bridges and buildings are often subjected to
gradual damage or sudden collapse caused by fatigue
loads or unexpected large loads such as earthquakes.
To prevent the severe damage on structures due to
these unexpected events, health monitoring has been
facilitated to large civil structures using new technolo-
gies developed in the field of sensor, measurement,
signal processing, and system identification. System
identification techniques have been used to estimate
the system characteristics of large structures based on
the measured data. In time domain identification, the
stochastic filter methods have been used to identify
the time-varying and invariant parameters a dynamic
structural system. Commonly, the unknown parame-
ters of a system are recursively predicted and estimated
by the measured information with noise. And the
uncertainties of initial values and system modeling
as well as observation noise were evaluated based on
Gaussian probability function.

The Kalman filter (KF) (Kalman 1960) has been
most widely used for the identification of time-varying
systems in various engineering field. Since then, to
overcome the limitations of the KF, many techniques
have been developed such as the extended Kalman filer
(Yun & Shinozuka 1980, Hoshiya & Saito 1984) and
Sequential Monte Carlo (or Particle filter) (Gordon et
al. 1993). Recently, Monte Carlo filter (MCF), one of
particle filter, developed by Kitagawa (1996) is used to
identify the significant parameters for a nonlinear non-
Gaussian system. This method has a great potential
and versatile filtering approach to estimate the system
parameters.

In this study, a new algorithm for adaptive MCF is
proposed by introducing the variable forgetting fac-
tors on the process and observation noises, because
the conventional MCF does not have a sufficient time
tracking ability for abrupt changes in structural param-
eters. The proposed method improves the likelihood of
the state vector by increasing the uncertainties of the

concurrent noise distributions using the weight gains
which are the first order function of the forgetting
factor less than the one. The gains are expressed as
the ratios of the covariance matrices of the concurrent
noise distributions to their initially assumed distribu-
tions and each forgetting factor is applied to the noise
distributions at each time step when the changes of
unknown parameters are larger than a threshold value.
Thus better estimates can be obtained for the abrupt
changing parameters that do not depend on the past
data. In the adaptive MCF, three cases are consid-
ered. In the first case, the forgetting factor is applied
only to the process noise, while it is applied only to
the observation noise in the second case. In the last
case, however, the forgetting factors are applied to both
noises. Validations of the proposed method have been
performed on the identification of abrupt changes in
the stiffness and damping parameters of a shear build-
ing model under a strong earthquake excitation. The
results indicate that the identified parameters show
more rapid tracking ability for the abrupt changes and
better convergence to the true values than those by the
ordinary MCF.
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ABSTRACT

For the health monitoring of civil infrastructures, it is
important to identify the nonlinear behavior related to
structural damage. The extended Kalman filter (EKF)
has been widely used for the parameter estimation of
a nonlinear structural dynamic system. Nonetheless,
when the EKF is applied to a complex system or a prac-
tically large structural system, a few implementation
and numerical problems may arise. To overcome the
numerical difficulties in obtaining the state transition
matrix and improve the divergence of conventional
EKF the sequential modified extended Kalman filter
(SMEKF) is proposed in which the EKF with finite
difference scheme is used for the state estimation and
the nonlinear sequential prediction error method is for
the parameter identification.

The forces induced on a bridge structure with rein-
forced concrete (RC) piers during major earthquakes
may exceed the yield capacity of some piers and
cause large inelastic deformations and damages in
the piers. It is, important to recognize that a highly
versatile model is required to closely reproduce the
hysteretic behavior, in which several important aspects
of hysteretic loops can be included, viz., stiffness
degradation, strength deterioration, pinching behavior,
and variability of hysteretic areas at different deforma-
tion levels under repeated load reversals. However, the
model should also be simple to implement.

In this study, identification of the nonlinear hysteric
behavior of a RC bridge pier subjected to earthquake
loads is carried out. Only the acceleration measure-
ments of the input earthquake motion and bridge
responses are utilized, which are the easiest quanti-
ties in dynamic measurements, particularly for bridges
with long-spans. The modified Takeda model is used
to describe the hysteretic behavior of the RC member
with a small number of parameters, in which nonlin-
ear behavior is described by various rules of loading
and reloading rules rather than an analytical expres-
sion.Then a two-step approach so called the sequential
modified extended Kalman filter (SMEKF) algorithm

Figure 1. Sequential Modified Extended Kalman Filter
(SMEKF) Algorithm.

is proposed to identify the unknown parameters and
the state vector separately in two steps, so that the
size of the problem for each identification procedure
may be reduced and possible numerical problems may
be avoided. Mode superposition with a modal sorting
technique is also proposed to reduce the size of the
identification problem for the nonlinear dynamic sys-
tem. Example analyses are carried out for a continuous
bridge model with a RC pier subjected to earthquake
loads in the longitudinal and transverse directions.
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ABSTRACT

This research studied socio-economic effect of the
seismic retrofit implemented on bridges in the Los
Angeles area highway transportation network. The
study is performed in two parts; in the first part,
an integrated analytical framework is developed to
evaluate the network performance under 47 scenario
earth-quakes which represent the regional seismic
hazard consistent with USGS seismic hazard maps.
This frame-work used realistic models to represent
the post-earthquake change in origin-destination (OD)
characteristics of network traffic flow and bridge
repair/restoration process. Monte Carlo simulations
are performed to predict the post-event damage of
highway bridges, and eventually, of the entire net-
work. In this predictive simulation, two sets of fragility
curves of bridges with and without seismic retrofit are
used.Analysis evaluated post-earthquake network per-
formance in the form of social cost arising from driver
delay and loss of opportunity in the degraded network.
This social cost is the expected loss in the system due to
future seismic events. Result showed that the expected
loss is much less if all bridges in the network are
retrofitted.The second part of the paper focused on the
evaluation of benefit from seismic retrofitting which
is expressed as the summa-tion of loss avoidance from
social cost and bridge repair/restoration cost. Thus
estimated benefit is compared with bridge retrofit cost
to investigate the benefit-cost ratio. The study showed
that taking Caltrans as the stakeholder, bridge seis-
mic retrofit is cost-effective when loss avoidance from
social cost is considered.
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ABSTRACT

Throughout the history of suspension bridges, their
tendency to vibrate under different dynamic loadings
such as wind, earthquake, and traffic loads has been a
matter of concern. In particular, after the disastrous
failure of Tacoma Narrows Bridge in 1940, wind-
induced vibrations of suspension bridges have mostly
been studied. However, due to damage of this type of
bridge in recent years including that occurred to the
under-construction Akashi Kaikyo Bridge during the
1995 Kobe (Hyogo-ken Nanbu) earthquake, concerns
regarding seismic safety of suspension bridges have
gained significant attention.

The Vincent Thomas Bridge which connects Ter-
minal Island with San Pedro and thus serves both Los
Angeles and Long Beach ports, two of the busiest ports
in the west coast of USA. The seismic performance of
the Vincent Thomas Bridge is under scrutiny in recent
years following the finding that the main span of the
bridge crosses directly over the Palos Verdes Fault.
It is believed that this fault has the capacity to pro-
duce an earthquake of magnitude (Mw) of 7.25 when
a return period of 1000 years is considered. Consider-
ing the importance of this bridge in terms of carrying
cargo from Long beach and Los Angeles ports, in
spring 2000, the bridge underwent a major retrofit
using visco-elastic dampers. Before the retrofit, an
evaluation of the anticipated improvement of seismic
performance of the bridge was conducted with the goal
that the retrofit will eliminate the risk of collapse of
the structure while allowing the bridge to be closed for
repair when subjected to postulated ‘safety evaluation
earthquake’ (i.e. an earthquake with a return period
of 950 years). This study highlighted the collapse of
tower-shaft as one of the major concerns under many
other possible effects (Ingham et al. 1997).

Previous studies dealing with the Vincent Thomas
Bridge have so far shown that the after retrofit
vibrational characteristics obtained analytically using

commercial software ADINA are more than 10% off
the frequencies identified on the basis of the mea-
surement data obtained by on-site instrumentation
under ambient loading conditions (e.g. He et al. 2008).
Therefore, there is a need for further investigation
to accurately predict the vibrational characteristics of
this bridge. In addition, estimating seismic vulnerabil-
ity of this retrofitted bridge under expected scenario
earthquakes is also very important.

In this paper, a member-based detailed three dimen-
sional Finite Element (FE) as well as panel-based
simplified models of the bridge are developed. In
order to show the appropriateness of these models,
eigenproperties of the bridge models are evaluated
and compared with the system identification results
obtained using ambient vibration. In addition, model
validation is also performed by simulating the dynamic
response during the 1994 Northridge earthquake and
comparing with the measured response. Finally, con-
sidering a set of strong ground motions in the Los
Angeles area, nonlinear time history analyses are per-
formed and the ductility demands of critical sections
are presented in terms of fragility curves. The study
shows that a ground motion with PGA of 0.9g or
greater will result in plastic hinge formation at one or
more tower locations with a probability of exceedance
of 50%. Also, it is found that the effect of damper is
minimal for low to moderate earthquakes and high for
strong earthquakes.
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ABSTRACT

Reinforced Concrete (RC) structures are generally
exposed to various environmental conditions during
their lifetimes so that the service life of them is greatly
reduced by the deteriorations. Chloride attack has been
identified as one of the major deteriorations of RC
structures. Since chloride ion rapidly penetrates into
the concrete and breaks the passive film of reinforce-
ment, it directly causes steel corrosion which results
in cracking, delamination, and spalling of concrete
cover. For the chloride behavior in sound concrete,
various models and analysis techniques have been pro-
posed. Advanced techniques for modeling chloride
behavior were also introduced using the characteris-
tics in early-aged concrete like porosity and saturation.
The increased diffusion and permeation in chloride
behavior due to occurred crack are considered in these
researches. Even though these previous models can
estimate the behavior of chloride diffusion reasonably,
these techniques still require further studies to examine
their limitations due to the uncertainties of variables.

A probabilistic durability design method was
attempted to consider the uncertainties of input vari-
ables such as material properties and geometry.
Related with the chloride attack, several parameters
such as surface chloride content, cover depth, and
diffusion coefficient were considered as random vari-
ables through statistical distributions applying Monte
Carlo Simulation. Recently, probabilistic methods
using spatial variability are introduced to the evalu-
ation of service life considering steel corrosion and
the limit state of probability for durability safety are
considered in Concrete Specification. However, these
applications using probabilistic approaches have been
generally limited to the sound concrete structures with-
out considering crack effect which occurred at early
age. This is because it is difficult to evaluate the crack
effect on the chloride diffusion characteristics.

Cracks due to hydration and shrinkage occur
unavoidably in concrete structures. These cracks can

be the main routes for steel corrosion. Through the
cracks, deteriorating agents like chloride ion may pen-
etrate into the concrete and also can be one of the
major reasons of service life reduction in RC structures
exposed to chloride attack.

In this paper, the service life in cracked con-
crete exposed to the marine environment conditions is
predicted considering the crack effect on chloride dif-
fusion. Carbonation behavior in cracked RC columns
is also studied from another field investigation. For
chloride attack, apparent diffusion coefficients in
sound and cracked concrete with 0.1∼0.3 mm crack
width are obtained in port structures through field
investigation. The diffusion coefficients are greatly
changed with occurred crack width. The relation-
ship between crack width and diffusion coefficient is
obtained through regression analysis. Design param-
eters such as cover depth, surface chloride content,
and exposed period are also considered for proba-
bility of durability failure-P(durability). Utilizing the
intended P(durability) for design and Monte Carlo
Simulation, the service life is calculated and the results
are compared with those from deterministic method.
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ABSTRACT

The growing concern of the structural capability of
light frame wood residential structures exposed to high
wind events has increased interest in evaluating their
reliability as a step towards performance based engi-
neering. Special aspects of a roof system that need
proper attention in such studies include the distri-
bution of the load applied to the sheathing panels,
redistribution of the load after connection failure and
inclusion of the spatial variation of wind pressures –
i.e. stochastic field. Performing the reliability analysis,
considering the complexity of the system and load dis-
tribution, becomes a very difficult – if not impossible –
task using classical reliability approaches.

The present study illustrates the role of Monte
Carlo simulation in dealing with such complexities.
This method involves running thousands of tests with
key parameter values treated as probabilistic values.
Because this method addresses the random nature of
load and structural behavior instead of simply taking
the extreme or average values, more reliable data is
provided for decision making relative to wind exposed
structures.

In this study, a simulation based finite element anal-
ysis of a simple 12-truss wood roof system is given.
The model roof system utilizes an analytical model for
the roof-to-wall connection developed in a past study
(Shanmugam et al. 2009) to capture the behavior of the
critical link in the uplift load path. This model includes
rigid support in the downward direction but nonlinear
behavior in the uplift direction.

Wind loads are assumed to follow a lognormal dis-
tribution (Rosowsky & Cheng 1999a). To account for
spatial variation, a correlation matrix is developed
from database wind pressures. This matrix is based on
a cubic equation relating the correlation in pressures
at two given points relative to the distance between
points. In conjunction with the statistical distribution,
this matrix was used to generate pressures over discrete
regions of the roof.

Simulations for wind speeds of 161 km/h (100 mph)
and 210 km/h (130 mph) are run as a demonstration
of this method. Failure estimates recognizing the spa-
tial variation of both wind pressures and roof-to-wall
connections have been achieved using a crude Monte
Carlo simulation. These simulation techniques used
in conjunction with finite element modeling packages
may be effectively used to capture system behaviors
and complexities.
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1 INTRODUCTION

Seismic fragility curves of highway bridges can be an
effective tool for communicating the seismic vulnera-
bility that a bridge or bridge portfolio may possess. As
such, many approaches for generating these fragility
curves have been developed; however, the analytical
approaches have gained significant popularity because
of their notable versatility. One overwhelming need is
shared by all analytical methods - the need to track,
and if possible, minimize uncertainties throughout the
process. As the structural systems and failure domains
considered become more complex and computational
power has become more accessible, simulation tools
have proven useful. The objective of this paper is to
illustrate the versatility and power of a simulation-
based approach in quantifying the varying sources of
uncertainty in seismic bridge fragility modeling.

The bridge model considered in this paper is
based on a commonly occurring configuration of
multi-span simply-supported (MSSS) bridges in the
central and southeastern parts of the United States.
Analytical damage fragility curves are developed
using probabilistic seismic demand models coupled
with discrete damage states through the use of sim-
ulation techniques. Two general classes of uncer-
tainty exist, namely aleatory (inherent randomness
– non-reducible) and epistemic (knowledge based
– reducible). Using a number of simulation stud-
ies, this paper looks to quantify uncertainties arising
from ground motion randomness and epistemic uncer-
tainty from as-built conditions (i.e., bridge component
modeling parameters). The dispersion of the seismic
demand conditioned on the ground motion intensity
measure (IM) is analyzed to determine the relative con-
tributions from randomness in the ground motion suite
and bridge modeling uncertainties. Five simulation
cases are performed to achieve this end.

The first case evaluates the subject bridge by vary-
ing the ground motions while including uncertainties
in the bridge modeling parameters. The second case

assumes median values for all modeling parame-
ters while varying the ground motions only. This
directly assesses the aleatory uncertainty in the seismic
demand. The third case incorporates modeling uncer-
tainty while considering only a single ground motion.
This analysis is used to directly quantify the epis-
temic uncertainty due to modeling parameters. This
treatment is actually carried out using four different
ground motions having varying characteristics – each
ground motion is used for the full set of simulations.
Cases four and five repeat cases one and two, respec-
tively, only the incidence angle for all ground motions
is taken to be constant. For the sake of complet-
ing a fragility analysis without introducing additional
sources of uncertainty, an assumed value of dispersion
in capacity is maintained as constant throughout.

A total of 11 modeling parameters are identified that
are seen as having an appreciable impact on the seismic
response of this type of bridge. Each bridge parameter
has been assigned an appropriate probability distribu-
tion to model the epistemic uncertainty.The simulation
procedure adopted for generating probabilistic seis-
mic demand models incorporates the combination of
the Latin hypercube sampling and the cloud method of
analysis. For case one, 80 bridge realizations are gener-
ated using the Latin hypercube technique. Each bridge
realization is then paired with one of the 80 California
ground motions in the suite.The ground motion is then
applied to the bridge at some randomly selected inci-
dent angle. The fragility curve for the bridge system
is found by integrating the component joint demand
models over all possible failure domains using crude
Monte Carlo simulation may be performed for this
task.

Results indicate that the inclusion of aleatory ran-
domness from the larger portfolio of motions domi-
nates. Incident angle of ground motions does not play
as significant of a role as originally believed.
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Single-loop system Reliability Based Design Optimization (RBDO)
using Matrix-based System Reliability (MSR) method

T.H. Nguyen, J. Song & G.H. Paulino
University of Illinois, Urbana, IL, USA

ABSTRACT

This paper proposes a single-loop system reliability
based design optimization (SRBDO) approach using
the recently developed matrix-based system reliabil-
ity (MSR) method. A single-loop method (Liang et al.
2007) was employed to eliminate the inner loop of
SRBDO that evaluates probabilistic constraints. The
MSR method (Song & Kang 2008; 2009) computes
the system failure probability and its parameter sen-
sitivities efficiently and accurately through efficient
matrix calculations. The SRBDO/MSR approach pro-
posed in this paper is uniformly applicable to general
systems including series, parallel, cut-set and link-set
system events. The sensitivity of the system fail-
ure probability with respect to design variables or
constraints provided by the MSR method facilitates
the use of gradient-based optimization algorithms.
Two numerical examples demonstrate the proposed
approach.

In the first example, the cross-sectional areas of
the six members of a statistically indeterminate truss
structure are determined for minimum total weight
with a constraint on the system failure probability sat-
isfied (MacDonald & Mahadevan 2008). The system
fails if two members fail; therefore, the system event is
described by 15 minimal cut sets each of which consist
of two component events. The results are compared
with those in the previous study in order to demon-
strate the merits of the SRBDO/MSR approach. In
particular, it is observed that the accurate system reli-
ability estimates during the SRBDO/MSR reflect the
symmetric conditions between diagonal members and
between non-diagonal members in the optimal design
(i.e. area) and the component failure probability (i.e.
reliability index)

The second example demonstrates the application
of the proposed approach to topology optimization
(TO). Topology optimization seeks for optimal dis-
tribution of material in the predefined domain (Wang
et al. 2007). In this study, the uncertainties of loads are
considered in component based RBTO (CRBTO), and
system reliability based TO (SRBTO). The influences

Figure 1. Optimal topologies by (a) deterministic TO; (b-c)
CRBTO; and (d-f) SRBTO/MSR.

of the statistical correlation and the types of con-
straints, i.e. deterministic, probabilistic (component)
and probabilistic (system) on the optimal topology are
investigated as well as shown in Figure 1.
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Quasi Monte Carlo simulation for structural reliability
sensitivity estimation

Wei Wang & Hongzhe Dai
Harbin Institute of Technology, Harbin, China

ABSTRACT

An important aspect of structural reliability analysis
is calculating the sensitivity of the estimated fail-
ure probability to changes in distribution parameters.
These sensitivities are useful because they quantify
the importance of the distribution parameters such
as means, standard deviations and correlations. This
quantification helps us access validity of the reliability
estimates and define the roles of the basic random vari-
ables in subsequent analyses.Therefore, it is important
to develop an efficient method for assessing structural
reliability sensitivity.

The available structural reliability sensitivity meth-
ods are mostly based on the corresponding structural
reliability methods, including the first and second
order reliability methods, the finite-difference method
and the simulation method. Although there are many
reasons for choosing one method over another, the
most widely employed method is the Monte Carlo
(MC) simulation method for complex problems. But
the MC method is far more computationally demand-
ing because the estimation of reliability sensitivity
requires a considerable amount of model simulations.
The challenge is to minimize the computational cost
for achieving the required accuracy of reliability sen-
sitivity, and many efforts have been made in this
direction recently. Wu (1994) proposed a reliability
sensitivity method based on the CDF of the structural
response variable, the normalized reliability sensitiv-
ity coefficient is expressed as an expectation of the par-
tial derivative of the PDF, wherein the sampling-based
method can be used to compute the reliability sensitiv-
ity. Au (2005) presented a method of reliability-based
design sensitivity analysis by efficient simulation,
and this simulation is in fact a subset simulation on
the basis of Markov Chain Monte Carlo. Lu et al
(2008) provided a reliability sensitivity method that is
based on the line sampling which is a new technique
for evaluating high-dimensional reliability problems.

Although the above methods require much fewer sam-
ples than crude MC, in some cases their quantity can
still be considered as large, especially for problems
of small failure probability or problems that require a
large number of costly finite element (FE) analyses in
each sampling cycle.

To overcome the above issues, this paper intro-
duced QMC method as an alternative and efficient
simulation procedure for structural reliability sensitiv-
ity analysis. The main reason behind this situation is
that QMC method can often achieve a given accuracy
with far fewer samples and effectively decrease the
total computational cost when compared with the tra-
ditional MC method. Three kinds of low-discrepancy
sequences, the GLP, H-W and Halton, have been
investigated and verified to have high fidelity in repre-
senting the uniform distribution on the unit hypercube.
Thus, a new procedure, in which the low-discrepancy
sequences are combined with the IS technique, is
developed and used successfully to assess the relia-
bility sensitivity. Numerical examples show that the
proposed QMC procedure gives noticeably higher
accuracy than MC method with the same number of
samples, in addition, it has a faster rate of convergence
than existing MC method. Therefore, the proposed
QMC method qualifies as a comprehensive tool in
structural reliability sensitivity analysis.
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Life cycle cost analysis for retrofit of critical infrastructure
subject to multiple hazards

F. Jalayer, D. Asprone, A. Prota & G. Manfredi
Department of Structural Engineering, University of Naples Federico II, Naples, Italy

ABSTRACT

Design and assessment of critical civil infrastructure
can be considered as a decision making problem in
which the desired performance objectives, defined in
terms of a set of design parameters, are optimized
subject to a number of constraints. In the context
of performance-based design, several performance
objectives (e.g., minimize initial cost of construction,
ensure life-safety in case of extreme and rare events)
can be considered for a set of [discrete] limit states.
In order to implement the performance objectives in a
decision making framework, it is desirable to quantify
and measure these objectives in terms of a common
benchmark variable. The life-cycle cost has been pro-
posed by many (Wen 2001, Faber and Rackwitz 2004)
as a suitable bench mark performance variable. Lifecy-
cle cost, which is historically identified as an economic
term expressed in monetary units, accounts for initial
costs of construction of facility, the regular costs of
its maintenance and functionality over time, loss of
revenue in case of damage, repair/replacement costs,
social losses including eventual loss of life and end-of-
life recycling costs. The evaluation of life-cycle cost
is subject to several sources of uncertainty, such as
the occurrence and the intensity of critical hazards,
the resistance of the infrastructure and the service life
itself. Therefore, the lifecycle cost is generally evalu-
ated in terms of its expected value over the lifetime of
the infrastructure.

The present study aims to apply the life cycle
cost criteria to retrofit design of an existing critical
infrastructure located in a seismic zone. Given the
importance of the infrastructure, an unexpected strong
explosion is considered to be plausible through its life-
time. Hence, the performance-based retrofit design of

the infrastructure needs to be conducted on a multiple-
hazard basis (i.e., earthquake and blast in this case).
The retrofit design involves decision making between
a set of viable options which can be evaluated and
compared in terms of their corresponding life cycle
cost and subject to reliability constraints. In particular,
for each retrofit option, the corresponding life cycle
cost is evaluated by calculating in monetary terms,
the direct cost of the installation of the retrofit solu-
tion, the maintenance cost of the retrofitted system, the
repair/replacement costs in case of damage, and the
social costs including eventual loss of life and end-
of-life recycling costs. After the low-cost option is
identified among the set of options, the system reli-
ability for the corresponding retrofitted infrastructure
needs to be verified against an acceptable threshold.
In this work, the system reliability is calculated tak-
ing into account both blast and earthquake hazards
(Asprone et al. 2009).
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FE-based reliability analysis of the buckling of shells
with random shape, material and thickness imperfections

V. Dubourg, C. Noirfalise, J.-M. Bourinet & M. Fogli
IFMA & Université Blaise Pascal, Laboratoire de Mécanique et Ingénieries, Aubière Cedex, France

ABSTRACT

Shell structures are widely used in many industries
due to their load carrying capacity vs. weight optimal
ratio. By their very nature, the mechanical behavior of
these lightweight structures is rather sensitive to slight
variations in geometry, material properties, boundary
conditions or loads. In an effort to address the effects
of these variations which are most often of random
nature (e.g. uncertain shape or thickness, due to the
manufacturing process, spatial variations of material
properties), the present work aims at quantifying the
level of safety of such structures with respect to buck-
ling which is a major concern for structural engineers
involved in shell design. It is proposed here to have
recourse to a highly efficient and robust Finite Element
(FE) method in order to capture the intricate mechan-
ical behavior of shells and to make use of an efficient
simulation technique for assessing small probabilities
of failure of interest.

In the proposed approach, we use an original
method (Cochelin 1994) known as the Asymptotic-
Numerical Method (ANM). It was proved to be less
computationally demanding than more conventional
incremental-iterative methods offered in usual gen-
eral purpose FE codes. The ANM takes into account
material and geometric nonlinearities, follower forces
and boundary conditions w.r.t. local axes. Another
major advantage comes from its ability to accurately
detect bifurcation and limit point loads in a fully auto-
matic and robust manner, which makes it very suitable
for stochastic analyses. The present work is based on
the 7-parameter formulation Büchter and Ramm shell
element, which avoids thickness locking through the
EAS concept. The stochastic model involves various
random fields over the shell. We assume here some
randomness in the shape of the structure which dif-
fers from the perfect one and we also take into account
the spatial random variation of material properties and
thickness over the shell.

In order to assess the failure probability of such
a challenging structural reliability problem involving

random fields and a computationally demanding FE
buckling problem, it is proposed to make use of
subset simulation (Au & Beck 2001). This method
outperforms crude Monte Carlo in estimating small
probabilities of failure, as it converts the initial prob-
lem to another more tractable one which basically
consists in finding a few larger conditional probabili-
ties of intermediate failure events. For completeness,
a FORM approach is also used to provide significant
local sensitivity results.

The proposed methodology is applied for illustra-
tion purpose to a structure derived from the Scordelis-
Lo shell roof, taken from reference (Scordelis &
Lo 1961). The shape imperfection is assumed to be
a linear combination of a few most critical elastic
buckling modes, whose coefficients are considered
as random variables. Random variations of thickness
and material properties (Young’s modulus and yield
strength) are taken into account by means of log-
normal isotropic and homogeneous stochastic fields.
These random fields are represented in Karhunen-
Loève expansions, based on an exponential covariance
function. It is worth pointing out that solving such
FE-based structural reliability problems is rather com-
putationally demanding and it is made possible here
by combining efficient methods at both mechanical
and stochastic levels (ANM and subset simulation
respectively), on a multiprocessor computer platform
allowing distributed computing.
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A review of recent features and improvements added
to FERUM software

J.-M. Bourinet, C. Mattrand & V. Dubourg
IFMA & Université Blaise Pascal, Laboratoire de Mécanique et Ingénieries, Aubière, France

ABSTRACT

The development of FERUM (Finite Element
Reliability Using Matlab) software as an open-source
Matlab® toolbox was initiated in 1999 under Prof.
A. Der Kiureghian’s leadership at the University of
California at Berkeley (Der Kiureghian et al. 2006).
This general purpose structural reliability code was
developed and maintained byT. Haukaas, with the con-
tributions of many researchers. Since 2003, this code
is no longer officially maintained.

The present paper aims at presenting the main
features and capabilities of a new version of this open-
source code based on the main contributions of the
first author and the help of a few Ph.D. students at
IFMA. The main concepts of FERUM are preserved
and this paper lists the major changes operated in this
code. FERUM should still be viewed as a development
platform for testing new methods and applying them
to various applications.

Regarding FERUM framework, the main structure
of input data is preserved. Besides, major changes
have been brought to version 3.1. The gfun.m func-
tion now allows sending multiple simultaneous calls
to the g function. This change makes it possible to
carry out simulations based on analytically defined
limit-state functions vectorized in the Matlab sense,
in a very efficient manner. Another potential use is
distributed computing on multiprocessor computer
platform. Other modifications brought to FERUM
were besides driven by this important change, in order
to adapt all existing reliability algorithm so that they
take advantage of multiple simultaneous calls to g.

Reliability methods such as FORM, SORM, Monte
Carlo Simulation (MCS) and Importance Sampling
(IS) are still available in this new version. Directional
Simulation (DS) based on deterministic directions is
implemented and allows structural reliability analyses
for low-dimensional random spaces. Subset Simula-
tion recently introduced by S.-K. Au and J. Beck
(Au & Beck 2001) is also available and represents
an interesting alternative to MCS in estimating small
probabilities of failure.

All these methods are still based on the so-called
Nataf model. The underlying R0 correlation matrix
is now obtained by numerical Gauss integration. An
effort has also been made in the new version to cal-
culate accurate sensitivities to distribution parameters
by numerical integration too, including sensitivities to
correlation. Other features regarding sensitivity and
importance measures have also been added. FERUM
now offers extra capabilities regarding global sensitiv-
ity measures, based on Sobol’ indices (Sobol 1993).
These indices are evaluated through various sam-
pling techniques such as crude MCS and Quasi-Monte
Carlo (QMC) simulations or by means of a limit-state
function surrogate using Support Vector Machines.

FERUM now also offers capabilities regarding
RBDO analysis on the basis of J.O. Royset’s works
(Royset & Polak 2004, 2007). The implemented
method consists in a brute-force outer optimization
loop over the reliability evaluation. The outer opti-
mization loop makes use of the Polak-He optimization
algorithm.The RBDO analysis can be carried out using
FORM, MCS or DS.
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Reliability-based integrity assessment of structural systems subject to
heterogeneous deterioration and large-scale inspection uncertainty

M.A. Maes, M.R. Dann & K.W. Breitung
University of Calgary, Calgary, Canada

ABSTRACT

Deterioration affects the reliability and the safety of
virtually all types of structures and infrastructure. The
present paper focuses on the posterior lifetime esti-
mation of structural systems affected by corrosion
and wear, but in the specific case where (1) only
imprecise inspection data are available to estimate the
parameters of the deterioration model; and (2) con-
siderable heterogeneity is observed in the degradation
paths of distinct corrosion features within different
structural units. This situation occurs quite often in
a variety of structural contexts. A typical example
is the assessment of future onshore/offshore oil/gas
pipeline integrity, for which the two single largest
sources of degradation are internal pitting corrosion
and micro-bacterial corrosion: both types of degrada-
tion can be well described by a stochastic process such
as a specific transformation of a Brownian motion with
drift, or a time-transformed gamma process with inde-
pendent increments. But the true challenges are that
internal inspections (e.g. using an intelligent pig) can
only be performed infrequently and suffer from con-
siderable uncertainty due to sizing errors, detectability,
and reportability. Individual corrosion pits/features are
also subject to considerable heterogeneity between
degradation paths beyond what can be accounted for by
conditioning on explanatory variables. In other words,
spatial heterogeneity can partly be explained by cause-
effect models capturing exposure, sensitivity, material

variability, etc., but we must also account for addi-
tional local aleatory effects. Both scenarios suggest
the use of Bayesian models and the use of hierarchical
models accounting for surrogate random effects within
the stochastic deterioration processes. The present
paper focuses on both the framework and the math-
ematical techniques that are most convenient in the
processing of large sets of imprecise inspection data
using heterogeneous deterioration models with the
objective of making informed lifetime integrity prog-
noses. An important aspect of the framework is that
the inspection data usually suffer from sizing uncer-
tainty (e.g. regarding corrosion pit depth) that is of the
same order of magnitude as the uncertainty associated
with random growth increments between inspections,
as well as important detectability issues. The model
variables that need to be estimated or updated in a
Bayesian context include the basic parameters of the
underlying stochastic process, the clock-time transfor-
mation parameters needed to match the basic corrosion
process (e.g. initiation time, power law or sigmoid
transformations, plateau modeling) and the random
effects causing heterogeneity between degradation
paths within structural units or systems. Numerical
examples illustrate how the different components of
the hierarchical protocol affect lifetime and integrity
assessment.
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Virtual building inspection for open risk assessment software

J. Mitrani-Reiser and N.P. Jones
Johns Hopkins University, Baltimore, MD, USA

H. Ryu
Stanford University, Stanford, CA, USA

N. Luco
U.S. Geological Survey, Golden, CO, USA

ABSTRACT

Extensive damage to woodframe housing during the
Loma Prieta and Northridge earthquakes emphasized
the vulnerability of this type of structure and strength-
ened the need to develop methodologies that quantify
the risk of woodframe structures being uninhabitable
or “red-tagged” after a strong seismic event. There is
a current initiative within the USGS to make seismic
risk assessment openly available to owners of wood-
frame houses, which comprise the largest population
of buildings exposed to seismic hazard. This initia-
tive is working towards an interactive web-based tool,
known as ResRisk-WH (Residential Risk – Wood-
frame Houses), that queries homeowners for basic
descriptions of their homes (e.g., location, size, age,
etc.) for use in a subsequent automated risk analysis.
An essential component of this analysis process is to
quantify the seismic performance of woodframe hous-
ing in terms of building safety (i.e., probabilities of red
tagging).

This paper demonstrates how the probability of
building safety can be estimated through a “virtual
inspector” using the probabilities of damage of the
building’s components and applying current building
inspection guidelines. An analytical model, otherwise
known as the virtual inspector (Mitrani-Reiser 2007;
Mitrani-Reiser and Beck 2007), was developed to esti-
mate the probabilities that the building will be tagged
at various levels of ground shaking with the well-
known red, yellow, and green safety placards, based on
current U.S. guidelines. This model may also be used
to locate the areas of higher probability of damage in
the structure. The virtual inspector probabilistically
estimates building safety by matching up the damage
descriptions from the fragility functions of the struc-
tural and nonstructural components with the damage
descriptions from inspection guidelines.

The virtual inspection methodology is divided into
two modules: (1) the rapid evaluation phase, which
evaluates the structural integrity of a building and the
probability of a red-, yellow- or a green-tag being
posted, based on what would be a speedy inspec-
tion of the exterior structural components; and (2) the
detailed evaluation phase, which includes a more thor-
ough inspection of the structural components in the
exterior as well as the interior of the building. This
paper will describe the established close-form method
for estimating safety tagging of structures using these
safety evaluation guidelines. This paper will present
the extension of this application into the ResRisk-WH
framework, using Monte-Carlo simulations to quantify
the probability of safety tagging of woodframe struc-
tures. The methodology presented here will provide a
framework for automated virtual tagging of structures
to estimate the forcible closure of woodframe housing
as well as a means to estimate the probability of person
displacement conditioned on seismic hazard intensity.
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Seismic risk communication with owners in structural design

K. Hirata & T. Ishikawa
Japan Women’s University, Tokyo, Japan

ABSTRACT

Structural performance decision-making for a build-
ing is to determine the risk of failure probability
concerning human life and property. However, private
building owners have poor experience and knowledge
about risk or decision-making for structural perfor-
mance. As a result, structural engineers, with support
of design codes, decide all performance and risk with-
out consulting or explaining to owners. As in other
professions, structural engineers need to begin to
communicate with owners on matters of risk.

This paper describes citizen’s attitudes using ques-
tionnaire results as a basic survey to establish a frame-
work of risk-communication methods with building
owners. This survey specifies contents and require-
ment for risk communication for seismic safety focus-
ing on the owner’s trust of engineers and decision-
making for performance. The goal of communication
is a reasonable selection of seismic safety performance
level.

The first citizen’s attitudes survey was carried out
on the web in 2006 and obtained 535 people’s opin-
ions. The respondents were men and women more
than 30 years old, who have lived in a relatively high
seismic hazard area (Tokyo, Hokkaido, and Hyogo).
Their answers didn’t show difference between gen-
ders. There was a little difference of living area or
experience of big earthquake. This survey defines the
developing process for citizens with three steps in
risk communication. The first step is recognition that
risk and information disclosure is needed. The sec-
ond step is owner’s involvement in decision-making
and deeper understanding of risks. The last step is
reasonable decision-making of owners supported by
structural designers. The results of this first survey

indicate that Japanese citizens have reached the second
step with understanding risks based on relatively cor-
rect knowledge, but they cannot yet stand on the third
step. For establishing a process of risk communication
based on trust, we professionals should understand the
present requirement of owners and users and then we
have to support improved decision making by owners.

A Second survey was carried out on the web in 2008
with 580 citizens. The respondents live in all prefec-
tures and are from 30 years to 60 years old.This survey
showed that respondents feel that there is no or little
information about soil, piles, or material strength when
they buy a brand new home. They also feel unsafe,
and it means distrust to professionals. Over the half
of respondents think self-check on trust of the design
result. Many respondents were undecided on numer-
ous parts of the survey, indicating that much needs
to be done to improve risk communication. They are
so interested in risk communication, and they need
not a commentary but explanation of engineer. The
explanation of performances before the agreement is
especially needed.

Risk communication is essential to owners but
it also has difficulty under present circumstances.
Contents of communication which designers should
explain before the agreement and method of decision-
making are also considered in this paper.
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ABSTRACT

More than 6400 people lost their lives during Kobe
Earthquake in 1995; about 84% of them became vic-
tims of structural collapse of old wooden houses and
wooden apartment buildings which did not meet the
current seismic requirement enacted in 1981. There
are about 11 million of such existing non-conforming
wooden houses today in Japan, and upgrading of their
seismic performance is essential for disaster mitiga-
tion. Many of the local governments offer financial
support for the upgrading provided that the upgraded
performance meets the current design requirement.
However, even with the financial support, the owners
still have to spend about one million yens on average.
Such large expenditure makes the owners reluctant to
upgrade their houses and accordingly, more than 99%
of existing non-conforming wooden houses remain
untouched.

The authors have proposed to upgrade a large num-
ber of such houses to the level even lower than the one
required by the current design requirement rather than
upgrading small number of houses satisfying current
design requirement (Mori, et al., 2007). Such a strategy
is much more cost effective from the viewpoint of life
safety for the whole society and also for a house owner.
However, since houses could be heavily damaged, the
feasibility of such a strategy should be investigated
from various point of views.

Many people would have to evacuate from their
houses at an event of strong ground motion and
take refuge to public buildings such as school build-
ings and gymnasiums. If the number of refugees is
too large, there could be an overflow of refugees as
seen after Kobe earthquake. Also as many of existing
school buildings and gymnasiums does not meet cur-
rent design requirement, their availability as refuge is
in question. Many of local government are trying to
upgrade such non-conforming buildings.

This paper investigates the effectiveness of upgrad-
ing existing non-forming school buildings and gym-
nasiums as well as wooden houses in Nagoya, Japan
from the viewpoint of the reduction of risk of refugees
to overflow. Buildings and gymnasiums in public
elementary schools and junior high schools are consid-
ered. The risk is estimated for each elementary school
district taking into account the seismic performance
level of the school buildings and gymnasiums based
on the seismic diagnosis. Although people would take
refuge with various reasons such as loss of energy sup-
ply, only those people who are forced to take refuge
because of the severe damage on their houses are
considered.

It is shown in this paper that upgrading of school
buildings can reduce the refugees, but the effect is
limited. Upgrading of wooden houses is essential for
reducing the refugees to overflow intensively; target
seismic grade lower than 1.0 still has a large effect
on the reduction of the risk. Such a strategy is in
accordance with the one for saving lives (Mori, et al.,
2007).

Risk maps of refugees to overflow in each elemen-
tary school district of the City of Nagoya are also
presented. Such information is useful for a local gov-
ernment to give priority to upgrading non-conforming
existing school buildings and the wooden houses in
a district with higher risk than the others. Such risk
information is also useful for individuals such as house
owners to make decision whether they upgrade their
houses and/or where they would take refuge.
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risk of RC buildings damaged by chloride ingress
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ABSTRACT

Generally, structural members, beams, or columns
whose reinforcing steel components are corroded
by carbonation or chloride ingress are appropriately
repaired/retrofitted after investigating the cause of cor-
rosion. However, besides minimizing the life-cycle
cost (LCC) (Mori et al. 1994, Frangopol et al. 1997,Val
et al. 2005, Chiu et al. 2007, Kanemastu et al. 2001),
including the deterioration risk few studies discuss
how an optimal maintenance plan can be envisaged
beforehand to increase the mitigation effectiveness of
the deterioration risk. Therefore, there is a need for
a system that can be used to determine a mainte-
nance plan based on the mitigation effectiveness of
the deterioration risk in terms of structural capacity
and serviceability. In this paper, we describe a system
that can estimate the LCC, including the deterioration
risk (induced by chloride ingress), of a building result-
ing from failure and severe spalling/cracking during
earthquakes (Figure 1). In addition, five repair/retrofit
techniques or strategies considered and build proba-
bilistic models in this paper to reflect the effect of
each strategy. Finally, based on the mitigation effec-
tiveness of deterioration risk, including the reduction
ratio of LCC and the benefit-cost ratio of mainte-
nance, the optimal maintenance strategy and period
can be decided and case studies are used to discuss the
application of the system.

According to the results of the case study, main-
tenance technologies with steel supplementing, e.g.

Figure 1. Flowchart depicting how deterioration risk
induced by chloride ingress is evaluated.

Table 1. Statistics for deterioration parameters.

Uncertainty Distribution C.O.V

Surface chloride
content (Co) Lognormal 10%
Depth of concrete
cover (x) Lognormal 20%
Apparent diffusion
coefficient (Dp ) Lognormal 30%
Critical threshold chloride
concentration (Climit) Uniform 1.0-1.2 kg/m3

Corrosion rate (Vcorr) Lognormal 50%

TYPE-IV and TYPE-V of this research, are effective
to reduce the LCC of an RC building located in the
regions with chloride ingress and high seismic hazard,
e.g. Japan and Taiwan.

Although recurrence periods of earthquakes have
been assigned in this paper, users can change them to
fit in with seismic design codes considered. In future,
instead of specified recurrence periods of earthquakes,
seismic hazard analysis will be included in this system
and develop more useful estimation models.
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ABSTRACT

Probabilistic fatigue properties of unidirectional com-
posite are evaluated using the data sets collected
from database and published papers. For mathematical
expressions of S − N curve, 8 types of S − N models
in the Standard Evaluation Method of Fatigue Relia-
bility for Metallic Materials (The Japanese Society of
Material Science. 2004) are prepared. From numerical
result, it is confirmed that single or double logarithmic
linear model is optimum for UD-CFRP. On the other
hand, double logarithmic curve model is the optimum
one for UD-GFRP.

To evaluate scatter of the fatigue test data quantita-
tively, each data set is normalized by tensile strength.
As a result, each data can be gathered into narrow
region. However, some data plots still exist out of
common region and statistical test for differentiat-
ing between data sets based on analysis of variance
is carried out.

Using the merged data set, fatigue life and strength
distributions are evaluated. Fig.1 shows fatigue life and
strength distribution of UD-GFRP. Fatigue life distri-
bution is well approximated by weibull distribution.
However, the adaptability decreases at high or law
stress level as shown in Fig.1(a). On the other hand,
fatigue strength distribution is well approximated by
normal distribution. From these results, it is confirmed
that fatigue life distribution shows complex distribu-
tion pattern and varies by changing the stress level
for evaluation. On the other hand, fatigue strength dis-
tribution shows relatively simple distribution pattern
and are approximately identical at different number of
cycles.

The developed model is expanded to apply the data
sets which indicate plural failure modes. Fatigue test
results for plain woven GFRP (Tanimoto,T. et al. 1979)
is selected as an example and a data separation algo-
rithm based on failure mode is proposed. Fatigue life
distribution is approximated by mixed log-normal dis-
tribution and the occurrence probability is used to

Figure 1. Fatigue life and strength distribution for
UD-CFRP.

determine the number of cycles which separate the
data sets. As a result, it is confirmed that reasonable
S − N curves were obtained.
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Stochastic modeling of architectural glass strengths
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ABSTRACT

Current developments in the theoretical modeling of
glass strength are based mainly on a glass failure
prediction model developed at Texas Tech Univer-
sity (Beason & Morgan, 1984). This model accounts
for the geometrically non-linear load-response of thin
glass plates, the time-dependence of glass strength
(dependent on the applied stress-history), and the sta-
tistical variability and spatial distribution of strengths
(modeled in accordance with Weibull’s statistical
strength theory). Hence the glass failure prediction
model describes the strength of glass in terms of a
notional failure stress (a constant 60-second stress for
a unit stressed area) that is described by a Weibull
distribution.

However, glass test results are often reported with
regard to the peak loads resisted by glass plates, the
peak stresses developed in the glass plates, or the
critical stresses at the fracture origins (which are nor-
mally different from the peak stresses). The associated
strengths are commonly described by fitting Weibull
distribution functions, but the strength statistics and
fitted distribution functions are not directly propor-
tional to those for the equivalent 60-second stresses
described by the glass failure prediction model.

The paper examines two aspects of glass strength
modeling that have not been dealt with before. Firstly,
the paper examines the relationship between the glass
failure prediction model and the distribution of the
critical stresses at the fracture origins for non-uniform
stress fields.The paper shows how the glass failure pre-
diction model can be used to model the distribution of
the critical stresses at fracture origins, with particular
reference to the non-uniform stress fields developed
in ring-on ring tests on glass plates.

Secondly, the paper examines the influence of a
crack propagation threshold in relation to the Weibull

distribution of strengths described by the glass fail-
ure prediction model. The paper describes a stochastic
crack growth model of strength for glass with flaw
sizes that are Pareto distributed (corresponding to a
Weibull distribution of strength) and examines the
influence of a crack propagation threshold based on
a threshold value of the stress intensity factor.

Results are presented concerning the distribution
of critical stresses at fracture origins in a non-uniform
stress field, compared with the strength distribution
described by the glass failure prediction model (based
on the strength of the total stressed area). It is shown
that although the critical stresses at fracture origins
are generally lower and more variable than the max-
imum applied stresses, the shape of the respective
distribution functions is similar. Therefore, in accor-
dance with the glass failure prediction model, the
critical stresses at fracture origins are approximately
Weibull-distributed.

Results are also presented concerning the influence
of a crack propagation threshold, considering alterna-
tive crack growth models to account for a threshold
value of the stress intensity factor KI . It is shown that
if the threshold simply prevents crack growth when KI
is below the threshold, then it has a negligible effect on
the strength distribution for a ramp load. However, if
crack growth is a function of the amount by which KI
exceeds the threshold, then the strength distribution
for a ramp load is strongly influenced by the crack
propagation threshold. Nevertheless, the distribution
of failure stresses does not exhibit a stress threshold.
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ABSTRACT

Structural design deeply involves material strengths,
which are obviously affected by uncertainty (Ang and
Tang 2007, Melchers 1999, Conte 2001). As far as the
material “concrete” is concerned, building codes (Ital-
ian codes, Eurocodes, ACI regulations) typically state
that it should be identified and classified by means
of its conventional characteristic uniaxial compressive
cubic strength at 28 days. Although the fundamen-
tal importance of the problem of the evaluation of
the characteristic compressive strength of concrete in
structural design, the statistical analysis geared to iden-
tify an accurate probabilistic model of the concrete
strength has not been a central issue of the research
works in the field for many years.

This paper describes the results of an investigation
performed to obtain the compressive strength statistic
characteristics of a production of about half a million
cubic meters of concrete. This amount of concrete was
produced over a five-year period.

With the aim of obtaining the more adequate rep-
resentation of the actual probability distribution of
the concrete compressive cubic strength, the three
following distributions are selected and considered
in the statistical analysis reported in this research
work: the Normal distribution; the Shifted Lognormal
distribution; the Gumbel distribution.

The techniques for estimating the parameters val-
ues from available observational data (measurements)
of a random variable and for deriving the appropriate
probabilistic model for a random variable are embod-
ied in the methods of statistical inference, in which
information obtained from sampled data is used to
represent the corresponding information regarding the
population from which the samples are derived. Infer-
ential methods of statistics, therefore, provide a link
between the real world and the idealized probability
models assumed in a probabilistic analysis.

The results have shown that the Shifted Lognormal
distribution (Fig. 1) is capable of capturing the charac-
teristics of the experimental data much better than all
the other distributions examined. The Gumbel distri-
bution has also shown good results. On the other hand,
the Normal distribution, which is so often used for

Figure 1. Shifted Lognormal distribution: theoretical PDF
and experimental frequency histogram.

statistical representations, has displayed worse results
in the capacity of capturing the characteristics of the
experimental data.

On the other hand, the Italian code and, to some
extent, the Eurocode substantially base the evaluation
of concrete properties upon a Normal distribution. It is
therefore advisable that design codes will encompass
the possibility for the engineer to evaluate the concrete
properties based upon these more refined statistical
models.

REFERENCES

Ang, A.H.S. and Tang, W.H. (2007), Probability Concepts
in Engineering. Emphasis on Applications to Civil and
Environmental Engineering, 2nd Edition, John Wiley and
Sons, Inc.

Conte, J.P., (2001). Statistics, Probability and Reliability.
Course at the University of California at San Diego, fall
2001, 4.68-4.74.

Melchers, R.E. (1999), Structural Reliability Analysis and
Prediction, 2nd Edition, John Wiley and Sons, Inc.

217

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c25&iName=master.img-001.jpg&w=191&h=124


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Probabilistic assessment of masonry compressive strength
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ABSTRACT

Structural masonry is a construction material com-
posed of units and mortar, two components i.e. mate-
rials with quite different mechanical properties. How-
ever, masonry is usually treated as a unique, more or
less homogeneous material. The key masonry material
characteristic is the compressive strength perpendic-
ular to the bed joints, fx. It would be desirable to
obtain information in regard to fx through intensive
testing of masonry specimens according to appro-
priate test standards. In this way a proper statistical
treatment of the test data would be possible. In partic-
ular, appropriate probability distribution functions and
corresponding parameters would be straightforwardly
assessable.

On the other hand, the masonry compressive
strength perpendicular to the bed joints can be put in
relation to the corresponding unit and mortar compres-
sive strengths. The components’ strengths are easy to
obtain and numerous tests are usually performed dur-
ing the production; those results are thus statistically
well defined and appropriate probabilistic models may
be established.

The first important issue to be considered in estab-
lishing a probabilistic model is thus whether to base the
modeling on test results from large masonry panels, or
test results from the masonry components, units and
mortar. Based on the experience of the authors, proba-
bilistic models developed on the basis of tests on large
masonry elements are generally more reliable, i.e.
associated with less model uncertainty. However, the
obvious drawback is that such tests are more expensive
and labor intensive. The two approaches can, however
supplement each other such that the performance of
masonry structures established on the basis of tests
on the components individually can be updated based
on a few large scale tests on masonry using Bayesian
updating.

Firstly, the masonry compressive strength taken
from the code will be treated as random variable and
the procedure of the updating will be presented. The
prior probabilistic model (before updating) for fx is
assumed normal distributed with known standard devi-
ation σfx and an uncertain mean value µfx. The mean
value is assumed normal distributed with known mean
value µ′ and standard deviation σ ′. Here, these two
values are introduced based on the engineering expe-
rience which is characteristic of the Bayesian way of
thinking. Assuming that n tests for determining fx are
performed on large specimens and test results are rep-
resented by the vector f̂xhaving mean value x̄, the prior
probabilistic model for the mean value of fx can be
updated using natural conjugate distribution. Based
on the new observations i.e. test results the posterior
parameters µ′′ and σ ′′ can be calculated and the pos-
terior distribution function can be established. More
general, both of the prior distribution parameters µfx
and σfx can be assumed as normally distributed random
variables. After obtaining the test results, the poste-
riori distribution can be readily derived. In this case
the natural conjugate distribution is Normal Inverse
Gamma-2 distribution.

Secondly, for illustrative purposes an example is
calculated. Masonry compressive strength obtained
using the European structural masonry code empiric
formula (which combines the compressive strengths of
masonry components – units and mortar) is updated,
using the results from additional tests on masonry
specimens, according to the procedure outlined in
the foregoing. It could be shown that the Bayesian
updating (even with only one additional test) can con-
siderably update the prior distribution of the masonry
compressive strength: in this example the mean value
has lessen (according to the results of the additional
tests) and the standard deviation has decreased.

Finally, recommendations for practical applications
and for future work in this area are provided.
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ABSTRACT

Fracture control is a standard practice for critical
structural components in NASA applications. Stan-
dard guidelines have been developed to define when
fracture mechanics (also known as damage tolerance)
calculations are required, and templates have also
evolved to identify how the fracture mechanics (FM)
calculations are to be performed.

Those guidelines and templates address a determin-
istic calculation of the safe life from a FM standpoint.
Inputs to the calculation are generally either stan-
dard, defined quantities (e.g., standard initial crack
sizes based on the applicable nondestructive evalua-
tion (NDE) method) or nominal values (e.g., average
material fatigue crack growth (FCG) rate and fracture
toughness data). In some special cases, conservative
bounding values (e.g., upper bound FCG rate data or
lower bound toughness) are required. The so called
“safe life” limit for NASA applications is generally
defined by performing the FCG life computation based
on these nominal inputs and then dividing the life by
a factor of four to account for material variability.

However, this well-established paradigm for deter-
ministic fracture control may be inadequate in certain
situations. In some cases, the calculation may pro-
duce an overly conservative result that cannot be
sustained due to program economic or schedule fac-
tors. In other cases, the conservatism (and hence the
safety) of the result cannot be guaranteed due to var-
ious uncertainties in the analysis. Furthermore, the
existing deterministic fracture control paradigm does
not produce any quantitative measure of the risk of
fracture, and so there is no understanding of how the
propensity for fracture contributes to the total risk
of system failure. Therefore, the current determinis-
tic fracture control calculation does not (and cannot)
support the quantitative computation of total system
reliability, even when failure by fracture is one of the
most significant possible causes of system failure.

A probabilistic fracture mechanics (PFM) analysis
can address these shortcomings. An initial guidance

document has been developed that describes the con-
ditions when a PFM analysis should be performed and
qualitative directions on how to perform this analysis
(SwRI, 2007).

These PFM guidelines and templates describe a
comprehensive approach to reliability assessment of
complex fracture problems. This degree of complex-
ity and level of effort is not feasible, however, for
PFM evaluations at the design stage. At the design
stage, a quick answer is needed to support prelimi-
nary reliability assessments (including system risk),
and the available information is insufficient to support
a comprehensive analysis. Instead, a simple “Level 1”
assessment is needed that generates a preliminary mea-
sure of reliability for comparison purposes. It appears
that a simple PFM analysis based on three key ran-
dom variables—initial crack size (based on generic
production NDE POD curves), life scatter (based on
historical materials data), and loads variability (based
on engineering estimates of average and worst-case
load environments)—may be useful for this purpose.

This paper provides an overview of the PFM guid-
ance document. In addition, demonstration of the
initial “Level 1” approach is provided utilizing the
NESSUS® (SwRI, 2006) probabilistic analysis soft-
ware and the NASGRO® (SwRI, 2008) fracture
mechanics software.
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Decision support simulator for post-earthquake emergency
management based on bayesian updating theory
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ABSTRACT

In post-earthquake emergency response, collection of
actual damage information is time-consuming. There-
fore, many kinds of rapid damage estimation systems
have been developed on the basis of real-time pro-
cessing of seismic intensity information, building
inventory, and fragility relations. However, since initial
damage estimation is highly uncertain, decision mak-
ers are often involved in a trade-off between rapidness
and preciseness of important actions.

This problem stems from the fact that conventional
damage estimation systems are not capable of bridg-
ing the gap between the initial damage estimates and
the actual damage situations. Considering the balance
of rapidness and preciseness in emergency response,
decision support systems should have functions to
incorporate actual damage information, update dam-
age estimates, and eliminate uncertainty in the initial
damage estimates.

In this view of the problem, a decision support sim-
ulator was developed for post-earthquake emergency
response. Two kinds of damage information are inte-
grated on the basis of Bayesian updating theory: one
is rapid damage assessment, and the other is actual
damage information.

Assuming multi-rank damage, the prior PDF of
damage probability is modeled by Dirichlet distri-
bution subject to sequential update incorporating the
real damage information. The PMF of the number of
damage is obtained as Dirichlet-multinomial distri-
bution which is also to be updated. Focusing on the
highest rank of damage, corresponding marginal dis-
tributions are obtained as beta PDF and beta-binomial
PMF. Sequential probability ratio test is then applied
for engineering judgment of activation of emergency
response.

Through numerical examples, major finding are
derived as follows.

1) Recognizing and quantifying the uncertainty inher-
ent in the initial damage estimates is essential
for subsequent updating of damage estimates in
Bayesian manner (Figure 1).

2) Sequentially updated estimates converge to the
actual situation with increasing information on the

Figure 1. Bayesian updating process of probability distri-
bution of the damage probability (beta PDF).

Figure 2. Updating process of the number of building
damage (average ± standard deviation).

real damage (Figure 2). Even if the initial estimates
are erroneous, flexible response can be performed
in accordance with the actual situations.

3) By incorporating real information, the variance of
updated damage estimates can be reduced. Only
10% progress of damage investigation significantly
improves the accuracy (Figure 2).

4) According to prescribed parameters, the decision
support simulator suggests suitable decisions. The
proposed method is capable of supporting emer-
gency responders by providing judgment criteria
for emergency actions within restrictions of time
and resources.
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ABSTRACT

In the Asset management of the bridge, it is neces-
sary to use total integrity of each structure for the
targeted deterioration forecast of the structure and the
priority level decision etc. of the repair and reinforce-
ment as an index. Up to now, the way of setting the
weight coefficient has been important and difficult
prob-lem, because the corrections corresponding to
the bridge form such as long-span bridges , the earth-
quake environment , the natural condition and the
traffic environment are needed. Therefore the estab-
lishment of an appropriate evaluation method would
be needed immediately.

The trial method for applying to the bridge total
integrity evaluation in this paper is the one that is
called MT system one of the techniques of Taguchi-
method.The MT system uses the distance of Maha-
lanobis as the standard by the method of judging how
a certain individual shifts from the center of a nor-
mal group. When a normal space is on the edge of the
population, it is easy to identify the one of abnormal-
ity because the Mahalanobis distance from a normal
space grow. The MT system is composed of three
techniques of MT method (Mahalanobis-Taguchi),
MTA method (Mahalanobis-Taguchi adjoint), and TS
method (Taguchi-Schmidt) now. In this paper, the
MTA method was selected for the bridge total integrity
evaluation from among these three techniques.There is
a quantitative index as a total integrity of each bridge,
what we call Brigde Health Index (BHI) calculated
by the method of weighted mean by using the weight
coefficient between materials. In this paper, firstly the
verification of the practicality of this method was done
by the comparison with BHI and examined whether
this method being able to substitute BHI. By using
this method a person who is not the specialist could
easily evaluate the total integrity of bridge based on
appropriate inspection results, so it is effective.This
method can simultaneously consider a lot of items

Figure 1. Concept of abnormal judgment.

and evaluate total integrity without the weight coeffi-
cient of each item separately(containing the weighting
factor inside). If the importance degree is considered
as an item using this characteristic, the Mahalanobis
distance is expressed as priority in which the total
integrity and the importance degree evaluation are uni-
fied. In this paper, the method of calculating the index
that shows the priority level using the Mahalanobis
distance is shown. The Mahalanobis distance of the
bridge with the inspection data showing deterioration
is large from a normal space. If there is a history of peri-
odic inspection, the deterioration curve that expresses
the secular distortion by the Mahalanobis distance can
be made. In this paper, the deterioration curves by the
Mahalanobis distance that used the real inspection data
are shown.
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A method to detect bolt loosening for a simple structure
by Hilbert spectrum
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ABSTRACT

To identify damage of structure, various techniques
has been proposed. The hammering test is an one of
simple and quick methods and frequently used. A few
trained experts can recognize the differences of the
tones generated by the hammering and detect possible
damage of a structure. Since this is very difficult skill
for untrained people, it must be very useful to develop
alternative techniques using some instruments instead
of human ears.

The applicability of methods using free vibration
data to detect damage of a cantilevered column steel
model is discussed in this study. Firstly, time histories
of free vibration were measured by the hammering
tests under the conditions in which some bolts at the
base plate are artificially loosen. The damaged levels
are controlled by the torque of bolt: that is, normal,
75%, 50%, 25%, and no torque. When the torque of
bolt is very small (less than 50%), it is easy to recognize
the bolt loosing by the tone of sound during the vibra-
tion. This means that any mathematical techniques are
not necessary. Thus, the object of this research is con-
centrated to detect slight damage such as 75% torque
of normal condition.

For this purpose, Fourier and time-frequency anal-
ysis are applied to the time histories obtained by
the hammering test. Since the differences between
predominant period of normal and 75% torque are
very small, it is very difficult for Fourier analysis
to detect slight damage. On the other hand, Hilbert-
Huang Transform (HHT) (Huang et al., 1998), which
is a one of time-frequency analysis, can recognize such
the slight damage by considering the time properties
of predominant period. Figure shows the results of the
Hilbert spectrum for cases of normal condition and
slight damage (75% torque). From this figure, it is
observed that the duration time of second mode, whose
frequency is about 70 Hz, is significantly different: the
duration time is shortened by the damage.

The results suggest that the damping ratio is affected
by damage and it can be detected by Hilbert spec-
trum readily. From this, we can conclude that the
Hilbert spectrum is useful tool to detect damage for

Figure 1. Hilbert spectra for the data of hammering test.

a kind of simple structure. The obtained results, how-
ever, are limited for a special sample with a few
experiments. As future developments, the physical
background and statistical stability will be discussed
through the numerical and experimental approaches.
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Evaluation of surface roughness of a corroded steel angle exposed
in oceanic environment for 19.5 years

N. Watanabe & Y. Itoh
Nagoya University, Nagoya, Japan

ABSTRACT

This study evaluated surface roughness of a corroded
steel angle member exposed to oceanic environments
for 19.5 years. This member was cut into pieces, and
their shape ware measured by the laser distancemeter
by a 0.3mm pitch.The measured surface geometry was
decomposed into components of waviness and rough-
ness by using a multi resolution analysis, and they were
assessed by 3-D surface characterization parameters.
In 3 groups of parameters i.e., amplitude hybrid, and
functional parameters, were dealt with. Applicability
of proposed simulation of corroded surface was exam-
ined. As a simulation method, the normal probability
field characterized by variogram parameters of sill and
range was used.

Roughness characteristics of corroded member
assessed by 3-D surface characterization parameters
were followings. The value of skewness (Ssk ) and kur-
tosis (Sku) characterized the shape of pitting. At three
regions of over Tokyo peil (T.P.), near the high hater
level (H.W.L.), and near the low water level (L.W.L.),
the big values of skewness and kurtosis were observed
such that the dominant scale was 4.8∼9.6 mm at the
near of H.W.L., while it was 9.6∼19.2 mm over T.P.
and at the near of L.W.L.. Hybrid parameters (R.m.s.
slope (Sq), Arithmetic mean summit (Ssc), and devel-
oped surface area ratio (Sdr)) had the relation with the
value of sill divided by the value of range in normal
probability field model. The value of hybrid parame-
ters with simulated shape was higher than that of actual
shape.

A series of examines showed that a multi resolution
analysis and 3-D surface parameter can character-
ize the shape of corrosion such that R.m.s. deviation
characterizes the large scale of form, skewness and
kurtosis characterizes the scale and distribution of pit-
ting, and hybrid parameters (R.m.s. slope, Arithmetic
mean summit, developed surface area ratio) character-
izes the small scale of form. It was shown that surface
roughness of actual member is characterized corre-
sponding to various corrosion environments including
atmospheric, splash, tidal, and submerged zones. From
comparison between actual shape and simulations, it

Figure 1. Distribution of residual thickness and shape of
corrosion on back side of plate.

was observed that hybrid parameters had relationship
to variogram parameters. It shows that the shape infor-
mation measured roughly enable to estimate the value
of hybrid parameters of actual shape with using the
model of normal probability field to uniform corrosion
shape.
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On the use of wavelet coefficient energy for structural damage diagnosis

H. Noh & A. S. Kiremidjian
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ABSTRACT

Efficient and reliable estimation of damage immedi-
ately after a large earthquake is of great importance
for reducing potential injuries and business interrup-
tion. Previous work on damage detection has focused
on the use of ambient vibrations obtained before the
occurrence of an earthquake and immediately after
such an event. In this paper, the response motion
obtained during an earthquake is used to determine
if a change has occurred due to the strong shaking.
Since earthquake motion is nonstationary, previously
used autoregressive models for damage detection do
no apply. However, use of wavelet coefficient energies
of the output vibration signals is a particularly suitable
approach for detecting damage in the structure from
earthquake strong motion.

The model that will be described in the paper
uses the Morlet wavelet to characterize the earth-
quake motion. The energy of the wavelet coefficients
at a particular scale is defined as the square of the
Euclidean norm of the wavelet coefficients vector as
defined by Nair & Kiremidjian (2007). Similarly the
energy of the wavelet coefficients at a time is defined.
It is found that the energies of the fifth, sixth and
seventh dyadic scales of the Morlet wavelet are the
largest among all scales, and changes in the structure
appear to be manifested as changes in these ener-
gies. In the model, it is hypothesized that an initial
recording from a strong but a non-damaging earth-
quake has occurred at some point prior to a damaging
event providing baseline energies for that structure.
The model is tested with acceleration data for a series
of tests performed on a reinforced concrete bridge col-
umn subjected to successively increasing earthquake
ground motion applied by the University of Nevada,
Reno (UNR) shake table (Choi, 2007).

Wavelet coefficients of response signals from dif-
ferent inputs clearly show different patterns as repre-
sented in Figure 1. As the intensity of the input motion
increases, the peaks of wavelet coefficients shift both
in time and in scale. These patterns are extracted out as
DSF’s using the wavelet coefficient energy.With larger
damage, a migration of these energies can be observed,
and changes in them are found to be indicative of the
onset of damage.

Figure 1. Wavelet coefficients of the acceleration response
at the top of the column for different DP’s: (a) DP 1; (b) DP
3; (c) DP 5; (d) DP 7; (e) DP 9; (f) DP 11; (g) DP 13
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Health monitoring of water distribution systems
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ABSTRACT

Water distribution system is one of the most critical
urban lifeline systems. Under severely cold weather,
or due to corrosion of pipes, deformation of ground,
etc., breaks often occur to urban water distribution sys-
tems and the breaks cannot be easily located, especially
immediately after the events.

In recent years, supervisory control and data acqui-
sition (SCADA) technology has been applied to water
distribution systems. In recent years, supervisory con-
trol and data acquisition (SCADA) technology has
been applied to water distribution systems, in which
water pressure and/or flow rate at some selected posi-
tions such as water resources, pumps and pipes are
monitored online by remote terminal units (RTUs) and
transmitted to main terminal unit (MTU) by radio or
internet. It is expected that monitoring information for
water pressure and/or flow rate at resources, pumps
and pipes is collected online for more efficient oper-
ation and control of the water distribution systems.
However, in reality the number of monitoring stations
is limited, and the monitoring stations for water pres-
sure or/and flow rate are usually decided by experience
or simply evenly distributed, and more importantly,
there are few effective methodologies available, there-
fore, it is difficult to locate a break precisely and timely
in practice.

This paper discusses two key issues in health mon-
itoring of water distribution systems, including the
methodology for optimal monitoring of water pres-
sure or flow rate in a water distribution system for the
purpose of more efficient monitoring, and the method-
ology to locate a break in a water distribution system
by monitoring water pressure online at three nodes
in the water distribution system. It is shown that the
methodologies provide an effective and practical way
for health monitoring of water distribution systems.
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ensemble system
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ABSTRACT

In order to establish a rational management program
for bridge structures, it is necessary to evaluate the
structural damage of existing bridges in a quantitative
manner. However, it is difficult to avoid the subjec-
tivity of inspectors when visual data are used for the
evaluation of damage or deterioration. In this research,
an attempt is made to develop an optimal bridge
maintenance system by using a health monitoring
technique. The damage of Reinforced Concrete (RC)
bridge decks is evaluated with the aid of digital pho-
tos and pattern recognition. So far, neural network has
been applied to judge the damage state of RC bridge
decks. However, there are still such problems that
learning data are not enough, the best feature selection
is difficult and recognition accuracy is not satisfactory.
In order to solve these problems, the fuzzy ensem-
ble classifier system is applied here, which uses fuzzy
rule-based systems assigning a weight value to each
of the suggested classes from the classifier systems.

The pattern recognition is performed based on
the features obtained from the object. The feature
extraction is very important to control the recogni-
tion performance. However, the appropriate selection
of the feature is difficult, because there are various
features. Therefore, an attempt is made to develop a
system that can select appropriate features with the
classifier systems consisting of various feature vec-
tors. Moreover, the classifier systems are constructed
with two algorithms that are fuzzy logic and neural
network. Because, the recognition performance is dif-
ferent according to the combination of the algorithm
and the feature.

The proposed classifier ensemble system consists
of fuzzy classifiers and neural network classifiers and
fuzzy ensemble (Figure 1). Fuzzy classifiers and neu-
ral network classifiers are constructed according to
each feature. Those are tried to construct classifiers
based on various characters. The fuzzy ensemble esti-
mates weight value to each classifier result. The best
classifier result is selected from classifiers results
using this weight value.

Figure 1. Proposed classifier ensemble system.

In this study, the damage of RC bridge decks is
evaluated with the aid of digital photos and pattern
recognition. In general, the procedure for extracting
the characteristics of cracks showing up on concrete
decks through digital images and the classification of
the damage level based on the characteristics are used
in the typical pattern recognition system. Several clas-
sifiers were constructed according to the features that
extracted from digital photos of RC bridge decks and
the algorithms that are fuzzy logic and neural network.
From the examination, it was confirmed the recog-
nition results of these classifiers are quite different.
In the proposed classifier ensemble system, it selects
the classifier effectively from these classifiers and
the recognition performance is improved. In future, to
include more features and algorithms to the proposed
classifier ensemble system expects more improvement
of recognition performance.
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ABSTRACT

Freight transport has increased by 45% in Europe over
the past decade (Eurostat 2008) and this trend seems
likely to continue into the medium term future. A pos-
sible solution to the resulting capacity problem that
this creates would be to increase the permitted gross
vehicle weight to 60t and the number of axles to 8
(OBrien et al. 2008). The effect on highway bridges
of this potentially significant change in traffic config-
uration is currently under evaluation, although Weigh
In Motion (WIM) records have already observed high
frequencies of extremely heavy vehicles, with weights
well in excess of the normal legal maximum in some
heavily trafficked highways. These extreme vehicles,
with gross weight in excess of 100 tonnes, tend to be
either mobile cranes with very closely spaced axles or
low loaders with much longer wheelbases. Such vehi-
cles would be expected to have special permits and
escort vehicles, but were recorded mixed with nor-
mal traffic and travelling close to the speed limit of
80km/h. Whether or not the legal limit for trucks with-
out permits was changed, it is reasonable to expect
that cranes and crane-type vehicles will govern the
design/assessment of some bridges in some circum-
stances. Therefore, it is needed to assess their dynamic
interaction with bridges and the allowance that needs
to be made for dynamics.

So, this paper reviews the dynamic effects of large
cranes on short to medium span bridges and compares
them to common 5-axle articulated trucks, focussing
on the mid-span bending moment load effect. To
account for the variability in vehicle characteristics,
more than 40,000 vehicle-bridge interaction events are
computed using Monte Carlo simulation.

WIM measurements were taken in 2005 at a heavily
trafficked site in the Netherlands.A significant feature
of the gathered data is the high population of extremely
heavy vehicles with daily occurrences of vehicles over
100t. Figure 1 shows an example of a typical crane and
a 5-axle truck of the type used for comparison.

The vehicle-bridge interaction model used for the
Monte Carlo simulation consists of an articulated

Figure 1. Photo examples of recordedWIM trucks, a) 5-axle
truck, b) crane.

3-dimensional truck model and a finite element plate
model representing a simply supported orthotropic
bridge. The solution of the vehicle moving at constant
speed over the bridge with an uneven road profile is
obtained by an iterative procedure.

The results obtained show that Dynamic Amplifi-
cation Factor (DAF) values for cranes are significantly
reduced when compared to 5-axle articulated trucks.
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ABSTRACT

Bridge structure limit state reliability (fragility) stud-
ies have many end uses, including design, retrofit
prioritization, life cycle costing, risk assessment, and
code development. A structure’s fragility curve is an
expression of the behaviors of many different compo-
nents synthesized into a simple metric that addresses
the basic question of “will structure performance be
adequate” for a given level of loading?” By charac-
terizing bridge structure types, the concept can be
extended to entire classes of structures. Nielson (2005)
classified 88% of all highway bridges in the central
and southeastern United States into eight different cat-
egories appropriate for fragility studies. Subsequent
studies (Padgett and DesRoches, 2008) of structures
in these categories ordered retrofit measures using
probability based cost-to-benefit ratios.

Structural fragility investigations require accurate
subsystem reliability characterizations. This study
establishes reliability models for expansion joints dur-
ing seismic events, with subsequent integration into
bridge system fragility models. Uncertainty in the

expansion joint model is addressed via a series com-
bination of two reliability blocks, the first random
variation in nature and the second epistemic. Design
capacity-demand reliabilities and material variability
are used to formulate the random variation block, while
validation is used to characterize the second. A two
parameter beta function (Harr, 1987) is used as the
probability density function for the validation block,
with the primary parameters being knowledge and pre-
disposition. These, in turn, are affected by analysis,
test/field experience, simplicity, and similarity.

The impact of various levels of damage to the bridge
or its components on the probable allowable traffic
carrying capacity can be assessed using relationships
that model the expected time-dependent restoration
following an event (Padgett, 2007). If severe, damage
of the joint system and joint neighborhood can inhibit
passage of post-event emergency response vehicles.
Fragility analyses including expansion joint reliability
models coupled with damage-functionality relation-
ships help determine if a critical bridge structure can
meet code requirements for post-event traffic flow
needs.
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ABSTRACT

As an alternative to base-isolated buildings, mid-story
isolated buildings in which the isolation system is
typically designated at the top of the first or other
lower stories of the buildings can practically satisfy
the architectural concerns, potentially facilitate the
construction in site and effectively utilize the limited
available space. This is particularly meaningful for
the design of seismically isolated buildings located
at highly populated areas where to put the isolation
system beneath the basement is extremely difficult.
Since 2000, Koh and Kobayashi have studied vibration
characteristics, seismic responses and possible adverse
effects due to the existence of the structure below the
isolation system for mid-story isolated buildings.

This paper aims at dynamic characteristics and seis-
mic responses of the buildings with the mid-story
isolation system composed of the seismic bearings
revealing a bi-linear hysteretic property based on a
simplified three-lumped-mass structural model. The
equivalent lateral force procedure is investigated in
order to extensively include the mid-story isolation
design in the design guidelines. The composite damp-
ing ratio considering the effects of structures below
and above the isolation system is derived in this study.
In addition, an equivalent lateral force design philos-
ophy considering the fundamental and higher mode
responses is provided to rationally and effectively
design the structure below the isolation system. It can
facilitate engineers to prevent the improper design of
the substructure and superstructure in the preliminary
design process. It is worthy of noting that the undesired
dynamic response attributed to the modal coupling
of the higher modes (i.e., the modal natural frequen-
cies of the higher modes are almost identical) should
be paid more attention. The modal coupling of the
higher modes occurs within a certain frequency ratio
bandwidth, which can be prevented using the proposed
prediction formula. As a result, the mid-story isolation
system is effective in controlling the seismic responses
as desired if the design for structures below and above
the isolation system is appropriate.

Figure 1. Installation of test structures on the shaking table.

The experimental and numerical validations were
performed to compare the 1/4 scaled down test struc-
tural models with and without the modal coupling
effect, as shown in Figures 1(a) and 1(b), respec-
tively. For the test structure with the modal coupling
effect (i.e., Specimen B), the acceleration transmit-
ted to the substructure is enlarged significantly and
even more than twice as large as PGA, and the
acceleration response at the isolation layer is slightly
larger than PGA. It is evident that the modal cou-
pling effect results in the undesired seismic response
and should be avoided. Consequently, both structures
above and below the isolation system should be taken
into account in the preliminary design process for
mid-story isolated buildings.
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Live load for long span
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ABSTRACT

The available live load models were developed for
short and medium span bridges. The present paper
deals with the development of live load for long span
structures. Loads are considered as random variables,
with regard to magnitude and frequency occurrence. In
contrast to short and medium spans, long span live load
must be considered as a multiple presence of many
trucks. The available data base includes weigh-in-
motion (WIM) truck surveys and videos of the traffic
taken on selected bridges. Using the actual truck and
traffic data, the statistical parameters are determined
such the bias factor (ratio of the mean to nominal value)
and coefficient of variation. The results can serve as
a basis for the reliability analysis and code calibration
(calculation of load and resistance factors).

For short span bridges, the maximum live load is
caused by the heaviest trucks. For two lane bridges,
the extreme load is usually the result of two side-by-
side trucks. On the other hand, for long span bridges,
the roadway is not necessarily entirely covered by the
heaviest trucks. As the load length increases, the load
per unit length decreases, because cars and other light
vehicles are injected into the traffic stream. Traffic
mix (truck and cars) and headway distance deter-
mine live loads. For longer spans, load distribution is
close to uniform. For longer spans, two scenarios are
considered, a random traffic and a traffic jam situation.

Random traffic is a mixture of cars and trucks mov-
ing with highway speed, and the percentage trucks in
the mix is usually site-specific.The extreme load effect
can be determined by simulations, including truck con-
figurations, weights, headway distances and speed.
For longer spans, occurrence of overloaded but sin-
gle trucks does not affect the total live load effect and
it asymptotically approaches a line of average trucks,
separated by average headways and cars. The load
effect can be increased by the dynamic load. How-
ever, the field observations indicate that dynamic load
factor (DLF) decreases for multiple trucks.

In traffic jam situation, the traffic is forced to a
crawling speed. It is likely to have trucks traveling in
one lane and cars using the faster lanes. The headway
distance can be small and it can be considered equal
to bumper-to-bumper. For two or more lanes, even in a
traffic jam situation, the other lanes can have a mixture
of cars (majority) and occasional trucks. In consid-
eration of the maximum loading condition, since the
traffic is stationary, no allowance is made for impact
(dynamic load). However, if the traffic starts to move,
the distance between the vehicles increases and the
load intensity gets reduced, allowing for impact.

Multiple presence for long span bridges changes in
comparison to short span bridges. First of all, simulta-
neous occurrence of trucks in one lane is more likely
for longer spans. However, in practice, the span length
has no influence on the frequency of side-by-side truck
occurrence. Furthermore, long span bridges have usu-
ally more than two lanes and, therefore, site-specific
traffic patterns must be considered.

The obtained parameters of live load are compared
with the design live loads for bridges specified in
Northern American and European Codes. Equivalent
uniformly distributed loads are calculated for a wide
spectrum of span length.
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ABSTRACT

The objective of the paper is to develop the statis-
tical models and perform the reliability analysis for
bridge girders designed using the light-weight SCC.
The resulting reliability indices are compared with
made of ordinary concrete.

Light-weight high-performance concrete (LWHPC),
with unit weight of 1,850-2,000 kg/m3, can have a
compressive strength up to 120 MPa. LWHPC is
made using only light-weight aggregates or com-
binations of light-weight aggregates with ordinary
aggregates. The remaining components are the same
as for ordinary high-performance concrete, i.e. plasti-
cizers, superplasticizers, and mineral additives (silica
fume and fly-ash). The light-weight concrete has a
reduced unit weight by about 20–30% compared to the
ordinary high-performance concrete. Therefore, the
structural components are much lighter. This is impor-
tant for longer span bridges with dominating dead load
because it can help to reduce the total load effects.
Weight reduction is also important when planning the
transportation of precast members. The differences
in mechanical properties of the light-weight concrete
compared to ordinary concrete include: lower modu-
lus of elasticity, more linear stress-strain relationship,
lower ductility in compression, lower tensile strength,
and more brittle structure. An important feature of
light-weight concrete is a good bond between aggre-
gate and cement paste, mostly due to a rough surface
texture of the lightweight aggregate and improved
hydration at the interface as a result of internal curing
water being released from the pores of the aggregate.

In this study, the considered load combination
includes three components of dead load, static live load
and dynamic load. The capacity of a bridge depends
of on the resistance of its components. The com-
ponent resistance, R, is determined by the material
strength and dimensions of the element. R is con-
sidered as random variable due to uncertainty that

can be put into the following categories: Material
Factor M: strength of material, modulus of elastic-
ity cracking stress, Fabrication Factor F: variability
of geometry, and Professional Factor P: reflecting the
accuracy of the analytical model.The statistical param-
eters of material factor are determined from the test
data provided by the industry. The reliability anal-
ysis procedure used in this calibration includes the
following steps:

(1) Prepare input data:
(2) Calculate load parameters
(3) Determine the statistical parameters of R
(4) Calculate the reliability index, β,

The reliability indices are calculated for bridge gird-
ers made with ordinary concrete and light weight
SCC.Two limit states are considered, moment carrying
capacity and shear capacity. The calculated percent-
ages of dead load and live load vs. span length indicate
that for moments the trend in relationship is non-linear
and for shears it is linear.

The reliability indices for girders with the light-
weight SCC are slightly higher than for those with
ordinary concrete. Reliability indices for moments are
higher than those for shear.

The reliability analysis is performed for several
possible values of the resistance factor. The selection
criterion for the resistance factor is closeness to the
target reliability index. The results indicate that the
same resistance factor can be applied for girders with
light-weight SCC and ordinary concrete.
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ABSTRACT

Field test technologies can provide additional infor-
mation for highway bridges. This information helps
engineers reach a more accurate bridge condition
assessment (Frangopol et al. 2008 a, b). In this paper,
a three span post-tensioned prestressed concrete (PC)
continuous box girder bridge is taken as an example
to illustrate this process by model updating. In addi-
tion, a probabilistic condition assessment process is
provided.

The bridge is located on the highway system
in China. It is a post-tensioned prestressed con-
crete continuous box girder bridge with three spans:
65m+100m+65m.The bridge was built by free balance
cantilevering method in 1996. The main girder has a
single-cell box cross section, with the height varying
from 5.6m (over pier section) to 2.2m (mid span sec-
tion). The girder holds two lines of traffic in same
direction.

The bridge alignment was found abnormal in early
1999.A periodically appearance and alignment survey
started from that time, and some results are indicated in
this paper. Calculation using model updating based on
filed test research are carried out, including post dead
load model based on pavement thickness measurement
and rigidity parameters based on load testing.

A safety assessment is carried out based on design
specification in China (Ministry of Communication
of China 2004), both by theoretical and updating
calculation model.

Compared with design code based assessment,
probability-based assessment describes the safety con-
dition of the bridge in a more realistic way. A
probability-based assessment is carried out to reach
a more comprehensive understanding of the condition
of the bridge. Moment reliability indices are in the
interval 5.23 -12.67, and shear reliability indices are
in the interval 4.90 -12.15 (see Figure1).

Comparisons of moment and shear reliability
indices obtained based on theoretical and updating
models are also given in the paper. It is found that

Figure 1. Moment and shear reliability indices for all
seventeen cross-sections (based on updating model).

results based on the updating model produce lower
reliability indices than those associated with the theo-
retical model.
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ABSTRACT

Reliability analysis is often complicated by the exis-
tence of epistemic uncertainty, which is due to lack
of knowledge or incomplete information. For example
the probability distributions of random variables are
often estimated from a limited sample of data, thus
the distribution parameters are subject to some uncer-
tainty. This additional source of epistemic uncertainty
can play an important role in reliability analysis.

The unknown parameters can be considered by
two approaches, namely the Bayesian approach and
the confidence interval approach. In the Bayesian
approach the unknown distribution parameters are
treated as (Bayesian) random variables, and the total
(aleatory and epistemic) uncertainties are character-
ized by the expected value of the failure probabil-
ity (e.g. Kiureghian, 2008). In this paper the con-
fidence interval approach is employed to describe
the unknown distribution parameters. The confidence
interval approach is conceptually simpler, and requires
less subjective judgment than the Bayesian approach.
The reliability analysis needs to consider a family of
distributions whose parameters are within the confi-
dence intervals. Consequently, the failure probability
is uncertain and itself varies in an interval. The width
of this interval reflects the uncertainty in the reliability
due to the uncertainties in the distribution parame-
ters. A method for computing the interval estimate of

failure probability is introduced. Monte Carlo simula-
tion is combined with the interval analysis to propagate
the aleatory and epistemic uncertainties through reli-
ability analysis. In each simulation, for each basic
variable an interval is randomly generated to include
all possible random numbers generated from a fam-
ily of distributions. The performance function is then
checked over the entire width of the simulated inter-
val. A key step herein is to compute the range of the
structural response when the system inputs vary in an
interval vector. This can be efficiently achieved by
using the interval finite element analysis (Muhanna
et al., 2007).

This paper demonstrates the feasibility of com-
puting an interval estimate of reliability when the
distribution parameters are uncertain. An example is
given to compare the proposed approach with the
Bayesian approach.
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ABSTRACT

More recently, reliability-based design approaches
have emerged as a new design paradigm for pile
ultimate capacities because reliability is a consistent
measure of uncertainties. For reliability-based designs,
one designs a pile so that its failure probability is in an
acceptable range. Moreover, a single factor, called the
resistance factor, is often used to quantify resistance
uncertainties to facilitate reliability-based designs.

In the case that ultimate capacities of the test piles
in a region are known, the resistance factors of that
region can be calibrated conveniently based on the
load test database. However, in practice many load
tests are not conducted to ultimate capacity failures
but only to two times of the design loads depending on
the local code provisions. Taking the bored piles of the
Taipei City in Taiwan as an example, there are about
57 load tests in the local database, but among them,
only 8 of them were conducted to failures. Figure 1
illustrates the load-deformation curves of two piles in
the database, one was loaded to failure while the other
was not. By Davisson’s criteria, the ultimate capacity
of the first pile can be identified, while that of the sec-
ond pile is not identifiable because of the incomplete
load-deformation curve.

This paper addresses an issue often encountered in
calibrating resistance factors for pile ultimate capaci-
ties based on load test database. In practice, many pile
load tests are not conducted to failures but only to a
multiple (e.g.: 2) of the design load. This leads a diffi-
cult situation of incomplete information: for these test
results, the ultimate bearing capacities of the test piles
are unknown. How can these test results still be used to
calibrate resistance factors of piles? A full probabilis-
tic framework is proposed in this research to resolve
this issue.

A local pile test database of Taipei (Taiwan) is pre-
sented for demonstration. The analysis results show
that the inclusion of the incomplete pile load test data
helps in calibrating the resistance factors. Moreover,
it is found that the calibrated resistance factors are
consistent to the safety factors that are adopted in the
current Taiwan design code.

Figure 1. Complete (Top) versus incomplete (Bottom)
load-deformation curves. For the incomplete curve, the lower
bound of the Davisson capacity is simply taken to be the max-
imum load, while the upper bound is taken to be the load at
point A.
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ABSTRACT

Non-deterministic approaches are gaining momentum
in the field of numerical modelling techniques. The
ability to include non-deterministic properties is of
great value for a design engineer. It enables realistic
reliability assessment that incorporates the uncertain
aspects of the design. Furthermore, the design can be
optimized for robust behaviour under varying exter-
nal influences. In this context, interval and fuzzy
approaches are becoming increasingly popular for the
analysis of numerical models that incorporate uncer-
tainty in their description. In the interval approach,
parameter uncertainties are considered to be contained
within a predefined range.The fuzzy approach extends
this methodology by introducing a level of member-
ship representing to what extent a numerical value is
member of the set of possible values for the considered
uncertain parameter.

Based on the α-sublevel technique, the fuzzy anal-
ysis requires the consecutive solution of a number of
related interval problems. For that reason, much atten-
tion in recent literature goes to the actual solution
and implementation of interval finite element anal-
ysis. The solution of the interval FE problems at the
core of the fuzzy analysis is often based on black-box
approaches such as vertex sampling or optimisation
techniques. Recent developments by the authors in
this context focus on the reduction of the computa-
tional burden when performing black-box algorithms.
In the Reduced Optimisation (RO) technique, the cost
of the global optimisation is decreased by excluding
the uncertain parameters with monotonic effect on the
output [1]. Another way to accelerate the optimisa-
tion is by using a surrogate model, which replaces
the real response of the analysis based on only a few
computed values [2]. In order to further decrease the
computational cost of these black-box approaches, this

paper introduces a novel reanalysis-based FE method
(ReFEM). This technique is making use of the high
degree of similarity between the consecutive FE anal-
yses when applying search or sampling strategies for
solving the interval FE problem. The method focuses
on the system regeneration as well as the solution
part of the FE analysis. On the one hand, the ele-
ment stiffness matrices are reformulated as explicit
functions of the uncertain parameters. This formula-
tion increases efficiency by avoiding the numerical
integration at each reassembly of the element stiffness
matrices. Secondly, a fast solution of the modified FE
system is obtained by using the results from existing
FE solutions based on the Conjugate Gradient (pCG)
method [3]. This iterative method is proved to be an
efficient solver for linear positive definite symmetric
systems arising in static structural FE analysis. This
paper shows the general applicability of this approach
in the context of Fuzzy FE analysis. The method is
demonstrated on a mid-sized test case, yielding reduc-
tion of up to two orders of magnitude in computational
time.

REFERENCES

[1] Farkas L., Moens D., Vandepitte D., Desmet W., Appli-
cation of fuzzy numerical techniques for product per-
formance analysis in the conceptual and preliminary
design stage, Computers & Structures, Vol. 86, No. 10,
pp 1061–1079, 2008

[2] De Munck M., Moens D., Desmet W. , Vandepitte D.,
A response surface based optimisation algorithm for
the calculation of fuzzy envelope FRFs of models with
uncertain properties, Computers & Structures, Vol. 86
No. 10, pp 1080–1092, 2008

[3] Saad Y., Iterative methods for sparse linear systems,
PWS, 1996

241

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Probabilistic study of the strength of steel
scaffold systems

H. Zhang, T. Chandrangs & K.J.R. Rasmussen
School of Civil Engineering, University of Sydney, NSW, Australia

ABSTRACT

Steel scaffold systems provide temporary support for
the construction of bridges, office and residential
buildings, car parks and similar structures. They are
used as platforms while building the formwork for
reinforced concrete, and are usually heavily loaded
under the weight of fresh concrete, formworks, stacked
material and workers. The consequences of failure of
scaffold systems involve high risk to the safety of
workers and the public as well as legal and financial
risks. It is crucial to ensure that scaffold systems are
safe and reliable.

This paper studies the ultimate strength of multi-
story steel support scaffold systems through a rational
statistical framework and advanced nonlinear finite
element analysis. Steel scaffold systems are char-
acterized by the large variations of geometric and
mechanical parameters, notably joint stiffness, initial
geometric imperfections (member out-of-straightness
and frame out-of-plumb), and load eccentricity. The
statistical data for these “physical uncertainties” were
acquired through field measurements and laboratory
tests. The structural behavior of steel scaffold frame is
predicted by advanced finite element analysis which
accounts for the material and geometric nonlinear
(P − δ and P −�) effects. The column-to-beam joints
are modeled as semi-rigid joints. The relation between
the moment and the rotation of the semi-rigid joints is

described by a tri-linear curve. The “model error” of
the advanced analysis model is estimated by compar-
ing the predicted values to fifteen full scale scaffold
tests conduced at the University of Sydney (CASE,
2006). The “physical uncertainties” and the model
error are then propagated through Monte Carlo sim-
ulation to estimate the statistical distribution of the
strength of scaffold systems. A 3-story 1 bay × 1 bay
steel scaffold system was considered as an example.

The work presented in the paper is part of an ongo-
ing research effort to develop a system reliability based
design method with advanced analysis for steel scaf-
fold systems. With known statistics for the strength
of scaffold systems, the reliability of scaffold systems
can be readily estimated by taking into account the
load uncertainty (Ellingwood et al., 1980).
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ABSTRACT

The Regulatory Guide for Reviewing Seismic Design
of Nuclear Power Reactor Facilities was revised in
September 2006. These revisions noted the existence
of risk (residual risk) due to seismic motion magnitude
exceeding that of the seismic design standards. Eval-
uation methods based on the latest techniques, such
as probabilistic safety analysis (PSA), have therefore
been incorporated in order to quantitatively evaluate
this risk, and aggressive approaches are sought to
establish these methods. In fragility analysis, which
is a step of PSA, the uncertainty is divided into two
types: uncertainty due to randomness that is intrinsic
to the data and phenomena (aleatory uncertainty: βr),
and uncertainty related to the knowledge and aware-
ness of the analysis and modeling methods (epistemic
uncertainty: βu). This study investigates a primary
factor of βu, which is the error due to modeling in
the strongly nonlinear area of the building for seismic
analyses (βuN).

A lumped mass bending-shear model is a represen-
tative seismic analysis model of current nuclear power
reactor facilities. For seismic PSA, the model is sup-
posed as the building response analysis model also.
The method in reference is used to evaluate the restor-
ing force characteristics of reinforced concrete (RC)
shear walls, which are the primary structural elements
of the building. Furthermore, attention was focused
on RC shear wall shear failure as the dominant failure
mode of reactor core damage.

This analysis model has been widely used in facility
design. In investigations during the design phase, shear
walls may reach the weakly nonlinear area under the
seismic motion standards. The response values of the
shear walls at these levels have been verified as being
virtually validated.

However, in seismic PSA, investigation is per-
formed on large input levels that exceeded the design-
phase input levels, and in this situation the shear walls
may reach the strongly nonlinear area. Up until now,
the appropriate values for the variation in modeling
error in this type of strongly nonlinear area (here-
inafter, the limit of which is represented by βuN) were
not known. This study conducted an investigation with
the goal of estimating βuN.

Although it is desirable to evaluate βuN by com-
parison with experimental results, the dynamic exper-
iments of shear walls in nuclear reactor facilities
that have been conducted are few and not sufficient.
A three-dimensional FEM model that is thought to
accurately model the nonlinear behavior of RC shear
walls is therefore used.

Therefore in this paper, βuN was estimated using
a 3D FEM model which is supposed to be able to
accurately estimate the nonlinear behavior of the RC
shear walls. First, it was confirmed in the comparison
between a 3D FEM model and the dynamic test results
that the accuracy of this model is favorable. Then, in
comparison of this model and the lumped mass model,
a value of about 0.1 was obtained for βuN .
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ABSTRACT

This paper presents the current status of a US-Korea
collaborative research on bridge health monitoring
testbeds. The objective of the project is to integrate
and validate cutting-edge sensors and structural health
monitoring methods under development for monitor-
ing the long-term performance and structural integrity
of highway bridges. Emerging sensors and monitoring
technologies are investigated such as: (1) reference-
free local damage detection using mode conversion
of polarized piezoelectric ceramic sensors, (2) piezo-
electric paint sensors offering a blending of the high
piezoelectric activity of the organiz synthetic poly-
mer, (3) wireless active sensor nodes for local dam-
age detection based on electro-mechanical impedance
measurement, (4) elasto-magnetic (EM) sensors to
estimate the tensile stress state of cables, tendons, or
reinforcement bar, (5) wireless sensor networks for
economical health monitoring without labor-intensive
tethering works, (6) robust vibration-based global
monitoring using deflections obtained from modal
flexibility, (7) vision-based bridge deflection measure-
ment using a commercial low-cost camcorder with
high fidelity, and (8) bridge rating based on sys-
tem identification technique using ambient vibration
measurement without blocking the passing traffic.

As to the testbeds, three bridges on the test road by
the Korea Expressway Corporation (KEC) are under
investigation as in Figure 1. They are of different
structural types as a PC box-girder bridge, a steel
box-girder bridge, and a steel plate-girder bridge as
in Figure 2 (Lee et al., 2004). The traffic on the test
road section may be controlled, so that tests on the
bridges may be carried out with the ordinary traffic or
the calibrated traffic loads. Currently, basic facilities

Figure 1. KEC test-road with three bridges.

Figure 2. Three test-road bridges.

including internet lines have been constructed on the
testbeds, and the participants carried out the prelimi-
nary tests by connecting their own measurement and
monitoring systems in the local area network environ-
ment at the bridge site. The participants can access and
control their measurement systems by using Remote
Desktop in Windows XP through internet. In addi-
tion to these three highway bridges, a cable-supported
bridge is going to be selected as the fourth testbed
structure for this study in the near future. Researchers
interested in this testbed are encouraged to join in the
collaborative research.
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ABSTRACT

Cable tension force is one of the most important
structural parameters for structural health monitoring
(SHM) of cable-supported bridges during construc-
tion and operation. Among the available measurement
methods for cable tension force, the vibration method
is the most widely used due to its practicality and
cost-effectiveness. It uses accelerometers mounted to
the surface of the cable to capture the natural fre-
quencies and the tension forces. Though the vibration
method is practical and cost-effective, there is still an
economic hurdle in realizing monitoring systems for
cables on many bridges, such as the high cost of the
system components and the intense labor and time for
the installation.Alternatively, wireless sensors are now
considered as a viable substitute for tethered sensors.
When dealing with a large number of sensors for a
civil structure’s SHM system, wireless communication
between sensors and data repositories is very attractive
in terms of the system cost. Besides the economical
benefit, wireless sensors can accommodate a com-
putational capability which can infer some important
information from measured data.

The work presented in this study builds upon
prior research to create a low-cost automated wireless
tension force estimation system (WTFES) for cable
structures. The low-cost hardware is composed of a
wireless sensing unit, a MEMS accelerometer, and a
signal conditioning circuit. The wireless sensing unit
was developed by Wang et al. (2005) and employs a
16-bit multi-channel analog digital converter (ADC),
an 8-bit microcontroller, 128 kB random access mem-
ory (RAM), and a 900 MHz wireless transceiver with
a whip antenna. The MEMS accelerometer is inter-
faced with a signal conditioning circuit to mean-shift,
amplify, and anti-alias filter the sensor output (accel-
eration) prior to interfacing to the wireless sensor. For
the automated software, a modern vibration method
(Zui et al., 1996) which considers the sag condition
of a cable is embedded into the microcontroller to

estimate tension force using the natural frequencies
of the cable. To extract the natural frequencies with-
out human intervention, a peak picking algorithm is
proposed considering typical properties of the Fourier
spectrum of a vibrating cable.

To validate the proposed WTFES, a laboratory
experiment which tests a scaled down version of a
cable on a cable-stayed bridge was conducted. A series
of forced vibration tests are executed to investigate the
feasibility of the system for various sensing locations,
cable tension forces, and sags. From the laboratory
tests, it was found out that the proposed system can
accurately calculate the 3 lower natural frequencies of
the cable using the proposed automated peak-picking
method on the Fourier spectra. Using the three natural
frequencies, the present method estimated the tension
forces of the cable with minimal error.

The further validation of the proposed system are
going to be carried out on a cable-stayed bridge
in Korea through “a US-Korea collaboration project
on bridge health monitoring test bed” supported by
the National Science Foundation (NSF) and Korean
Science and Engineering Foundation (KOSEF).
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Application of reference-free crack detection techniques to in-situ
bridge monitoring
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ABSTRACT

A new Lamb wave based NDT technique, which
does not rely on previously stored baseline data, has
been developed for crack monitoring in plate-like
structures. The reference-free NDT technique takes
advantage of two collocated lead zirconate ti-tanate
transducers (PZTs) pairs placed on the top and bot-
tom surfaces of a plate. In a thin uniform elastic
medium, the change in thickness causes propagating
Lamb modes to be transformed to other modes. In the
previous study, it has been shown that converted Lamb
wave modes due to crack for-mation can be extracted
from instantaneously meas-ured signals.

In this study, the proposed approach is further
advanced so that it can be also applied to in-service
bridges as shown in Figure 1. In this paper, it was
mainly assumed that the thickness variation due to a
stiffener was considered as damage instead of crack
because real defects could not be formatted in real
structures

In this study, the concept of mode conversion due
to the structural defect was used for making a deci-
sion. In order to identify damage, first, two mode
conversions were extracted by decomposing individ-
ual Lamb modes. Next, total 4 time signals, M1 and
M2 which contain two mode conversions and M3
and M4 which are composed of one mode conversion
respectively, were composed by using decoupled mode
conversions and these time signals were transformed
to frequency domain signals. Finally, it was decided
whether the structure was intact or damaged by calcu-
lating the energy ratio of the transfer impedances and
then the following damage classification statement can
be established: “If the minimum of out-of-class energy
differences defined as Diff 1 is larger than the maxi-
mum of within-class energy differences which is Diff
2, a crack exists. Otherwise, there is no crack”. In
Figure 2, the results of decision criteria are illustrated.

Consequently, since the damage-sensitive fea-
tures were extracted through the transfer imped-
ances, the decision making could be determined by

Figure 1. The overview of tested bridges in this study.

Figure 2. Decision making using the energy ratio of the
transfer impedances.

instantly establishing the decision boundaries which
were decided by using the energies of four transfer
impedances without pre-determined thresholds.
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The strategic planning of safety management network for infrastructure

Y.S. Kim, S.S. An, S.R. Ahn & D.S. Yang
KISTEC, Goyang, Republic of Korea

ABSTRACT

For the last four decades, Korea economy has been
developed rapidly and significantly.As a consequence,
the size of Korea economy (in GDP) became one of the
top ten countries in 2007. Like other countries, the civil
infrastructure has played an important role in the devel-
opment, by underpinning different parts of the society.
Among infrastructure must put safety as their foremost
consideration, and, together with precise design, con-
struction, safety management is a must to secure their
safe usability. However, as civil structures are subject
to loads and other environmental effects, the condition
of many civil infrastructure systems is deteriorating.

Structural health monitoring (SHM) and damage
identification are assuming larger and larger impor-
tance in civil engineering, SHM is defined as the use of
in-situ, non-destructive sensing and analysis of struc-
tural characteristics in order to identify if a damage has
occurred, define its location and estimate its severity,
evaluate its consequences on the residual life of the
structure.

This paper studied the safety management network
system of infrastructure which constructed smart sen-
sors, closed- circuit television (CCTV) and monitor-
ing system. This safety management of infrastructure
applied to bridge, cut slop and tunnel, embankment
and playground etc. The system applied to tech-
nologies of standardization guidelines, data acquire-
ment technologies, data analysis and judgment tech-
nologies, system integration setup technology, and
IT technologies. It was constructed safety manage-
ment network system of various infrastructure to
improve efficient management and operation for many
infrastructure.

Integrated safety management network system of
infrastructure consisted of the real-time structural
health monitoring system of each infrastructure, inte-
grated control center, measured data transmission
using internet web-based, collecting data using server,
early alarm system which the dangerous event of
infrastructure occurred.

Integrated control center consisted of conference
room, control room to manage and analysis the data,

server room to present the measured data and to collect
the raw data. Early alarm system proposed realiza-
tion of warning and response within 5 minute or less
through development of sensor-based progress report
and propagation automation system using the media
such as MMS, VMS, EMS, FMS, SMS and web
services of report and propagation.

Based on this, the most effective u-Infrastructure
Safety Management System is expected to be stably
established at a less cost, thus making people’s life
more comfortable. Information obtained from such
systems could be useful for maintenance or structural
safety evaluation of existing structures, rapid eval-
uation of conditions of damaged structures after an
earthquake, estimation of residual life of structures,
repair and retrofitting of structures, maintenance,
management or rehabilitation of historical structures
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Bridge displacement monitoring techniques using strain measurement
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ABSTRACT

For the safety of the bridges, periodic monitoring,
maintenance, and repairs are required. Maintenance
and structural safety of the bridges may be guaranteed
by the application of a health monitoring system. It
provides valuable information conducive to detailed
inspection, repair and rehabilitation of the bridges.
For these reasons, long-term monitoring systems are
largely integrated and various kinds of sensors are used
in the bridge monitoring system. Especially, the strain
sensors are greatly applied due to the importance and
usefulness of the strain values in evaluating the safety
level of a bridge.

The monitoring displacement of a bridge allows for
an estimation of input dynamic excitation character-
istics and has an important role in the evaluation of
structure status determination. In many bridges, the
vertical displacements are the most relevant parame-
ters to be monitored in both short and long term period.
The LVDT, tiltmeter, or the laser deflection meters are
the general methods used for displacement measure-
ments. However, these methods can not be applied
effectively if the bridge height is so high that the instal-
lation of a sensor is difficult. In such cases, the greater
part of the reliability and accuracy of measured results
are usually uncertain.

In this paper, to overcome such problems, two tech-
niques for calculating displacement from measured
strain are proposed; the iteration of data averaging and
lowpass filtering of measured strain. To verify these
techniques, laboratory and field tests are carried out.

Dynamic tests on steel pipes in laboratory were
performed using dial gauge for displacement measure-
ments and strain gauge for strain measurements. The
dynamic vibration of the specimen was achieved by
means of a rubber hammer at optional position to simu-
late real-time in the case of vehicle crossing the bridge,
and the measured times were 7 minutes in 4 trials. To
verify the filtering method in the field, the measured
data from the steel box girder bridge, which is located

in the national highway in South Korea, were applied to
calculate the displacement by filtering. The measured
spans are the 3 continuous steel box girders, which are
located in the start point of bridge.

The results of this paper are as follows. (1)
Data averaging and lowpass filtering techniques
are performed to calculate real-time displacement
from measured strain. To verify these methods, the
measured and calculated displacement of a bridge
were compared. (2) Data averaging method is time-
consuming, and the lowpass filtering method is sim-
pler than data averaging. If FFT analyzing and filtering
on measured strain can be performed simultaneously
in the field, it is possible to calculate displacement
using measured strain by lowpass filtering method
without dial gauge or LVDT. (3) Proposed techniques
would be more effective in calculating displacement of
steel bridges with sound conditions. But, this method
has limitations in the case of the bridge having varied
sections or damages at the measured point or support,
so additional researches are needed in this field.
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Probabilistic models for mechanical properties of concrete in Korea

J.S. Kim & J.H. Shin
Department of Civil Engineering, Seokyeong University, Seoul, Korea

J.H. Moon
Korea Institute of Construction Materials, Seoul, Korea

K.M. Lee
Department of Civil and Environmental Engineering, Sungkyunkwan University, Suwon, Korea

ABSTRACT

In Korea, the design of reinforced concrete members
is based on the ultimate strength design method, which
adopts load factors and strength reduction factors.
The factors are introduced to take into account the
uncertainties in both loads and resistances and deter-
mined with the use of reliability concepts. In order to
perform reliability based code calibration, the prob-
abilistic models for loads and resistances should be
obtained from realistic local data. As in many other
countries, there is no enough and reliable statistical
data in Korea. To overcome this drawback, the authors
started to develop the original probabilistic models for
concrete and steel produced in Korea.

As a first step, the probabilistic models of mechan-
ical properties of concrete, compressive and tensile
strength, are developed based on a number of pub-
lished and unpublished sources in Korea and additional
laboratory tests done by the authors.

For the ready mixed concrete company data of
24 MPa and 30 MPa of compressive strengths, the
coefficients of variation are 6.65% and 4.96%, which
shows that there is less variation with increasing com-
pressive strength. For the additional laboratory data
including higher strength concrete, the coefficients
of variation of 24 MPa, 40 MPa, 50 MPa and 60 MPa
are 14.27%, 3.43%, 2.01% and 2.02% respectively. It
shows the similar trends those of ready-mixed con-
crete company data, which means that the magnitudes
of variance do not increase as the compressive strength
increase with the same proportion. The visual compar-
isons of histograms and proposed Normal distribution
curves make it proper to use of Normal distribution for
compressive strength of concrete for both ready-mixed
concrete and laboratory data.

This paper also gives new relationships between
compressive and splitting tensile strength and elastic
modulus of concrete used in Korea.

In Korean design code, the elastic modulus of normal
weight concrete may be determined with the specified
design strength by Eq. (1).

The regression analysis was performed with 245
data with the exponent of 1/3 and derived equation is
as follows;

The coefficient in Eq.(2) is little greater than that
Eq.(1), which means that Korean design code underes-
timates the elastic modulus. In the regression analysis
performed to obtain the equation, the correlation coef-
ficient was very low. The regression with the n value
of 0.3 as in Eurocode also shows low value of cor-
relation coefficient. It seems that the large scatter of
experimental data results in low values of correlation
coefficients and further studies are required for the
form of equations.
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moment-resisting frames
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ABSTRACT

Moment-redistribution is developed by the changes
in the member stiffness caused by inelastic deforma-
tions. In addition, moment-redistribution is affected by
the plastic mechanism of the structure, member stiff-
ness loading condition, and the allowable story drift.
Therefore, the allowable magnitude of redistributed
moment for earthquake design should be determined
on the basis of the deformation capacity of the member
considering these design parameters.

As shown in Figure 1, the overall load-transfer
mechanism of the moment-resisting frame can
be divided into three loading stages according to the
development of the plastic hinges. At elastic stage
(Figure 1(a)), all members behave elastic. At inelastic
stage I (Singe-hinged behavior, Figure 1(b)), plas-
tic hinge develops at one end of a beam. At inelastic
stage II (Double-hinged behavior, Figure 1(c)), plas-
tic hinges develops at both ends of a beam. Overall
moments and rotations of the members are calcu-
lated by summing the increments developed at the
three loading stages. In the present study, the rela-
tionships between the redistributed moment and the
plastic rotation of a member caused by the single- and
double-hinged behaviors were formulated. Based on
the relationships, an earthquake design method for
moment-resisting frames was developed to address
moment-redistribution, using the results from elastic
analysis. The proposed design method is performed
following the procedure of 1) elastic analysis, 2) the
determination of redistributed moments, and 3) the
evaluation of member deformations and safety.

The proposed method is convenient because
moment-redistribution can be performed based on
the results from elastic analysis, considering the
plastic mechanism intended by engineer. In addi-
tion, the inelastic deformations required for moment-
redistribution can be evaluated and therefore, the
safety of each member can be evaluated.
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Implementation of performance in concrete design code
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ABSTRACT

Performance-based design is an upcoming issue in the
design codes for civil structures. Many international
design codes introduced in recent years acknowledge
the performance concept and open their doors to it.
Even if the idea of performance seems to be easily
understood by civil engineers, however, it is not easy
to figure out how such an idea can be melted down in
the codes practically. The paper presents a conceptual
way of implementing the performance-based design
into a design code in a systematic manner. The paper
limits its focus on the safety and serviceability for a
design. Basically, the reliability index combined with
the probability of failure can be utilized as the refer-
ence value in defining the level or quality of a design.
The design working life depending on the importance
of a structure is also inter-related as a guideline in
leveling the required quality of a civil structure.

To determine the performance level, the use of par-
tial factors may be practical especially for the safety
evaluation. Since the specific selection of partial fac-
tors may be dependent on the code, however, a general
procedure of implementing the performance is pro-
posed in Figure 1. In Figure 1, the second stage of the
procedure is proposed in two different ways but both
cases use the same probability of failure in 1 yr as the
reference.

A sample study is presented for the determination
of safety factors for the target reliability indexes as
defined by each performance levels. PSC-composite

Figure 1. Procedure of implementing performance.

sections are used for the case study for bridge girders
with spans of 20 to 40 meters. Figure 2 presents a sam-
ple result for the calibration of the resistance factors in
different resistance factor formats. Figure 3 shows the
load factors calibrated for the target reliability indexes.
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Figure 2. Variation of resistance factors with respect to βT .

Figure 3. Variation of load factors with respect to βT .
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Performance-based shear design for structural concrete
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ABSTRACT

Performance-based design for structural concrete
requires how to rationally estimate deformation of
members and/or systems at various load levels with
deformation limits before or after yielding. To esti-
mate deformation with corresponding resistances sev-
eral physical models based on cracked concrete have
been developed. However, such models require tedious
numerical calculation procedures. As for strength cur-
rent some strength models for structural concrete are
based on the plasticity theory with suppressing brittle
failure modes. In this study how to simply estimate
the yielding points and ultimate deformation lim-
its of shear critical members are proposed by stress
fields and failure mechanisms. Shear strength model
is explained by decomposition in terms of direct and
indirect load transfers as shown in figure 1.The degree
of distribution between direct and indirect load paths
depends on their stiffeness and strength.

The classification of failure modes is also easily
identified by failure mode matrix for a combined STM

Figure 1. Shear strength model in terms of direct and
indirect load transfers.

Figure 2. Flexural-shear compression failure mechanism
for compatibility-based strength interaction.

which is resulted by superposing elementary STM
relying on direct and indirect load paths.

Shear strength degradation with increase of defor-
mation and deformation limit at ultimate are discussed
by failure mechanisms compatible with stress fields.
Also compatibility-based strength interaction curves
associated with shear are proposed and thereby defor-
mation limits dependent on failure mechanisms are
estimated.
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Service life assessment of RC structures exposed to carbonation by
determining the safety factors
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ABSTRACT

In the present study, reinforced concrete (RC) column
structures exposed to carbonation were surveyed, and
data on the carbonation depth (XCO2), considering dif-
ferent states of cover concrete: sound, cracked, and
joint concrete and cover depth (XC ) were obtained.The
distribution of parametric values for the RC columns
in carbonation environments was examined to calcu-
late the safety factors. 56, 25, and 32 replications of
carbonation depth XCO2 for sound, cracked, and joint
concrete, respectively, were obtained, and 47 replica-
tions of concrete cover depth XC were investigated.
Their average values of XCO2 accounted for 11.62,
24.66, and 17.43mm for sound, cracked, and joint con-
crete respectively, and the average of XC was observed
as 57.87mm. To find an optimum probability distri-
bution model for the variables of XCO2 and XC , the
goodness-of-fit test was conducted. The histograms of
XCO2, irrespective of different states of concrete cover,
are closer to a Weibull distribution, while the XC value
is log-normally distributed.

The safety factors used to the service life analy-
sis of concrete structures exposed to carbonation were
calculated by reliability-based theory, and then ser-
vice life of reinforced concrete column structures was
assessed.When 1.28 of reliability index β, correspond-
ing to 10% of the probability of corrosion initiation,
was taken as the threshold ratio to determine the safety
factors, the safety factor (SFCO2) accounted for 1.49,
1.44, and 1.45 for sound, cracked, and joint concrete,
respectively, as listed in Table 1. The values of SFCO2
were verified by the Monte Carlo Simulation tech-
nique. Therefore, the safety factors obtained in the
present study can be used to a reasonable partial factor
method of service life design and assessment of con-
crete structures exposed to carbonation. By using the
SFCO2, time to carbonation-induced corrosion of steel
accounted for 202, 48 and 95 years for sound, cracked
and joint concrete, respectively.

Table 1. Safety factors for carbonation depending on
different states of cover concrete.

Durability
resistance Environmental Safety

States of factor load factor factor
cover concrete (φc) (γc) (SFCO2)

Sound concrete 0.776 1.157 1.49
Cracked concrete 0.758 1.095 1.44
Joint concrete 0.759 1.102 1.45

Finally, the safety factors depending on differ-
ent casting methods, such as precast and cast-in-place
concrete were discussed. SFCO2 calculated for pre-
cast concrete accounted for 1.31, 1.25, and 1.26
for sound, cracked, and joint concrete, respectively.
It was found that differences of the safety factors
between precast and cast-in-place concrete structures
accounted for 0.19. An increase in the SFCO2 implies a
significance decrease in the corrosion free life of
concrete structures exposed to carbonation. Thus,
corrosion free life of RC structures exposed to carbon-
ation can be sensitive depending on different casting
methods even under same carbonation environment.
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time-variant reliability analysis
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ABSTRACT

The design of reinforced concrete structures involves
several types of uncertainties related to concrete and
steel properties, structural dimensions, depth of the
concrete cover and load fluctuations. All these uncer-
tainties contribute to make the performance of RC
structures different from the expected one. In addi-
tion, when a RC structure is located in a corrosive
environment, the corrosion can significantly influence
long-term performance.The deterioration of RC struc-
tures is a major problem for many companies and
countries, where high costs are involved to maintain,
repair or replace degraded structures. For example,
CC Technologies Laboratories Inc. (2001) show that
the annual direct cost of corrosion in USA highway
bridges is estimated to be 8.3 billions of dollars.

Structural optimization is frequently applied for
effective cost reduction of engineering systems. As
the rational approach consists in finding the best com-
promise between cost reduction and safety assurance,
the structural reliability theory provides an appropriate
approach to take account for uncertainties (Ditlevsen
& Madsen 1996). The Reliability-Based Design Opti-
mization (RBDO) allows us to reach effectively bal-
anced cost-safety con?gurations (Frangopol & Moses
1994). However, for designing RC structures located in
corrosive environment the RBDO problem should use
the time-variant instead of the time-invariant reliability
analysis, where load and environmental fluctuations
are modeled by stochastic processes.

Several works are focused on developing effi-
cient and robust approaches for RBDO problem
(Chateauneuf, & Aoues 2008). However, few stud-
ies are interested by Time-Variant Reliability-Based
Design Optimization (TV-RBDO). The classical for-
mulation of the TV-RBDO consists in minimizing an
objective function defined by the initial and expected
failure costs under reliability constraints (Kuschel &
Rackwitz 2000). This formulation is not suitable for
real engineering structures because considerable time
consumption is involved and convergence can hardly
be achieved.

In this work, a new methodology of TV-RBDO
of RC structures is developed on the concept of

Figure 1. Rectangular RC bridge girder.

Table 1. Comparison of the optimal costs of the RC girder
and numerical performances.

Classical. Proposed
TV-RBDO TV-RBDO

Expected total cost CT (k€) 3.69 3.70
Initial cost CI (k€) 3.67 3.68
Expected failure cost CF (€) 16.57 16.82
CPU (s) 603 21

decoupling time-variant reliability analysis and the
optimization procedures. The proposed approach is
based on transforming the TV-RBDO problem into
a sequence of equivalent deterministic design opti-
mization sub-problems.This transformation is defined
by the mean of optimally calibrated safety factors,
linking the reliability requirement to the equivalent
deterministic optimization. The numerical example on
RC bridge girder shows the efficiency and the good-
standing of the proposed method, through comparison
with classical TV-RBDO approach.
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ABSTRACT

Building structures, infrastructure systems and indus-
trial facilities (hereafter jointly referred to as engi-
neered facilities) are often built and operated on loca-
tions where natural hazards may take place; implying
significant risks. As part of the overall strategy of risk
management for such engineered facilities the optional
decision to shut down operation and to evacuate peo-
ple and assets in the face of an emerging hazard event
plays an important role. Important examples where
such strategies are presently utilized include refineries
and fixed offshore platforms subject to tropical storms,
storm surges and tsunamis, but also urban habitats and
public infrastructure subject to events such as storms,
floods, landslides, avalanches and volcanic eruptions.

The important characteristics of the decision situ-
ation described above include that: various indicators
that contain information on the severity of the hazard
continuously become available prior to the impact of
the hazard; decision makers have options for reducing
risks which may be commenced at any time supported
by the observed indicators. Here the typical prob-
lem arises that waiting will imply more information
but might also reduce available time for evacuation
and other loss reduction activities; decision mak-
ers can/should make decisions in near-real time in
response to the indicators available.

The scope of the present paper is to present a deci-
sion framework for the decision problem outline in the
foregoing taking basis in the Bayesian pre-posterior
decision analysis (Raiffa & Schlaifer (1961)) and then
to show the use and the advantages of the presented
framework with an illustrative example as well as
to discuss the computational difficulties and possible
approaches to avoid the difficulties.

The example considered in the present paper is the
decision situation where a decision maker is faced to
decide whether or not the operation of an offshore
platform should be shut down in the emergence of
a typhoon event. The decision situation considered in

Figure 1. Illustration of the decision situation considered
in the example. (Two possible transitions of the typhoon are
shown with dashed lines. The location of the offshore plat-
form for which the decision maker is responsible and the
current position of the typhoon are also shown. The dis-
cretized times shown in the figure correspond to the time
interval of six hours.)

the example is illustrated in Figure 1. In this exam-
ple the probabilistic typhoon model presently under
development at the group of Risk and Safety at ETH
Zurich (Nishijima & Faber (2007)) is employed.
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ABSTRACT

This paper presents seismic fragility analyses of
conventional (non-engineered) residential woodframe
buildings located in the Central United States, a region
of low-to-moderate seismicity. These conventional
buildings were not engineered to withstand strong
seismic loads and hence are potentially vulnerable to
future earthquakes. Since the buildings considered in
this study generally do not have any seismic anchorage
devices (e.g., hold-downs), a fragility assessment con-
sidering only lateral drift is not realistic. More likely
failure mechanisms of these conventional buildings

were expected to be wall uplift and sill plate splitting.
The results of fragility analysis of a set of representa-
tive buildings on two different foundations, slab-on-
grade and cripple wall, confirmed that uplift and plate
splitting often were the controlling limit states. The
effectiveness of two mitigation strategies, (1) increas-
ing the number of sheathing-to-framing nails and (2)
adding anchor bolts, were examined through fragility
analysis. The fragility assessment and mitigation con-
cepts are illustrated using selected one and two-story
residential structures taken to be representative of
conventional woodframe construction, typical of the
Central United States.
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ABSTRACT

In Japan, aluminum structures are designed accord-
ing to the Japanese Specifications for Design and
Fabrication of Aluminum Civil Structures (JSDFACS)
(Japanese Aluminum Association 1998). In the JSD-
FACS, the width-to-thickness ratio of plate elements
and girders are based on the Japanese Specifications
for Highway Bridges (JSHB) (Japan Road Associa-
tion 2002), where the Young’s modulus of 200 GPa
and the yield stress of steels are replaced by 70 GPa
and the 0.2% proof stress of aluminum alloys, respec-
tively. The relation between stress and strain of steels
is straight until the yield stress, and it is horizontal
after that. However, the relation of aluminum alloys
shows a non-linearity around the 0.2% proof stress.
Furthermore, the degree of curvature near the 0.2%
proof stress is considerably different between 5000-
and 6000-series aluminum alloys (Mazzolani 1995).
Accordingly the provisions in the JSDFACS may not
reflect the actual behavior of plate elements and girders
made of structural aluminum alloys.

Under the above background, the objective of this
research is to formulate the relations between stress
and strain of structural aluminum alloys.

The Ramberg-Osgood form is usually used for the
stress-strain relations of structural aluminum alloys,
which is given by

where ε and σ are the strain and stress, respectively, E
isYoung’s modulus, σ0.2 is the 0.2% proof stress, and n
is the strain-hardening parameter, which characterizes
the strain hardening behavior in the non-elastic region.

Tensile tests are carried out for structural aluminum
alloys 6061-T6, 6005C-T5 and 5083-O. Then the

probability functions of E and n are determined by
application of a probability-statistical approach to the
tensile test results, and the following conclusions are
provided:

1) The Young’s modulus is expressed by a normal dis-
tribution. The Young’s modulus of 70 GPa used in
ordinary structural design is lower than the value
corresponding to the 5% probability of not being
exceeded on the unfavorable side.

2) The strain-hardening parameter is expressed by a
lognormal distribution. The values of the strain-
hardening parameter corresponding to the 5 %
probability of not being exceeded on the unfavor-
able side are 29.1 and 5.3 for the 6061-T6 and
6005C-T5 alloys and the 5083-O alloy, respectively.

3) The relations between stress and strain are formu-
lated by the following equations:

where n is 29.1 and 5.3 for the 6061-T6 and 6005C-
T5 alloys and the 5083-O alloy, respectively, and σ and
σ0.2 are in MPa.
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At present the main safety evaluation method for slope stability is based on the single safety coefficient according
to Power Industry Standard Design Specification for Slope of hydropower and Water Conservancy Project
DL/T5353-2006 of the People’s Republic of China. The control criteria of slop stability analysis by a single safety
factor, whether evaluated by rigid limit equilibrium method or assisted by finite element method, are difficult
to reflect the actual situation of complicated high slope comprehensively and reliably. This paper presents a
reliability method based on sample weight analysis. The method can improve accuracy and reduce the workload
of numerical analysis as well.At first, with the distribution characteristics and digital features of random variables,
the minimal sample size of every random variable is extracted according to small sample t-distribution under
a certain expected value. Secondly, take the weight coefficient of the sample as the contribution to the random
variables in the extracted sample, and figure out the weight coefficient of sample combination using the BAYES
formula. And then, extract the minimal sample combination according to the value of sample weight coefficient
under a certain expected level. Take these sample combination as the input value for systematic analysis of slope,
and the random sample output of stability safety factor can be obtained. At last, according to the one-to-one
mapping relationship between sample combination and weight coefficient, the reliability index of slope stability
and safety can be obtained by multiplication principle. The slope stability analysis on left bank of BaiHeTan is
taken as an example, and the analyses results are also given in this paper. It shows that the method of reliability
in complicated high slop is reasonable and practicable.
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ABSTRACT

The largest and arguably most important portion of the
exposure to earthquakes in the U.S.A. is comprised
of woodframe houses. According to HAZUS-MH
(2003a) woodframe houses constitute about 87% of
the buildings in California, for example. At present,
quantitative seismic risk assessments of individual
woodframe houses are seldom performed, at least in
part because (i) most homeowners, and indeed many
engineers, are not yet aware that such assessments are
possible, and (ii) calling on an engineer to conduct
the desired analyses is prohibitively expensivee for the
average homeowner, or else not profitable for the engi-
neer. While qualitative assessments of seismic risk are
currently available (e.g., from www.HomeRisk.com
for California), there remains a need for a quantitative
risk assessment tool that is readily and freely avail-
able to the homeowner. Such a tool can be used to
evaluate alternative risk-mitigation strategies, whether
through structural retrofit, insurance, enhanced build-
ing codes, emergency response, or other means. The
United States Geological Survey (USGS) is work-
ing towards meeting this need, via an extension of
the USGS National Seismic Hazard Maps. The ulti-
mate goal is to develop a freely-available interactive
web tool, called ResRisk, that automatically computes
the seismic risk – e.g., probabilities of mandatory
evacuation and of repair cost exceedances – for a
homeowner-described woodframe house.

In contrast to other types of structures, the rela-
tively standardized nature of woodframe construction
in the U.S.A. makes it possible to quantify, with reason-
able rigor, the seismic risk for a house using attributes
provided by a homeowner or, more generally, a
non-engineer – e.g., house age, square footage, floor
plan, number of stories, foundation type, wall finishes,
whether the house has been seismically retrofitted,
and if the house is on a slope. Furthermore, the same
engineering and statistical analyses applied to perform

seismic risk assessments for other types of structures
(e.g., see the Pacific Earthquake Engineering Research
Center Testbeds – http://www.peertestbeds.net/) can
be automated for woodframes houses. More specif-
ically, ResRisk combines (i) an earthquake ground
shaking hazard curve for the location of the house
with (ii) probabilistic fragility and vulnerability mod-
els for the house relating ground motion amplitude
to likelihood of, respectively, mandatory evacuation
or earthquake-damage repair costs, as examples. Item
(i) can be obtained from the USGS National Seismic
Hazard Maps (most recently Petersen et al., 2008),
and item (ii) can be computed “on the fly” via non-
linear dynamic structural analysis simulations. The
computed seismic risk must then be communicated in
terms that are useful to the homeowner, e.g., chances
in some time window of incurring earthquake dam-
age leading to mandatory evacuation or to repair costs
larger than the deductible on an insurance policy,
and how these odds are changed by mitigation mea-
sures such as retrofit. ResRisk will also compare these
chances to the seismic risk for other houses (retrofitted
or not), other geographic locations, and perhaps even
other non-seismic risks (e.g., along the lines of Mori
et al., 2007).
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ABSTRACT

In Japan, there is a growing importance in preserva-
tion of historic districts and streetscapes of wooden
houses like the Important Preservation District for
Groups of Historic Buildings. However, most of fatal-
ities come from the collapse of old wooden houses
according to the recent earthquake damage statistics.
Therefore, the seismic retrofit of old town houses to
mitigate earthquake damage is very important. This
paper proposes simple methods to evaluate of seismic
performance for all the traditional wooden houses in a
district. In this paper, historic wooden houses in Narai
located in Nagano prefecture in Japan are studied. The
houses were originally constructed in the 17th Century
on and have various features particular to post town
houses. The old town houses have narrow entries, are
long in depth. The neighboring houses touch mutually.
Therefore, the movement of townhouses is mutually
affected. We call this effects house-house interaction
(HHI) effects.

First, in this study, to identify the vibration char-
acteristics, ambient vibration tests for almost all the
houses, about 230 houses in total, along the old high-
ways are conducted.Three to five houses are measured
simultaneously to investigate the HHI effects. In the
measurements, ten wireless and GPS-synchronized
handheld vibration recorders with three acceleration
sensors inside are used. Considering the vibration
characteristics of houses and HHI effects, houses
are classified into neighborhood groups. Next, rig-
orous seismic performance evaluation is carried out
for twenty-four selected houses individually and for
nine grouped houses. Finally, based on the results
of ambient vibration measurement and rigorous seis-
mic performance evaluation, we have proposed two
types of approximate evaluation methods of yield
base shear coefficient for the neighborhood groups.
One method is evaluation from natural frequency
(Fig. 1(a)), and another is from the rough floor plan
of houses (Fig. 1(b)). By applying these two methods,

Figure 1. Evaluation of the yield base shear coefficient.

houses with poor seismic performance can be easily
specified from all the houses in a district.

In summary, the following conclusions are drawn.

(a) The investigated old town houses show clear and
complex HHI phenomenon.

(b) The seismic performance evaluation and seis-
mic retrofitting for such old town houses should
be performed considering the HHI effects of a
neighborhood group.

(c) We have proposed two types of approximate eval-
uation methods of yield base shear coefficient for
the neighborhood groups.
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ABSTRACT

In recent decades, earthquakes have caused a signifi-
cant number of deaths and injuries worldwide. Unlike
many other natural disasters, earthquakes are diffi-
cult to predict and could strike in populated areas
without much warning, potentially resulting in sub-
stantial human losses. Costs related to deaths and
medical treatment for injuries from earthquakes some-
times become major burdens to individuals, casualty
insurance companies, as well as local governments.
Estimates of the potential consequences of future
earthquakes on human lives provides a useful tool
for risk managers to develop proper action plans and
better resource allocation in the event of a major earth-
quake. This paper presents a probabilistic model for
assessing casualty risk as a direct result of building
damage from earthquakes in Japan. First, a mod-
ule for analytically quantifying structural damage
from local ground-shaking parameters and structural-
vulnerability relationships is developed. A database
of buildings and their occupants is constructed based
on census data. The dependence of casualty rates on
building damage states is then derived from a com-
prehensive casualty database obtained from the 1995
Hyogoken-Nanbu (Kobe) earthquake. This casualty
database includes data from the Hyogo Prefecture
coroners’ reports, medical records of patients treated
at more than 90 hospitals in Kobe and its neighboring
cities after the earthquake, as well as information on
the damage states of the buildings where each death
or injury occurred. Uncertainties surrounding both the
building damage and the casualty rates are taken into
consideration in this model. Results from the model
simulation are validated against actual casualty counts
reported following the 1995 earthquake. Finally, the
model is used to estimate casualty risk as a result
of a hypothetical worst-case-scenario earthquake. The
estimated casualty counts from this earthquake warn
of the worst that could happen in Japan, while casu-
alty risk maps (Figure A1), which show the spatial

Figure A1. Estimated Fatalities (per 100,000 people) with
0.1% Annual Probability of Exceedance.

distribution of the estimated fatalities with a certain
annual exceedance probability, could pave the way for
more appropriate mitigation and emergency plans for
future earthquakes.
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ABSTRACT

In recent years, seismic design and assessment of
civil engineering structures based on simulated strong
ground motion are prevailing in Japan. If macro-
and micro-fault parameters are given, an Irikura’s
method (Irikura 1986) can simulate ground motion
in more detail than the empirical attenuation relation.
The simulation method has high evaluation capability
(reproducibility) for past ground motions when fault
parameters are given precisely.

However, predictions of future waveforms with the
simulation method need results of inversion analy-
ses since some micro-fault parameter are difficult to
predict before earthquake. In a strict sense, the sim-
ulation method cannot be “prediction of the future
events (prior prediction)” but just “reproduction of
the past events (posterior evaluation)” because predic-
tion based on micro-fault parameters should be done
not after earthquake occurrence but before earthquake
occurrence. As described above, difficulty in get-
ting micro-fault parameters before earthquake impairs
prediction capability of future waveforms.

Then, the objective of this research is to assess the
difference between prior prediction and posterior eval-
uation quantitatively about 2005 Fukuoka earthquake
with the statistical Green’s function using Boore’s
Statistical Model (Boore, 1983), and to suggest min-
imum prediction capability of ground motion which
is required in engineering application. Here, “Predic-
tion” means simulation method undertaken without
any information acquired only after earthquake occur-
rence. Meanwhile, “Evaluation” means simulation
method with both prior and posterior information.

Figure 1 compares the result of RMS. The index
is root mean square error of between simulation and
observed data (true value) defined by Equation (1).
In the figure, the diagonal line means that prediction
and evaluation are completely same, an area under
the line means evaluation is better than prediction. As
points in the figure are plotted around the diagonal
line, the difference between prediction and evaluation
is considerably small.

Figure 1. Several examples of asperity.

The past estimation of strong ground motion is
improved by consideration of detailed information
such as micro-fault-parameters. The detailed informa-
tion of fault is given only after earthquake occurrence
so that the past method isn’t priori prediction. How-
ever, the result of this study gives suggestion of possi-
bility that the simulation without detailed information
can be appropriate to engineering application.
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ABSTRACT

It is said that plate subduction-zone earthquakes and
inland earthquakes may occur in several decades in
Japan. However, many residents do not try to per-
form seismic retrofit, even if their wooden houses have
poor seismic performance and will suffer extensive
damage if a severe earthquake occurs. In order to moti-
vate residents to implement an effective earthquake
countermeasure for their houses, this paper proposes
evaluation indexes to select the most cost effective
earthquake countermeasure for their own houses and
to make up the long-term implementation planning.
In our study, maintenance, repair and rebuilding are
included in earthquake countermeasures as well as
seismic retrofitting.

First, we present a seismic risk evaluation proce-
dure for wooden houses, which can consider aged
deterioration affected by biodeterioration and main-
tenance status as well as their seismic performance
before and/or after the seismic retrofitting and local
seismic hazard. Then, this paper proposes two indexes
to evaluate and assess the earthquake countermea-
sures. The one is a Loss Reduction Index (LRI), and
this index means an expected reduction in seismic
loss by the earthquake countermeasure. The other is
a Total Cost Reduction Index (TCRI), which is an
expected reduction in the total cost of initial cost, the
cost of earthquake countermeasures and seismic loss
over elapsed years from specified time.

In order to demonstrate the validity of the pro-
posed indexes and discuss how to prepare for the
coming big earthquakes, we have performed some
case studies changing location, earthquake counter-
measure techniques and that timing. The locations of
houses are Osaka city, Kyoto city, Nagoya city,Tsu city
and Kochi city in Japan to compare influence of the
local seismic hazard shown in Figure 1. The feature
of houses is changed by seismic performance, age and
durable years. Earthquake countermeasure techniques
are seismic retrofitting to strengthening or improving

Figure 1. Seismic hazard curves over t years.

deformation performance, durability enhancement to
increase durable years, and rebuilding.

Finally, by the sensitive analysis, it confirms that
these proposal indexes can judge cost-effective timing
and technique of earthquake countermeasure depend-
ing on location.
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Risk-informed approaches for achieving robustness and for mitigating
disproportionate collapse of buildings

Bruce R. Ellingwood
School of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta, GA, USA

ABSTRACT

A progressive (or disproportionate) collapse of a struc-
ture is one that initiates from local damage and, rather
than being arrested in the structure by its capabil-
ity to bridge around the damaged area, propagates
to a final damage state that involves a major por-
tion of the structure. Although there is a natural
tendency due to recent events to associate such col-
lapses with malevolent attack, other events that are
outside the scope of customary structural engineer-
ing practice – gas explosions, vehicular collisions,
severe fires, and extreme values of environmental
loads, and design/construction errors – also can stress
the building system to well beyond its normal design
envelope. All buildings are susceptible to progressive
collapse in varying degrees. A robust structural sys-
tem is inherently capable of absorbing minor damage
resulting from design or construction errors or from
extreme environmental or man-made events.Although
engineers generally recognize the need to engineer
robust structural systems, specific design strategies
and criteria for progressive collapse resistance have
proved difficult to develop and implement in pro-
fessional practice. At the same time, the public has
become increasingly aware of building safety issues
as a result of well-publicized collapses due to natural
and man-made disasters.

In recent years, changes in building and construc-
tion practices and sociopolitical challenges have high-
lighted the importance of hazards that historically
either have not been viewed as significant (explo-
sions or detonations) or have been dealt with through
deemed-to-satisfy clauses rather than through formal
structural calculations (severe fires).At the same time,
the public has become increasingly aware of building
safety issues as a result of well-publicized collapses

due to natural and man-made disasters. Proposals for
achieving robustness and for minimizing the likeli-
hood of progressive collapse now are being introduced
into building codes, standards and regulations.

The level of risk arising from the uncertain nature
of low-probability hazards and their consequences
remains undetermined in recent code proposals aimed
at minimizing the likelihood of progressive collapse,
making problematic their cost-effectiveness. Concepts
of structural reliability analysis and probabilistic risk
assessment supported by advanced computational sim-
ulation tools can be used to identify specific threat
scenarios, to assess the capability of a building to with-
stand damage without the development of a general
structural collapse, and to test the effectiveness of var-
ious proposed risk mitigation strategies. This paper
summarizes methods for assessing structural robust-
ness and the risk of disproportionate collapse found in
national codes, standards and regulatory documents,
and concludes with an identification of analytical
and experimental research needed to advance risk-
informed strategies for mitigating progressive collapse
of buildings.
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Robustness of structures as a design criterion
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ABSTRACT

In this paper a new numerical approach is proposed
for designing robust structures. This can be coupled
with any arbitrary nonlinear computational model for
structural analysis.

The proposed approach is focused on incorporat-
ing the issue of structural robustness in the design
process, which is of increasing interest in industry.
The engineer has to find a design which ensures a
proper behavior of the structure despite uncertainty
of structural, environmental and design parameters.
As no general definition exists for structural robust-
ness, a respective measure is developed based on
the understanding of robustness according to (The
American Supplier Institute 2005), which was intro-
duced by Genichi Taguchi and is well-established
in consumer goods industry. A structure is consid-
ered as robust if it can withstand a whole spectrum of
occasional or frequent fluctuations of environmental
conditions without noticeable effects on its service-
ability. This concerns the system performance under
normally fluctuating conditions – in contrast to the
occasional understanding of robustness as appropriate
performance of a system under exceptional condi-
tions. Moreover, the robustness measure is defined in
conjunction with a non-stochastic uncertainty model
according to fuzzy set theory. This enables the con-
sideration of merely vaguely predictable fluctuations
of structural parameters, which is particularly suit-
able in early design stages when clear probabilistic
specifications are problematic.

On this basis the numerical approach for design-
ing robust structures is formulated. Design parameters
are specified as uncertain over a value range rea-
sonable for design. Further uncertain parameters are

quantified according to the available information. All
uncertainty is processed through a structural analy-
sis by simulation, such as a Monte Carlo simulation.
This leads to a set of points in the space of the
design parameters and associated structural responses.
By means of design constraints permissible design
parameter combinations are identified and lumped
together via cluster analysis. From the clusters continu-
ous alternative design domains are constructed. These
are modeled using fuzzy sets and processed through
the uncertain structural analysis, again, to verify their
permissibility. For each design variant, the robustness
is computed as the ratio between the uncertainty of
the fuzzy input quantities and the uncertainty of the
associated fuzzy structural responses.

The optimum design variant is determined with a
three-criteria optimization problem. Criterion one is
the traditional optimization criterion, such as a min-
imum mass or minimum cost. Criterion two is the
maximum robustness of the structure. This aims at a
structural behavior that is only marginally affected by
uncertainty and by changes in the design parameters
during the production process and service life of the
structure. Criterion three concerns a maximum size of
the suitable domains in the space of design param-
eters. This provides the engineer with comfortable
decision margins during construction or production,
respectively.

The proposed design method is demonstrated by
way of an example.
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Performance of earthquake resistant buildings against progressive collapse
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ABSTRACT

Progressive collapse analyses were conducted on rein-
forced concrete frame buildings designed according to
the seismic provisions of the National Building Code
of Canada. The purpose of the analyses was to esti-
mate the vulnerability of the buildings to progressive
collapse. Three moderately ductile buildings designed
for Ottawa, which is in a moderate seismic zone, and
three ductile buildings designed for Vancouver, which
is a high seismic zone, were used in the analyses. The
buildings considered are 5-storeys, 10-storeys and 15-
storeys high. The plans of both the Ottawa and the
Vancouver buildings have the same dimensions, i.e.,
30 m × 18 m as shown in Figure 1. The spans in the
transverse direction of the Ottawa and the Vancouver
buildings are also the same, i.e., three spans of 6 m for
both buildings. However, the number and the dimen-
sions of the spans in the longitudinal directions of the
buildings are different.The Ottawa buildings have four
spans of 7.5 m each, and the Vancouver buildings have
five spans of 6 m each. The floor heights are 4.0 m for
all buildings.

The performance of the buildings against progres-
sive collapse is evaluated following the widely used
guidelines for the design and assessment of build-
ings against progressive collapse, namely “Progressive
Collapse Analysis and Design Guidelines” by the U.S.
General Services Administration. Different scenarios
were considered by removing first storey columns of
the buildings in order to simulate the loss of columns
due to bomb blasts. The following scenarios of column
removals were considered: (i) column on the perime-
ter, approximately at the middle of the long side of
the building, (ii) column on the perimeter, approxi-
mately at the middle of the short side of the building,
(iii) column at the corner of the building, and (iv)
interior column. Elastic static analysis was conducted
for each of these scenarios using three-dimensional
models. Demand/capacity ratios obtained for primary
structural members were used in the assessment of the
vulnerability to progressive collapse.

Figure 1. Floor plans of buildings; (a) buildings in Ottawa,
and (b) buildings in Vancouver.

The study leads to two general observations: build-
ings in Vancouver are more robust than buildings in
Ottawa in terms of progressive collapse resistance, and
that taller buildings are more at risk to progressive
collapse than shorter buildings. Another interesting
finding is that the vulnerability of seismically designed
buildings to progressive collapse depends greatly on
the differences between the spans of the longitudi-
nal and the transverse frames, i.e., larger differences
between the spans lead to higher vulnerability.

281

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c33&iName=master.img-000.jpg&w=190&h=246


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

A novel optimization method under limited uncertainty
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ABSTRACT

A novel robust design optimization (RDO) formula-
tion is proposed here which is specifically appropriate
when complete probabilistic information about the
design variables (DVs) and design parameters (DPs)
are not available. The currently available RDO meth-
ods put equal importance to each individual gradient
of the objective function and the constraints. But, it
is well known that all the gradients are not of equal
importance. This has been successfully explored in
reducing the number of random variables in reliabil-
ity analysis. The concept is utilized here in RDO. It is
expected to be more appropriate and efficient to use
the weighted value of the gradients in accordance with
their importance instead of equal weight to define the
robustness measure of the objective function.

The methodology proposed here is a heuristic
approach which allows the use of importance factor
obtained from the respective sensitivity information.
To improve the robustness, a new measure of robust-
ness is proposed by redefining the performance dis-
persion using associated importance of the gradients
of the performance function with respect to uncertain
variables. The basic idea to improve the robustness of
the performance using new index is also extended to
the constraints. Essentially, the proposed RDO formu-
lation becomes two-criterion equivalent deterministic
optimization problem where the weighted sum of the
mean and weight factor-based dispersion index is
optimized.

The RDO formulation is elucidated by consider-
ing the cost optimization of a steel tubular column
hinged at both ends subjected to a compressive load.
The uncertainty information available on the DVs and
DPs is incomplete, i.e., only the ranges of variations
are prescribed but not their distributions. For com-
parison, the results obtained by the conventional two
criteria RDO procedure are also obtained. The Pareto
fronts as obtained by the proposed and conventional
RDO methods are shown in Figure 1. It can be clearly

Figure 1. Comparison of Pareto-front as obtained by pro-
posed and conventional RDO method.

observed from the figure that for a specific level of
variation if the desired objective is to minimize the cost
of the column, the proposed method provides lesser
cost compared to the conventional RDO approach.
Furthermore, for a prescribed cost of the column, the
dispersion of the cost due to uncertainty as obtained
by the present approach is less than that of obtained
by the conventional RDO approach.

Further results are provided in the full paper. The
results of numerical study show that the trend and
variations of the proposed RDO results are in con-
formity with the well established two criteria RDO
problems indicating its potential over the conven-
tional approach. Since all the variables are not equally
important in capturing the presence of uncertainty,
the proposed approach yields more efficient Pareto
front. However, how much robustness can be achieved
over the conventional method is problem dependent.
It may be noted that the approach being generic
in nature, can be applied to more complex struc-
tures and extended to RDO of general multi objective
optimization problems.
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ABSTRACT

Robustness of structures has been recognized as a
desirable property because of a several high system
failures, such as the Ronan Point Building in 1968,
where the consequences were deemed unacceptable
relative to the initiating damage. After the collapse of
the World Trade Centre, the robustness has obtained
a renewed interest, primarily because of the serious
consequences related to failure of the advanced types
of structures. In order to minimize the likelihood of
such failures many modern building codes consider
the need for robustness in structures and provide strate-
gies and methods to obtain robustness. In fact, in all
modern building codes, one can find a statement (in
this or a slightly different form): “total damage result-
ing from an action should not be disproportional to the
initial damage caused by this action”.

During the last decades there have been signifi-
cant efforts to quantify aspects of robustness. When
modelling robustness, system effects are very impor-
tant. However, the primary criteria in building code
are related to design and verification of sufficient reli-
ability of components. It should also be noted that
redundancy in systems is closely related to robust-
ness. In principle redundant system are believed to be
more robust than non-redundant systems – but this is
not always the case as illustrated by the failures of the
Ballerup SuperArena and the Bad Reichenhall icehall.

Given this interest in the topic a special EU
sponsored COST action TU0601 (http://www.cost-
tu0601.ethz.ch/) has been initiated by the Joint Com-
mittee on Structural Safety (JCSS) in cooperation
with IABSE. Within this European research project
close cooperation is maintained with experts from
North America, in particular NIST, where a signifi-
cant research into robustness of structures has taken
place for understandable reasons.

The main objective of the COST Action TU0601 is
to provide the basic framework, methods and strate-
gies necessary to ensure that the level of robustness of
structural systems is adequate and sufficient in relation

to their function and exposure over their life time and
in balance with societal preferences in regard to safety
of personnel and safeguarding of environment and
economy. The purpose of the project is to assess mea-
sures and requirements for robustness in a risk based
perspective.

Traditionally robustness is considered to be an
inherent property of a structure defined through the
design of the structure. However, a risk based approach
considers robustness from a life cycle perspective to
be a product of design together with strategies for
operation, maintenance and control as well as appro-
priate emergency response measures. Assessment of
robustness necessitates the consideration of the possi-
ble scenarios leading to collapse, their probability of
occurrence as well as the corresponding consequences.

Whereas structural design codes at the present time
are focusing on ensuring structures with appropriate
safety in regard to component failures and thereby
are implicitly addressing mainly vulnerability aspects
of the structural performance, the aim of the present
COST Action is to establish a better understanding on
the aspects related to the robustness, i.e. focusing on
how structures may be designed, operated and main-
tained such that potential damages are sustained with
an appropriately high level of safety.

Given this main objective the project focuses on a
number of main issues:

• Theoretical Framework
• Models for Exposures, Structural behaviour and

Consequences of failures.
• Design to improve robustness
• Examples, Dissemination of knowledge and guide-

lines

The end users of the results of the project will com-
prise pre-codification and codification committees on
structural design as well as actors in the building
and construction industry including design, architec-
tural and consulting companies as well as contractors
and owners of structures at both a public and private
level.
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Probabilistic failure model for progressive collapse analysis

S.M. Marjanishvili & L. Leininger
Hinman Consulting Engineers, Inc., San Francisco, CA, USA

ABSTRACT

This paper proposes a methodology to describe various
structural systems based on their level of robustness to
resist a disproportionate progressive collapse follow-
ing an initial structural perturbation. Procedures are
applied for estimating the probability of failure and
robustness level with regards to the progressive col-
lapse potential of steel structures. Uncertainties are
treated in a probabilistic framework with probabil-
ity distributions assigned to the parameters. Structural
resistance and load demands are treated as variables
with probability distribution functions. The results
are summarized in the form of robustness diagram
derived from progressive collapse diagrams devel-
oped in previous study (Marjanishvili & Buscemi,
2005). Progressive collapse diagrams, which relate
expected ductility ratio (m) and Demand Capacity
Ratio (DCR) were originally derived for determin-
istic progressive collapse assessments. In this study,
progressive collapse response charts are extended to
include estimated variability for nonlinear systems as
determined through computer simulations employing
fast-running algorithms. These algorithms depend on
the resisting mechanisms of structural systems, such
as flexure, shear and stability loss or catenary action.
The approach adopted in this study is based on the
principle that the structural robustness is the qual-
ity of structure, which is evaluated not only by the
mean value (i.e., determination of progressive collapse
potential) but also by the sensitivity of the structural
performance (i.e. structures ability to gracefully with-
stand unforeseen and extreme loading and damage
conditions.
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Uncertainty analysis of the local flexibility method for damage
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ABSTRACT

The Local Flexibility method [Reynders & De Roeck
2008] is a technique which can be used for static as
well as dynamic (i.e., vibration based) damage iden-
tification. The method uses measured receptance or
flexibility. Combination of (the quasi-static limit of)
flexibility with a virtual load that causes stresses in the
vicinity of one measurement location only yields a vir-
tual static deformation, that is inversely proportional
to the local stiffness. The ratio of static deformation,
obtained before and after occurrence of a change in
stiffness, is equal to the inverse local stiffness ratio.
The method can be adapted so that, in the dynamic
case, unscaled mode shapes and therefore output-only
methods can be used to construct the flexibility matrix,
assuming that the mass change is negligible.

Here, an uncertainty analysis of the method is pre-
sented. Starting from the covariance matrix of the mea-
sured data (in the dynamic case: the covariance matrix
of the measured eigenfrequencies, damping ratios,
and mode shapes), the variances of the local stiff-
ness ratios, estimated from the method, are obtained
using a sensitivity analysis. Since the relative uncer-
tainty on the measured modal parameters is generally
low, a first-order approximation is sufficient for most
applications. Under the assumption that the measured
modal parameters obey a multivariate normal distri-
bution (which is, for most modal parameter estimation
algorithms, asymptotically valid), it follows from the
first-order perturbation analysis that the estimated
local stiffness ratios are normally distributed as well,
and consequently the procedure followed enables to
estimate confidence intervals on them.

As a simulation example, a simply supported
IPE100 beam of 3 m length, where the vertical dis-
placements are measured at 7 equidistant points, is
considered. Only the first unscaled mode, that would
result from an output-only modal analysis, is retained
for the construction of the flexibility matrix. The dam-
age scenario consists of a stiffness reduction of 20%
between measurement points 2 and 4.

The relative bending stiffness (EI + �EI )/EI ,
together with its 95% confidence interval, calculated
using the method presented here, is shown below. The
standard deviation of the eigenfrequency is assumed to
be 1%, that of the damping ratio 10%, and that of each
of the mode shape components 1%. These values are
realistic in practical situations [Reynders et al 2008].
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ABSTRACT

Engineering structures such as bridges are ideally
designed to ensure an economical operation through-
out the anticipated service life in compliance with
given requirements and acceptance criteria. Such
acceptance criteria are typically related to the people
safety and risk to environment. Deterioration pro-
cesses will always be present to some extend and
depending on the adapted design philosophy in terms
of degradation allowance and protective measures,
the deterioration processes may reduce the system
performance beyond what is acceptable. In order to
ensure that the given acceptance criteria are fulfilled
throughout the service life, it may thus be necessary
to control the development of deterioration and if
required execute protecting and/or repair actions in
due time.

To ensure safety by inspection implies the identifi-
cation of what to inspect, how to inspect, where to
inspect and how often to inspect. Within this con-
text, the reliability of a Nondestructive Evaluation
(NDE) technique is particularly important; for welded
joints damaged by fatigue, it is defined as the quanti-
tative measure of its effectiveness in detecting flaws
of specific type and size. NDE procedure capabil-
ity is characterized in terms of the probability of
detection as a function of the crack size. This func-
tion is the probability that a specific flaw is detected
in particular inspection conditions. Within the french
national research project MIKTI, several research
institutes has been involved in various research tasks
for assessing usual and enhanced reliability of several
techniques (ultrasonic, magnetic particles). This paper
will present the principal results obtained by several
NDT techniques on more than 40 joints, the analysis
of the detection and false alarms and the determination
of POD curves for the various techniques.

Most of the inspection results are recorded only in
terms of whether or not a flaw was found. Data of
this nature are called hit/miss data, and an analysis
method for this data type evolved from the original

Figure 1. Example of POD (probability of detection) and
LCB (lower confidence bound) curves for the UT technique
(team 1) and hit/miss results (cross symbols).

binomial characterization. This is commonly used,
for example, for data from penetrant liquid inspec-
tion, visual inspection tests but also ultrasonic or
magnetic particles testing. The basic idea behind this
method is to estimate de probability on detection PÔD
for any given crack size from the hit/miss data by
applying regression analysis or a maximum likelihood
procedure.

The analysis of hit/miss data from the MIKTI
research project allows qualifying the reliability of
magnetic particles and ultrasonic tests through the con-
cepts of probability of detection and probability of
false alarm. The model used is a log-odds function and
the estimation of its parameters has been performed by
the maximum likelihood function.

From the study of the different POD curves it comes
that the UT technique, for the two teams concerned by
the control, provides the best results compared to the
MT technique. The obtained information is neverthe-
less very valuable for crack detection in steel bridges
and represents the first attempt to provide crack detec-
tion probabilities for typical T-joint tested to fatigue in
parallel.
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Inspection intervals for bridge welded joints: Guidelines for the
Eurocode 3 applications

J. Duchereau
Ecole des Mines de Paris, Fontainebleau, France

C. Cremona
Commissariat Général au Développement Durable, Paris, France

ABSTRACT

Engineering structures such as bridges are ideally
designed to ensure an economical operation through-
out the anticipated service life in compliance with
given requirements and acceptance criteria. Such
acceptance criteria are typically related to the people
safety and risk to environment. Deterioration pro-
cesses will always be present to some extend and
depending on the adapted design philosophy in terms
of degradation allowance and protective measures, the
deterioration processes may reduce the system perfor-
mance beyond what is acceptable. In order to ensure
that the given acceptance criteria are fulfilled through-
out the service life, it may thus be necessary to control
the development of deterioration and if required exe-
cute protecting and/or repair actions in due time. Such
considerations have led to shift the design philoso-
phy for new structures (for instance as ships, offshore
structures, aircrafts. . . and in civil engineering) from
safe-life or fail-safe to damage tolerance safety by
inspection. A structure is said damage tolerant if it
has a reasonable damage growth life, such that the
damage can be detected during one of the affordable
scheduled inspection before it can precipitate a failure.
To ensure safety by inspection implies the identifica-
tion of what to inspect, how to inspect, where to inspect
and how often to inspect. Even though inspections may
be used as an effective means for controlling degrada-
tions and thus imply a potential benefit they may also
have considerable impact on the operation of the struc-
ture and other economical consequences themselves.
Eurocode 3 states that it is possible to move from a fail-
safe to a damage tolerance approach. For this purpose,
reduced partial safety factors (from 1.35 to 1.00) are
proposed to bridge designers and owners but nothing
is said about the quality of the inspection and the num-
ber of inspection times for applying such an approach.
Two different analyses are presented in this paper to
provide target objectives for inspection quality and
intervals with regards to Eurocode 3.The first one con-
sists in performing a inspection/repair (IR) programme
such that the reliability index for the damage-tolerant
curve is larger than the fail-safe reliability index at 100
years. The IR programme implies that repair is sys-
tematically performed as soon as a crack is detected.
Consequently, it is intuitive to say that smaller will

be the detection threshold (or the NDE technique effi-
ciency) larger will be the number of times that the joint
will be repaired.

For the second approach, a welded joint is inspected
by a NDE technique. If no crack is detected, it does not
mean that no crack is present but that the inspection
technique is not able to provide a positive detec-
tion outcome. This is eventually due to the fact that
no crack exists but also to the possibility that the
existing crack is slightly smaller than the smallest
detectable crack size by the technique. The conserva-
tive assumption is therefore to assume that a crack
exists and the flaw size is the detection threshold.
With this hypothesis it is then possible to calculate
the crack growth until a critical crack size is reached.
As the analysis is probabilistic this calculation has to
be turned out into the computation of the time interval
between the detection time and the time for which the
3.8 target reliability index is reached. This analysis has
been per-formed on several composite bridges. The
two approaches provide different results. This is not
surprising since the first approach is base on an inspec-
tion/repair programme while the second one is relaying
on the minimum time interval between the detectable
crack size and the allowable reliability level.This latter
approach is more conservative. If an extensive 20 yrs
inspection programme is scheduled (in addition to the
detailed and routine inspections programmes), then it
comes that the NDE reliability can only be achieved
with a mean detection level (for a 30% coefficient of
variation) smaller or equal than 0.3 mm. The first anal-
ysis provides wider inspection intervals for the same
detection levels (around 30 years). Using less sensitive
inspection techniques implies to reduce the inspec-
tion interval between 5 to 15 years (10% fractile).
The first approach provides similar results (around
20 years). Inspections are performed more intensively
but they are compatible with usual detailed inspection
programmes.

In conclusion, this paper is making a first attempt
to provide sense to the Eurocode 3 proposal to use
reduced fatigue partial factors by transferring the
decrease in design safety to an increase in inspection
safety. If the inspection/repair programme leads to
a 20 years average inspection intervals with 0.3–
0.6 mm average detection level, the time-to allowable
reliability level insists on narrow intervals (10 years).
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Structural reassessment of prestressed concrete beams by Bayesian updating
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ABSTRACT

The VIPP are simple span viaducts made of precast
concrete girders prestressed by post-tension. This type
of construction was largely developed after the second
world war, between the years 1955 to 1970, thanks to
its girders launching system which allowed the cross-
ing of non classical obstacles with reasonable height
(10 to 25 m above ground-level, range between 30
to 60 m). This technique is not longer used, largely
competed by other construction techniques making it
possible to carry out more economic and safer redun-
dant structures with respect to rupture.The enthusiasm
which reigned at the construction time of the first
VIPP generation, moreover resulted in many design
and execution mistakes, and by the absence of cor-
rective maintenance actions to restore the defective
waterproofing of these bridges.

The detailed description of the problems encoun-
tered in this family of bridges shows how much the
diagnosis of these structures is essential to conclude
a relevant revaluation of their performance. It is in
this context that several studies were performed by
the authors’ organisms in order to develop diagnosis
techniques and methods.As questions concerning life-
cycle and serviceability of these existing structures
appeared, a probabilistic approach is introduced in
this paper; its capacity to take into account design,
construction, material properties, and on site investiga-
tions uncertainties is in particular highlighted. Those
are decisive points to re-evaluate the performance of
such existing structures.

Inspection information can provide valuable infor-
mation concerning the structural performance; it is
therefore essential to take them into account in an effi-
cient manner. Bayesian updating provides a general
framework which can be used in the analysis of the
structural performance for VIPP prestressed girders.
This paper presents such an application on two real
VIPPs, the Merlebach (Fig.1) and the Vauban bridges.
The reassessment analysis was performed on one of
the five bridge girders, based on prestress measure-
ments by the crossbow method when the bridge was
still operated. This measurement technique enables to

Figure 1. Merlebach bridge.

Figure 2. Partial factor variations based on prestress mea-
surement average value (CoV = 10%).

analyse the cross-section reliability in terms of stresses
rather than strains. It provides immediate access to
the applied forces and moments located at the instru-
mented cross-section.This information concerning the
prestress force can be used for updating the reliability
of different cross-sections at the Serviceability Limit
State (S.L.S.). This paper presents such applications
showing in particular the difference between two VIPP
designs. Reliability index and partial factors updating
(Fig.2) are the major scope of this paper showing how
the structural performance can be efficiently appraised
by Bayesian updating.
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ABSTRACT

Structural composite lumber is widely used in the
United States and worldwide in increasingly demand-
ing structural applications. This paper presents mea-
surements of the spatial variability of the strength of a
specific type of structural composite lumber, Parallel
Strand Lumber (PSL), and describes a computational
model for prediction of the strength of PSL. The char-
acterizations of strength variability described in this
paper should prove useful in preliminary reliability
analysis of PSL members and structures, and is the type
of data that may eventually allow for the re-evaluation
of resistance factors used in the design of structures
using PSL. The computational model is expected to
find use in the evaluation and development of new
designs for PSL, including the inclusion of new species
and the directed mixture of species in the composite.

There has been substantial investigation of the spa-
tial variability of elastic and strength properties in
solid lumber (Lam and Varoglu 1991), but this work
represents, to the author’s knowledge, the first such
investigation for PSL. Results show that PSL has some
very favorable characteristics such as reduced vari-
ability of strength compared to similarly solid lumber.
The computational model builds upon previous work
that developed tools for the prediction of the strength
of composite wood cross sections (Clouston 2006;
Clouston and Lam 2001). The current model adds

the significant feature of accounting for variation in
strength along the length of the structural member.

The measurements are conducted by compression
tests on specimens machined from a larger original
PSL member. Results show that the variance of PSL
strength is substantially lower than for solid lumber of
equivalent size and that the strength random process
has a correlation length on the order of several hun-
dred millimeters. The computational model accounts
for uncertainty in the strand length, strand grain orien-
tation, and strand inelastic properties. The model uses
an orthotropic yield surface in the strength calculation.
The computational model validates well with respect
to the mean strength, but underpredicts the variance
of the strength. Investigation of the sources of this
disagreement are ongoing.
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Multiscale modeling of random heterogeneous materials

X.F. Xu
Stevens Institute of Technology, Hoboken, NJ, USA

ABSTRACT

In mechanics and materials, homogenization and self-
consistent methods were the major tools until the
breakthrough of multiscale research in 1990s. A vari-
ety of multiscale methods have been developed to
upscale fine-scale equations into effective coarse ones.
Determinism however has remained a universal strat-
egy in the multiscale research, by assuming fine-
scale information is completely known. The drastic
advances made in the past decade are therefore focused
on deterministic systems.

A crucial characteristic of complex materials is
uncertainties of the constituent elements and interac-
tions among them. For complex systems characterized
with high-dimensions and various uncertainties, a
strategy of Multiscale Stochastic Modeling (Xu 2007,
Xu et al, 2008, Xu et al 2009) is proposed to follow
a path stemming from renormalization group the-
ory as shown in Fig. 1. The new path represents a
stochastic version of the existing path developed from
homogenization theory to deterministic multiscale
modeling.

Asymptotic theories of classical micromechanics
are built on a fundamental assumption of large sep-
aration of scales. For random heterogeneous mate-
rials the scale-decoupling assumption however is
inapplicable in many circumstances ranging from
conventional failure problems to small-scale engi-
neering systems. Development of new theories and
formulations for scale-coupling mechanics is to have
significant impacts on diverse disciplines.

Based on the recent work of (Xu 2007, Xu 2009, Xu
and Chen 2009a, Xu and Chen 2009b) an overview
of multiscale modeling on random heterogeneous
materials is presented in this paper. In Section 2
the generalized variational principles for boundary
value problems of random heterogeneous materials are
stated. Based on the generalized variational principles,
formulations and methods are introduced in Section
3 and 4 for the scale-decoupling and scale-coupling
problems, respectively.

Random heterogeneous materials are characterized
with multiscale, high dimensions, and uncertainty,

Figure 1. Proposed multiscale stochastic modeling method-
ology (Xu and Chen, 2009b).

which demands the use of both multiscale and stochas-
tic modeling techniques. Integration of stochastic
methods into a multiscale framework, or develop-
ment of multiscale modeling in a stochastic setting, is
becoming an emerging research frontier. It is expected
development of so-called multiscale stochastic mod-
eling methodology will not only provide innovative
engineering and computational tools such as mul-
tiscale stochastic finite element method (MSFEM),
but contribute to multidisciplinary research on diverse
complex systems.

REFERENCES

Xu, X.F. 2007. A multiscale stochastic finite element method
on elliptic problems involving uncertainties. Comput.
Methods Appl. Mech. Engrg. 196 (25–28): 2723–2736.

Xu, X.F. 2009. Generalized variational principles for uncer-
tainty quantification of boundary value problems of
random heterogeneous materials. ASCE Journal of Engi-
neering Mechanics. In Press

Xu, X.F. & Chen X. 2009a. Stochastic Homogenization of
Random Multi-phase Composites and Size Quantifica-
tion of Representative Volume Element. Mechanics of
Materials. 41 (2): 174–186.

Xu, X.F. & Chen X. 2009b. A Multiscale formulation for
uncertainty quantification of finite body random hetero-
geneous materials. Submitted.

294

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c35&iName=master.img-000.jpg&w=190&h=96


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

A multi-resolution Bayesian framework for the identification of spatial
variability of material properties

P.S. Koutsourelakis
School of Civil and Environmental Engineering, Cornell University, NY, USA

The prodigious advances in computational model-
ing of deformation processes and the development
of highly non-linear, multiscale models poses several
challenges in parameter identification. The predictive
ability of these models depends strongly on assigning
the correct values to the various model parameters.
In solid mechanics for example laboratory testing is
performed using fairly large specimens which how-
ever, do not immediately provide information about
all the parameters in the material model (e.g. elas-
tic modulus, yield stress etc) at the scale of interest,
particularly in heterogeneous materials. The present
paper is concerned with the problem of identifying
parametric variability at various length scales from
disparate and noisy measurements and experimental
observations using computational models.

In existing methods, deterministic (i.e. optimization-
based) or statistical, the representation of the unknown
field has coincided with the forward model’s. In cases
where finite elements are used as forward solvers, the
property of interest is assumed constant within each
element and therefore the vector of unknowns is of
dimension equal to the number of elements.This offers
obvious implementation advantages but also poses dif-
ficulties as it can lead to over-fitting if the actual scale
of variability is larger than the grid.

We propose a nonparametric, Bayesian model
which is independent of the grid of the forward solver
and is reminiscent of non-parametric kernel regression
methods. The unknown parametric field is approx-
imated by a superposition of kernel-type functions
centered at various locations. The cardinality of the
representation, i.e. the number of such kernels, is
treated as an unknown to be inferred in the Bayesian
formulation. This gives rise to a very flexible model
that is able to adapt to the problem and the data at hand
and find succinct representations of the material prop-
erties of interest. If prior information on the scale of
variability is available, it can be directly introduced in
the model.

The determination of the posterior distribution is
carried out using Sequential Monte Carlo samplers
which represent a set of flexible simulation-based

methods for sampling from a sequence of probabil-
ity distributions; each distribution being known up to
a normalizing constant. In this work the sequence of
distributions is defined by considering forward models
operating at different resolutions.This results in a hier-
archical, multi-resolution formulation that reduces the
computational cost associated with the identification
process and makes near-optimal use of the computa-
tional resources available. It also provides confidence
metrics that can direct further refinement of the for-
ward model in regions that would be most informative
for the identification of the material property of inter-
est.The algorithm is directly parallelizable and capable
of identifying multiple modes in the posterior distri-
bution i.e. several significantly different hypothesis
that are nevertheless consistent with the data. Sev-
eral examples on linear and nonlinear problems are
presented with emphasis on quantifying predictive
uncertainty.
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Strength variability in brittle materials with randomly occurring flaws
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ABSTRACT

Numerical models of failure in brittle materials can
exhibit idiosyncratic mesh dependencies that lead to
predictions that are more dependent on numerical
discretization than on physical reality. A success-
ful technique for reducing this mesh dependency
is to introduce random fluctuations in the material
properties from element to element in the finite ele-
ment mesh. While generally successful, this approach
requires a physically reasonable method for assigning
probability distributions to these random fluctuations.
In other words, the random local fluctuations in the
material properties must properly reflect fluctuations
in the local microstructure.

Paliwal and Ramesh (2009) have developed a com-
putational model for analyzing the strain-rate depen-
dent constitutive relationship in ceramic materials with
penny-shaped flaws, given a crack growth law, flaw
density, and flaw size distributions. Simultaneously,
recent experimental research has addressed estimat-
ing flaw size and flaw density distributions in SiC
materials, including ultrasound, digital image charac-
terization, and three-dimensional subsample porosity
measures. Using the global flaw size distributions and
global flaw densities obtained from the experimen-
tal observations, local flaw size distributions and flaw
densities can be derived, which are a function of the

observed bulk flaw size distribution, the flaw den-
sity, and the size of the local region. These are the
distributions found in local regions of the material,
which may vary significantly from the global flaw size
distribution.

In the current work, stochastic simulation tech-
niques and analytical approaches are used to establish
the variations in the local flaw density. Using these
results in conjunction with the analytical models to
establish the strain-rate dependent behavior, some
measure of variability in strength is established. The
output from these analyses gives a basis for assigning
random variations of material properties in a larger
scale finite element analysis. Results show that as
the finite element mesh is refined, the variability
of strength from element to element is expected to
increase. Furthermore, a higher strain rate tends to lead
to a higher variability in the strength calculated for the
elements, indicating that this approach is particularly
important in the high-strain-rate regime.
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ABSTRACT

The geometric reliability method is often used to
approximate the probability of failure in solid mechan-
ics. Further to this quantitative result, valuable insight
in the failure mechanisms of a body can be obtained.
In this contribution geometric reliability is applied
to specimens consisting of a quasi-brittle material in
which discrete cracks rather than failure process zones
are considered.The discrete cracks are modelled by the
partition of unity method (PUM).

In PUM the discontinuity introduced by the crack in
the displacement field is modelled by an additional dis-
placement field containing a Heaviside step function.
Extra degrees of freedom accompany this additional
displacement field and are added to only those nodes
that are in the support of intersected elements. A con-
stitutive model describes the relation between traction
and opening of the crack.

The random fields of fracture strength and frac-
ture toughness are discretised by the Karhunen-Loeve
expansion and the local β-points along the limit-state
surface are identified. Importance sampling is used to
increase the accuracy of the computed probability of
failure. The required sensitivity of the solution with
respect to the random variables is computed through
direct differentiation. Special attention is paid to the
fact that the equilibrium solution of a partition of unity
model also depends on the course of the crack. A vari-
ation of the random variables leads to a change of this
course, which needs to be taken into account for the
proper computation of the derivatives.

Discrete analysis of failure requires an accurate pre-
diction of the propagation behaviour of the crack. The
instant as well as the direction of the propagation are
determined on the major principal stress at the tip.
Propagation takes place when it surpasses the fracture
strength, while the direction is normal to it. Use of the
local stress at the tip gives an unsatisfactory predic-
tion of the propagation behaviour. It has been shown
by (Jirásek 1998) that use of a non-local stress gives
better results for the crack path, however, it delays the
propagation due to an underestimation of the tip stress.
In this paper, a method is proposed that gives better
prediction of the instant as well as the direction of
propagation.

The presented algorithm is applied to a three-
point bending experiment. Although the dominant
mode at the limit-state surface corresponds to a cen-
tred crack, variability of the strength along the beam
allows for off-centre cracks to appear with significant
probability. Therefore, a dedicated method is applied
to appropriately capture the shape of the limit-state
surface.
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ABSTRACT

Rational ship design rules should be based on explicit
limit states and direct analysis of the load effects and
resistance as well as a recognition of the inherent
uncertainties. This calls for a reliability-based code.
The recent IACS CSR (JBP, 2006) effort to establish
harmonized rules for tankers and bulk carriers is a step
in the right direction.

A reliability study of bulk carriers that fulfil semi-
probabilistic design criteria for ultimate hull girder
strength, based on a limit state function for combined
global and local loads that was recently established
by Amlashi and Moan (2008) is carried out with refer-
ence to a NorthAtlantic environment. Global and local
still-water load models are reviewed. The definition of
characteristic still-water and wave-induced loads and
their inherent uncertainties are discussed. The effect
of the design format, in terms of characteristic values
and load factors, on the reliability level is investigated.
The base case for load factors for wave- and still-water
loads are taken to be 1.2 and 1.0, respectively, while the
strength factor is chosen to be 1.1. The effect of pos-
sible load control, implying a truncation in still-water
load model, has not been investigated in this paper, but
it would affect both characteristic values of the design
equation as well as the reliability model and results.

A load combination factor for still-water- and wave-
induced loads that was recently derived, is considered
in the reliability analysis, and not in the design format.
The correlations between global and local loads for
both still-water and wave loads are accounted for.

Calculation of the hull girder strength by using
linear elastic bending stress combined with ultimate
strength check of longitudinal elements implies a
model bias of about 1.15 for well balanced hulls
with longitudinal bulkheads, while a Smith type
method would correspond to a bias close to 1.0. For
bulk carriers with significant double bottom bending,

“modified” simplified approaches are needed. The
limit state formulation for hull girders under combined
global and double bottom bending is established based
on an interaction formula.

The systematic uncertainties addressed above
together with the random uncertainties determine the
reliability level for a given design formulation. A bias
in strength or load effect has the same effect as a resis-
tance or load factor. The definition of characteristic
value is also directly related to the partial safety factor.

It is found that the interaction formula results in
a consistent safety level. However, the model uncer-
tainty in the prediction of the ultimate pressure should
be more thoroughly assessed.

The safety level should be compared with that of
other ship types and a target level established in view
of the failure consequences.

In this paper various issues relating to a rational
development of semi-probabilistic design codes for
bulk carriers have been addressed. The crucial issue
is the characterisation of uncertainties in load effects
and resistance. Efforts are still needed especially to
assess the uncertainty of still-water loads for bulk car-
riers. It would also be of interest to shed some more
light on the effect of load control on the distribution
of the still-water loads. Further work is also needed
to estimate the effect of heavy weather avoidance on
wave loads as well as to assess the ultimate strength of
the double bottom structure.
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ABSTRACT

Risk may be defined as the probability of failure times
the failure consequences. Estimate of risk may serve
as a basis to establish design and operational criteria
for ships. This paper deals with assessing the probabil-
ity of collision-induced ship hull failure, which could
be extended to make a part of collision risk analysis.
Jia and Moan (2008) proposed to estimate the failure
probability for the damaged vessel conditioned upon
sea state Hs, loading condition LC, collision location
DL and damage properties DP. Assume that LC, DL
and DP are mutually independent events and Hs is
uncorrected with them. Then the failure probability
after damage is given as follows:

Based on the equation above, the analysis of sensitiv-
ity of the total failure probability to the sea state and
damage is performed. Damage properties are generally
characterized by damage center, length, penetration
and vertical height etc. In this paper the concerned
parameters for the damage are longitudinal location,
damage length and damage vertical extent and height
and damage penetration. Furthermore, penetration of
the outer skin is considered and the mean vertical
height according to HARDER project (2000∼2003)
is used.

In this paper, the conditional failure probability in a
3-hour period is calculated for a double hull oil tanker
at a full load condition. Wave heading is assumed to
be uniformly distributed between 0◦ and 360◦. The
analysis of sensitivity of the total failure probability
to the sea state is based on a certain damage while
using a distribution of the significant wave height from
both HARDER and DNV (2000). The effect of peak
period is taken into account. The analysis of sensi-
tivity to damage is based on one year wave event.
Up to three tanks damage and six vertical damages
are considered. For each damage condition, the con-
ditional failure probability is calculated based on the
most critical transverse section. It is assumed that the
longitudinal properties of the damage are uncorrelated
with the vertical properties.The statistical database for
collision damage in HARDER project is adopted to
assess the probability of damage.
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Development of quantitative coating condition monitoring procedure
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ABSTRACT

In order to secure a safe and stable operation of
ships throughout the ships’ lifetime, it is necessary
to maintain the effectiveness of the corrosion protec-
tion system. Currently, the confirmation of coating
condition is made by visual judgment (IACS 2006).
However, the uncertainty might exist in a subjective
judgment. Because the judgment of timing and scale
of the maintenance work of deteriorated coating is a
major issue for a ship like LNG ship which plans a
long-term operation while maintaining the high qual-
ity, the development of a method of judging the coating
condition by the quantitative index is demanded.

The procedure to judge the deterioration of the paint
coating of a ballast tank of ship by an objective index
was developed (Nakayama et al. 2008).This procedure
is the one in which the judgment is done by detecting
the potential distribution change in a ballast tank. To
obtain the surface resistance which relates the coating
deterioration condition, an inverse problem approach
was applied to the results of potential difference mea-
surements. Figure 1 shows the measurement model in
ballast tank.

Figure 1. Potential measurement model in ballast tank.

Figure 2. Measured and evaluated voltage distributions in
the case that the optional anode is installed at 1.6 m from
the seawater surface. (surface resistance of the tank walls is
500 �m2).

In order to verify the feasibility of the developed
procedures, potential measurements by the proposed
method were made in a ballast tank. Figure 2 shows
the measured voltage distributions in the compartment
of the tank with the numerically calculated voltage
distribution.According to these results, it is confirmed
that the proposed method to judge the degree of paint
coating deterioration quantitatively in the ship’s ballast
tank is feasible.

Further, in order to put this procedure into practi-
cal application for the coating condition monitoring
of actual ship such as LNG ship, the developed coat-
ing condition monitoring system was designed and
implemented to the LNG ship on trial. The continu-
ous coating condition monitoring will be made for the
coming one year.
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ABSTRACT

After fatal oil spill accidents caused by breaking of
Nakhodka, Erika and Prestage, the IACS (Interna-
tional Association of Classification Societies) devel-
oped CSR (Common Structural Rules) for oil tankers
and bulk carriers, which came into effect on April
1, 2006. In parallel with this, the IMO (International
Maritime Organisation) is now trying to establish the
GBS (Goal-Based New Ship Construction Standard)
to ensure the safety of ships.

The development of GBS started in a prescriptive
approach limiting the ship types to oil tankers and bulk
carriers. A little later, a safety level approach has also
started. In the safety level approach, a quantitative goal
for safety in terms of risk is first set, and then the design
is verified against the goal. This will allow more free-
dom for designers to achieve the goal.As an alternative
to set an appropriate safety level as a goal, the safety
level of existing ships that conform with the rules has
to be assessed. In this regard, it is worth while knowing
how the safety level has been affected by design rules
in different times.

In the present paper, four Panamax-size bulk car-
riers and four Aframax-size oil tankers are chosen for
comparison. Three of the bulk carriers and three of the
tankers were built in accordance with pre-CSR, while
the latest ones were designed in accordance with CSR,
Their safety levels are assessed from the viewpoint of
ultimate hull girder strength in longitudinal bending.
For the reliability analysis, both hull girder capacity
and the extreme load acting on the hull girder have to
be evaluated to get their statistical characteristics or
uncertainty models. A series of progressive collapse
analysis is performed applying the Smith’s Method to
evaluate the ultimate hull girder strength and its sen-
sitivities with respect to design parameters. The mean
value and the standard deviation of the ultimate hull
girder strength are evaluated. On the other hand, a time-
dependent nonlinear ship motion analysis is performed
to obtain the time history of the wave-induced bending

Figure 1. Moment-curvature relationships of
cross-sections.

moment applying the nonlinear strip method consid-
ering the influence of large motion. Then, the mean
value and the standard deviation of the extreme wave-
induced bending moment are evaluated. Utilising these
results of calculations, reliability indices and failure
probability are calculated applying FORM (First Order
Reliability Method).

It has been found that the newer ships have larger
bending capacity.The maximum bending moment also
becomes larger with the times due to the advancements
in operability. Consequently, the newer ships tend to
have higher probabilities of failure, however, the safety
level is, in general, improved by the introduction of the
new rule, CSR.

One of the example of the ultimate strength assess-
ments are presented in Figure 1.
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ABSTRACT

In this paper, Poisson square wave processes are
employed to model both still water and wave loads,
which are have, respectively, a normal and Weibull
parent distribution, see Guedes Soares & Moan (1988)
and Huang & Moan (2008). Then, based on Poisson
load models (Wen 1990), the extreme value distribu-
tion of global longitudinal still water and wave bending
moments (or loads) in a given design lifetime are deter-
mined. Correspondingly, the characteristic extreme
value with an exceeding probability α is derived for
both loads.

As for combination of two loads, based on Poisson
models, the distribution of the extreme value Mw,tv
of wave loads in a given voyage is obtained firstly.
Then, in a given voyage tv, the maximum Mc,tv of the
combined bending moment is the sum of Mw,tv and
corresponding still bending moment Msw, see Figure 1.
Therefore, by probabilistic convolution of the distribu-
tion of Mw,tv and Msw, the distribution of the combined
extreme value in one voyage is derived. The combined
extreme value in one voyage follow the same time vari-
ation as still water loads for one voyage to another, i.e.
it also follow a Poisson model. Hence, the distribution
of the extreme value of the combined load in a design
lifetime can be derived as that of still water loads.
By doing so, a consistent solution to the combined
extreme value of still water and wave loads is obtained,
that is, it will never exceed the sum of extreme values
of two individual loads.

Moreover, by approximating a general Weibull dis-
tribution with an exponential one and using Turkstra’s
combination solution (Turkstra 1970), an approximate
analytic solution to the mean up-crossing rate of the
combined process is derived. Further, a simple ana-
lytical formula for a general combined characteristic
value with a given exceeding probability is derived.
Correspondingly, a simple analytical formula for load
combination factors which is based on the compan-
ion method is established. Numerical examples show
that both numerical and analytical results agree very
well. Finally, based on the developed methods, load

Figure 1. Combination model of still water and wave loads.

combination factors suitable for expressing the com-
bined loads on ships by random variables, suitable for
a reliability evaluation as well as semi-probabilistic
design, are established.

In addition, the load combination factors can be
determined based on an arbitrary given exceeding
probability α. Therefore, they would be more useful
than those based on the return period, see Huang and
Moan (2008).

REFERENCES

Guedes Soares, C. & Moan, T. 1988. Statistical analysis of
still water load effects in ship structures. SNAME 96:
129–156.

Huang, W. & Moan, T. 2008. Analytical method of com-
bining global longitudinal loads for ocean-going ships.
Probabilistic Engineering Mechanics 23: 64–75.

Turkstra, C.J. 1970. Theory of structural design decisions.
Study No.2; Solid Mechanics Division, University of
Waterloo, Ontario, Canada.

Wen, Y.K. 1990. Structural load modelling and combina-
tion for performance and safety evaluation. Amsterdam:
Elsevier.

305

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c36&iName=master.img-004.jpg&w=190&h=173


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Study on prediction model for deterioration of RC structure received
chloride induced damage based on reliability theory

M. Matsushima
KAGAWA University, Takamatsu, Japan

H. Nakagawa & M. Yokota
Shikoku Research Institute, Takamatsu, Japan

ABSTRACT

The method to predict the damage level of deterio-
rated structure received chloride induced damage is
proposed in this paper. The deterioration phenomenon
of structures in actual environment is varied widely.
Therefore, the stochastic method is carried out in order
to consider the actual structure with uncertainty in
nature. Three parameters, Equivalent diffusion coeffi-
cient, Error of cover thickness and Threshold chloride
ion density is modelled as stochastic parameters.

A probabilistic model is developed to represent the
deterioration of concrete structures using deterioration
process model as shown in Figure 1. The parameters
involved in the model are expected to vary exten-
sively since the phenomenon takes place in the natural
environment. The deterioration process is regarded as
consisting of three phases; The first is the period ts
until depassivation of the reinforcement occurs after
completion of the structure, and the second is the
period tcr commencing from the moment of depas-
sivation and including the development of corrosion
at a perceptible rate until the limit state is attained
when cracking appears in the surface concrete. The
former is called the incubation period and the latter the
progressive period. After cracking of surface concrete
is called the accelerative period. In this paper, three
parameters, Equivalent diffusion, Error of cover thick-
ness and Threshold chloride ion density is modelled as
stochastic parameters.

Target structure is the slab of landing pier located
at sea side in South Japan. 30 years has passed since
the landing pier is constructed.

The results computed using above method show
Figure 7 with the results of actual data. The vertical
axis indicates the corrosion rate and the lateral axis
indicates the elapsed year in figure. The solid line
in figure means the mean value and mean value ±
standard deviation in computation. Corrosion rate of
steel bars indicate approximately zero before 10 years
and increases exponentially with elapsed year after
10 years in computation. The variation of corrosion

Figure 1. Deterioration process.

Figure 7. Comparisons of Survey Data and Prediction.

rate also increases with elapsed year in computation.
Mark © indicates the survey data of corrosion rate
of steel bar obtained from target structure. Since the
survey data of 85% consists in the mean value ± stan-
dard deviation in computation at 30 elapsed year, the
accuracy of this simulation model can be judged to be
proper.

306

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c36&iName=master.img-005.jpg&w=190&h=149
http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c36&iName=master.img-006.jpg&w=190&h=131


General Session (Fatigue Reliability)



  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0
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ABSTRACT

The corrosion degree and the fatigue life of wires
which were obtained from dissection of actual par-
allel wire cables used on Tianjin Yonghe cable-stayed
bridge were presented.The stay cables were used about
18 years.The percent of wire cross-section loss obeyed
lognormal distribution with mean 2.66% and standard
deviation 3.01%. The discreteness of the corrosions
was much larger, local corrosions were serious. It
could be seen that corrosions made the surface rough-
ness of wires and stresses concentrated at the deformed
location, for this reason the birth of a microcrack
generated relative easier, and fatigue life decreased
sharply.

The fatigue life of individual wire was described by
Weibull distribution considered some useful param-
eters such as, stress range, mean stress, mean static
strength and length effects (Faber, et al. 2003). The
fatigue life predictions of cable are based on the weak-
est link model (see Figure 1.) (Stallings and Frank,
1991). Based on the fatigue life of individual wire, the
fatigue properties of corroded parallel wire cable were
investigated by Monte Carlo simulation.

The calculated results showed that the fatigue life of
a cable was controlled by a small fraction of the cable
wires with the shortest fatigue lives. The fatigue life

Figure 1. Model of parallel wire cable.

Figure 2. Comparison results between calculation and test.

of a cable was significantly lower than the mean life of
wire with equal length. Cable life decreased as the vari-
ability of the lives of the cable wires decreased. This
result indicates that wires of high quality for used in
parallel wire cable should be not only a long mean life,
but also low variability of fatigue life. Cable fatigue
life decreased with increasing cable length. The vari-
ability in cable lives decreased as the number of wires
increased. For practical cable sizes, the mean cable
life was insensitive to the number of wires in the cable.
Consideration to economy and safety of a parallel wire
cable, it was reasonable to define the fatigue failure of
10% of the cable wires as the useful life of a cable.

Finally, comparisons between calculated results and
test results were shown in Figure 2. The reasons of
difference of two results were stated in the paper.
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ABSTRACT

Buckling-restrained braces (BRBs) have recently
become popular in the United States for use as primary
members of seismic lateral-force-resisting systems.
A BRB is a steel brace that does not buckle in com-
pression but instead yields in both tension and com-
pression. Concentrically-braced frames incorporating
BRBs are known as buckling-restrained braced frames
(BRBFs). Although design guidelines for BRB appli-
cation have been developed, procedures for assess-
ing performance and quantifying reliability are still
needed.

This paper proposes a performance-based engi-
neering framework (PBEF) for a BRBF subjected to
seismic loads (the architecture for the proposed frame-
work is shown in Figure 1). The proposed framework
quantifies the risk of BRB failure due to low-cycle
fatigue fracture of the BRB core.

Using the Input Module, input ground accelera-
tion records were randomly generated from power
spectrum models and modulated with envelope func-
tions (to account for non-stationary). The generated
time records were used as input excitations to a
single-degree-of-freedom lumped-mass BRBF Sys-
tem Model.The BRB hysteretic behavior was modeled
using a Bouc-Wen model. Non-linear Dynamic Simu-
lation was performed to obtain BRB core deformation
time history records.

This study uses the BRB CPD Capacity Models
developed by Andrews et al.

Given the BRB core deformation history as an
input, these models predict the remaining CPD capac-
ity of the brace, where values less than zero indicated
failure.

Figure 1. Proposed PBEF Architecture.

Given BRB demand (i.e. core deformation histo-
ries generated from the dynamic analyses) and supply
(i.e. remaining capacity predicted by the CPD mod-
els), structural Reliability Analyses were performed
to evaluate the System Reliability and the probability
of brace failure.

Using the tools described above, Parametric Stud-
ies were conducted to explore the effects of the seismic
load and BRB and BRBF characteristics on the proba-
bility of brace failure. In addition, fragility curves were
developed.
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A simulation on fatigue crack propagation in welded joints
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ABSTRACT

A lot of fatigue cracks have been observed in steel
bridges throughout the world (Miki, 2000). One of the
main reasons to trigger fatigue cracks in the bridges is
secondary stress, which is caused by three dimensional
deformation of the bridge and not estimated in design
phase (Fisher, 1984).

The crack propagation manner caused by the sec-
ondary stress is sometimes rather complicated because
of intricate stress field around the crack. The cracks
often propagate in various manners even though they
initiate from the similar locations in the similar joints.
This variation can result from the difference of the
stress field around the crack. In other words, the crack
propagation path may provide a great hint to estimate
the stress field around the crack, which can be useful
information for determining an appropriate repairing
method.

In this study, fatigue crack propagation simulations
on T-shape welded joints were carried out by Zencrack
(Zentech, 2005), which is a commercial software for
three dimensional crack propagation analysis based on
fracture mechanics and interfaced to the finite element
codes MSC/Marc. The simulation model is shown in
Figure 1. Main plate of the joint was supported at
ends and tensile and bending loads were applied to
an attached rib. An initial crack of 0.5 mm in length
was given at weld toe on the main plate. We picked up
five kinds of stresses as parameters, which were nomi-
nal bending stress, membrane stress and average shear
stress in the main plate (σb, σm and τ), nominal bend-
ing stress and membrane stress in the attached rib (σrb
and σrm). We performed the crack propagation simula-
tion with changing these parameters and investigated
the crack propagation path in the thickness direction.

Simulation results demonstrated that the crack
direction at the beginning (θ) was influenced by these
parameters, particularly the average shear stress in the
main plate. This result was supported by the fatigue
tests conducted under the same conditions as the sim-
ulation. Finally, we presented the correlation between
the average shear stress and the crack direction at the
beginning as shown in Figure 2.

Figure 1. Simulation model.

Figure 2. Relationship between θ and τ/σb.
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ABSTRACT

The loss of strength in an aircraft structure as a result
of cyclic loads over a period of life time is an impor-
tant phenomenon for the aircraft life-cycle analysis.
Service loads are accentuated at the areas of stress con-
centration, mainly at the connection of components.
The initial flaw influencing the service life was esti-
mated by using the equivalent initial flaw size method
(EIFS) which has been proven as a useful design tool
for life prediction of aircraft structures. The equiva-
lent initial flaw size (EIFS) concept was developed
nearly 30 years ago in attempt to consider the initial
quality of structural details. In this study, the fatigue
test on small single-rivet specimens made of Al 2024-
T3 was conducted. The value of EIFS is calculated
by using the back extrapolation technique and the
Paris law of fatigue crack growth. The EIFS is used
to predict the fa-tigue life of single-rivet specimens
subject to nonuniform loads. To predict fatigue life
from initial flaw size distribution, the equivalent stress
intensity factor (SIF) and a modified Wheeler model
by Huang (Huang & Moan 2007) were used. And we
analyzed an example problem considering EIFS distri-
bution in multiple site damage specimen. An example
problem was calculated by the extended finite ele-
ment method (XFEM) to analyze multiple site damage
(MSD) problem under same EIFS distribution in each
cracks.

Figure 1. The process showing the compatibility between
TTCI and EIFS distribution.

Figure 2. Comparison of PDF at crack length 11mm for
constant amplitude stress and load block.

Figure 3. (a) EIFS distribution PDF (b) EIFS distribu-
tion PDF in reference time (c) Fatigue life cycles of MSD
specimen at faure.
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1 INTRODUCTION

Recently, fatigue failures on steel bridges have been
reported in Japan. Especially, on urban-area express-
ways and on heavy-traffic highways, the fatigue fail-
ures of steel girders or orthotropic steel decks have
been increasing for a few decades.

On the other hands, no fatigue failure are presently
reported on the three routes of the Honshu-Shikoku
Expressways, which were completed by the end of the
last century, mainly consisting of long-span bridges
between two major islands in Japan. The latest fatigue
design was applied to the long-span bridges. However,
the structural safety can not be necessarily ensured in
the future of the Honshu-Shikoku Expressways.

This paper describes the fatigue design for long-
span bridges, including the fatigue tests with full
full-scaled specimens. The paper also describes
fatigue evaluation and inspection on steel bridges of
the Honshu-Shikoku Expressways against the future
fatigue damages.

2 FATIGUE DESIGN

In the design and construction stage of the Honshu-
Shikoku Expressways, the latest research and develop-
ment on the fatigue durability were made. For example,
the various fatigue tests were carried out, using full-
sized specimens for steel truss/box girders in the
long-span bridges. Based on the results of fatigue tests,
the structural details of steel truss/box girders were
improved.

In addition, the advanced specifications for fatigue
design were made and applied to the superstructure
design and fabrication of steel girders on the long-
span bridges, including the suspension bridge and the
cable-stayed bridge.

However, general steel bridges, including the plate
girder bridge, were designed without any specific
consideration to the fatigue design.

3 FATIGUE EVALUATION

In the operation stage of the Honshu-Shikoku Express-
ways, various technical efforts for the fatigue durabil-
ity were made. For example, the fatigue assessments

were carried out in order to judge the status of the
Honshu-Shikoku Expressways, as compared with the
other expressways and highways.

The cumulative fatigue damage and the fatigue life
of steel bridges were estimated and assessed, carrying
out the field measurement on a long-span bridge and
the structural analysis based on the Fatigue Design
Manual for Steel Highway Bridges.

The fatigue assessments show that the steel bridges
on the Honshu-Shikoku Expressways are healthy at
present and in the near future.

4 FATIGUE INSPECTION

Since the early detection is required in the inspec-
tion for structural safety, the fatigue hazard figure
for bridge inspection, which shows important details
to inspect against fatigue failures in the future, were
developed in order to conduct efficient and effective
inspections for steel bridges.

In addition, the application test of the advanced
sensing technology, using the fatigue detecting sen-
sor, is under way on a plate girder bridge in order to
obtain a more accurate estimation of fatigue damage
and to optimize the preventive maintenance.

5 CONCLUSION

The conclusions are summarized as follows,
1) In the design and construction stage, the lat-

est studies on the fatigue durability were made for
the Honshu-Shikoku Expressways, especially for long-
span bridges.

2) In the operation stage, the fatigue assessments
were conducted for steel bridges on the Honshu-
Shikoku Expressways, resulting in the sufficient safety
in the near future.

3) In order to conduct efficient and effective inspec-
tions, the fatigue hazard figures were developed for
steel bridges and the application test of fatigue detect-
ing sensor is conducted on a steel bridge on the
Honshu-Shikoku Expressways.

The future efforts are required to prevent fatigue
failures on steel bridges and to enhance the structural
safety and reliability of steel bridges.
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ABSTRACT

This study focuses on data-driven modeling and simu-
lation of non-stationary transient events such as earth-
quake ground motions, extreme wind and ocean wave
profiles characterized by time-varying amplitude and
frequency features.The evolutionary characteristics of
transient events like earthquake ground motion, gust
front winds, and transient wave fronts are first mod-
eled utilizing a time-frequency domain framework. In
this scheme, the stationary wavelet transform is first
introduced to decompose a sample of a non-stationary
random process into a set of mono-component pro-
cesses.These components are then transformed to ana-
lytic signals using the Hilbert transform which yields
their instantaneous amplitude and frequency. The sim-
ulation is carried out by introducing the phase angle
differences as normally distributed processes. Without
the customary assumption of piece-wise stationar-
ity, or an assumed modulation function, this method
helps to simulate non-stationary random processes
based on a given sample. The uni-variate simulation
scheme is extended to multi-variate cases by intro-
ducing the proper orthogonal decomposition (POD)

of the covariance matrix of the instantaneous fre-
quency. Several quantitative criteria are employed to
assess the quality of non-stationary simulations. Also
included this study is a framework for the conditional
simulation of non-Gaussian, non-stationary, random
processes. Focusing on time-frequency description of
non-stationary random fields, the evolutionary cross-
correlation structure of non-stationary random fields
is established analytically in terms of wavelet coeffi-
cients. By extending conventional kriging technique
to the time-frequency domain, the proposed method
facilitates conditional simulation of non-stationary
random fields with known time-dependent correlation
structure. Numerical examples concerning the con-
ditional simulation of downburst wind velocities are
presented to demonstrate the accuracy and efficacy of
the proposed scheme. The proposed general scheme
has immediate applications to earthquake engineering,
wind engineering and ocean engineering in simulat-
ing additional time histories based on measurements
at limited locations.

317

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Stochastic interpolation of the underground contamination
by Monte Carlo filter
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ABSTRACT

There are numerous contaminated sites in local and
regional scales due to accidental spills, and improper
disposal. These contaminants can pose lasting and
costly risk to humans, other living receptors, and nat-
ural environment to the extent that the human society
becomes no longer sustainable.

Over the last decades, concern grew over the impact
of environmental contaminations, and several environ-
mental regulations have been enacted worldwide to
control the release of contaminants at active sits and
remediate the sites that were contaminated in the past.
In this context, the source identification and interpo-
lation of the underground contamination has special
significance.

This paper focuses on stochastic interpolation of
the fate of underground contaminants and quantitative
estimation by the Monte Carlo filter technique.

We are concerned with the interpolation of
a spatial random field at discrete points. Let
C = [c1, c2, · · · ci, · · · , cn]T be a spatial random field
with pdf p(C), where ci is a random quantity at the
ith discrete spatial point, and the posterior field with
pdf p(C|Y ) will be estimated, after an observation
Y = [y1, y2, · · · , y�]T is carried out on C . The obser-
vation is not necessarily made on every corresponding
ci. In addition, the observation Y is not necessarily
the same physical quantity as C , and they are gen-
erally functionally related, irrespective of linearity or
nonlinearity.

Under this condition, we may represent an observa-
tion equation by

Y = H (C) + w (2)

where w = observation noise vector of � × 1 with
pdf r(w).

It is noted that H (C) are derived from Eq.(1) and
are not generally linear functions. C and w are not
necessarily Gaussian vectors.

In order to obtain an optimal estimate on the spatial
field C after the observation of Y = [y1, y2, · · · , y�]T ,
the following conditional probability p(C|Y ) for
updating or filtering after processing the observation
data become a basic formulas. For the updating or
filtering, the conditional probability law gives

p(C|Y ) = p(Y |C)p(C)∫
p(C)p(Y |C)dC

(3)

Equation (2) is the basis for fundamental discus-
sions on updating or filtering of stochastic fields.
Equation (2) indicates that the conditional pdf p(C|Y )
can be obtained if p(C) is known, and if p(Y |C) is
evaluated. But it might be difficult to derive p(Y |C)
based on Eq.(2), because of non-linearity of H (C) and
non-Gaussian property of w.

Under the above mentioned difficulties, as
a versatile tool to update such system, Monte
Carlo filter is focused that is an algorithm to
estimate p(C|Y ) experimentally based on generation
of a set of m sample realizations of C , s(i) =[c(i)

1 ,
c(i)

2 , · · · , c(i)
n ], i = 1, 2, · · · , mp(X ) for a priori field

p(C) and a set of m sample realizations of conditional
C , f (i) = [c(i)

1|Y , c(i)
2|Y , · · · , c(i)

n|Y ], i = 1, 2, · · · , m for
a posteriori field p(C|Y ) or filtering, bypassing the
integration of Eq.(3). These are general frameworks
of MCF. In other words, the generation of s(i) and
f (i)i = 1, 2, · · · , m is the major key in the algorithm.
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ABSTRACT

The safety of any structure against earthquake loads
cannot be reliably assessed unless the seismic excita-
tion is correctly characterized. Because of the under-
lying physical causes (instrument noise and/or ground
tilt), the need to process recorded seismic data has
been recognized essentially since records have become
available. Contrary to recorded data, however, the pro-
cessing of simulated ground motions has not received
significant attention. Just as recorded data, simu-
lated accelerations also require processing, but, unlike
recorded data, the reasons for processing simulated
motions are purely numerical, as, for example, large,
numerically generated amplitude variability in the low
frequency range. Unprocessed acceleration simula-
tions will lead to unrealistic velocity and displacement
waveforms.

This paper presents an integrated approach for
the processing of simulated seismic acceleration time
series. It adopts the six step approach proposed by
Boore et al. (2002), namely:

1. Subtract the mean value from the entire acceleration
time series;

2. Apply a short cosine taper function (usually 50–100
steps depending on the specific application) to the
acceleration time series to set their initial values to
zero;

3. Integrate accelerations to velocities, and apply a
quadratic function fitted to the velocity time series
in the least-squares minimization sense;

4. Apply a high-pass filter to the acceleration time
series;

5. Remove the derivative of the velocity quadratic
fitting function from the accelerations;

6. Integrate the accelerations to get velocities and
displacements.

Response-spectrum compatible acceleration time
series were first generated by means of the spectral
representation scheme and then processed. In Step 5,
the present approach utilizes a 4-th order, acausal But-
terworth filter, and concentrates on the establishment
of the high-pass filter’s corner frequency. For this
purpose, it examines the behavior of error functions

Figure 1. Error functions depicting the squared differ-
ences of acceleration, velocity and displacement time series
processed with consecutive corner frequencies.

resulting from acceleration, velocity and displacement
time series, indicated by εacc, εvel and εdispl, respec-
tively, that were processed with consecutive corner
frequencies. Figure 1 illustrates the behavior of the
error functions as they start “stabilizing”, i.e. their
slope starts tending to zero. It can be seen from the fig-
ure that there exists a narrow corner frequency range
(0.16–0.19 Hz) where the three lines intersect. The
average value of 0.175 Hz can then be viewed as the
lowest corner frequency for which the error functions
of all quantities of interest start tending to constant
values, and, hence, as the value to be used in the pro-
cessing of the simulations. It is cautioned, however,
that this selection criterion needs to be validated with
the influence of the choice of the corner frequency on
the structural response.
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ABSTRACT

ROM’s are approximate representations of stochastic
processes consisting of a relatively small number m of
samples of these processes occurring with probabili-
ties obtained as solutions of optimization problems.
A notable feature of ROM’s is that their construc-
tion does not involve input-output analyses. Once a
ROM has been constructed, system performance eval-
uation involves m deterministic input-output analyses
and elementary calculations are performed in oder
to obtain moments, distributions, and other response
performance metrics.

Such models are applied to a simple offshore struc-
ture subjected to an exponentially correlated stochastic
process representing the wave forces. The structural
model represents a bottom-based gravity structure.
The deck displacement and its statistical properties are
considered. A refined model of the soil foundation is
subsequently introduced in order to represent nonlin-
ear behaviour. It is illustrated how the simulated sam-
ple functions of the deck displacement then will exhibit
a much larger variation for a given set of load histories.
A comparison of the average cumulative sample func-
tions for the deck displacement based on the linear ver-
sus the nonlinear soil model is shown in Figure 1 below.

Assessment of the efficiency of the present method
is made as compared to pure Monte-Carlo simulation.
Application of the same approach to other types of
offshore structures is also addressed.

Figure 1. Comparison between average sample distribution
functions for linear versus nonlinear soil model. 10 samples.
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ABSTRACT

Durability of reinforced concrete (RC) structures is a
critical issue in their management. Durability of struc-
tures can be defined as their capacity to withstand the
influence of actions in the course of time. Deteriora-
tion processes can greatly affect durability and thus
the service life of a structure, which can be defined
as the period during which the structure is able to
satisfy specified requirements without repairs. Dete-
rioration due to chloride penetration, the effects of
which are often observed in but not limited to sea-shore
structures, is analyzed in this study.

Chloride penetration can lead to steel corrosion of
RC structures and capacity reduction. For this rea-
son, prevention of steel corrosion has to be taken into
consideration for the whole duration of a structure’s
service life. Apart from the essential quality controls
at the construction site, probabilistic tools aiming at
the design of durable structures are also needed. Con-
ventional deterministic approaches for the solution of
this problem are inadequate, due to the large amount
of uncertainties involved in the problem.

Probabilistic methods including Fick’s second law
and Monte Carlo simulations are employed in this
study to model chloride penetration.The parameters of
the probabilistic distributions used were obtained from
field investigation and specifications. Time depen-
dence and independence of chloride diffusion coef-
ficient is considered respectively in two different
models and the results are compared. Moreover, mod-
els of sound and early-aged cracked concrete, as
well as models whose variables vary spatially and
non-spatially, have been conducted and compared.

Spatial variability of the parameters involved is
taken into account and modeled by the generation of
non-Gaussian, two-dimensional, uni-variate random
fields by the spectral representation method. To the
best of the writers’ knowledge, this is the first time
that this method is used in durability problems deal-
ing with chloride intrusion. Therefore, the simulation
procedure presented in this work is in and of itself
a valuable tool in predicting the service life of RC
structures subjected to chloride penetration.

In addition, evaluation of this study’s obtained
results can suggest that when accurate information
is available about quality of concrete in RC struc-
tures, models with apparent diffusion coefficient being
time-dependent should be used, for both sound and
early-cracked structures. However, when information
about concrete quality is insufficient, models with
apparent diffusion coefficient being time-independent
could preferably be used in terms of safety. Further-
more, it can been shown that the combination of a
universal criterion for corrosion, that does not take
into account localized effects, together with the spa-
tially uneven corrosion rate, that describes spatially
correlated models, results in mean value prediction
similarity and mean value variation prediction dissim-
ilarity, between non-spatially and spatially correlated
models.Thus, according to the limit state function used
and the level of accuracy that is desired, proper selec-
tion can be made between a non-spatially correlated
model and the somewhat more complicated spatially
correlated one.
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Statistical, sensitivity and reliability analysis using software FReET
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ABSTRACT

The objective of the paper is to present methods and
software for efficient statistical, sensitivity and reli-
ability assessment implemented in FReET software
(Novák at al. 2008). The attention is given to those
techniques that are developed for analyses of com-
putationally intensive problems like nonlinear FEM.
Sensitivity analysis is based on nonparametric rank-
order correlation. Statistical correlation is imposed by
the the simulated annealing (Vor̆echovský & Novák,
2003). The most interesting applications of FReET
software are referenced.

State-of-the-art probabilistic algorithms are imple-
mented in FReET to compute the probabilistic
response and reliability. FReET is a modular com-
puter system for performing probabilistic analysis
developed mainly for computationally intensive deter-
ministic modeling such as FEM packages, and any
user-defined subroutines. The main features of the
software are (version 1.5):

Response/Limit state function

• Closed form (direct) using implemented Equation
Editor (simple problems)

• Numerical (indirect) using user-defined DLL func-
tion prepared practically in any programming
language

• General interface to third-parties software using
user-defined *.BAT or *.EXE programs based on
input and output text communication files

• Multiple response functions assessed in same sim-
ulation run

Probabilistic techniques

• Crude Monte Carlo simulation
• Latin Hypercube Sampling (3 alternatives)
• First Order Reliability Method (FORM)
• Curve fitting
• Simulated Annealing
• Bayesian updating

Stochastic model (inputs)

• Friendly Graphical User Environment (GUE)
• 30 probability distribution functions (PDF), mostly

2-parametric, some 3-parametric, two 4-parametric

Figure 1. Window “Random variables”.

(Beta PDF and normal PDF with Weibullian left
tail), Figure 1.

• Unified description of random variables option-
ally by statistical moments or parameters or a
combination

• PDF calculator
• Statistical correlation (also weighting option)
• Categories and comparative values for PDFs
• Basic random variables visualization, including sta-

tistical correlation in both Cartesian and parallel
coordinates
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Development of an advanced robot system for automated bridge
inspection and monitoring
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ABSTRACT

Conventional bridge inspection involves the physical
positioning of an inspector by the hydraulic telescop-
ing boom of a “snooper truck” thereby providing visual
access to bridge components. The process is time
consuming, hazardous, and may be affected by vari-
ous environmental conditions. Therefore, it is of great
interest that an automated and/or teleoperated inspec-
tion robot be developed to replace or complement the
manual inspection practice.

Figure 1. Process of the bridge inspection robot system.

This paper describes an advanced bridge inspec-
tion robot system developed at the Bridge Inspection
Robot Development Interface (BIRDI) at Hanyang
University. The robot is consisted of three major com-
ponents, namely, the robot platform and motion control
system, the machine vision system, and the informat-
ics and bridge management system (BMS), which are
described in detail. A field test is performed and the
results are shown to demonstrate its applicability. The
promise and limitation of the developed system is dis-
cussed in conjunction with its field deployment and
commercialization.
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Application of robot navigation technology for civil robot development
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ABSTRACT

In implementing autonomous navigation systems,
localization and map building of mobile robots are
key technologies. Owing to many efforts in the past
decade it has proved that simultaneous localization
and map building (SLAM) is possible. Features or
landmarks obtained from sensor measurements are
registered and associated in SLAM if they are sus-
tainable and correctly matched ones. To have such
features it is essential to use a sensor system that
provides precise range measurements. Typical sen-
sors for range measurement include the laser range
finder (LRF), ultra sonic, or vision sensor. A LRF pro-
vide very accurate and long range measurements while
measurements from ultrasonic sensors are shorter and
coarse due to cone shaped beam patterns. In this
paper, a structured light system which combines laser
and vision is considered for use with structural dis-
placement measurement. We propose multiple dual
laser-vision system to be used as a structural displace-
ment measurement. The proposed dual laser-vision
system is quite similar to the structured light system
but it solves accurate relative pose instead of range
map of the environment. Some preliminary simula-
tion was done to show the effectiveness of the system
for the long span structural displacement monitor-
ing. Another good application example such as LBS
(Location-Based Service) for U-City (ubiquitous city)
will be introduced in the later part. Without initially
specifying the locations of ubiquitous sensors, SLAM
technique simultaneously estimates the locations of
beacons, robot, and even humans.
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ABSTRACT

Structural identification techniques can be classified
as Level 1 for damage alarming, Level 2 for damage
locating, Level 3 for damage quantifying and Level
4 for performance evaluaion. Many studies have been
carried out for purpose of Level 1, 2, and 3 identifi-
cations, and they were successfully verified through
a number of numerical simulations and laboratory-
scale experiments, and the structural health monitor-
ing (SHM) systems are popularly instrumented on
newly constructed large-scaled civil infrastructures
with dense sensor array. However, SHM systems still
need to be improved for more practical tool because
there are many obstacles (such as measurement noise
and modeling errors, environmental effects on struc-
tural response, and complexity and redundancy of
structures) for successful monitoring. To enlarge the
applicability of instrumented SHM system, SHM sys-
tem is applied for more reliable seismic performance
evaluation of civil infrastructures, and a systematic
procedure for evaluation of structural performance
based on measured vibration data is proposed in this
study. The procedure includes (1) identification of
modal properties based on ambient vibration test,
(2) updating of a preliminary finite element (FE)
model using the identified modal properties (Feng
et al. 2004) and (3) evaluation of the structural per-
formance utilizing the updated FE model (Opensees
2004 and Shinozuka et al. 2002) (see Figure 1). A
seismic fragility was chosen as an index of structural
performance. One of the three instrumented bridges,
the Jamboree Road Overcrossing, was used to demon-
strate the procedure (see Figure 2). A preliminary FE
model was constructed based on the bridge design
drawings and then updated based on modal parameters
identified from the measured vibration data. Finally
the structural seismic fragility curves were developed
based on both the preliminary analysis model and the
updated model.

Figure 1. Description of Jamboree Road Overcrossing.

Figure 2. Description of Jamboree Road Overcrossing.
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ABSTRACT

It is of vital importance to evaluate the structural
safety and performance of large-scale bridges during
their period of operation. Structural health monitor-
ing (SHM) technique provides an effective means
to achieve this objective through long-term monitor-
ing of structural response and actual environmental
conditions. In the practice of SHM, the majority of
studies have been carried out using measured dynamic
response or modal properties to identify structural
damage. Damage detection algorithms from modal
analysis are based on the premise that damage in a
structure will cause changes in modal characteristics.
Most currently available damage detection methods
are global in nature by means of a global structural
analysis of input-output or output-only data. However,
experimental verification of damage detection algo-
rithms using vibration data from large-scale structures
showed that modal characteristics might be insensitive
to localized structural damage.

While global vibration data remains valuable, the
strain or stress response is probably the most impor-
tant data as it directly indicates the safety reserve of
structural component. The strain data acquired from
a SHM system is a result of multi-path combination
of loadings and environmental effects. Uncertainty
and variation are intrinsic for strain or stress response
of civil infrastructure under operational environment.
Probability-based assessment methods incorporating
monitoring data from SHM systems enable inclusion
of the uncertainty and variation. Also, the usage of

Figure 1. Layout of Tsing Ma Bridge and sections with strain gauges.

site-specific monitoring data for structural assess-
ment allows the elimination of a substantial portion of
modeling inaccuracy in live load characterization and
structure itself, and therefore leads to a more accurate
evaluation.

A probability-based method for structural assess-
ment of bridge deck making use of in-service strain
monitoring data is proposed and applied to the Tsing
Ma Bridge (TMB) which has been instrumented with
a long-term SHM system. The proposed method con-
sists of the structural assessment at two levels: (i) deck
structural components, and (ii) deck cross-sections.
The in-service strain monitoring data from bridge
deck is mainly due to three effects: traffic (high-
way and/or railway), wind, and temperature. However,
the temperature-caused strain, although considerably
large, contributes little to the stress as the majority of
temperature-caused strain is released as the movement
of the bridge deck is accommodated at the expan-
sion joints and bearings. The trend ingredient due to
temperature variation should be eliminated from the
total measurement. A wavelet-based filtering method
is proposed to eliminate the low-frequency trend ingre-
dient in the monitoring strain data due to temperature
variation. The filtered strain data is then used to eval-
uate the probability density functions (PDFs) of the
stress under different loading conditions and to assess
the safety indices of the bridge deck components and
the deck cross-sections. One-year strain monitoring
data from a deck cross-section of the TMB is used to
demonstrate the proposed method.
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ABSTRACT

One of various techniques of bridge strengthening
is to change the static scheme of bridge from sim-
ple span (simply supported beam) to be continuous
beam using steel plates fixed by bolts near supports.
This topic is the subject of a project being carried
out by the Department of Rural Roads (DOR), Min-
istry ofTransportation,Thailand, on methods of bridge
strengthening (IMMS 2005).

The aim of the paper is to study and evaluate the
existing bridge behavior before and after strengthening
of the slab type reinforced concrete bridge with the
typical span length of 10 meters. Diagnostic load tests
for both static and dynamic are performed to evaluate
and assess the bridge capacity. The modification of the
bridge from simple span to be continuity has shown the
capacity to serve the legal vehicle loads by increasing
from 21 tons to be 25 tons with the required reliability.

The bridge was calculated by the nonlinear finite
element fracture mechanics to model first experi-
ment and then real structure (Cervenka & Pukl 2005).
As many uncertainties are involved in the problem,
mainly concerning the knowledge of material param-
eters (both concrete and reinforcing steel parameters),
a statistical approach was used to assess the influence
of uncertainties on structural response. It is based on
a randomization of nonlinear finite element analysis
of concrete structures. The scatter of ultimate load
capacity was obtained using Monte Carlo type sim-
ulation called Latin hypercube sampling, statistical

Figure 1. Computational model (ATENA).

Figure 2. Reliability increase for simply supported beam
and two alternatives of strengthening.

correlation was also considered. Reliability measures
could be quantified in a parametric way at prescribed
loading before and after strengthening. The approach
utilizes advanced nonlinear techniques and advanced
statistical and reliability techniques implemented in
software FReET (Novák et al. 2008).

The computational model bridge (Fig. 1) was ran-
domized, the scatter of limit load – resistance has been
obtained. The failure probabilities were estimated as a
probability that resistance – maximum jack load will
be smaller than a certain level of load, Figure 2. We
can see clearly a reliability increase – from simply
supported beams to best alternative – steel plate with
through bolt.
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ABSTRACT

The structural reliability of concrete beams can be
strongly reduced by several cracking patterns, because
of the rebar corrosion due to moisture. External bond-
ing of fiber reinforced polymer (FRP) sheets is a
technique currently used as structural strengthening
system, but it can not protect the structure from bar
corrosion, if the crack opening is not reduced before
applying the sheets. The use of shape memory alloys
(SMA) is evaluated in this paper as an alternative
to traditional systems, as the application of upwards
loads, in order to reduce both the midspan deflec-
tion and the crack width. This particular application
requires an accurate control of the strain during the
SMA actuation. Fiber Bragg grating (FBG) sensors
can be successfully used with this aim. Therefore, the
combined use of FBG as sensing and SMA as actua-
tion systems is evaluated. Small scale smart concrete
beams with FBG sensors and SMA actuators were
designed and tested. FBG were used to monitor the
deformation in the SMA wires and to determine the
beam critical conditions (Fig. 1).

As Fig. 2 shows, once the SMA wires are actuated
the midspan displacement gradually starts to decrease,
until a minimum is reached once the wires have devel-
oped their maximum recovery stress. Upon cooling,
part of the recovered displacement is gained again as
the SMA wires relaxe.

As for the SMA actuators capability in reducing the
cracks opening, the SMA actuation was able to partly
close the developed cracks.

Figure 1. Geometry and reinforcement the specimens.

Figure 2. Load/displacement diagram.

The feasibility of monitoring the SMA deforma-
tion via FBG sensors has been shown, although further
investigation is required to identify the best combina-
tion of SMA actuation temperatures and glue for the
FBG sensor.
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ABSTRACT

This paper focuses on fatigue reliability assessment
of steel bridges by using prediction models at sev-
eral sensor locations based on monitoring data and
finite element modeling (FEM). Bridge performance
that may have been deteriorated due to fatigue has to
be steadily assessed and predicted. Bridge fatigue reli-
ability assessment can be performed more efficiently
if long-term monitored data at all critical locations are
regularly provided. Continuous monitoring of bridges
during their entire service lives, however, may not
be possible because of various restrictions, includ-
ing budgetary constraints. For this reason, it may be
necessary to estimate fatigue life based on limited
time monitoring under uncertainty and finite element
analysis.

The monitored data related to fatigue deterioration
process are used to predict the number of cycles and
stress ranges under potential displacements. The origi-
nal measured data are used in a reliability assessment.
In this study, stress range histograms are created by
random number generation techniques based on infor-
mation obtained from both stress results computed
from FEM and monitored data. The FE models are
validated by comparing the analytical results from
the FEM with the field measurements. The ranges of
applied relative displacements are determined based
on actual monitored data.

The basic formula, N = A/�F1/3, used to estimate
the number of stress cycles, N , is provided in the
AASHTO Specifications (2002). The fatigue details
coefficient, A, associated with the defined category
is herein treated as a random variable, and the stress
range, �F , is determined by using the ratio of the mea-
sured stress from monitoring to the computed stress
from FEM at the sensor locations.

Consequently, the fatigue reliability assessment is
based on simulation by using the AASHTO Specifica-
tions, monitoring, and FEM. The proposed approach
is illustrated on an existing steel highway bridge. As
a method of the assessment for the retrofit, monitor-
ing programs were performed. The monitored data
obtained on this bridge offer the opportunity to per-
form studies regarding fatigue reliability assessment
using prediction monitoring.
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ABSTRACT

Reliability assessment based on the non-linear finite
element analysis represents an innovative tool for pre-
dicting performance and safety of civil engineering
structures and for supporting their life-cycle manage-
ment and maintenance. In order to obtain realistic
results of the non-linear analysis (structural response,
damage) uncertainty and variability of structural prop-
erties should be considered in a realistic way. In par-
ticular, the spatial variability and in-homogeneity of
material properties, which occur in the real structures,
are important phenomena causing random occurrence
of damage (e.g. cracks in concrete) and should be
accounted for appropriately. Methodology for intro-
ducing spatial variability of material properties into the
non-linear finite element system is presented together
with a brief description of selected applications.

A high level and also very natural (physical) tech-
nique of uncertainties modeling is their representation
by random fields. This paper focuses on representation
of material properties (namely mechanical properties
of concrete and steel) in advanced numerical models.

The nonlinear finite element analysis employs
advanced constitutive models for concrete based on
damage mechanics, nonlinear fracture mechanics and
plasticity theories with smeared crack approach. It is
a proven tool for computer simulation of reinforced
concrete structures including failure mechanism and
post-peak behavior. It enables to evaluate response of
the structure (load-deflection curve, stresses, deflec-
tions, crack widths etc.) to external action (forces,
settlements of supports, volumetric or environmen-
tal effects). It was extended by encapsulating of the
existing material models to incorporate the spatial
variability of material properties based on the random
fields approach.

Appropriate reliability methods are used to cal-
culate stochastic properties of the response vari-
ables and structural resistance from random inputs,
and consequently to assess structural safety. For the
time-intensive calculations like nonlinear fracture

Figure 1. Four-point bending tests – random fields of
concrete strength and crack patterns.

mechanics of concrete, the small-sample simulation
techniques based on stratified sampling of Monte
Carlo type represent a rational compromise between
feasibility and accuracy. Therefore, Latin hypercube
sampling method (LHS) was selected as a key fun-
damental technique. Random fields based on this
approach describe the random distribution of a struc-
tural (material) property over the region representing
the structure based on the prescribed correlation length
and the autocorrelation function.

The presented technology enables to model uncer-
tainties and inhomogeneities in the nonlinear finite
element solution and consequent assessment of struc-
tural performance. It allows accounting for the spatial
variability of material properties in the non-linear
finite element framework. Random occurrence of
structural damage (cracks) can be simulated even in
a homogeneous stress state, such as the bending span
in Fig. 1, where different realizations of local concrete
strength field lead to different crack patterns.
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ABSTRACT

Probabilistic design and assessment methods for new
and existing structures are now commonly used. These
methods require information under uncertainty with
respect to various parameters related to structural per-
formance. In general, such information is not fully
provided by traditional inspection methods. For this
reason, monitoring systems, in combination with tradi-
tional inspection methods, take a greater significance.
Monitoring systems used in structural engineering can
provide essential data for reliability assessment and
maintenance planning. However, an extensive storage
and evaluation effort is necessary due to the huge
amount of data. Therefore, the proper handling of the
continuously provided monitoring data is necessary.
The design of long-term monitoring systems needs
important decisions on the necessary number of sen-
sors and their locations, the data management, and the
adjustment of prediction functions, among others. An
example of predicting reliability index profile with
respect to steel yielding based on daily extreme values
indicated by a sensor placed on an existing bridge is
provided in Fig. 1.

Figure 1. First order polynomial prediction functions
obtained by using the monitored extreme data provided by
a sensor on an existing bridge.

The purpose of this paper is to review, present and
illustrate (a) methods for the effective incorporation of
monitored data in the reliability assessment of struc-
tures and structural components, (b) acceptance based
methods for the determination of the necessary num-
ber of sensors, and (c) methods for the adjustment of
prediction functions incorporating Bayesian updating.
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ABSTRACT

Road traffic weight restricted historical bridges are
common in Germany. However often it is unclear in
which amount road users follow this restriction and
how the road weight distribution looks like. Therefore
in the German city Dresden a weight my motion for
road traffic was installed on a weight restricted bridge.
This weighting machine included a software package
for identification of single vehicles based on the mea-
sured axle loads. This package was running several
months/years and data was collected.

Since currently the Eurocode does not include a
model for weight restricted bridges, the data collected
has been used to extend the current road traffic load
concept of the Eurocode and the German DIN-reports
to such bridges. This has been done by using the
measured data do provide statistical information for
a Monte Carlo Simulation. The Monte Carlo Simula-
tion resulted in statistical distributions of the internal
forces due to the road loading. The load calibration
factor α has then been determined for comply with
this simulated data. Furthermore load calibration fac-
tors for other weight restrictions have been estimated
based on a mixture of measured and estimated load dis-
tributions. Finally a comparison with the unrestricted
Eurocode road traffic model and the Auxerre load has
been carried out to control the applied technique.

Table 1 summarizes the computed load calibration
factors. The data in Table 1 depend on the roadway
quality. Usually this property is not given in codes,
however, here it is assumed that for country roads with
weight restrictions lower roadway quality can be found
and this has impacts on the chosen α-factor due to the
dynamic properties. Here the model from Merzenich
& Sedlacek (1995) has been applied.

According to the knowledge of the authors this is
the first correct adaptation of the Eurocode road traffic
load model to weight restricted bridges in contrast to
sometimes found corrections (Vockrodt 2005). How-
ever other adaptations are known dealing with country
roads (Novák et al. 2007).

Table 1. Factors for recalibration classes.

Bridge class Roadway Lane 1 Lane 2
quality αQ1 αq1 αQ2 αq2

3/3* Average 0.10 0.22
6/6* Average 0.20 0.24
9/9* Average 0.25 0.26
12/12 Good 0.30 0.28 0.20 1.00

Average 0.30 0.30 0.25 1.00
16/16 Good 0.35 0.30 0.35 1.00

Average 0.35 0.40 0.45 1.00
30/30 Good 0.55 0.70 0.50 1.00

Average 0.60 0.70 0.80 1.00
Simulation Good 1.0 0.90 1.00 1.00
Auxerre
Load model 1 DIN 101 0.80 1.00 0.80 1.00

* First drafts
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ABSTRACT

The paper describes two possible device-alternatives
of Structural Health Monitoring (SHM) as a solution
for the inspection and maintenance of stays of cable-
stayed bridges. It presents Monitoring as an important
investment that brings comfort of the maintenance
during assumed service life. Especially, it covers the
problem of quantitative deployment of the stay-force
measuring devices and foreseen benefits from their
application. Deliberations are conducted on the basis
of a newly designed cable-stayed bridge in Wroclaw,
Poland (Fig. 1), equipped with a long term, remote
SHM (Biliszczuk 2007).

Under consideration are taken two possible moni-
toring solutions, according to the state-of-the-art in the
field of the force measurements: measurement of the
forces by means of accelerometers and related vibrat-
ing chord theory (Casas 1994) or measurement of
the forces by means of elasto-magnetic sensors based
on the ferromagnetic properties of the steel (Jarose-
vic 2008). It presents the selection of the monitoring
devices and the optimal number to be used, based
on the minimization of the total expected cost of the
bridge, including the cost of monitoring. The main
objective of the example is to mature these meth-
ods and highlight their influence on the total cost of

Figure 1. Visualisation of the newly designed Cable-Stayed
bridge in Wroclaw.

Figure 2. 160 elasto-magnetic sensors (1 per cable).

the bridge, considering a Life-Cycle Cost Analysis
(LCCA) approach.

The benefit B of installing a monitoring system can
be expressed as:

Cet – Expected total cost, without monitoring
Cm

et – Expected total cost, including monitoring

In the above total cost, the following components
are included: expected cost of the design and erection,
routine inspection with maintenance, expected cost of
a failure, cost of the monitoring application and its
maintenance.

SHM application is reasonable only if B is greater
than zero. The type of the devices and their quantity is
also related to the maximization of the expected bene-
fit B. In the paper, different arrangements of the SHM
system are assessed. The optimal solution is presented
in figure 2. Prices of the sensors, their accuracy in the
measurement of cable forces, labor costs, materials for
the reparation and miscellaneous services are the input
data considered in the problem.
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Service life prediction of masonry under high loading: Modelling and
probabilistic evaluation

E. Verstrynge, L. Schueremans & D. Van Gemert
Department of Civil Engineering, KULeuven, Heverlee, Belgium

ABSTRACT

During the past decennia, several collapses of histori-
cal masonry structures throughout Europe have drawn
our attention to the vulnerability of masonry con-
structions under high loading. Monumental masonry
structures, such as tall belfries and medieval tow-
ers, are subjected to high dead weight, which causes
time-dependent deformations. The combination of
this time-dependent deformation behaviour with accu-
mulating weathering phenomena has caused several
historical masonry structures to collapse rather unex-
pected and without an immediate visible cause such as
fire or thunderstorms.

This paper discusses the service life prediction of
masonry under high loading. Therefore, two key ele-
ments are addressed: How to model the masonry’s
time-dependent deformation behaviour? And how to
simulate this long-term process in laboratory condi-
tions to obtain parameters for the model? An attempt
was made during an extensive test program including
accelerated creep tests and incorporating the uncer-
tainties and scatter on the parameters of the model by
performing a probabilistic analysis. The different tests
involved in the research program are:

short-term compressive tests;
three different types of short-term creep tests:
accelerated creep tests (ACT), cyclic accelerated
creep tests (CACT) and accelerated creep tests with
an additional small cyclic loading (ACT + C);
long-term creep tests.

The long-term deformation behaviour of histori-
cal masonry is being modelled using a rheological
model. Damage accumulation is incorporated within
the model by means of damage variables (D) (Papa &
Talierco, 2005). The model parameters and the evo-
lution of the damage variables are obtained from the
experimental tests (Verstrynge, 2008).

A probabilistic analysis is adopted in order to con-
sider the scatter on the parameters of the model. The
sensitivity analysis indicates that the scatter on the
compressive strength, fc, and theYoung’s modulus, EM,
together with the evolution of the damage parameter,

Figure 1. Simulation and experimental results of ACT’s.

DV, have the highest influence on the failure proba-
bility. Comparison of the model simulations with the
experimental results from the short-term creep tests
indicates a rather good fit between both (see Fig. 1).

A Monte Carlo (MC) analysis is used to investigate
the failure probability at the end of the short-term creep
tests, which demonstrates a good correlation with the
experimental results. Additionally, MC and MC +VI
sampling are used to obtain a reliability index for the
masonry’s structural integrity after a period of 300
years at different stress levels.

The proposed framework provides a powerful tool in
decision making, which will be extended towards the
assessment of real structures and realistic timeframes.
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Updating future reliability of nonlinear systems with low dimensional
monitoring data using short-cut simulation

Jianye Ching
Department of Civil Engineering, National Taiwan University, Taipei, Taiwan

Yi-Hung Hsieh
Department of Construction Engineering, National Taiwan University of Science and Technology, Taipei, Taiwan

ABSTRACT

This paper proposes a novel stochastic simulation
method of updating future reliability of a nonlinear
system with high dimensional uncertainties when the
monitoring data is low dimensional. The novelty of the
proposed framework is to bypass the most difficult part
of the problem: drawing samples of uncertain variables
conditioning on the low dimensional monitoring data.
This part can be extremely challenging and even pro-
hibitive when the dimension of the uncertain variables
is high. This research proposes a short-cut simulation
approach: instead of drawing samples of possibly high
dimensional uncertain variables conditioning on the
monitoring data, it is shown that the problem can be
solved by drawing samples of the low dimensional
monitoring data conditioning on the future failure
event.The latter action turns out to be quite straightfor-
ward. Moreover, as long as the probability distribution
of the uncertainties and the mathematical model of
the target system are given, the entire functional rela-
tionship between the updated future failure probability
and the monitoring data can be obtained prior to the
monitoring process.

The goal of regular reliability analyses is to estimate
future failure probability given the probability distri-
bution of the uncertainties in the target system and the
mathematical model M of the system. When monitor-
ing data D is available, it is essential to incorporate it to
reduce the uncertainties and to update future reliability
because D may contain much information about sys-
tem parameter �. Therefore, it is desirable to develop
a methodology to update future reliability based on
these measurements.

To illustrate the problem of updating future reli-
ability, let us consider the schematics in Figure 1,
where X current denotes the uncertain excitation during
the (current) monitoring process, while X future denotes
the future uncertain excitation. Note that X current and
X future can be completely of different type of excitation.
It is assumed in this study that the system parameter
� stays constant from the time instant of monitoring

Figure 1. The graphical model for X current , X future, �, D
and F

to future excitation and that X current and X future are
independent.

A brief procedure of estimating P(F), p(d|F) and
p(d|FC ) is presented in the following.

(1) Estimating P(F)
(2) Drawing samples from p(θ|F) and p(θ|FC )
(3) Drawing samples from p(d|F) and p(d|FC )
(4) Estimating p(d|F) and p(d|FC )

Given the samples from p(d|F) and p(d|FC ), these
two PDFs can be estimated using suitable density esti-
mation methods, e.g.: histograms and kernels. Note
that most density estimation approaches are not robust
against D dimension, so this step is not robust against
D dimension. Together with the estimated P(F), esti-
mation of P(F|d) can be made based on the following
equation, which is re-written here for convenience:

P(F|d) = [p(d|F) • P(F)]/{p(d|F) • P(F)

+ p(d|FC ) • [1 − P(F)]}
Because the entire probability density functions

of p(d|F) and p(d|FC ) are obtained, the P(F|d) is
estimated as a function of d.
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Damage identification on a shear story structure using multivariate
autoregressive time series modeling

A. Cheung & A.S. Kiremidjian
Stanford University, Stanford, CA, USA

Development of a robust structural health monitoring
(SHM) system for evaluation of civil structures has
the potential to increase life safety and facilitate disas-
ter response. Advances in wireless sensor technology
have made it feasible to create an easy-to-install sen-
sor network that can provide real-time evaluation of a
structure’s health (see Straser and Kiremidjian, 1998,
Lynch et al., 2004). One significant challenge that
remains is the development of a robust algorithm to
connect sensor measurements to reliable indicators of
damage location and magnitude.

Recent research in SHM has shown that algorithms
based on using autoregressive (AR) modeling of vibra-
tion time series as the feature extraction step of a
pattern classification framework are capable of detect-
ing structural damage to varying degrees (Sohn et al.,
2001, Nair et al., 2006, Noh et al., 2009). However,
a comprehensive algorithm capable of detecting and
localizing damage robustly has not been fully devel-
oped. This paper presents a multivariate AR model
for damage identification on a multistory shear struc-
ture, and links parameters of the model to the stiffness
terms of the structure, in order to justify their selec-
tion as a damage sensitive feature (DSF). Next, a new
damage identification algorithm using the AR model
is presented.

A multivariate AR model for damage identification
has been developed by Monroig and Fujino (2006),
which is derived from the equation of motion of a
shear story structure and finite difference equations.
This paper follows a similar approach starting with the
equation of motion. However, a new AR model is pro-
posed based on the Tustin transformation, a method of
approximating an ordinary differential equation with
a linear difference equation, which is more accurate
than the finite difference equations used to derive the

previous model. It is shown that certain AR coef-
ficients are functions of the stiffness terms of the
structure. Consequently, changes in the structural stiff-
ness due to damage should result in corresponding
migration of the AR coefficients.

A new damage identification algorithm based on
this model is proposed, which uses the AR coefficients
as the DSFs. Feature discrimination is done using a
simple two sided t-test (Nair et al., 2006), and the t
statistic itself is used as a damage measure for damage
quantification.

The damage identification algorithm using both the
previous and the new model is then evaluated using
numerically simulated data from the ASCE Phase I
benchmark structure for SHM. Both the previous and
the new model are shown to be capable of detecting
and localizing major damage patterns with approx-
imately equal success. However, for minor damage
patterns, only the Tustin transformation model is capa-
ble of detecting damage. Furthermore, the Tustin
transformation model is able to quantify and locate
the approximate region of damage.

Further development of this algorithm for possi-
ble use in real structures involves the following steps.
First, the algorithm needs to be verified on experi-
mental data, preferably with an extensive reference
case collected under varying environmental conditions
in order to test algorithm robustness. Second, wire-
less sensors with the damage identification algorithm
embedded on a microprocessor should be developed,
in order to determine the feasibility of implementing
this algorithm in practice. Third, additional physical
models should be developed and fit to AR models in
order to expand the scope of this algorithm beyond
shear story structures.
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Substructure identification for shear structures: Power spectral
density method

D. Zhang & E.A. Johnson
Sonny Astani Department of Civil and Environmental Engineering, University of Southern California, Los
Angeles, CA, USA

ABSTRACT

A shear structure is widely used to model the dynamic
behavior of building structures; thus, accurately iden-
tifying the parameters of a shear structure plays
a vital role in structural health monitoring (SHM) and
damage detection for the buildings.

In previous studies by authors (Zhang & Johnson,
2006, 2009a), an innovative substructure identification
method, based on a Fourier transform of responses, for
shear structures was proposed. By using the dynamic
equation of motion of each floor, a series of sub-
structure identification problems can be formulated,
from which all structural parameters can be estimated
from top to bottom in an inductive manner. In each
step of the identification, the Fourier transform of
two or three adjacent floors acceleration responses
are utilized to formulate a substructure identification
problem in which the stiffness and damping coeffi-
cient of a certain story are identified. Repeating this
procedure, the stiffness and damping coefficients of
the whole structure can be identified from top to bot-
tom in an iterative manner. However, due to the noisy
nature of the acceleration measurements, this Fourier
transform based method can provide accurate results
only when the measurement noise is not too large.
To improve identification accuracy under large noise,
an improved substructure method using transfer func-
tions was subsequently developed by authors (Zhang &
Johnson, 2009b). However, the implementation of this
new method requires several strict constraints that
prevent its wide application.

In this paper, a new substructure identification
method, using power spectrum densities, is derived
from the differential equations governing the struc-
tural random responses. This identification method
can overcome the previous constraints required in
the transfer function method. A reference response,
which is jointly wide sense stationary (WSS) with
all structural responses, is introduced and the cross

power spectral density between this reference response
and structural accelerations, calculated by averaging
long wide sense stationary responses in the frequency
domain, are used to formulate the new substructure
identification, which greatly improves the identifica-
tion accuracy by reducing the effect of measurement
noise through an averaging technique. An identifi-
cation error analysis is performed to reveal how the
uncertainty in the identification process will affect the
parameter identification errors. Based on this result,
a smart selection mechanism is designed to choose the
best reference response candidate which can signif-
icantly reduce the effect of measurement noise and,
thus, further improve the identification. A 5-story
shear building structure is used to demonstrate the
effectiveness of the proposed substructure identifica-
tion method. The simulation results show that this new
method can provide very accurate parameter estimates
(e.g. the relative root-mean-square-errors of stiffness
estimates for most stories are a fraction of a percent)
under the disturbance of very large measurement noise
(40% measurement noise in root-mean-square sense).
Furthermore, compared with randomly selected refer-
ence response, the optimal reference response chosen
by the proposed selection mechanism does make the
identification much more accurate.
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Comparison of reliability of two on pile-supported wharves from
structural monitoring data

H. Yáñez-Godoy
OXAND S.A., Avon-Fontainebleau, France

F. Schoefs, A. Nouy & M. Chevreuil
GeM Nantes Atlantic University, Nantes, France

ABSTRACT

During these last decades, developments focus on
the modeling of materials including the updating
from inspections (Rouhan & Schoefs 2003, Faber &
Sorensen 2002). The survey of structures (displace-
ment) gives additional information but the updating
of the modeling is a great challenge when a lot of
influencing factors are involved. Thus, intrusive struc-
tural monitoring of complex structures is actually the
only way for reaching as close as possible their real in-
service behavior. This is also of first importance for
their re-analysis.

We present here a reliability analysis of pile-
supported wharves whose containers cranes are sub-
mitted to extreme storm loading. These wharves were
built with same materials but different method of
building. The modeling of in-service behavior of these
structures in conjunction with structural monitoring
allows assessing the level of loading and provides more
realistic models.

The behavior of pile-supported wharves is condi-
tioned by several hazards in particular because of the
difficult conditions of building (Yáñez-Godoy et al.
2008) and uncertainties on extreme loadings (storms).
Storm conditions play a dominant role as they act on
cranes; they are of major importance for re-analysis
of old structures which were designed without taking
these situations into account. The updating of wind
speed due to climate changes increases the need of suit-
able models. Reliability analysis gives efficient tools
to perform such computations as long as boundary
conditions of the structural model are known with a
given uncertainty.

A stochastic modeling takes into account the large
scatter of measured quantities (see Figure 1). It lets
to identify main random fields influencing mechani-
cal behavior. A decomposition on polynomial chaos of
random identified fields and wind loading acting on a
container crane is then selected. A performance crite-
rion, based on wharf displacement and in line with the
so-called Service-Limit-States is suggested for relia-
bility analysis. We make use of non-intrusive meth-
ods, particularly projection method and Monte-Carlo
simulations. Projection method has a highly accuracy

Figure 1. Medium-term loading evolutions in each wharf.

in representing the response distribution tails allowing
to post-evaluate the probability of failure. A compari-
son with a great number of Monte-Carlo simulations is
then accomplished to verify the accuracy. Finally, sen-
sitivity studies are then performed to rank the set of
basic variables and to analyze the effect of the choice
of the critical value of the performance criterion.

REFERENCES

Rouhan A., Schoefs F., 2003, Probabilistic modeling of
inspection results for offshore structures, Journal of
Structural Safety, 25: 379–399.

Faber M.H., Sorensen J.D., 2002, Indicators for inspection
and maintenance planning of concrete structures, Journal
of Structural Safety, 24.

Yáñez-Godoy H., Schoefs F., Casari P., 2008, StatisticalAnal-
ysis of the Effects of Building Conditions on the Initial
Loadings of On-piles Quays, Journal Structural Health
Monitoring, 7(3): 245–263.

344

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c41&iName=master.img-005.jpg&w=162&h=215


Organized Session (OS27) Hoshiya Memorial



  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Seismic reinforcing design for an existing bridge pier

T. Koike & Y. Watanabe
Musashi Institute of Technology, Tokyo, Japan

T. Imai
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ABSTRACT

Many existing infrastructures constructed prior to
1980 in Japan were designed for a particular seismic
load which is smaller than the Level 2 ground motion
caused by the maximum considered earthquake
(MCE). Those existing structures must be retrofitted
to comply with the seismic requirement for the level
2 ground motion to be newly designated after 1995
Hyogoken-Nanbu earthquake. For such pile-supported
structures, a new seismic retrofitting approach is pro-
posed by introducing additional reinforing piles. The
effectiveness for this approach will be discussed based
on the seismic performance-based design method.

The basic concept of seismic design for such struc-
ture is based on two purposes; (1) both the structure
and pile-supported foundation are in the elastic state
corresponding to a Level 1 ground motion, while (2)
the structure moves into the inelastic state for a Level
2 ground motion before a plastic hinge is formed at a
critical point in a pile.

If the structure is retrofitted with excessive rein-
forcement for strong seismic effect like Level 2 ground
motion, the piles supporting the structure will cre-
ate plastic hinge or local buckling. On the other hand
adding excessive piles to increase the original strength
of the foundation will cause an unexpected failure at
the weakest portion of the structure.

In this study, a simplified design method is pro-
posed for seismic design of reinforcing piles sup-
porting an existing structure. Based on the reliability
analysis of an existing bridge structure after possi-
ble future earthquakes, the present study discusses
the optimal combination of the structural strength
and the additional pile reinforcement that are neces-
sary to obtain the effective maintenance strategies of
deteriorating structures under seismic risks.

Discussions are devoted on (1) the definition of
seismic performance level and its probability of dam-
age states, (2) seismic response of existing struc-
ture with pile foundation, especially in stressing the
effect of structural characteristics coefficient, and (3)
numerical studies based on various parameters.

Fig. 1 is a schematic illustration of the structure-
pile-foundation system. The group piles are allocated

Figure 1. Schematic profile of a bridge pier supported by
pile foundation system.

in the 4, × 3 system. The additional reinforcing piles
are applied along the outskirt of the original pile allo-
cation.The foundation is also enlarged to make a space
for additional pile driving.

When the structural system is reinforced with m
additional piles, the major damage mode of the pile
foundation and its exceeding probability of major
damage mode of the foundation can be defined as

Using the damage mode of DB∗
a , the exceeding proba-

bility of damage mode after the reinforcement can be
formulated as follows.
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Settlement prediction by spatial-temporal random process

P. Rungbanaphan & Y. Honjo
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Musashi Institute of Technology, Tokyo, Japan

ABSTRACT

So far, all methods of predicting future settlement using
past observations are based solely on the temporal depen-
dence of their quantity. However, the fact that soil prop-
erties tend to exhibit a spatial correlation structure has
been clearly shown by several studies in the past (Van-
mark 1977, etc.). It is therefore natural to expect that the
accuracy of the settlement prediction can be improved by
taking into account the spatial correlation of ground prop-
erties. Furthermore, by introducing spatial correlation, it
is possible to estimate the future settlement of the ground
at any arbitrary point by considering the spatial-temporal
structure. This study is actually an attempt to search for
such an approach.

A systematic procedure for spatial-temporal prediction
of settlement based on Asaoka’s Method (Asaoka 1978)
is proposed. The method is based on Bayesian estimation
and Asaoka’s formulation by taking into account the prior
information, observation data, and spatial correlation
structure.Auto-correlation distance of the parameters and
the observation-model error are also estimated simulta-
neously based on Bayesian estimation using the observed
data. The Kriging method (Wackernagel 1998, etc.) is
considered to be a suitable approach for estimating the
predicted settlement at any arbitrary location and time
based on the estimated parameters.

Several case studies are carried out using simulated
data with the assumed observation layout (for example,
Fig. 1). It is concluded that, with relatively strong spa-
tial correlation, the estimation of the model parameters
and the final settlement can be significantly improved

Table 1. Comparison of error of final settlement estimation between considering and ignoring spatial correlation structure
for estimation at the 50th time step (Tv = 0.424).

Error of yf estimation

Ignoring spatial corr. considering spatial corr.
Improvement

n s/η Mean (%)(1) Bias (%) Mean (%)(2) Bias (%) (%)∗

16 0.5 5.696 −0.344 4.788 −0.570 15.937
0.25 5.631 −0.398 4.082 −0.580 27.498
2 5.695 −0.548 5.662 −0.586 0.576

36 1 5.612 −0.596 5.320 −0.620 5.200
0.5 5.703 −0.517 4.799 −0.621 15.853
0.25 5.611 −0.314 3.975 −0.584 29.165

64 0.5 5.680 −0.477 4.678 −0.409 17.641
0.25 5.673 −0.249 3.845 −0.386 32.213

∗Improvement (%) = [(1) − (2)] × 100/(1)

Figure 1. Layout plan of the observation points and the point
to be estimated (for n = 36).

by taking into account the spatial correlation structure
in comparison to the case of ignoring spatial correlation
structure (Table 1). The proposed approach also gives the
rational prediction of the settlement at any location at any
time with quantified uncertainty. It was also found that the
accuracy of settlement prediction is relatively insensitive
to the changes of auto-correlation distance. Therefore, it
can be concluded that the proposed method is practical
for the settlement prediction.
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Frequency and damage analysis of industrial accidents

S. Hanayasu & K. Sekine
Center for Risk Management and Safety Sciences, Yokohama National University, Yokohama, Japan

W.H. Tang
Hong Kong University of Science and Technology, Hong Kong SAR, China

ABSTRACT

This paper deals with the risk analyses of various
industrial accidents in Japan. The major concern on
these accidents involves the frequency of accidents
and the damage consequences associated with them.
The objective of this study is to establish appropriate
probabilistic models for characterizing the industrial
accidents with emphasis on the frequency and damage
relations. Among different kind of damages caused
by industrial accidents, the number of injured work-
ers and fatalities involved in a serious labor accident
were employed as yardsticks of damage magnitude
in this study. An extensive database covering vari-
ous serious industrial accidents from 1977 to 1990 in
Japan was prepared for the analyses. Conclusions are
summarized as follows:

1. Frequency distribution of accident occurrences of
serious industrial accidents can be modeled by
Poisson or Negative Binomial distribution.

2. Frequency distribution of damage consequences
due to serious labor accidents such as the number of
injuries or fatalities involved in a serious accident
can better be modeled by Geometric distribution
rather than Poisson distribution.

3. Hence, sum of injuries or fatalities due to plural
accidents can be modeled as the sum of Geometric
distribution, i.e. Negative Binomial distribution.

4. The probability distribution of the total number of
injuries or fatalities within a fixed interval of time
can be obtained by adding up the products of prob-
abilities of frequency of accident occurrences and
that of conditional damage distribution associated
with accidents.

5. Generalized Poisson-Poisson and Generalized
Poisson-Geometric distributions having a certain
lower damage size limitation have been proposed.
Generalized Poisson-Geometric distribution had a
good agreement with the actual total damage distri-
butions. Figure 1 shows the frequency distribution
of total number of injured workers within one
month involved in a serious labor accident over 14
years classified by structure collapse accidents with
the lower damage limit of hc = 3 in each accident.

Figure 1. Frequency distribution of total monthly injuries
due to structure collapses (hc = 3, k = 0 and k ≥ 3).

6. The effectiveness of safety counter measures
against industrial accidents in terms of preventing
occurrence of accidents is evaluated by change of
frequency parameter λ, while that of reducing dam-
ages is assessed by change of damage parameter τ.
Risk reduction of industrial accidents is attained by
balance of frequency and damage measures.
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Effect of traffic loads to seismic responses of highway viaducts
under functional evaluation earthquakes

Mitsuo Kawatani, Chul-Woo Kim & Rie Kitaura
Department of Civil Engineering, Kobe University, Kobe, Japan

ABSTRACT

The highway bridge design codes do not consider the
live load in the seismic design of highway bridges
because of the low probability of the event that both
of the live and seismic loads occur at the same time.
However, frequent traffic jams in urban areas indicate
a high possibility to encounter an earthquake during
rush hour. To clarify the effect of traffics to the seismic
response of viaducts, the heavy vehicle is considered
as a dynamic system and a three-dimensional seismic
response analysis is performed in this study.

Previous studies by the authors (e.g. Kawatani et al.
2008) indicate that the effect of vehicle system on seis-
mic response of bridges depends on the frequency
characteristics of ground motions: the vehicles on
the bridge act as dampers for seismic response of
bridges under ground motion of moderate soil site;
on the other hand no clear damper effect is observed
under the ground motion of stiff soil site. Usually the
ground motion of stiff soil sites has dominant fre-
quency higher than those of moderate soil sites. It
indicates that the relation between vehicles effect on
seismic responses of bridges and frequency character-
istic of ground motion need to investigate. The effect
of vehicle’s dynamic system to the seismic response of
the bridge is examined through the investigation using
sinusoidal inputs firstly. A dump truck is assumed to
be represented sufficient by a discrete rigid multi-body
system with 12 degrees of freedom (DOFs), which
considers sway, yawing, bouncing, pitching and rolling
motions of the dump truck. Observations obtained
from actual ground motion input are explained based
on the result obtained from sinusoidal inputs.

The plot of RMS values taken from seismic
responses of the bridge under sinusoidal inputs is
shown in Figure 1. For scenarios of disregarding vehi-
cles and considering vehicles as additional mass, the
input frequency providing the peak RMS value coin-
cides with the first natural frequency of the viaduct:
i.e. 1.64 Hz for disregarding vehicles; and 1.59 Hz for
considering vehicles as additional mass.

A notable point is that the response of bridge consid-
ering vehicles as additional mass is greater than that

Figure 1. RMS values of seismic response of bridge accord-
ing to sinusoidal inputs.

of the bridge disregarding vehicles under the condi-
tion of sinusoidal input lower than 1.59 Hz. On the
other hand, above 1.59 Hz the considering vehicles
as additional mass gives smaller response than that
of disregarding vehicles. Another interesting point is
that considering vehicle as a dynamic system tends
to decrease bridge response. One of the reasons for
the decrease is that, dynamic system of vehicles on
the bridge acts as a damper for seismic response of the
bridge. Considering interaction with moving vehicles
also results decrease of seismic response of the bridge,
even though the amount of decrease is smaller than
that of stationary vehicle loadings because of com-
paratively fewer vehicles on the bridge. Considering
vehicles as additional mass gives greater responses
than the case considering vehicles as dynamic system.
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Estimation of robustness about structures based on
contaminated distribution

Xinjian Kou, Chong Zhou & Jimian Song
Shanghai Jiao Ttong University, Shanghai, China

Structual reliability is affected by many of uncertain
factors which come from difeerent sources such as
structual design, construction, manufacture and so
on . In additon to these ramdon deviations, Human
mistake is the most important factor influencing stru-
cural safety because its effects ofern exceed the ram-
don deviations. Therefore, uncertain factors may be
classified into three categories based on their char-
acterristics: systimatic error, random error and gross
error.

Human mistake is the major causes of gross errors.
Large numbers of facts have shown that structural fail-
ures, in normal load conditions, may be caused by the
gross errors due to human mistakes. Gross errors may
form the defects in a structure. These defects ofen can
not be tolerated.

Many experts have proposed that the roubustness
or vulnerability of structure should be considered to
ensure structural safety. In study of vulnerability, the
major purpose is focused upon the structural capabil-
ity resistenting extreme events such as erthquakes or
explodes. However, the largest risk is the defects hid-
den in structures, so a structure should possess the
property with which the structure can be able to stand

gross errors on a specific level. For the large scale
structure, gross errors may lead the structure failure
entirely. In this case, structure may failure even though
no extreme loads act on it.

In analysis of structural reliability, the random vari-
ables are assumed that they come from a specific
distribution. However, random errors and gross errors
may coexsit in the every stages of construction. In
order to describe the influence of the two kinds of
errors acting on structures, the authors employ the
contaminated distribution, which was introduced by
Huber (1964), as follows

In which, f1(x) is the main distribution that express the
statistical properties about the random variables and
f2(x) is the interference distribution that express the
statistical properties of the gross errors. In this paper
the distribution is applied to estimate the reliabilities
of structures. The purpose of the study is to analy-
sis the safety of structure when there are gross errors
contained in the structure.
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Vulnerability assessment of structural systems

J. Agarwal
University of Bristol, UK

G.N. Liu
WSP, London, UK

ABSTRACT

An analysis of demands and capacities has worked
well for most engineering systems. However, systems
have grown in complexity and new methods have been
developed to deal with complexity. For example, relia-
bility theory is used to address the complexity arising
as a result of uncertainties in system parameters. Risk
calculations are performed using the notional proba-
bilities of failures for the most likely failure scenarios.
However, such calculations alone are not sufficient in
themselves to produce robust systems. A complex sys-
tem can fail in many different ways, some of which
may lead to disproportionate consequences.

The issue of robustness of structures has been
debated more intensely in recent years but there is yet
no theory of robustness. However, an insight into the
lack of robustness can be gained through an identifi-
cation of potential vulnerabilities in a structure. These
may arise due to an improper form of the structure or
could be due to the operating environment. The aim of
this paper is to examine the nature of vulnerabilities
and their potential measures with a view to develop-
ing a framework for the vulnerability assessment of
structural systems. A structure that is vulnerable may
continue to perform satisfactorily as long as there is

no action to exploit it. But it is important to be able
to quantify vulnerability of a system to damage so
that appropriate remedial measures could be taken. In
the literature, different measures of vulnerability have
been suggested. Some of these are based on the prob-
ability of failure for known demands. However, the
damage may come from known or unknown sources;
hence the measures based on the form of a system
could lead to a better insight into the lack of robustness.

Structural vulnerability analysis is primarily con-
cerned with the form of the system and it leads to
the identification of vulnerable failure modes. It is
also possible to include the effect of loads and non-
linearity in the analysis. The changes in the orthogonal
modes for some external actions give a measure of the
topological changes in the system. An assessment of
vulnerability to natural hazards is usually based on an
analysis of damage resulting from a specific hazard of
increasing intensity. In the context of social systems,
vulnerability indicators are also used. It is proposed
that vulnerability assessment should examine both the
form of a structural system and the associated pro-
cesses. The combination of vulnerability and threats
can produce high risks. An analysis of vulnerabil-
ity would help reduce risks which may arise due to
unknown events.
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Evaluation of robustness from building failures

S. Thelandersson & E. Frühwald
Lund University, Structural Engineering, Lund, Sweden

ABSTRACT

A database consisting of 127 cases where failure
occurred in timber structures is utilized to investi-
gate robustness. The investigated failures are related
to events implying potential risks for human lives.
The primary causes for failures were determined in
the original investigation and classified into five main
groups as shown in Table 1. Further details are given
in Frühwald et al. (2007) and Thelandersson and
Frühwald (2007).

Similar to the results in other failure surveys, human
errors dominate among causes behind failure events.
More than half of the cases occurred due to errors in
design, which may be explained by a generally lower
competence among engineers about timber structures.

In this paper, the failure cases in the database are
investigated with focus on the relations between initial
failure events, secondary failure events and conse-
quences. The degree of progressiveness of the failure
events and nature of warning before collapse were also
assessed.

62% of the investigated cases were classified as
collapse and the rest as no collapse. As an example,
all cases where collapse occurred were investigated
with respect to progressiveness, i.e. the extent of sec-
ondary damage after primary failure. The result from
this exercise is shown in Figure 1.A relatively high pro-
portion (41%) of the cases, where collapse occurred,
was classified as large secondary damage.

Table 1. Distributions of errors causing failures for the cases
investigated

Cause % of 127 cases Comments

Materials/manufacturing 11
of products
Construction on site 27
Design 53
Deficiencies in 4 Snow loads
building code exceeded

code values
Other/unknown 5
Total 100

Figure 1. Large, medium or limited extent of secondary
effects after primary failure (79 cases).

The failure events were also assessed against the
criteria that the consequences should not be dispro-
portionate the cause. It was found that in about one
third of all cases the consequences could be classified
as “very disproportionate”.

A general (subjective) assessment of robustness
showed that the systems investigated were to a com-
paratively large degree classified as having low robust-
ness. Special methods should therefore be developed
and implemented to design this class of structures to
improve robustness. Although databases of this type
never can be seen as representative for structural sys-
tems in general, it was concluded that it is valuable to
check methods to assess robustness against this type
of “empirical” information.
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Development of posterior probability models using the Metropolis-Hastings
algorithm and Laplace approximations

P.N. Thodi, F.I. Khan & M.R. Haddara
Faculty of Engineering and Applied Science, Memorial University, St. John’s, Canada

ABSTRACT

The Bayesian posteriors find extensive applications
in probabilistic risk analysis (PRA). The uncertainty
and variability in data is modeled by prior probabil-
ity distributions. These prior distributions need to be
updated to posteriors with likelihood functions, which
are the evidence supporting priors, using Bayes theo-
rem. Bayes theorem encapsulate a process of learning,
by which best inferences about the posterior parameter
can be made based on any prior knowledge and the evi-
dence at hand, reserving the right to revise the present
knowledge continuously with new information. Math-
ematically, Bayes’ theorem states how to update the
prior probability distribution, p(θ) with a likelihood
function, l(x/θ) to obtain the posterior distribution,
p(θ/x):

Since certain non-conjugate priors one comes across
in PRA, like the Weibull, Lognormal and Extreme
Value distributions, do not belong to the conjugate
pair of exponential family, the conventional posterior
estimation, in closed form, is not possible.

The performances of two Bayesian posterior devel-
opment methods are discussed in this paper. One is a
rejection sampling based Metropolis-Hastings (M-H)
algorithm and second one is the analytical Laplace
approximation method. The M-H algorithm is used
to generate a sequence of samples from a probabil-
ity distribution that is difficult to sample directly.
This sequence is used in Markov chain Monte Carlo
(McMC) simulations to approximate a distribution.
In Bayesian applications, the normalization factor is
difficult to compute, so the ability to generate the pos-
terior samples without knowing this constant of pro-
portionality is a major virtue of this algorithm. Laplace
method is used for approximating the parameters of
the posterior densities when direct estimations are dif-
ficult. It is a handy tool when a normal approximation

to posterior is reasonable. The basic idea is to carry out
a Taylor series expansion around the maximum likeli-
hood estimate value, ignore the negligible terms, and
normalize.

In order to judge the applicability of these two com-
putational methods, results of the M-H algorithm and
Laplace approximations are compared with that of
conjugate pairs. Errors are computed using the known
conjugate pair estimates as the true values. The M-H
algorithm suggests better results and hence recom-
mended for the posterior model development. Also,
it is observed that the change in threshold parame-
ter from prior to posterior is insignificant. Although
the Laplace method produces reasonable approxima-
tion to posterior mean, it fails to estimate variances
accurately. Moreover, it is computationally intensive
while working with distributions having more than two
parameters.

Furthermore, the developed procedure is applied
to a case study involving the stochastic degradation
of process assets. The priors and likelihoods were of
3P Weibull, 3P Lognormal and Type1 Extreme value
distributions. The estimated posteriors were observed
to follow the same form as that of priors and likeli-
hoods. The developed posteriors can be used in the
risk assessment of asset degradations.
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Effect of the shape of ROC on risk based inspection: A parametric study

F. Schoefs
GeM, Nantes Atlantic University, Nantes, France

J. Boéro
OXAND S.A., Avon, France

ABSTRACT

Reassessment of existing structures generates a need
for up-dated materials properties. In a lot of cases,
on-site inspections are needed and in some cases
visual inspection is not sufficient. For example Non
Destructive Testing (NDT) tools are required for the
inspection of coastal and marine structures where
marine growth acts as a mask or immersion area
gives harsh condition of inspection. In these fields,
the cost of inspection can be prohibitive and an accu-
rate description of the on-site performance of NDT
tools must be provided. Inspection of existing struc-
tures by a NDT tool is not perfect and it has become
a common practice to model their reliability in terms
of probability of detection (PoD), probability of false
alarms (PFA) and Receiver Operating Characteristic
(ROC) curves. These results quantities are generally
the main inputs needed by owners of structures in view
to achieve Inspection, Maintenance and Repair plans
(IMR) (Sheils et al., 2008).The assessment of PoD and
PFA is even deduced from inter-calibration of NDT
tools or from the modelling of the noise and the signal.

Theoretical aspects coming from detection theory
and probabilistic modelling of inspections results in
view to provide inputs in the computation of mathe-
matical expectation of RBI cost models are described
in Schoefs et al. (2008).

First, let us focus in this paper on the benefit of
the combination of multiple Non-Destructive Testing
(NDT) and the role of expert judgement in this process.
In this case, expert judgement acts at two levels:

– The knowledge of ageing laws to provide the prob-
ability of defect existence that is needed when
computing likelihood of events that govern the cost
expectation;

– The way to address the decision after obtaining
results from the two inspections.

The process is illustrated for the RBI of steel
harbour structures.

Then, the effect of the shape of ROC curve on the
decision process is highlighted. To this aim, a para-
metric study is performed to analyze the influence of
the polar coordinates of the best performance point of

Figure 1. Mapping of cost of no detection E(C)nd in polar
plan for probability of defect existence γ = 0.9.

the NDT tool (NDT-BPP) on the expectation of the
cost of detection and the cost of no detection (see Fig-
ure 1). NDT-BPP is defined as the closest point of the
ROC curve to the best performance point BBP of coor-
dinates (PFA = 0, PoD = 1) and the NDT-BPP polar
coordinates are defined by:

– The radius δNDT equal to the performance index
(NDT-PI) (distance between the best performance
point and the ROC curve) (Schoefs, 2007);

– The angle αNDT between axis (PFA=0) and the line
(BBP, NDT-BPP).
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Holistic statistical analysis of structural defects inspection results

S.A. Timashev & A.V. Bushinskaya
Science and Engineering Center “Reliability and Safety of Large Systems and Machines”
Ural Branch Russian Academy of Sciences, Ekaterinburg, Russia

ABSTRACT

The paper discusses current possibilities and draw-
backs of in-line inspection (ILI) and direct assessment
(DA) in detecting, identifying, locating and sizing of
all types of defects in oil & gas pipelines, offshore plat-
form structures and the like. A holistic methodology
is presented that extracts maximum value from the ILI
and DA measurements of defects and verifying their
results.

Currently ILI/ DA are the preferred technologies
to evaluate the condition of the pipe wall and assure
pipeline integrity. A high-resolution and deformation
ILI (geometry, corrosion, and crack) tool can inspect
piggable pipeline sections and detect, locate, mea-
sure, and display irregularities in the pipe wall. These
irregularities may represent geometric deformations
(dents, gouges, ovalities, wrinkles, ripples, and buck-
les), laminations, pittings, local corrosion, cracks and
other defects. However, as demonstrated by recent
accidents on hazardous liquid and natural gas pipeline
systems throughout the world, some pipelines that
were inspected by all types of ILI devices continue to
fail relatively soon (6 mo – 1 year) after the pipelines
were inspected and pipeline cleared for further safe
operation.

According to the sample OPS DOT USA data the
most common causes of failures of pipelines soon
after their inspection are: 1) non-detection (51% of all
cases), 2) underreporting of defect depth (33.3%) and
3) misidentification (15.7%). The root causes of such
types of failure may be different from case to case. But
one thing is obvious: pipeline operators in general do
not have a consistent, standardized process for evalu-
ating and assessing data extracted by ILI/DA devices,
and for providing guidance to ILI vendors, contract
field inspection personnel, and company personnel on
how to assess the ILI/DA data. Because of this, there is
a general public concern about the performance issues
associated with in-line inspection tools and how the

data from these devices is being integrated with other
information on the pipeline systems.

In this paper a new holistic approach to defect
assessment is developed based on unconventional sta-
tistical analysis of inspection measurements data. The
format of the resulting output is in full compliance
with the reliability and safety methods that are cur-
rently used to assess structural safety. This allows
creating adequate statistical models of defect sizes, and
of crack/defect growth in time. The main emphasis is
put on building a comprehensive, consistent and pre-
cise stochastic model of measurements and methods
of their verification. This model allows for construct-
ing consistent and unbiased assessments of the true
immeasurable sizes of defect parameters and their vari-
ances for the case when the needed information about
the ILI/DA tool and the verification instrument VI are
obtained from the field and lab measurements.

A comprehensive and consistent methodology is
presented for assessing the “in the field” statistical
properties of the measurement errors of ILI/DA and
verification tools (for the case “one measurement by
each tool”). A method for calibrating the inspection
tool is presented, which allows assessment of the true
values of defect parameters.

Results of analysis of real ILI data (obtained on an
oil pipeline with a MFL tool) and simulated data for
a gas pipeline using the above methodology provide
an illustration of the main algorithms of the holis-
tic approach. A new approach is offered to assess
the necessary number of verification measurements.
The methodology of holistic statistical analysis of ILI
data outlined in the paper permits assessing the com-
ponents of the total variance of the ILI technology,
including attribution of measurement error variance
to the ILI tool, verification tool and the diagnosti-
cian. The algorithm outlined above is implemented
in a user friendly software package PRIMA, which
permits remote usage over the internet and provides
visualization of all results.

361

  



  



Organized Symposia (OS14) Non-Destructive Testing of
Concrete Structures



  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Accurate crack inspection on concrete structure surface images

T. Yamaguchi & S. Hashimoto
Department of Applied Physics, Waseda University, Tokyo, Japan

ABSTRACT

As a diagnostic application of automated image anal-
ysis, crack inspection based on image processing and
measurement is proposed. Crack inspection in con-
crete surfaces during the maintenance and diagnosis
of concrete structures is important to ensure the safety.
The crack width is an important data in order to evalu-
ate the durability and degradation of concrete surfaces.
Although many applications and products have been
developed in this field [Architectural Institute of Japan
2003], it is not easy to measure cracks accurately
with exact scale for practical use. In our previous
study, we performed two approaches individually to
achieve each problem. We proposed a percolation-
based image processing to detect cracks [Yamaguchi
and Hashimoto 2006]. This method was demonstrated
to be more accurate than the conventional methods.
On the other hand, to cope with measurement of

Figure 1. Automatic crack scale detection.

Figure 2. Result of crack detection.

the exact size of crack width, we attached the crack
scale on the concrete surface in the step of image
acquisition because the crack scale has already been
written the size per scale on the crack scale. Then, we
used the brightness of width per the crack scale and
compared it with one of the detected cracks [Yam-
aguchi and Hashimoto 2007]. This paper presents a
high-accurate crack inspection method by combined
our detection and measurement approaches. More-
over, in order to build automatic inspection system,
we introduce automatic crack scale detection which
is manually detected in previous work as shown in
Figure 1. Through the experiment, we conduct proper
evaluations for the performance of the system in order
to indicate the reliability for practical use as shown in
Figure 2.
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Impact elastic wave method for detecting voids under steel plate in steel
concrete composite

T. Watanabe & C. Hashimoto
Department of Civil and Environmental Engineering, The University of Tokushima, Tokushima, Japan

K. Nishioka
Nippon Koei Co., Ltd, Tokyo, Japan
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Ishikawajima construction materials Co., Ltd, Tokyo, Japan

ABSTRACT

Steel concrete composite become popular as bridge
member to reinforce and reduce weight and thickness.
In steel concrete composites, voids under steel plate
are one of defects in cast-ing process. The voids cause
bending and vibration of steel plate in service. Of
course it is impossible to detect the voids by visual
inspection.

In order to detect the voids under steel plate in
steel concrete composite, impact elastic wave method
are employed. Impact elastic wave method is a non-
destructive evaluation for detecting defects in concrete
structures analyzing elastic wave due to a mechan-
ical impact. Elastic wave is generated on a surface
of concrete structures and propagation and reflection
wave are detected by a sensor on surface. It is clarified
that the procedure is effective to detect and visual-
ize an ungrouted duct of a pre-stressed concrete beam
(Watanabe and Ohtsu, 2000) and a void of a concrete
slab (Watanabe, Hashimoto and Ohtsu, 2002).

In order to detect vibration due to flexural mode
of steel plate on voids, impact tests were carried out
at the surface of steel concrete composite specimens.
Steel concrete composite specimens were mode and

Figure 1. Concrete steel composite specimens.

Figure 2. Contour of ratio of maximum amplitude.

some voids were varied under steel plate. The dimen-
sion of specimen and voids are shown in Figure 1. In
measurements to detect voids in specimens, voids were
detected by ratio of maximum amplitudes of parameter
as shown in Figure 2. When plate thickness becomes
6 mm, voids were not clearly detected by energy and
duration of parameters.
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Characterization of damage status for concrete structures by means
of stress wave techniques
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ABSTRACT

Ageing infra-structures are increasing worldwide and
the preservation of their structural integrity is a cru-
cial issue. The present tax revenue shortage due to
economic recession and demographic change resulted
in the reduction of construction investment, leading to
much attention to the maintenance work prior to the
construction of new structures. For repair program,
some theoretical models to manage the structures,
namely infra-asset management, have been proposed,
in which based on the current status the forthcoming
deterioration process is estimated, and a proper tim-
ing of maintenance is assumed in consideration of life
cycle cost (LCC).

Specifically the present damage amount of struc-
tures, which would be employed to make priority of
structure to repair, would be assumed by the amount
of loss and damage indices through the monitoring.

Due to the complexity of deterioration process as
well as various kinds of structures, any decisive investi-
gation technique has been established so far. Acoustic
emission (AE) and ultrasonic techniques (UT), non-
destructive techniques using stress wave, could be
applied for the infrastructures diagnosis.

In the paper, a 45 m long PC bridge, showing no
deterioration throughout the conventional survey, is
monitored nondestructively: sensitive monitoring of
AE was conducted in order to investigate the early
damage, followed by UT aided by tomography.

Firstly the relatively damaged area for the longi-
tudinal direction was extracted with lineally placed
28-AE sensor during mobile loading over the bridge.
Based on the resulted AE activity the part of structure
being most likely deteriorated is further investigated
with a dense array of AE sensors, allocated in 2D.
Using this 2D arrayed AE sensors, a surface ultrasonic
examination is also performed to obtain a tomogram of
wave velocities. Through these monitoring, following
findings were obtained.

A most likely deteriorated area (hereafter ‘area of
interest’) was successfully extracted from AE activity

emerged always in a particular area from linearly
placed AE sensors (see Figure 1). As in Figure 2, fol-
lowed 2D AE monitoring, conducted in the area of
interest, showed the remarkable number ofAE sources,
corresponding well to the area of low velocity. It was
confirmed that the area indicated by AE activity was
actually deteriorated, suggesting the potential of AE
testing both for as global- and local-monitoring.

Figure 1. 1D AE sources along with repeated mobile loads.

Figure 2. Identified 2D AE sources along with mobile
load and velocity tomogram obtained from surface UT
measurement.
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Eigenfrequency estimation of RC slab based on impact sound recorded
by moving vehicle

Y. Oshima, K. Sugiura & H. Kawano
Kyoto University, Kyoto, Japan

ABSTRACT

Herein we verify the concept of easy and simple
method to evaluate eigenfrequency obtained by impact
sound which is generated and recorded by moving
vehicle. In order to attain this goal, noise reduction
in recorded sound must be done since the sound is
recoded by moving microphones with wind noise,
and also Doppler Effect should be confirmed. There-
fore, eigenfrequency estimation of beam specimens
with noise was experimentally carried out; denoise
algorithm was based on independent component anal-
ysis.Then Doppler Effect was confirmed by numerical
model as well as the experiment using small carrier
moving on the slab, and influence of the effect was
evaluated.

The concept of inspecting vehicle is shown in Fig-
ure 1. In order to capture the eigenfrequency of a slab
structure, RC slab is impacted by a hummer from a
moving vehicle. Microphones are also installed on the
vehicle to record the impact sound. This inspecting
vehicle can investigate the state of slab continuously
without stop.

First of all, the eigenfrequency of beam was esti-
mated by impact sound with noise. On the basis of this
experiment, the feasibility of eigenfrequency estima-
tion by impact sound and the influence of noise in the
recorded sound were evaluated. Additionally, the type
of hummer head was also evaluated to simulate the

Figure 1. Concept of the inspecting vehicle.

effect of pavement.As a result of this experiment, more
frequencies can be detected by impact sound than by
the installed sensors, because the installed sensors are
located in the limited area and it is difficult to capture
all the modes, but the sound may include all the modes.
As for noise reduction, ICA based on AR model can
reduce the noise with high frequencies but the accu-
racy depends on the order of AR model. To obtain
more exact solution, appropriate order of AR model
must be determined. Furthermore, the noise in this
study mainly consisted of high frequencies, which can
be separated by a low-pass filter. Thus for noise reduc-
tion, both methods should be applied as the situation
demands.

Next, in order to confirm the influence of Doppler
Effect, concrete slab was impacted and the sound
was recorded by moving microphones. In this experi-
ment, the slab of a residential building was used and
microphones were installed on the manual carrier.

As a result, we found that several peaks were found
only when the microphones were moving, but many
other peaks were almost identical even for different
velocity of the microphones. This may be attributed to
the fact that the velocity of carrier in this experiment
was not so large to affect the frequency. Now the vehi-
cle moves at 6 km/h, the difference between the static
and fast case becomes 1.6%, which can be ignored. But
if the inspecting vehicle moves at 60 km/h, the differ-
ence is 4.1%. Thus Doppler Effect must be considered
when the velocity is high.

Finally, the inspecting vehicle proposed herein is
feasible on the basis of experimental results in this
study, but the concept must be verified by real bridge
slab and vehicle.
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Evaluation method of mechanical performance of RC beams with corroded
reinforcing bars by FEM utilizing results from nondestructive test

H. Minezawa, T. Kamada & S. Uchida
Osaka University, Osaka, Japan

S. Miyazato
Kanazawa Institute of Technology, Ishikawa, Japan

I. Kuroda
Defense Academy of Japan, Kanagawa, Japan

ABSTRACT

Generally, concrete inspections are applied to deter-
mine the current strength and durability of a structure.
However, it is difficult to determine the strength and
performance of a structure from inspection results,
therefore currently indirect estimation from visual
observation of cracks, corrosion levels from non-
destructive test among others are used. Therefore,
developing a method to directly determine the current
conditions of a structure in a standardized manner will
enhance rationalization of management of structures.

In this study, to develop a method directly deter-
mine the current conditions of a structure, various
non-destructive tests were performed on RC beams
whose rebar has been corroded through electricity.
And according to the results of nondestructive tests,
deterioration maps were made. Then, the results were
input into finite element method (FEM) analysis and
the mechanical performance of the specimens investi-
gated. The validity of the analysis results were con-
firmed by conducting flexural loading tests on the
RC beams. The evaluation method used is shown in
Figure 1.

In experiment, RC beam specimens were made.
And electrolytic corrosion was carried out for 14 and
28 days in order to have specimens with varying
levels of corrosion. Before and after electrolytic cor-
rosion, 4 types of NDT were performed to estimate
mechanical performance of specimens. Firstly, crack
propagation was confirmed through visual investiga-
tion. Thereafter, the half cell potential was measured
to determine the corrosion of rebar. Moreover, wave
velocity was measured to evaluate the condition of
the concrete surface layer and rebar. Furthermore, to
determine the rate of corrosion, polarization resistance
was concurrently measured. Then, damage maps were
made which reflect the results of nondestructive tests.
Thereafter, flexural loading tests were conducted.

Figure 1. Evaluation method.

While, FEM analysis based on the results of NDT
was performed. Results of NDT were reflected to the
corrosion of rebar and adhesion between rebar and
concrete. The analysis was done in a 2 dimensional,
plane stress condition.

From both results, the analysis model accurately
predicted adhesive levels between concrete and rebar
and rebar mass reduction rate, therefore proving to be
an appropriated evaluation method for the mechanical
properties of RC beams whose rebar have undergone
corrosion.
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Influence of conformity control on the strength distribution of
concrete and the safety level of concrete columns

R. Caspeele & L. Taerwe
Magnel Laboratory for Concrete Research, Department of Structural Engineering,
Ghent University, Ghent, Belgium

ABSTRACT

Besides quality verification, conformity control of
concrete production also has a filtering effect on
the offered strength distribution. Because of the fact
that conformity control rejects certain concrete lots,
the outgoing strength distribution (indexed ‘o’) has a
higher mean and a lower standard deviation in regard to
the incoming strength distribution (indexed ‘i’). This
effect can be quantified analytically using Bayesian
updating techniques and leads to a closed-form expres-
sion only in case of one type of conformity criteria
(Rackwitz 1979, Taerwe 1985). In order to investi-
gate more complex conformity criteria, a numerical
algorithm is developed based on Bayesian updating
techniques and numerical Monte Carlo simulations.
With this model, also autocorrelation between consec-
utive test results can be taken into account. The filter
effect of some different types of conformity criteria
are quantified, among which the filter effect of the
conformity criteria for continuous production control
mentioned in the European standard EN 206-1.

The filtering effect of conformity control also has
an influence on the safety level of concrete structures.

Figure 1. Filter effect corresponding to different conformity
criteria (based on autocorrelated observations).

Figure 2. Safety index ratio for concrete structures,
designed according to Eurocode 2, taken into account
different conformity criteria (based on autocorrelated
observations).

This effect is investigated for structures, designed
according to Eurocode 2, for which the concrete com-
pressive strength is a sensitive variable in regard to the
safety index. A general approach was used, without
any strength model or distributional assumptions for
loads. It was found that the safety level of these type of
concrete structures increases significantly when con-
formity control is taken into account. Finally, also an
example is provided regarding the influence of con-
formity control on the safety level of a specific design
situation.
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Bayesian statistical framework for the estimation of soil properties
and deformations during supported excavations

J.-K. Park, P. Gardoni & G. Biscontin
Zachry Department of Civil Engineering, Texas A&M University, College Station, TX, USA

ABSTRACT

Construction of supported excavation systems inevitably
causes horizontal wall deflections and ground move-
ments including surface settlement. The observational
method of design in geotechnical engineering has
proven to be a valuable tool for addressing soil
and structural uncertainty during subsurface construc-
tion projects. In the observational method, project
design and construction sequences are evaluated and
revised as necessary based on the comparison between
observed and predicted responses.

This paper presents a Bayesian statistical frame-
work (Box & Tiao 1992) to assess soil properties to
better predict excavation-induced horizontal deforma-
tions and surface settlement. The soils properties and
the models parameters are updated after each of exca-
vation stage. The updated parameters are then used
to develop new and more accurate predictions of the
deformations in the subsequent stages until the end
of excavation project. As an application, the proposed
framework is used to assess the moduli of elastic-
ity of multiple soil layers for two examples, using
both deformation data at different depth locations and
surface settlement data for four incremental excava-
tion stages. The first example illustrates the proposed
methodology for a simple idealized case. In the sec-
ond example, actual excavation data recorded during a
supported excavation project in Evanston, Illinois, are
used (Finno & Roboski 2005).

Since the model D(θ; z) is nonlinear in the unknown
parameters θ, a closed-form solution is not possible.
In this case, computation of the posterior statistics,
as well as the normalizing constant κ, is not a sim-
ple matter, as it requires multifold integration over the
Bayesian kernel. In this paper, a Markov Chain Monte
Carlo (MCMC) algorithm was used for computing the
posterior statistics (Robert & Casella, 2005).

In two application examples, the standard devia-
tion of unknown parameters � gradually decreased
as excavation steps increase. This indicated that the
uncertainty can be reduced by proposed probabilistic
approach. The small values of Mean Absolute Percent

Figure 1. Comparison of measured and predicted horizontal
displacement based on posterior estimates for Lurie case.

Error (MAPE) indicate that the proposed probabilis-
tic models are accurate. The predicted values capture
accurately the horizontal displacement (as shown in
Figure 1), the settlement profile and the location of
the maximum surface settlement.

The developed approach can be used for the design
of optimal revisions for supported excavation systems.
By applying a Bayesian approach to reliability-based
design of geotechnical engineering projects, engineers
can combine the adaptive advantages of the obser-
vational method with the advantages of probabilistic
design methods.
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Effect of defects on structural safety of jet grouted umbrellas in tunneling

G.P. Lignola & G. Manfredi
University of Naples Federico II – Department of Structural Engineering, Naples, Italy

A. Flora
University of Naples Federico II – Department of Hydraulic, Geotechnical and Environmental Engineering,
Naples, Italy

ABSTRACT

A numerical approach based on the matrix stiffness
method to predict the structural behavior and on the
Monte Carlo simulations to account for defects is pre-
sented. The aim of this work is to assess and design
temporary supporting structures realized ahead the
tunnel front by using ground improvement techniques.
are routinely realized using jet grouting, by far the
best suited technique to this aim (for instance, by cre-
ating an arch of partially overlapped sub-horizontal
jet grouted columns), but this leads into structures
far from having a perfect shape because intrinsically
affected by unavoidable defects (in both geometrical
and mechanical characteristics). Based on published
experimental data and statistical analyses of diame-
ter and centroid position along the axis of jet grouted
columns, it is highlighted that the real shape of jet
grouted supporting structures is not that of a regular
frustum of cone. Columns overlapping decreases along
the span, thus there is a critical length after which struc-
tural continuity is difficult to obtain, depending on the
statistical characteristics of the jet grouted columns.
Defects in axis orientation play the major role on this
critical length.

In this paper non-closed tunnel supporting struc-
tures are considered. Even though tunnel excavation is
a fully 3D problem, it is typical in tunnel lining design
to adopt a simpler 2D approach on simplified arch
schemes, with reference to the part of the supporting
structure in which continuity is guaranteed.

A numerical code was developed to analyze these
structures considering the effective geometry of the
supporting structure (affected by geometrical defects,
namely partial overlapping of sub horizontal jet
grouted columns decreasing along the span, defects
in diameter and position) and to account for the hori-
zontal active loads that are different from the vertical
ones. The developed code is able also to analyze the
soil–structure interaction (SSI) in detail.

In the paper a series of Monte Carlo simulations
were carried out to find the great influence of possible
defects, usually overlooked by practitioners, within the
column in the static performance of these supporting
structures. The variability and statistical distributions
of the geometrical and mechanical parameters were

Figure 1. Typical umbrella cross section, differing from the
ideal shape because of defects.

considered and they are based on the large experimen-
tal evidence collected in field trials by the authors and
published in open literature.

It is pointed out that the design of such structures
may hide unforeseen risks and it could happen that
the structure is unable to carry soil loads with the
desired factor of safety. As a consequence, this is the
typical case in which sophisticated numerical analyses
may just give the illusion of being refined, if possible
defects are not correctly taken into account.

Safety checks for soilcrete arches have been estab-
lished accounting for four different failure modes.

A case study highlights the role of defects and SSI
on static performances. For the chosen set of statis-
tical parameters, starting from 3/4 span, the failure
probability, Pf , reaches 100%, while in the case of
ideal geometry (without defects), no failure is detected
along the entire umbrella. If SSI is neglected the Pf
would be 100% starting from the very first arch, both
for an ideal or real geometry.
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Evaluation of the seismic reliability for the stability of cantilever
retaining wall

F.K. Huang
Department of Water Resources and Environmental Engineering, Tamkang University, Taipei County, Taiwan

G.S. Wang
Department of Construction Engineering, Chaoyang University of Technology, Taichung County, Taiwan

ABSTRACT

Despite advances in geotechnical engineering, it is
common to find retaining walls experiencing near or
complete failure during strong earthquakes (Kramer
1996). Effects of earthquakes on retaining walls often
include large translational and rotational displace-
ments, settlement of backfill soils, and bearing capac-
ity failure under the toe. Traditionally, factors of safety
(FS) have been used to evaluate the seismic stability
of retaining walls in analysis and design practice. Fac-
tors of safety are normally selected empirically, i.e.
based on past experience or experience with simi-
lar engineering structures, but a formal relationship
does not exist between the factor of safety and the
probability of failure. The inherent empiricism in
the factor-of-safety approach may lead to instability
when uncertainties are greater than anticipated (Dun-
can 2000). Accordingly, the reliability-based design
(RBD) or performance-based design (PBD) approach
is preferred in the evaluation of seismic stability of
retaining walls.

In this study, the seismic reliability for the stability
of cantilever retaining wall is evaluated by the Monte
Carlo simulations.The effects of variability and uncer-
tainty of evaluation parameters are all included in the
analysis model accompanied by the hazard-consistent
ground motion of Taiwan area. The reliability for the
stability of the wall is expressed by the annual proba-
bility of factor of safety that less than a specified code
value. The results thus obtained give the risk-based
failure potential of wall which is consistent with the
seismic hazard of the site, and constitute a common
standard for comparing failure modes among different
structures. The decision of countermeasures against
failure of wall is also easy to make by the methods
established here.

From this study, it is shown that when both uncer-
tainties of the wall-soil system and the site effects are
included, the factors of safety against sliding (FSs)
and bearing capacity failure (FSb) are all likely to
be governing factors of design, especially for FSb

Figure 1. Comparison of factor of safety for 475 return
period (hard site condition; PGA: median value).

Figure 2. Comparison of factor of safety for 475 return
period (soft site condition; PGA: median value).

(as shown in Figs 1–2). Appropriate countermeasures
against failure must be taken to ensure the reliability
of the wall.
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Modelling the structural reliability of buried networks in a heterogeneous
and aleatory environment

S.M. Elachachi & D. Breysse
University of Bordeaux 1, Ghymac, Talence, France

INTRODUCTION

Dysfunctions and failures of buried pipe networks like
sewer networks result in large part from the hetero-
geneity of geotechnical conditions in the longitudinal
direction.

Soil defects (differential settlements along the pipe,
landslides, voids surrounding the pipe, etc.) induce
stresses leading on the one hand to an ultimate limit
state (ULS) and on the other hand induce displace-
ments (differential displacements of the section’s ends
bring a decrease of the network effective flow by its
siltation) and thus constitute a violation of a service-
ability limit state (SLS). It is remarkable to note that the
influence of the variability of the soil is not reflected
in current European standards.

That is why it is necessary to focus on the impact of
the spatial variability of geotechnical properties on the
longitudinal behaviour of a network of buried pipes.

A model has been developed which includes:

(a) a description of the soil spatial variability, within
the frame of geostatistics, where the correlation
length of soil properties is the main parameter;

(b) a mechanical description of the soil–structure
interaction of a set of buried pipes with flexible
connections resting on the soil by a two parameter
model (Pasternak model).

Reliability analysis is performed on the sewer by
using a Monte Carlo simulation (MCS), with the
reliability index β being calculated for two limit states:

– Serviceability limit state, corresponding to a two
large “counter-slope” in a given pipe (slope = 4% is
taken as an average limit value), which can prevent
the normal flow of fluids,

– Ultimate limit state, corresponding to a too large
bending moment, thus bending stress, which can
cause crack in the pipes (2 MPa is taken as an
average limit value for concrete pipe for example).

Several conclusions are drawn:

(a) Soil heterogeneity induces effects (differential set-
tlements, bending moments, stresses and potential
cracking) that cannot be predicted if homogeneity
is assumed.

(b) The magnitude of the induced stresses depends
mainly on four factors:

– The magnitude of the soil variability (i.e. its
coefficient of variation);

– A soil-structure stiffness ratio,
– A structure-connection stiffness ratio (relative

flexibility),
– A soil-structure length ratio, which combines the

soil fluctuation scale and a structural characteris-
tic length (buried pipe length).

A worst value, corresponding to the value leading
(from a statistical point of view) to the (statistically)
largest effects in the structure, can be found. The prin-
cipal benefit of such an approach is to provide some
new approaches for better considering phenomena
such as the geometrical irregularities in the longitu-
dinal profile during the control of soil compaction of
sewer trench filling. This kind of approach can also
give experts new tools for better calibration of safety
in soil-structure interaction problems, when the soil
variability is an influential parameter.
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Probabilistic optimization methodology for secant pile wall watertightness

T. Micic
City University, London, UK

ABSTRACT

Secant pile walls are, increasingly, a standard pil-
ing technique for construction of deep basements and
earth retaining structures, especially in urban areas.
Construction of the secant pile wall includes, drilling
for, usually, un-reinforced primary (female) piles at
a fixed distance that is smaller then pile diameter.
Shortly after casting and while the concrete is still
fresh secondary (male) reinforced piles are drilled
between primary piles. If there is a sufficient overlap
the pile wall will be watertight. However, the secant
pile walls are being used for ever deeper basements
and limitations for this piling technique have started
to emerge.

Secant pile wall watertightness is significantly
influenced by construction aspects such as tolerances,
limited verticality monitoring, influence of adjacent
buildings and services, guide wall construction, con-
crete mix design and development of early strength,
drilling method, piling platform and orientation of
the piling rig, Suckling et al. Furthermore, contrac-
tor expertise and specific construction method, wall
layout (straight or curved), drilling method, orientation
of the rig, ground conditions obstructions and required
depth have significant influence on water-tightness of
the secant pile wall. All these aspects bring uncer-
tainties and implementation of probabilistic methods,
Melchers 1999, to improve the management of risk
is investigated here. Probabilistic modelling is, at
present, restricted to definition of probability den-
sity functions for dimensions and spatial positions.
The sufficient overlap area between a pair of pri-
mary and secondary piles, as shown in Figure 1, has
been assumed to be 75% of the design overlap, thus
λ = 0.75. As the insufficient overlap is considered a
failure we focus on finding the likelihood of that event.

The paper proposes that the standard FOSM is
enhanced by imbedding it within an optimization
procedure. Namely, rather then evaluating notional
reliabilities a continuous search for a minimum
notional reliability index for the increasing depth
and variable soil conditions is carried out. It is

Figure 1. Primary/secondary segment of the straight secant
pile wall.

Figure 2. Reliability index variation as a function of depth
for different pile diameters.

demonstrated that FOSM methods provide a rational
analytical tool for risk monitoring during construction
of secant pile walls.
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Computer simulation of cyclic-load triaxial testing with respect to
uncertainties in input parameters

A. Florian & J. Pencik
Department of Structural Mechanics, Brno University of Technology, Brno, Czech Republic

S. Karaskova
Department of Road Structures, Brno University of Technology, Brno, Czech Republic

The traditional design method for pavement struc-
tures in Czech Republic is based on the knowledge
of traffic load and material characteristics of particu-
lar layers. These parameters are defined empirically or
are obtained from laboratory tests which do not respect
the real behavior of pavements. Therefore it is very
difficult and time consuming either to put new mate-
rials into practice or to change traditional thickness of
structural layers.

Cyclic-load triaxial test is an innovative laboratory
test method that is presently implemented in Czech
Republic. By simulating both the vertical loading and
the matching horizontal pressure caused by individual
crossings of vehicles, the real traffic loading and stress
conditions in corresponding layers of the structure can
be obtained. The success of the proposed method in a
practical use is dependent on the knowledge of load-
ing effects. The horizontal stress can not be obtained
experimentally by long-term measurements on real
pavements.

To obtain necessary input data the computer simu-
lation of triaxial test taking into account uncertainties
in input variables is proposed. The plane (2D) FEM
numerical model of a pavement structure is created.
The contact between individual layers of a structure is
modeled. The model enables to determine stress and
deformation conditions in the specimen and/or in the
particular material layers.

The reliability analysis takes into account the uncer-
tainties in basic input variables – thickness and mate-
rial properties of individual layers. The source of
uncertainties in the problem analyzed is the fact that
input variables are generally random ones, and also
the lack of representative and correct data about these
variables, our incomplete knowledge about behavior
of the structure, and the accuracy of analytical model.

The statistical and sensitivity analysis of horizon-
tal stresses caused by the axle load is performed for
three variants of road type 9,5 m with different thick-
ness of bituminous layer. As result of the statistical

analysis, the estimates of mean value, standard devia-
tion, coefficient of variation, skewness, and minimal
and maximal values of the horizontal stresses are
obtained. In addition, the deterministic analysis with
input variables set to their nominal (mean) values is
performed.

In the sensitivity analysis, the influence of random
variability of input variables on the random variability
of stresses is evaluated. To measure the relative influ-
ence of each input variable on the output, the sensitivity
coefficient based on the Spearman rank correlation
coefficient is proposed, Florian and Navratil (1993).

The modern simulation technique Updated Latin
Hypercube Sampling, Florian (1992), with 50 simula-
tions is used for reliability analysis. It is an improved
variant of Latin Hypercube Sampling, McKay et al.
(1979). The method keeps the methodology of Latin
Hypercube Sampling, but uses the improved strategy
of generating input samples based on specially modi-
fied tables of random permutations of rank numbers.
The modified tables consist of random permutations
that are mutually statistically independent. Using of
Updated Latin Hypercube Sampling generally results
to the further increase of accuracy, quality and relia-
bility of the results obtained from reliability analysis.
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Maintenance planning for the decks of bulk carriers and tankers

Y. Garbatov & C. Guedes Soares
Centre for Marine Technology and Engineering (CENTEC), Instituto Superior Técnico, Technical University of
Lisbon, Lisboa, Portugal

ABSTRACT

A probabilistic maintenance and repair analysis of the
desk plates of bulk carriers and tankers subjected to
general corrosion wastage is presented here. The deci-
sions about when to perform maintenance and repair
on structure that may reach a failed state are stud-
ied. Different practical scenarios are analyzed and
optimum repair intervals are proposed. The optimum
repair age and intervals are based on a Weibull analy-
sis. The total cost is calculated in normalized form to
avoid the difficulties in costing. A comparative analy-
sis of the maintenance planning for different types and
lengths of ship is also provided.

Modern methodologies, such as reliability analyses,
make full use of data acquired from non-destructive
testing and can gather, filter and process information
about the condition of ageing structures providing an
estimate of the parameters defining the actual struc-
tural strength. Decisions about maintenance problems,
such as defining when to perform maintenance on
structures that is subjected to deterioration needs infor-
mation about when the structure is expected to reach
a failed state.

The set of corrosion data, deck plates of ballast
of tankers provided by American Bureau of Shipping
(ABS, 2002) is analyzed here. The set includes 1168
measurements of deck plates from ballast tanks with
original nominal thickness varying from 13.5 to 35 mm
on ships with lengths between perpendiculars in the
range of 163.5 to 401 m. The second set analyzed
includes a survey of corrosion data on deck plates
of three 38000 DW bulk with a length between per-
pendiculars L = 172 m with data consisting of 1244
measurements of corrosion thickness collected from
four inspections of service life of ships. The design
thickness of measured deck plates varies between 10
and 30 mm. The bulk carriers have been subjected to
similar corrosion environment along the entered ship

life including environment condition related to temper-
ature, humidity, chlorides and sulphur dioxide, oxygen
and same cargo. The corrosion data of this set was ini-
tially presented for tankers by Garbatov et al, 2007 and
for bulk carriers by Garbatov & Guedes Soares, 2008.

The corrosion wastage of deck plates of ballast and
cargo tanks was analyzed by Garbatov et al, 2007
is based on the non-linear corrosion model proposed
by Guedes Soares & Garbatov, 1999. This model can
describe an initial period without corrosion as a result
of the presence of a corrosion protection system, a
transition period with a nonlinear increase of wastage
up to a steady state of long-term corrosion wastage.

An effort has been made to establish realistic deci-
sions about when to perform maintenance on structure
that will reach a failed state. Different scenarios are
analyzed and optimum interval and age are proposed.
The optimum age and intervals are based on Weibull
analysis and some assumptions about the inspection
and the time required for repair in the case of failure
have been considered here.
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Uncertainty effects on dynamic response of offshore platform with
wind energy production

K. Kawano, Y. Kimura, K. Ito & N. Tanaka
Kagoshima University, Kagoshima, Japan

Keywords: offshore platform, dynamic forces, uncertainty, reliability

It is expected that development of the offshore wind
energy production would be very effective to carry
out the reduction of greenhouse gas emissions. The
uncertainty effects on the dynamic response evaluation
of the idealized offshore platform model on offshore
wind energy production subjected to wave force and
seismic force are carried out in the present study. The
steady wind force, which can be provided to gener-
ate the wind energy production, would be obtained in
the coast area with water depth about 50 m. The off-
shore structure is expected to have important roles on
development of wind energy production system. The
environmental condition of the offshore structure is
more severe than the land structure. If the offshore
structure is located in the seismic activity area, it is
essential to perform the dynamic response estimation
on the wave force and seismic force in order to carry
out the reliable design of the structure.

The wave and seismic force are usually estimated
by relevant expressions with some parameters of
uncertainties such as the significant wave height and
the maximum acceleration of seismic motion. Since
uncertain parameters on the wave and seismic force
have very different characteristics on the dynamic
response evaluations, it is suggested that the second
moment approach could become an effective eval-
uation for the maximum response characteristics of
the offshore platform with wind energy production.
Applying the Monte Carlo Simulation (MCS) method
to the dynamic response of the offshore platform, it

is efficiently carried out the dynamic response esti-
mations for these uncertainties. Since the offshore
platform of the wind energy production is the structure
with the top heavy type, which has the properties to
be very susceptive to seismic force, it is very impor-
tant to clarify the uncertainty effects on the seismic
response evaluation. The reliability evaluation of the
offshore platform with the MCS simulation can be
provided the available evaluations on the offshore
platform with wind energy production subjected to
dynamic forces with considerably different character-
istics. It is demonstrated that contributions of uncertain
parameters on the dynamic response evaluations of the
offshore platform with wind energy production can be
evaluated with the reliability index by applying the
simulation results.

It is shown that in order to perform the reliabil-
ity evaluation of the offshore platform with the wind
energy production, it is significant to carry out the
available estimation to the wave force, wind force, and
seismic force with uncertainty.
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Ultimate strength of ship hull girder under random initial imperfections

S.C. Vhanmane
Research and Rule Development Division, Indian Register of Shipping, Mumbai, India.

B. Bhattacharya
Department of Civil Engineering, Indian Institute of Technology Kharagpur, Kharagpur, India

ABSTRACT

Due to poor workmanship, improper handling of cargo
during loading and unloading, improper use of grab,
and due to slamming during voyages, etc. the ship hull
is subjected to various damages which collectively are
termed as “initial imperfections.” Available statistics
show that these initial imperfections are random in
their magnitudes. Consequently, the strength of the
ship hull girder is random as well. It is important to
Classification Societies as well as ship owners that
the effect of such random initial imperfections on the
safety of ship structures be assessed accurately.

Here we look at two common forms of initial
imperfection: the initial deflection and residual weld-
ing stresses in the plating between longitudinals. This
paper builds up on our earlier work on determining
the ultimate strength of hull girders subjected to initial
imperfections (initial deformation of plating between
stiffeners and initial welding residual stresses). A sim-
plified analytical incremental-iterative method given
in IACS Common Structural Rules (for Tankers and
Bulk Carriers) has been used to estimate the hull girder

Figure 1. Random yield strength (alone) for Tanker –
hogging (100 cases).

Table 1. Effect of random initial imperfections alone
(100 cases).

Ship Type Condition Mean (MN-m) c.o.v. (%)

Bulk Carrier Sagging 3575.0 1.63
Hogging 5341.7 0.84

Tanker Sagging 20133.0 1.00
Hogging 25025.0 0.61

Table 2. Effect of combined random yield strength and
random initial imperfections (100 cases).

Ship Type Condition Mean (MN-m) c.o.v. (%)

Bulk Carrier Sagging 3747.9 2.53
Hogging 5767.5 2.35

Tanker Sagging 21018.0 1.90
Hogging 26793.0 2.46

ultimate strength under these initial imperfections;
randomness in the magnitude of initial imperfections
has been included for the first time. Also, the effect of
randomness in the material yield stress, with moder-
ate statistical dependence between those of stiffeners
is also studied.

The above analysis can provide the modeling uncer-
tainty in the hull girder strength when fabrication
and service related damages are taken into account.
This additional uncertainty may be used to modify the
design equation for new ships through an “uncertainty
factor” in its early design stages; it can also lead to
a quick and economical means for early assessment
of the effects of initial imperfections, perhaps in an
LRFD-type equation format.

This methodology is applied to a bulk carrier and
a double hull VLCC tanker, both modelled after two
existing ship structures. Three primary cases are con-
sidered: effect of random yield strength (alone), effect
of random initial imperfections (alone) and effect of
combined random yield strength and random initial
imperfections.
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Aspects of reliability assessment of tidal stream turbines

D.V. Val
Heriot-Watt University, Edinburgh, UK

ABSTRACT

Growing demand for energy in the world along with
depletion of fossil fuels and global initiative to achieve
substantial cuts in greenhouse gas emissions have led
to an increasing interest in renewable energy technolo-
gies. Many governments set targets to significantly
increase the amount of energy from renewable sources
in the next few decades, e.g., the UK Government
has a target for a 10% contribution from renewable
sources to UK electricity supply by 2010 and 20% by
2020. Tidal streams are one of the sources of renew-
able energy, which according to recent estimates can
supply up to 5% of the UK energy demand.

Since extraction of tidal stream energy is a new tech-
nology there is significant uncertainty associated with
the prediction of the performance of energy convert-
ing devices (i.e., tidal stream turbines), which causes
stakeholders to be more cautious and less willing to
invest into this area. One of the aims of the EPSRC-
funded SUPERGEN Marine Energy Consortium is to
develop a methodology for reliability assessment of
such devices, which will enable to reduce this uncer-
tainty and eventually make investment decisions more
attractive. The paper presents preliminary results of
this on-going research.

It starts with a brief description of the technol-
ogy and the main types of existing (or proposed) tidal
stream turbines. A generic turbine used in reliability
studies is defined. This is a horizontal axis free-stream
turbine, which is fixed to or gravitationally mounted on
the seabed. It is also assumed that the generic turbine
has a single indirect drive-train with a mechanical gear-
box. The turbine is without a yawing mechanism and
has variable pitch blades. On the whole, the selected
generic tidal turbine is very similar to commonly used
wind turbines. This provides an opportunity to use rel-
evant data on failures of wind turbines, which have
been collected during the last 15 years.

A methodology for the turbine reliability analysis
is then described. A tidal stream turbine is a com-
plex system consisting of structural, mechanical and

electronic parts; therefore, the methodology should
involve methods of both structural and system reli-
ability. A simple model of the generic tidal turbine for
system reliability analysis is presented. Since this a
new technology the main problem with the application
of system reliability methods is a lack of statistical data
on failures of subsystems/components of tidal stream
turbines. Depending on the subsystem/component the
following approaches to estimating the failure rates are
proposed:

(i) direct use of data on failure rates of similar
components from other industries;

(ii) modification of the base failure rates (i.e, the
failure rates derived from data, which have been
collected at known operational and environmen-
tal conditions) to the condition of a tidal turbine
by using influence factors (NSWC 2007); and

(iii) evaluation of the failure rates by direct reliability
analysis of the turbine subsystem/component.

Each of the approaches is then described in more detail.
In particular, differences in operational and environ-
mental conditions of tidal stream and wind turbines
are discussed, including their effect on the applicabil-
ity of the failure rate data collected for wind turbines
to reliability analysis of tidal stream turbines.

Finally, the concept of availability in relation to tidal
stream turbines and factors affecting it are considered.
It is shown that subsystems/components of tidal stream
turbines should have higher reliability than those of
onshore wind turbines in order to achieve the same
level of availability.
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A level-1 reliability-based design method for caisson-type
breakwaters in view of sliding displacement

Takeshi Yoshioka
Electric Power Development Co., Ltd., Tokyo, Japan

Yoichi Moriya
Coastal Development Institute of Technology, Tokyo, Japan

Takashi Nagao
National Institute for Land and Infrastructure Management, Yokosuka, Japan

Following the adoption of ISO 2394, research on appli-
cation of the reliability-based design method to civil
engineering structures is progressing in various areas.
Japanese technical standards for port and harbor facil-
ities were revised in 2007 based on the recent research
and the level-1 reliability-based design method (partial
factors method) was introduced as a standard design
method from the viewpoint of harmonization with
international standards.

Focusing on the external stability of caisson-
type breakwaters, the standard reliability-based design
method takes into consideration of the equilibrium
condition of horizontal forces against sliding. Mean-
while, another method that evaluates the expected
cumulative sliding displacement during the design
lifetime by Monte Carlo simulation was proposed by
Shimosako & Takahashi (1999). The method is more
advanced compared with the standard method, how-
ever, the adoption of the method to the technical stan-
dards was postponed considering the fact that calcula-
tions are time-consuming and discussion of a system
reliability considering other failure modes is difficult.

The objectives of this research are to construct a
practical calculation formula for sliding displacement
of caisson-type breakwaters, and to construct a level-1
reliability-based design method by determining partial
factors based on a reliability analysis.

Firstly, the practical calculating formula for sliding
displacement of caisson-type breakwater caused by the
design wave height was constructed. It gives approxi-
mately the same sliding displacement as that obtained
by numerical integration of equation of motion for
caisson assuming a time-series model of wave force
proposed by Tanimoto et al. (1996). Using the slid-
ing displacement S given by the formula and an
allowable value Sa (30 cm assumed in the study), the

performance function Z is defined by Z = S − Sa. Sec-
ondly, first-order reliability analysis was conducted
and reliability indices and sensitivity factors of random
variables were evaluated. As a result, partial factors
method was constructed to control the failure prob-
ability Pf 1 considering the target failure probability
Pf 1T . We used 33 cases collected from design datum
for caisson-type breakwaters throughout Japan in this
study.

The method well evaluates the failure probability
by the single wave action, however, we also have to
establish the method for the evaluation of the failure
probability Pf 50 that the cumulative sliding displace-
ment �S exceeds Sa during the design working life.We
found that the Pf 50 greatly depends on the probability
distribution of wave heights.Therefore, we established
the method to evaluate the Pf 50 by using the failure
probability by the single wave action.

The proposed method is a level-1 reliability-based
design method which can control the failure proba-
bility against the cumulative sliding displacement of
the caisson-type breakwater during the design lifetime
with high accuracy.

REFERENCES

Shimosako, K. & Takahashi, H. 1999. Application of
deformation-based design for coastal structures, Proceed-
ing of the international conference on coastal struc-
tures’99.

Tanimoto, K., Furukawa, K. & Nakamura, H. 1996. Fluid
resistant forces during sliding of breakwater upright sec-
tion and estimation model of sliding under wave forces,
Proceedings of coastal engineering, JSCE, Vol. 43, pp.
846–850, (in Japanese).

385

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

A comparison of safety levels of sheet pile quay wall based on
minimization of life cycle cost and expected total cost
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R. Ozaki
Chuo Fukken Consultants, Co., Ltd., Osaka, Japan

ABSTRACT

The technical standards for port and harbor facilities
in Japan were revised in 2007 and the reliability-based
design method using partial factors was introduced.
Partial factors for the ordinal condition were decided
on the basis of minimization of the expected total cost
(hereafter, ETC, Ozaki et al. 2005). As the standard
design working life for port facilities is fifty years in
Japan, the section modulus of the sheet pile is set con-
sidering fifty years’ corrosion in the previous study.
This means that the ETC is of one year and not of the
whole design working life. Although the partial fac-
tors are rounded off to the conservative side from that
of minimum ETC, this might arise the discussion: are
the partial factors appropriate from the viewpoint of
minimum life cycle cost (hereafter, LCC)?

We conducted reliability analyses changing the sec-
tion modulus of the sheet pile from initial value to that
after fifty years and evaluated the reliability indices
according to the decrease of section modulus. It should
be noted that the evaluation of LCC is not an easy
task such as the sum of multiplication of failure loss
cost and failure probability for each section modu-
lus. The difficulty in the evaluation of LCC derives
from the condition that the section modulus becomes
initial value after the restoration work. It was neces-
sary to consider about 563 trillion failure event cases
altogether in order to evaluate LCC.

Figure 1 shows an example of LCC curve about
water depth of −11 m with cumulative failure proba-
bility Pf �50 during design working life of fifty years.
This figure also shows an example of ETC curve under
the section modulus considering the fifty years’ cor-
rosion. Table 1 summarized the failure probabilities
corresponding to the minimum LCC and ETC, which
also shows the failure probabilities by the level-1
reliability-based design results using the partial factors
in the technical standards.

The failure probabilities for minimum ETC are
larger than those for minimum LCC. However, the fail-
ure probabilities by the level-1 reliability-based design
are smaller than those for minimum LCC. It was shown
that the partial factors in technical standards are set to

Figure 1. Example of the LCC curve.

Table 1. Comparison of failure probability.

Section
Evaluation of modulus Diameter
economic of sheet pile of tie rods

Design loss cost* m3/m mm Pf �50

LCC minimum µ + σ 0.00119 38 6.898E-04
µ + 3σ 0.00119 38 6.898E-04

ETC minimum µ + σ 0.00119 38 6.898E-04
µ + 3σ 0.00119 38 6.898E-04

L1 design** β = 2.7 0.00119 38 6.898E-04
β = 3.6 0.00134 38 1.628E-04

∗ Two amounts of the economic loss cost were considered similar to
the past work (Ozaki et al. 2005).
∗∗ In L1 design, β = 2.7, 3.6 are corresponding to the economic loss
cost of µ + σ and µ + 3σ, respectively.

the conservative side from the viewpoint of minimum
LCC.
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Reliability-based code calibration: Case study of Brazilian structural
design codes

A.T. Beck & A.C. Souza Junior
Structural Engineering Department, University of São Paulo, São Carlos, SP, Brazil

ABSTRACT

This paper addresses the reliability-based calibration
of partial safety factors for Brazilian design codes
NBR8681:2003 (actions and safety of structures) and
NBR8800:2008 (design of steel structures). The gen-
eral format of these codes is very similar to the new
EUROCODES:

Brazilian structural design codes have never been
subject to reliability-based calibration of partial safety
and load combination factors. The present calibration
effort is based on actual data for wind loads in Brazil,
but uses mainly international data for other parameters.
So far, the investigation is limited to structural steel
members.

A preliminary calibration run involving only dead
load revealed the optimum partial factors γR = 1.1 and
γD = 1.35, for a target reliability index of βT = 3.0.
Fixing these values and running the calibration pro-
cess again, for the variable load combinations, resulted
in the partial and combination factors presented in
Table 1.

Table 1 shows significant differences in the partial
factors currently in use and the factors found through

Table 1. Brazilian code (NBR) and calibrated partial
factors.

Factor NBR8800 Calibration for
NBR8681 βT = 3.0

γR 1.10 1.10
γD 1.35 1.35
γL 1.50 1.65
γW 1.40 1.70
ψL 0.70 0.30
ψW 0.60 0.30
γL · ψL 1.05 0.50
γW · ψW 0.84 0.51

Figure 1. Bounds on reliability indexes for Brazilian codes
and for calibrated partial factors, βT = 3.0.

the calibration process. It is observed that the cali-
brated factors are larger for the principal loads (γL
and γW ) but the combination factors are significantly
smaller, resulting in significantly smaller values of the
accompanying variable actions (products γ · ψ).

Reliability indexes resulting from use of these par-
tial factors are compared graphically in Figure 1. The
figure shows lower and upper bounds on reliability
indexes obtained for all designs (load ratios) con-
sidered, with β given as the minimum between all
limit state (load combination) equations. The bounds
show the uniformness (or lack of) of reliability indexes
obtained using the different sets of partial factors.

It can be clearly seen that the calibrated combina-
tion factors lead to larger and more uniform reliability
indexes, when compared to their Brazilian design code
counterparts. This is also consequence of larger partial
factors applied on dead and principal variable loads.

The set of calibrated partial factors is an optimum
(or, at least, a better) set, in comparison to what is
currently used in Brazilian design codes. This conclu-
sion is dependent on further confirmation, given the
limitations of the present calibration effort.
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Reliability-based design specifications for simply supported steel beams
exposed to fire

S. Iqbal & R.S. Harichandran
Department of Civil and Environmental Engineering, Michigan State University, East Lansing, MI, USA

ABSTRACT

Until recently, steel beams exposed to fire were
designed using prescriptive approaches that are very
simplistic and do not account for actual loading con-
ditions and real fire scenarios. In the last decade,
performance-based codes which allow more rational
engineering approaches for the fire design of steel
members have been promoted. The 2005 AISC Steel
Construction Manual (AISC 2005) now allows steel
beams to be designed against fire using room tem-
perature design specifications and reduced material
properties. According to the AISC manual, the same
resistance factors used in room temperature design
should be used for fire design. However, most other
codes suggest that a capacity reduction factor of 1.0
be used (e.g., in the Eurocode 3, the partial safety fac-
tor γM is 1.0 for fire design). This recommendation is
based on arguments that the probability of fire occur-
rence and the strength falling below the design value
simultaneously is very small, and that the fire design is
based on the most likely expected strength (Buchanan
2001). However, no substantial work has been done to
develop a strength reduction factor based on rigorous
reliability analysis.

A methodology is proposed for developing the
capacity reduction factor for the flexural strength of
simply supported steel beams exposed to fire. Fire
load, ventilation factor, ratio of floor area to the total
area of fire compartment, thermal inertia of com-
partment enclosure, thickness, density and thermal
conductivity of fire protection material, yield strength
of steel, plastic section modulus, dead load, and live
load are taken as random variables. The chosen statis-
tics of the live load, fire load, and ratio of floor area to
total surface area of the fire compartment are repre-
sentative of typical office buildings in the U.S. The
FERUM (Finite Element Reliability Using Matlab)
software is used to account for the true distributions
of the stochastic fire design parameters. Instead of
using the approximate mean and variance of the steel
temperature, the steel temperature is included in the

Figure 1. Capacity reduction factor vs. target reliability
index.

performance function in terms of the basic random
variables. The effect of active fire mitigating systems
(e.g., sprinklers, smoke/heat detectors, fire brigade) in
reducing the probability of occurrence of a severe fire
is included.

The probability of failure, and correspondingly the
target reliability index, should vary depending on the
presence of active fire mitigating systems because
these measures affect the occurrence of a severe fire.
Consequently, the capacity reduction factor should
vary for each design situation. The plot of the capac-
ity reduction factor versus the target reliability index
found from preliminary analyses is shown in Figure 1.
The capacity reduction factor for flexural strength is
not constant for all design situations as suggested in
design specifications, and varies depending on the
presence of active fire mitigating systems in a building.

REFERENCES

AISC. 2005. Steel construction manual. 13th edition, Ameri-
can Institute of Steel Construction, Inc.

Buchanan, A.H. 2001. Structural design for fire safety.
Chichester: John Wiley& Sons Ltd.

390

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c48&iName=master.img-002.jpg&w=190&h=129


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

A simulation-based framework for robust stochastic design of base
isolation systems

A.A. Taflanidis
Civil Engineering and Geological Sciences Department, University of Notre Dame, Notre Dame, IN, USA

ABSTRACT

Over the last decades, there has been a growing inter-
est in the application of base isolation techniques to
civil structures. Of the many relevant research topics,
the efficient design of additional dampers (passive or
semi-active), to operate in tandem with the isolation
system, has emerged as one of the more important. One
of the main challenges of such applications has been
the explicit consideration of the nonlinear behavior
of the isolators or the dampers in the design process.
Another challenge has been the efficient control of
the response under near-field ground motions. Such
motions frequently include a strong longer-period
pulse that has important implications to base-isolated
systems.

The current work proposes a framework for design
of base isolation systems which address both these
challenges.A probability logic approach is adopted for
addressing the uncertainties about the structural model
as well as the variability of future excitations. In this
approach, probability can be interpreted as a means
of describing the incomplete, i.e., missing, informa-
tion about the system under consideration. This is
established by characterizing the relative plausibil-
ity of different properties of the system and future
excitations by probability models. In this stochas-
tic setting, a realistic model (Taflanidis et al., 2007)
for the description of near-field ground motions is
discussed. This model establishes a direct link, in a
probabilistic sense, between our knowledge about the
characteristics of the seismic hazard in the structural
site and future ground motions. The design objec-
tive is then defined as the maximization of structural
reliability, quantified as the probability that the struc-
tural response will not exceed acceptable performance
bounds. A simulation-based approach is implemented
for evaluation of the stochastic performance of the base
isolated structure. This approach explicitly takes into
account all non-linear characteristics of the structural
response in the design process and allows for complex
characterization for the system and excitation models.

An efficient framework (Taflanidis and Beck, 2008)
is discussed for performing the associated challeng-
ing design optimization and for selecting values of
the controllable system parameters (design variables)
that optimize the system reliability. This approach
also allows for a sensitivity analysis for the influence
of the uncertain model parameters on the stochastic
performance (Taflanidis and Beck, 2009).

The methodology is illustrated through application
to a base isolated building with lead-rubber bear-
ings and nonlinear viscous dampers. Uncertainty is
included in both the structural and excitation mod-
els. The properties of the viscous dampers correspond
to the design variables in this case. The effect of
their maximum forcing capabilities is also investi-
gated. The sensitivity analysis established for the
model parameters shows that the stochastic excitation
characteristics, in particular, the moment magnitude,
epicentral distance and peak ground velocity, have the
greater importance for the structural performance.The
results also shows that the addition of the optimally
designed dampers provides a significant improvement
for the seismic performance of the isolated structure
and that nonlinearities of the damper behavior are
appropriately addressed in the context of the proposed
framework.
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CAE-based sequential topology optimization and reliability analysis

K.W. Liao
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ABSTRACT

Sizing, shape and topology optimization problems
address different aspects of the structural design prob-
lem. This study will focuses on the topic of topology
optimization only. Many algorithms for Determinis-
tic Topology Optimization (DTO) have been proposed,
such as: (1) Genetic Algorithms (GA) which explore
the entire design space and are less likely to be trapped
in local minima but additional computational expense
is expected; (2) gradient search methods which is one
of the most popular approaches but may converge
to a local optimum and usually intermediate densi-
ties are obtained, which provide no physical meaning;
(3) Evolutionary Structural Optimization (ESO) that
do not have the problem of intermediate density and is
based on the concept of gradually removing redundant
material to achieve an optimal design.

DTO does not consider the randomness/uncertainty
in design variables/parameters while optimizing the
structure. Once considered, the optimal topology will
be affected by the deviation of the design vari-
ables/parameters. Because many engineers use the
results of topology optimization as their starting
point in the development of product design, the
integration of the reliability or safety criteria with
DTO by introducing the reliability constraints is
necessary. Reliability-Based Topology Optimization
(RBTO) incorporates probabilistic analysis into topol-
ogy optimization process to take into account the
randomness of design parameters in physical models.
Earlier researches have shown the optimal topologies
are different between RBTO and DTO. Researches also
have proved RBTO can provide a design having a great
chance of staying in the feasible design space.

A typical approach of RBTO is a nested double-loop
approach where the outer loop conducts optimization
and the inner loop deals with probabilistic analysis.
The computational cost for this double-loop procedure
is prohibitive for most practical problems. Moreover,

topology optimization inherently possesses a large
number of design variables making the problem more
difficult.To overcome the high computational cost and
build a suitable methodology for practical engineers,
this study utilizes the concept of single-loop approach
to RBTO problem. The single-loop approach is well
developed in RBDO, and its main idea is that the ran-
dom fields at different design points (e.g., different
topologies in RBTO) in the single optimization itera-
tion are identical so that one can decouple the nested
RBDO into a sequential analysis procedure and has
been proved to be effective by many researches.

Application of the single-loop technique on the
RBTO has not drawn much attention at this point.
Only few researches have investigated this topic and
recognized the efficiency of the single-loop approach.
For example, Kharmanda et al (2004) have applied
the single-loop algorithm into RBTO to consider the
randomness in design parameters. The design domain
in Kharmanda’s study is not prescribed; an alterna-
tive single-loop approach, in which the design domain
is prearranged, is proposed and its effectiveness is
investigated thoroughly in this study.

In practical, engineers are more familiar with the
operation of CAE-based software than the theory
behind. The single-loop algorithm is readily to take
advantage of this trend if a platform incorporating
commercial software can be built. That is, engineers
can achieve the jobs of RBTO using the same tools
already known.

Several numerical examples are provided to show
the efficiency and accuracy of the proposed approach.
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The study on reliability with an improved truncated normal distribution
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Normal distribution has been extensively applied in
different fields as well as structural reliability, but there
are a mount of documents suggest that normal distri-
bution was not according with the actual situations.
Because of the defect of normal distribution, a mod-
ified normal distribution has been used to model the
stochastic structure of random variables.

The modified normal distribution is derived by
intercepting certain breadth of normal distribution at
two sides of mean and named truncated normal dis-
tribution. The breadth is determined by engineering
practice. Truncated normal distribution has catastro-
phe where it is truncated, the modification is not
flawless because catastrophe at two-tail is not matched
with actual situations. Therefore there is also a differ-
ence between calculate results used truncated normal
distribution model and theory results. It is necessary
to introduce a new probability distribution that has no
trails and no catastrophe.

Three-parameter truncated normal distribution is
derived from normal distribution (see figure 1). Let

Figure 1. Three-parameter truncated normal distribution.

there a normal distribution with mean µ and variance
σ2, firstly, shift ax x of normal distribution upward to
new ax x′ to make function values at two endpoints of
normal distribution probability density function curve
are zero. Then magnify ax y in order to make the area
under the density curve between µ − kσ and µ + kσ
in the new coordinate system x′oy is 1. The ‘density
curve between µ−kσ and µ+kσ in the new axis is the
very new probability density curve. Obviously the new
probability density function is more reasonable than
normal distribution and truncated normal distribution.
The breadth of intercepted interval is different from
reality, so introduce new parameter k named breadth
intercepted parameter. The new probability distribu-
tion function is determined by the mean µ, the standard
deviation σ and the breadth intercepted parameter k
completely. Then the new probability distribution can
be named three-parameter truncated normal distribu-
tion. This new probability distribution has no trails
and no catastrophe.The problem is that whether differ-
ence between this new distribution model and theory
is smaller than difference between normal distribution
model (or truncated normal distribution) and theory.

Firstly, probability density function of three-
parameter truncated normal distribution must be deter-
mined by mathematic method. Then the numerical
aspects and linear combination of three-parameter
truncated normal distribution can be calculated. The
point estimation of three parameters of new probability
distribution is completed by a new method introduced
in paper. Then theory studies of three-parameter trun-
cated normal distribution is finished, the application of
three-parameter truncated normal distribution in engi-
neering reliability is simulated by computer and the
simulation results can suggest that the three-parameter
truncated normal distribution model is more approxi-
mate to reality than normal distribution( or truncated
normal distribution).
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ABSTRACT

The focus of this paper is the development of a Monte
Carlo based method for estimating the reliability of
structural systems. The use of Monte Carlo methods
for system reliability analysis has several attractive
features, the most important being that the failure
criterion is usually relatively easy to check almost
irrespective of the complexity of the system. The flip
side of such methods is the amount of computational
efforts that may be involved. However, by reformulat-
ing the reliability problem to depend on a parameter
and exploiting the regularity of the failure probability
as a function of this parameter, it is shown that a sub-
stantial reduction of the computational efforts involved
can be obtained.

A prominent problem in structural reliability is the
prediction of the failure probability of a system of fail-
ure modes, which is expressed either as a series system
or a parallel system, or a combination of the two. In
general, such problems are often exceedingly hard to
calculate directly by the methods of structural reli-
ability. Therefore, several approximation procedures
have been proposed, often in the form of upper and
lower bounds on the failure probability (Ditlevsen and
Bjerager 1986; Melchers 1999).

In principle, the reliability of complicated systems
can be accurately predicted by standard Monte Carlo
simulation methods, but the computational burden
may be prohibitive. The authors have therefore started
the development of a new Monte Carlo based method
for estimating system reliability that aims at reducing
the computational cost. It exploits the regularity of tail
probabilities to set up an approximation procedure for
the prediction of the far tail failure probabilities based
on the estimates of the failure probabilities obtained
by Monte Carlo simulation at more moderate levels. In
the paper the usefulness and accuracy of the estimation
method will be illustrated by application to two spe-
cific examples: A ten-bar truss structure and a series
system modelling of the reliability of a portal frame
structure.
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Role of modeling uncertainties in assessing vulnerability and risk to civil
infrastructure from rare events
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ABSTRACT

Civil infrastructure facilities are designed to withstand
demands imposed by their service requirements and by
natural environmental events.While their performance
under such demands generally has been acceptable,
events beyond the design envelope, including extreme
storms or earthquakes, fires, accidents and malevolent
attack, may cause severe damage to a facility or pre-
cipitate a catastrophic failure. Changes in design and
construction practices over the past several decades
have made some modern structural systems vulnerable
to such events. Moreover, public awareness of infras-
tructure performance and safety issues has increased
markedly during the past thirty years as a result
of well-publicized natural and man-made disasters.
Improved building practices to lessen the likelihood
of unacceptable damage from low-probability, high-
consequence threats now are receiving a high level of
interest among engineers and other design profession-
als, especially in light of the worldwide move toward
performance-based engineering of civil infrastructure
systems.

The complexities of modern engineering analysis
and design give rise to numerous uncertainties. Some
of these uncertainties stem from factors that are inher-
ently random (or aleatoric) at the customary scales
of resolution in engineering or scientific analysis.
Others (epistemic) arise from a lack of knowledge,
ignorance, or approximations in modeling. Still oth-
ers are associated with human behavior – the manner
in which individuals, groups and political entities
perceive, respond to, and make decisions regarding
rare or threatening events. The risk that arises as a
result of these uncertainties must be managed in the

public interest by engineers, code-writers and other
regulatory authorities.

Structural reliability and probabilistic risk analysis
provide the theoretical framework for modeling uncer-
tainties associated with hazard occurrences, dam-
age states and consequences, and for optimizing
investments in risk reduction for civil infrastructure.
Communicating the role of uncertainty and its impact
on risk to diverse stakeholders – architects, engineers,
urban planners, insurance underwriters, and local
governmental agencies and regulatory authorities –
is one of the major challenges to risk-informed
decision-making. This paper reviews recent advances
in uncertainty modeling and risk-based decision tools
applicable to performance assessment of civil infras-
tructure systems, discusses their limitations, and
identifies research issues that must be addressed to
facilitate further advances in practical risk-informed
decision-making for facilities exposed to a spectrum
of natural and man-made hazards.
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ABSTRACT

Due to the high uncertainties of structural responses
under earthquake loadings, it is desirable to use
probabilistic performance targets for decision-making
related to intervention methods. The latter is based on
the probabilistic performance assessment of structures
with various retrofit options and requires extensive
computer simulations to account for the randomness
in both input motion and response characteristics. An
approach whereby a set of fragility relationships with
known reliability are derived based on the fundamental
response quantities of stiffness, strength and ductil-
ity is presented (Jeong & Elnashai 2007). An exact
solution for a generalized single-degree-of-freedom
system is employed to construct a response database of
maximum responses. Once the fundamental response
quantities of a wide range of structural systems are
defined and the Response Database is constructed,
the fragility relationships for various limit states can
be constructed without recourse to further simulation.

By virtue of its instantaneous nature, the proposed
method is especially useful for practical application
of the analytical fragility assessment to the plan-
ning of seismic rehabilitation, and regional earthquake
mitigation where fast estimation of probabilities of
reaching damage states for a large number of struc-
tural configurations and different mitigation measures
is required. For cases of selection between different
retrofitting options, the proposed approach gives rapid
estimates of probabilities of various damage levels
being inflicted onto the structures under considera-
tion, given only the stiffness, strength and ductility for
each alternative retrofitting scheme. Additionally, the
presented fragility assessment methodology enables
the analyst to practically investigate the vulnerability
of large numbers of structural configurations instantly
without simulation.

For a given earthquake intensity and a limit state,
the fragility is a function of response demand which
is directly estimated by stiffness and strength in the

Figure 1. Fragility contour.

proposed method. The latter function can therefore be
represented as contours provided that the response esti-
mate is at hand (Fig. 1). The contours of the limit state
probability can be considered as probabilistic perfor-
mance targets of various structural configurations that
cover wide range of stiffness and strength.

The fragility contour is an inverse problem of the
conventional fragility assessment; finding structural
parameters with given probability of exceedance. The
inverse function, (T , SR) = F−1(Pi), can be solved
only by the Response Database. Since the Response
Database is a collection of pre-analyzed responses
for a wide range of structures, the response estima-
tion of structures entails only retrieving the relevant
value from the latter database. Thus, the contour chart
(Fig. 1) which needs estimation of limit state proba-
bilities for all possible response parameters (stiffness
and strength) can be obtained instantly.
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Story-specific demand models and seismic fragility estimates
for low-rise buildings
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ABSTRACT

A seismic fragility analysis is conducted to assess the
vulnerability of low-rise building structures. Seismic
fragility is defined as the conditional probability of
attaining or exceeding a certain performance level
given a specified earthquake hazard level. The focus
of this paper is on the development of seismic demand
models for low-rise buildings that reflect the poten-
tial for more than one story to be at or near a critical
interstory drift limit.

The maximum interstory drift is a convenient
parameter to describe overall structural response to
lateral loads. Typical demand models used to develop
seismic fragility curves relate the maximum interstory
drift to a characteristic earthquake intensity measure,
such as spectral acceleration, for the corresponding
time history of ground motion. For a suite of n ground
motions, n data points are generated using time his-
tory response analysis. These data points can be used
to develop demand models describing the relationship
between these parameters. There are sources of uncer-
tainty associated with demand models including earth-
quake intensity, validation limits for analytical results,
and other assumptions. A probabilistic methodology
is used to account for the above uncertainties.

Traditionally, demand models have been developed
based on the maximum interstory drift experienced
over the entire building height. However, when only the
maximum interstory drift of the building is considered,
the actual fragility estimates tend to be underesti-
mated, in particular if the interstory drifts for more
than one story are close to the maximum value. There-
fore, to assess the probability that any interstory drift

exceeds a specified limit for a given structural per-
formance level, it is important to evaluate the drift
demand for each story within the structure. In this
paper, story-specific demand models are developed to
consider the maximum interstory drift for each story
versus seismic intensity. Correlations among individ-
ual story demand models for a given structure are
included to properly capture the potential dependence
between maximum interstory drifts. Both linear and
bilinear models are considered to describe the demand
relationships and a Bayesian methodology is used to
assess the statistics of the model parameters. In the
development of the story-specific demand models, the
computed responses that exceed the validation limit of
the analytical model are treated as lower bound data.
The interstory drift limits that correspond to particu-
lar structural performance limits can also differ over
the height of a structure. Therefore, capacity limits
for each story are determined based on the building
response from a story-by-story push-over analysis.

Using the developed story-specific demand mod-
els and the corresponding capacity limits, seismic
fragility curves are developed using Monte Carlo sim-
ulation for a typical low-rise building structure as an
application. The building is a two-story reinforced
concrete flat slab building typical of construction in
the central United States. The developed fragility esti-
mates are compared to those based on demand models
describing the overall maximum interstory drift. The
proposed methodology provides a refined approach
that includes more building response information than
typical demand models, allowing for more accurate
estimates of seismic fragility for low-rise building
structures.
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Seismic fragility of a bridge on liquefaction susceptible soil
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ABSTRACT

This paper reports an exploratory framework for
including the effect of soil liquefaction in fragility
analysis bridge-foundation-soil system. The frame-
work is demonstrated through an application to the
well-studied and instrumented Melloland Overcross-
ing Bridge. A powerful computational scheme was
developed for this purpose involving both 3-D and
simplified inelastic finite element models.

Detailed inelastic site response analyses consider-
ing liquefaction effects were carried out. An effort is
also made to propose a Global Damage Index account-
ing for different soil, foundation and superstructure
failure modes. The results indicate that the inelastic
Figure 1. Fragility curves for the four foundation flexi-
bility and excitation cases studied dynamic response of

Figure 1. Fragility curves for the four foundation flexibility
and excitation cases studied.

the investigated bridge-foundation-soil system is sig-
nificantly affected by the liquefaction of upper sand
layers. In addition to the significance of accounting for
liquefaction, the spatial extent of liquefaction is also
shown to be important. Both liquefaction and its spatial
distribution are influential on determining the charac-
teristics of the input motion and the demand imposed
on foundations and superstructure. The assumptions
made to facilitate the application of the proposed
framework for liquefaction-sensitive fragility analysis
are not integral to the procedure and may be improved
by researchers seeking to quantify the probabilistic
response of soil-foundation-structure systems.
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Seismic vulnerability assessment of embankments
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Earthquake engineering applications, mainly the
geotechnical ones, are characterized by inher-
ent uncertainties related to material properties,
geometry, loading conditions, numerical modelling,
etc. Nevertheless, deterministic simplifications are
employed in geotechnical engineering practice due
to the complexity and computational cost required
by the probabilistic methods. Since the latter offer a
more realistic way to determine the seismic assessment
of structures/geostructures they are gaining popular-
ity due to the advances in computational resources
and numerical methods. For large-scale geostructures,
such as embankments under seismic loading condi-
tions, probabilistic vulnerability analysis can be used
to produce fragility curves and assess their safety
margins for various demand and capacity levels.

Embankments constitute large-scale geostructures
of great importance, the safety of which are directly
related to environmental and social-economical issues.
The seismic vulnerability of such infrastructures
became the subject of systematic research following
the Loma Prieta, Northridge and Kobe earthquakes,
after which extended investigations took place to
examine the failures that occurred in embankments
due to seismic actions. In geotechnical earthquake
engineering practice, the slope stability of an embank-
ment is most often evaluated utilizing the pseudostatic
method, in which the horizontal and vertical pseu-
dostatic inertial forces are included in the safety
factor calculations. In contrast, vulnerability analy-
sis of structures is becoming a very useful tool for
assessing their performance. The core of contem-
porary vulnerability analysis is the development of
fragility curves. There are two basic approaches to
develop a fragility curve: either using the lognormal
assumption of the response or via reliability analysis
methods. The Monte Carlo Simulation (MCS) method
is the most widely applied reliability analysis method.
In a recent work by the authors it was found that MCS-
based fragility analysis offers a more reliable approach
compared to the simplistic lognormal assumption.

Nevertheless, in order to reduce the excessive com-
putational cost of the process, efficient approximation
techniques have to be used. New non-conventional
data processing and simulation methods such as Arti-
ficial Neural Networks (ANN) have been widely
applied. In the present work efficient ANN-based
metamodels are used for estimating the safety factor
required for the slope stability analysis under pseudo-
static conditions of a typical embankment, and subse-
quently, are applied in the framework of MCS-based
reliability analysis in order to develop the fragility
curves of the geostructure. Randomness related to
the soil mechanical properties and the geometry of
the embankment as well as the seismic demand is
considered.

The employed ANN schemes are trained and
tested utilizing available information generated from
selected pseudostatic analyses of the geostructure.
Subsequently, the trained ANN is used within MCS
to predict the safety factor against slope instabil-
ity of the geostructure, replacing the conventional
analysis procedure. For this purpose two ANN-based
approaches are implemented. It is demonstrated that
the use of ANN metamodels for the numerical gen-
eration of MCS fragility curves can be very effective
both in terms of time and accuracy. The use of ANN
can practically eliminate any limitation on the sam-
ple size and lead to extremely accurate estimates of
the fragilities without using any simplifying assump-
tions. Conclusively, it is evident that by incorporating
efficient ANN-based metamodels into the time con-
suming process of fragility curves construction it is
possible to increase the MCS sample size and predict
more accurately the safety margins of a geostructure
within a fraction of time compared to the conventional
procedure. Thus, ANN offer a precise and efficient
way to assess the seismic vulnerability of a geostruc-
ture for multiple hazard levels and vulnerability states,
in the viewpoint of the Performance-based Earthquake
Engineering (PBEE).
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ABSTRACT

The evaluation of shear modulus profile of a site is very
important in the various fields of geotechnical engi-
neering. To obtain shear wave velocity profile, various
in-situ seismic methods using surface waves have been
developed. During the rainy season, softened slope
causes landslide occur, and it is very important to know
stiffness variation and bedrock depth of the slope. For
seismic design of earth dam, the shear wave velocity
profile of each zone needs to be evaluated, but little
data have been obtained for the sloping rockfill zones.
So, it is required that reliable dynamic properties have
to be evaluated in slope by in-situ test.

Spectral Analysis of Surface waves (SASW)
method has many advantages for determining Vs
profile of the ground. It is non-intrusive, rapid and
economical. However SASW method has an assump-
tion that the evaluated system consists of a set of
homogeneous layers of constant thickness, but in real-
ity, the ideal conditions cannot be obtained. Several
researchers have already studied the effects of inclined
layers, but the effect of sloping ground surface on Vs
profile has not been studied.

The purpose of this study is an application of SASW
method to the sloping ground surface. This paper is
composed of numerical simulation, model test and
field application. FE method has been used to assess
effects of the sloping surface on wave propagation
and evaluation of dispersion curve. SASW method
has been simulated by numerical program. Numeri-
cal simulation and model test are performed varying
several parameters such as slope angle, direction of
wave propagation, setup of a source, and stiffness con-
trast. Consequently, effects of the sloping surface on
experimental dispersion curves can be compared with
theoretical ones. Finally, field tests were performed
to estimate the reliability of surface wave test method
at sloping surface at highway cut slope and slope of
rock-fill dam.

When a source was hit to the slope, wave fronts
of surface wave were normal to the surface. There-
fore particle movements normal to the slope must
be required. When a vertical source was applied,
propagation shape was asymmetric. Theoretical and

experimental dispersion curves of both directions were
different. Because reflected body wave distorted the
phase information of normal signals obtained from
receivers. In case of a normal source, waves propa-
gated symmetrically and theoretical and experimental
dispersion curves of both directions were identical.
For applying SASW method to the sloping ground
surface, source must be hit normally to the slope and
receivers have to obtain normal signals. Consequently
a unique Vs profile of the slope could be derived. It
is also verified through model test and field applica-
tion. Through field applications and comparison with
other test results, the good accuracy and applicabil-
ity of surface wave test on the sloping surface were
verified.
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Monitoring techniques for lab-scaled underwater landslides
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ABSTRACT

Underwater landslides include rotational and transla-
tional slides, debris flow, mud flow and avalanches.
Most of the underwater landslides are triggered by
earthquake, sea wave loading, tides, sedimentation,
natural gas, glaciations, and man-made civil works.
Therefore, the underwater landslides may pose haz-
ards for costal and offshore living environment as well
as civil facilities (pipeline, cables, etc.). Several of the
under-sea landslides have generated even the tsunami.
In this work, two monitoring techniques, ultrasonic
reflection imaging and pressure-based method, are
used to investigate 1g lab-scaled underwater land-
slides. The simulation of lab-scaled landslide is car-
ried in a 360 × 540 × 314 mm container by a gate
system. Soil is ideally modeled by glass-bead and sil-
ica flour. In the high resolution reflection method,
two 500 kHz focal-type transducers, which work as
source and receiver, are fixed on a designed hori-
zontal translation system. The reflection images are
obtained from the geo-material interfaces due to the
mechanical impedance mismatches. Piezoelectric film
sensors are used in the pressure-based method with a
designed circuit to capture the changes of height of soil
column.

The experimental results show that ultrasonic
reflection techniques not only obtained landslide
images but also assessed the spatial distribution of
the specimens with submillimetric resolution. The
pressure-based method enhanced the detection of
under-water landslide results by simply using the volt-
age ratios.The pressure-based technique using flexible
force sensors can examine the landslide fast and
continuously.These two methods can provide the com-
plementary information. Although this study focuses
on laboratory scale specimens at 1 g, these two geo-
physical techniques suggested in this study also can
be effectively used for monitoring in geotechnical
centrifuge models at high g. The ultrasonic reflec-
tion imaging, moreover, can be done on the sea water
surface.

Figure 1. Underwater landslide monitoring: (a). ultrasonic
scanning images after 2nd landslides; (b). Ratios of voltage
values obtained from piezoelectric film sensors before, and
after 1st and 2nd landslide.
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ABSTRACT

Rainfall-induced slope failures are one of the most
frequent natural hazards in heavy rainy season in
many countries. Generally these kinds of failures are
triggered by reduced soil strength which is induced
by rainfall infiltration. Thus measuring the hydraulic
soil properties in a soil slope and reliable slope sta-
bility assessment are important for effective slope
maintenance.

A wireless sensor network based slope monitoring
system considering variability of matric suction was
proposed in this study for reliable slope maintenance.
A wireless sensor module was developed for slope
monitoring and reliability based slope stability assess-
ment method which is based on AFORM(Advanced
First Order Reliability Method) was suggested for
real-time slope stability assessment.

The WSN based slope monitoring system is com-
posed of a wireless module, gateway, tensiometer,
ECH2O-10 and rain gage as shown in Figure 1.
Wireless module transmits data wirelessly, and gate-
way receives it. Tensiometer measures matric suction,
ECH2O-10 measures water content and rain gage mea-
sures rainfall events. V-Link (Microtrain Inc, 2007)
was adopted as a wireless module.

The reliability index of slope considering the mea-
sured matric suction was proposed based on AFORM
approach. Cohesion c′, friction angle φ′, and matric
suction (ua − uw) were considered as random variables
and assumed that the values have normal distribution.

Figure 1. WSN based slope monitoring system.

Figure 2. Model slope.

The proposed system was applied to a model slope
as shown in Figure 2.

The results show that the WSN based slope moni-
toring system and the reliability index can be used for
efficient slope management by quantifying the risk of
slope in real time.
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Measurement of load transfer between anchor and grout using
optical FBG sensors embedded smart anchor
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Technology, Daejeon, Republic of Korea

ABSTRACT

Despite of increasing popularity of 7-wire strand for
a cable-stayed bridge and geo-reinforcement system –
e.g., rock or soil anchor, no accurate or simple method
is available for directly measuring the stress (force)
in those systems. FBG Sensor, which is smaller than
conventional strain gauge and has better durability and
does not have a noise from electromagnetic waves, was
embedded into the center king cable of 7-wire strand
as shown in Figure 1.

A smart anchor was developed by using a smart
tendon to measure the distribution of strain along the
wire strand and the change of anchor force. A series of
pullout tests were performed to verify the feasibility of
smart anchor and find out the load transfer mechanism
around the steel wire fixed to rock with grout. Figure 2
show the pullout test results. Distribution and transfer
of shear stresses during loading-unloading phase at
steel wire-grout interface is assessed effectively by the
optical fiber sensors.

It is found that FBG sensors, which are located at
the different depth of center king cable, can measure
the strain change of the 7-wire strand at each location
effectively during loading–unloading–reloading pro-
cesses. Secondly strain distribution at the interface of
smart tendon and grout was measured, which can be
used to develop the equation for estimation of stress
distribution during loading. Finally progressive fail-
ure due to load transfer phenomenon can be monitored
successfully by smart tendon at the interface between
wire strand and grout.

Figure 1. Conceptual figure of smart tendon.

Figure 2. Strain measurements of interface between 7-wire
strand and grout(left), strain measurements of interface
between grout and rock body(right).
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Assessment methods for highway bridges
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ABSTRACT

The reliability assessment of highway bridges is a rel-
evant topic in the management of the roadway system
of the European countries, since a large part of the
goods transport travels by road. Several studies showed
a noticeable increment of the goods travel in the past
few decades and an increasing trend is expected also
in the future. At the same time, the existing struc-
tures undergo deterioration processes. Consequently,
the governments and highway agencies need detailed
information about the actual situation and future sce-
narios in order to select a proper repair strategy. The
reliability assessment of such highway structures is
therefore a key-point for any further decision (Allaix
2008). The research advances in this field point out
significantly the attention on the probabilistic-based
methodologies for the reliability assessment ((BRIME
1999), (COST 2004)), suggesting the formulation of
suitable probabilistic models for the actions effects
and the structural resistances based on actual mea-
surements. While a large number of documents about
the modelling of structural properties is available
(JCSS 2001), only few guidelines are available for
the modelling of the traffic loads, which represent the
most important variable action. Therefore, the paper
is focused on the analysis of traffic loads acting on
highway bridges. A refined traffic load model based
on measurements done in The Netherlands is pre-
sented. The traffic flow composition is derived from
the observed passages of vehicles and representative

types of vehicles are modelled subsequently.The static
and the dynamic properties of the trucks are described
by random variables, whose statistical parameters are
estimated from the observed data. Within the static
properties, the gross weight requires particular care
in the modelling of the upper tail of the distribution,
which is dominant for the ultimate limit states. The
traffic load model is employed to estimate the distri-
bution of the extreme traffic load effects in selected
longitudinal locations of two highway bridges. The
coupling of the Monte Carlo method with a structural
solver is used to simulate the traffic flow approaching
the bridges and to evaluate the traffic load effect by
static and dynamic analyses. A comparison with the
design load model LM1 of the Eurocode EN1991-2
(CEN 2003) is also presented.
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Measurement and identification of constructional tolerances in
connections between steel and concrete
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ABSTRACT

Dimensional deviations of structural components are
always present in construction. In order to deal with
these deviations in the execution of a structure, con-
structional tolerances are intended and standardized
in a way to facilitate the assembly of components.
However, the synthesis of tolerances may affect the
performance of the final structure to greater or smaller
extend. In the case of fastenings to concrete and par-
ticularly those placed close to a free edge and loaded in
shear towards the edge, tolerances between the anchors
and the steel base plate are critical for the capacity
of the system. Due to installation tolerances, anchors
are randomly configured within the clearance holes,
which results in random distribution of loads to each
fastening point and therefore uncertainty on the actual
shear resistance of the anchorage.

As a demand for the assembly of steel components
in fastening systems, the diameter of the holes on the
fixture of the group is typically larger than that of the
anchors to be installed. Due to this fact, the distri-
bution of a shear force to each individual anchor in a
group is not predictable; each anchor may be randomly
positioned in the hole of the base plate, so initially
not all the anchors in the group will be in contact
with the plate. According to the random configuration
of the anchors in the holes, various distances between
the plate and the anchors will exist. Therefore the par-
ticipation of each anchor to the group’s performance
and the final group’s capacity remains unknown. In
the case of a fastening close to a free edge subjected
in shear towards the edge, each anchor’s capacity is
dependent on the distance from the edge, which intro-
duces one more factor of complexity in the analysis of
the system.

Actual configurations of the anchors in the holes
is valuable information. Riha (2006) has held impor-
tant work on the identification of actual imperfections
and randomness in the configurations of fasteners.
Based on the experience gained from this study, new
concepts of monitoring tools for tolerances are being

developed in order to enrich this information. This
procedure could help to update information on the
anchor’s locations.

Once the information on the anchor’s configura-
tions is acquired, the estimation of a probabilistic
distribution of the anchors’ positions and the group’s
shear capacity as a random variable can follow. In
order to calculate the shear capacity of a fastening
to concrete near to an edge with a specific anchor
configuration, an algorithm has been developed. Fur-
thermore, this algorithm can serve as a stochastic
model for random positions of the anchors in order to
estimate the distribution of the anchorage’s capacity.

Based on this work, relevant suggestions for a
designer of fastenings can be provided.
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Automated speed detection of moving vehicles from remote
sensing images
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ABSTRACT

A new method is developed for both vehicle extraction
and speed detection from two consecutive digital aerial
images and a pair of QuickBird (QB) panchromatic
(PAN) and multi-spectral (MS) images.

From a high resolution aerial image or a QB PAN
image, a vehicle has a clear shape and can be extracted
by an object-based method. Several global and local
parameters of gray values and sizes are examined to
classify the objects in the image.The vehicles and their
associated shadows can be discriminated by removing
the big objects such as the roads. The procedure is
tested using digital aerial images. The environment
surrounding roads affects the result accuracy, however,
97% of vehicles can be extracted.

The resolution of a QB MS image in about 2.4 m,
and it is difficult to extract the accurate edge and posi-
tion of vehicle. Thus, an area correlation method is
proposed to estimate the location of vehicles from a
MS image in a sub-pixel level. A template is selected
from PAN image using the location information of
vehicle extraction. The reference image is selected
with the same center as the template but bigger than
that. Then the position of the vehicle in the MS image
with the highest probability is obtained by calculate
the cross-correlation coefficient between the template
and the reference image. The template and the ref-
erence image are converted to 0.24 m/pixel by cubic
convolution to be matched in a sub-pixel level.

Since two consecutive digital aerial images taken by
UltramD have 80% overlap, the speed of moving vehi-
cles in the overlap can be detected by the movement
between two images and the time lag (about 3 sec).The
vehicle database of each image is developed after the
object-based vehicle extraction process from two con-
secutive aerial images. Then the vehicles in the two
databases are linked by the order, moving direction,
size and distance. Using the positions of the same vehi-
cle in two images, the speed can be computed. 71% of
vehicles’ speeds were detected from the aerial images

Figure 1. Result of automated speed detection from two
consecutive aerial images of Tokyo.

Figure 2. Result of the sub-pixel based automated speed
detection from the QB image of Bangkok.

for Tokyo, Japan (Figure 1). The standard deviation
for the difference of speed between the automated and
visual detections is 0.83 km/h.

QB images also can be used to detect the speed
of moving vehicles, by the time lag (about 0.2 sec)
between PAN and MS images.The location of vehicles
in a QB’s PAN image can be extracted by the object-
based method. And the most possible location of a
vehicle in the MS image can be obtained by the area
correlation method. Then speed of vehicles is com-
puted by the location change between the PAN and MS
images with the time lag about 0.2 s. The approach is
tested on one QB scene covering the central Bangkok,
Thailand (Figure 2).

The result of this study may be used in assessing
traffic conditions of large urban areas without using
ground-based traffic sensors.
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ABSTRACT

Materials with embedded sensing capabilities have
great promise for the construction industry, the man-
agement of civil infrastructure, and for the promotion
and use of structural health monitoring methods.
The data collected from these materials can be uti-
lized to ensure safe construction conditions, to assess
in-service performance, to schedule inspection, main-
tenance, and repair activities, to conduct performance-
based design, and eventually to provide quantitative
information that enables the improvement of existing
codes and guidelines (Frangopol & Messervey, 2008).
However, despite the potential of these products and
the need for them, there are some very practical issues
that must be solved. Across different applications, the
type of measurement and how it relates to reliability
and risk will be unique. Algorithms, data-processing
techniques, methodologies, and tools to communi-
cate useful information to owners and infrastructure
managers must be developed. Equally as important,
the manufacturing procedures and machinery modi-
fications to produce sensor-embedded materials that
are rugged, durable, and affordable must be created.
Lastly, guidelines for on-site installation, handling,
and maintenance are required.

This paper begins to investigate solutions to some
of these challenges by describing work ongoing in
the European funded research project “Polyfunctional
Technical Textiles against Natural Hazards (POLY-
TECT).” This goal of this four year project is to
provide reinforcing strength and monitoring capabil-
ity for geotechnical and masonry applications through
the design and industrial production of multifunctional
technical textiles. Now entering its third year, project
activities are focusing on field test opportunities. Two
field tests in particular are discussed, the monitoring of
an unstable slope at a coal mine excavation site, and the
reinforcement and monitoring of a mid-scale masonry

structure subjected to shaking table tests. For each
case, how to relate monitoring data to reliability and
risk concepts is different. For the coal mine, informa-
tion from the owner to estimate the impact of shutting
down mine operations due to road failure becomes
critical as well as the conduct of a slope stability anal-
ysis. For the masonry structure, a probabilistic method
that can quantify the decrease in risk associated with
structural retrofit (increase in strength and ductility)
is required. For this application, the PEER (Pacific
Earthquake Engineering Research Center) approach
is selected (Cornell & Krawinkler, 2000). For both
upcoming field applications, this paper describes how
reliability and risk concepts are being included in the
planning phase to maximize the utility of these tests
and to eventually construct simple tools and examples
that can assist project industrial partners in building a
market for these materials.
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ABSTRACT

For a structural system, its vulnerability can be
defined as structural performance susceptibility to
local damage. This paper presents a structural vulner-
ability analysis method based on the theory of plastic
limit analysis. By applying the mechanism generation
method, the ultimate loading factor and the corre-
sponding failure mode of a structural system can be
obtained. The ultimate loading factor is then used to
measure the performance of a structural system. The
variation of this factor to different damage scenarios
due to vehicle collision is studied.

To illustrate the proposed method, a case study on a
truss bridge (as shown in Figure 1) is performed. Struc-
tural vulnerabilities to all possible damage scenarios
caused by the vehicle collision are studied.

Figure 2 shows the susceptibilities of the normal-
ized structural performance measures to local damage
severities for these four damage scenarios. For differ-
ent damage scenarios, two types of drawings can be
observed. Figure 2a presents a curve without a plateau.
This figure tells that the structure is of no damage toler-
ance to the considered damage scenarios.The structure
is thus highly susceptible to this kind of local damage
scenario. Figure 2b presents a curve with a plateau.
This figure tells that structural performance will not

Figure 1. The basic geometry of truss bridge.

Figure 2. Susceptibility of limit load factor to local damage.
(a) The 1st damage scenario. (b) The 2nd damage scenario.

decrease if the corresponding damage scenario is in
a certain range. In another word, the structure is of
robustness to this kind of local damage scenario. The
range is called the damage tolerance of the structural
system to this specified damage scenario. Since only
the 1st damage scenario is of no damage tolerance, it
is regarded to be the most vulnerable damage scenario
for this structure to vehicle collision.

Based on the result of structural vulnerability analy-
sis, structural capacity under different damage scenar-
ios can be easily evaluated according to component
level damage evaluation result. Moreover, in order
to reduce structural vulnerability to vehicle collision
damage, the local enhancement strategy can be effi-
ciently made. The enhancement of the components
should transfer the weakest part of the structural sys-
tem to the position where the extreme events are not
easy to approach.

The results of case study show that the structure
capacity may not be influenced by some damage
scenarios; it depends on the damage location and
severity of the given damage scenarios. Knowing
this quantitatively, structural capacity assessment and
enhancement after damage can be conducted more
efficiently.
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Seismic performance of new Friction Damper Device under near field
earthquake excitation

M. Kohrangi, T. Taghikhany & M. Tehranizadeh
Department of Civil Engineering, Amirkabir University of Technology, Tehran, Iran
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ABSTRACT

The Friction Damper Device (FDD) has been intro-
duced as one of the effective passive control systems
for the seismic protection of structures. In recent stud-
ies, some experimental tests on full scale model and
numerical studies on SDOF have been carried out to
endorse its efficiency. This paper focuses to assess
the degree of improvement in performance achieved
through use of FDD device in steel structures within
near field earthquakes, and evaluates the suitability
of optimum design of this system. Accordingly, the
nonlinear dynamic response of five, eight and twelve
stories steel moment-resistant frames with and without
Friction Damper Device (FDD) under seismic exci-
tation is obtained using nonlinear analysis program,

OPENSEES. Optimum design philosophy of frames
was based on significantly reducing maximum dis-
placements and base shear demand. Moreover the
overall seismic performance and complete response
history can be described by energy dissipation of total
input energy. Different governing parameters such as
stiffness of frames and bracings and amount of pre-
stressing force in bracings were identified and their
influences on response of the frames investigated.
The numerical studies reported clearly demonstrate
that passive response control systems based on the
new FDD present a viable alternative to the con-
ventional ductility-based earthquake-resistant design
both for new construction and for upgrading existing
structures.
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GPS based structural health monitoring: Uncertainty of the measurements

F. Casciati & C. Fuggini
Department of Structural Mechanics, University of Pavia, Pavia, Italy

ABSTRACT

Sensors placement, structural identification, diagnos-
tic processes are different sources of uncertainty in
the acquired measurements. Within any Structural
Health Monitoring (SHM) process, in particular sen-
sors placement is the topic of this study, where SHM is
based on a Global Navigation Satellite System (GPS,
GLONASS and the future GALILEO).

The effectiveness of such a Structural Health Mon-
itoring process, given the uncertainties of the mea-
surements obtained by GPS network, is studied with
reference to a standard industrial building (Figure 1).
The aim is to asses if, and in which per cent, the
uncertainty of GPS data influences the response dis-
placements of the building during similar strong wind

Figure 1. Bird flight view of the industrial building under
investigation.

Figure 2. The rms ellipses computed at different hours dur-
ing the day. The largest is also drawn in the plot on the right
side of the figure.

events, occurred in the period from November 2007 to
October 2008.

Different GPS units locations on the roof of the
building, at different hours during the day, are consid-
ered. One also investigates the possibility of detecting
any loss of signal and/or any dilution of precision
(DOP). The displacement time histories, in the two
directions North and East, as recorded by the GPS
sensors at different sampling rates are processed. The
application of a suitable filtering schemes leads one to
distinguish the part of the GPS signal, which refers to
oscillations induced by the monitored wind from the
noise component (i.e., the background component).
An estimation on how the accuracy with which the
dynamical response of the building is detected by GPS
is pursued.
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Autonomous smart sensor nodes for hybrid health monitoring of steel
plate-girder railroad bridges
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ABSTRACT

SHM systems are widely adopted to monitor the struc-
tural responses, to detect damage, and to assess the
effect of damage on the structural integrity. Many
researchers have developed novel sensing technologies
and damage monitoring techniques for the practical
SHM applications. The SHM system for long-span
bridges mainly include a number of sensors, a huge
amount of signal transmitting wires, data acquisition
(DAQ) instruments, and one or more centralized data
storage servers. The stored data in the centralized
servers are handled for off-line signal and information
analysis for damage monitoring and safety evaluation.

The high costs associated with wired SHM sys-
tems can be greatly reduced through the adoption of
wireless sensors. One of great advantages for using
wireless sensors is that the autonomous operation for
SHM can be implemented by embedding advanced
system technologies. The new paradigm by adopting
smart sensor nodes offers an automated, cost-efficient,
SHM system.

In this study, autonomous smart sensors are devel-
oped for hybrid SHM of steel plate-girder railroad
bridges as shown in Figure 1. Also, the feasibility of
the autonomous hybrid health monitoring using the
two smart sensors are evaluated on a laboratory-scaled
steel plate-girder railroad bridge model as shown in
Figure 2.

The system is consisted of an acceleration-based
smart sensor (Acc-SSN), an impedance based smart

Figure 1. Hybrid health monitoring scheme for steel
plate-girder railroad bridges.

Figure 2. Test setup for model steel plate-girder railroad.

Figure 3. Prototype of developed smart sensor node.

Figure 4. Schematic of SHM system using smart sensors.

sensor (Imp-SSN) and a main control server as shown
in Figure 3 and 4. Each smart sensor autonomously
performs the SHM such as data acquisition, damage
alarming and classification, and wireless transmis-
sion/receipt. The main control server receives and
stores only damage index values.
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Laboratory studies to explore uncertainty quantification for
systems-based structural health monitoring

F. Necati Catbas & H. Burak Gokce
University of Central Florida, Orlando, FL, USA

Dan M. Frangopol
Lehigh University, Bethlehem, PA, USA

ABSTRACT

The use of objective data from a monitoring system is
expected to improve the reliability estimation of struc-
tural systems. In real structures, it is possible to obtain
a variety of different measurements by continuously
monitoring the loads and responses to characterize the
performance and safety. It is also important to define
and quantify uncertainties associated with the loading,
structural responses and structural health monitoring
devices such as sensor characteristics. While aleatory
uncertainty due to random nature of the data cannot
be reduced, structural reliability can be better assessed
with continuous monitoring data.The epistemic uncer-
tainty can be reduced by better modeling. In this
study, the writers are conducting extensive labora-
tory studies on a steel structure using various response
measurements.

The component and system reliability estimates
based on different measurements are investigated for
the quantification of the uncertainties. These funda-
mental studies serve as a necessary prelude to real
life implementation of structural health monitoring
systems for estimating reliability.

Figure 1. Laboratory test setup for concept demonstration
and calibration studies.

Figure 2. Sunrise Boulevard Bridge in Florida.

Figure 3. Simplified system model for the Sunrise Bridge.

Figure 4. Instrumentation for the structural health monitor-
ing of the Sunrise Bridge.
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Modeling and boundary parameter estimation of a bridge-like
structural steel frame
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ABSTRACT

The computer models of real world structures make
many assumptions and idealizations when it comes to
support boundaries and element connections. During
the service life of steel structures, support deteriora-
tions are commonly observed.The behavior of existing
structures can be better understood with updated com-
puter models which consider existing condition by
means of experimental data. In this work, one shaped
steel frame is constructed and tested under static and
dynamic loads to explore the integration of experi-
mental data, finite element modeling and parameter
updating using optimization. (Fig. 1).

The frame is heavily instrumented with strain gages,
displacement gages, accelerometers, load cells and tilt
meters. During the tests, the supports of the frame are
changed ranging from pin supports to various numbers
of elastomeric pads. The support and/or connection
parameters will be determined through parameter esti-
mation considering the experimental data. Parameter
estimation minimizes the error between the model
responses and their experimentally measured coun-
terparts iteratively changing the guessed value of the
chosen unknown parameters (Eqn. 1).

Figure 1. The test setup with all the sensors and the load
application.

Figure 2. The FE solid mesh of the frame created in
ANSYS®.

where x is the vector containing displacements, strains,
etc. of various points at the structure.

In the Figure 2, the finite element model of the
structure is shown.

PARIS (PARameter Identification Software) will
be employed for parameter estimation analyses. The
updated model will be verified against dynamic exper-
imental data by comparing the natural frequencies and
mode shapes of the frame structure.
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Performance-based design of structural health monitoring systems
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ABSTRACT

With the development of structural health monitor-
ing (SHM) technology and successful applications
to civil engineering structures in the past decade, it
can be argued that SHM has matured to the stage
where radical principles and detailed guidelines have
emerged. SHM system monitors structural loading
and response, recognizes structural mechanism, pro-
vides standard working model of structures, evaluates
the performance/safety of structures and supervises
operation management with a deep pool of mixed
knowledge: modern sensing technology, network com-
munication, signal analysis and processing, data man-
agement, knowledge mining, structural analysis, etc.
The function of SHM system is to supervise opera-
tion, maintenance and management of the structure,
to verify design assumption or coefficients, to alarm
abnormal loading or response, and structural dam-
age/deterioration, to provide data support for safety
evaluation after disaster, and to evaluate the efficiency
of structural overhaul.

The development of structural health monitoring
technology for surveillance, evaluation and assess-
ment of existing or newly built bridges has now
attained some degree of maturity. On-structure long-
term monitoring systems have been implemented
on bridges in Europe (Andersen & Pedersen 1994,
Casciati 2003), the United States (Pines & Aktan
2002), Canada (Cheung & Naumoski 2002), Japan
(Fujino & Abe 2004), Korea (Koh et al. 2003), China
(Ko & Ni 2005) and other countries.

In this study, performance-based design of SHM
systems is proposed as one future direction in this
field, with the target to design and implement SHM
systems that are enabled to achieve both structural per-
formance objectives and SHM system performance
objectives. Taking the SHM projects in Hong Kong
as paradigms, this paper describes the functions and
requirements of performance-based SHM design. The
SHM system architecture with four integrated systems
is suggested and elaborated in order to further advance
the concept of performance-based design as a cor-
nerstone in SHM field. The structural performance

objectives and the monitoring system performance
objectives for performance-based SHM were defined,
and limit states and limit events for performance-bases
SHM were established. A modular architecture was
recommended in the design of a SHM system. The
architecture of the structural health monitoring sys-
tem described consists of six integrated modules: the
sensory system, the data acquisition and transmis-
sion system, the data processing and control system,
the structural health evaluation system, the structural
health data management system, and the inspection
and maintenance system. The SHM system provides
the operation strategy under two processes, the struc-
tural health monitoring process and the structural
safety evaluation process.
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Active and semiactive control of a distributed mass damper system
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Tat S. Fu & Erik A. Johnson
Sonny Astani Department of Civil and Environmental Engineering, University of Southern California,
Los Angeles, CA, USA

ABSTRACT

Recent developments of a distributed mass damper
(DMD) system integrate structural and environmental
control systems for buildings (Fu & Johnson 2008).
External shading fins are used as mass dampers such
that they can (i) control building energy consumption
by adjusting the fins and, thus, the amount of sunlight
coming into the building and (ii) control structural
movements by dissipating energy with the dampers
during strong motions due to wind or earthquakes (Fig-
ure 1). Shading fins are placed along the height of
the building, distributing the mass along the building
instead of being concentrated in a few locations like
traditional tuned mass dampers (TMDs).

This paper focuses on active and semiactive control
strategies for these DMD systems.Using a Kanai-
Tajimi (Soong & Grigoriu 1993) model of ground
motion, this paper presents astudyof control strate-
gies to reduce structural vibration under stochastic
earthquake excitations. The active DMD system is
analyzed and compared with other active control
strategies including an ideal fully active system and
an active mass driver (AMD) system. Among all of
these control strategies, the AMD and active DMD

Figure 1. Example shading fin mass damper detail.

systems best reduce the structural motions within a
reasonable control force range.The active DMD sys-
tem gives greater benefit (smaller primary system
displacements and accelerations) but at larger cost
(larger damper displacements and control force) than
the AMD system.

Finally, semiactive control strategies are studied to
evaluate the effectiveness of the DMD system with
semiactive dampers. The actuators required for mov-
ing the shading fins may be small and too weak
for full active DMD control; semiactive dampers can
serve as alternatives/complements. Since only dissipa-
tive forces can be applied by semiactive devices, the
semiactive DMD system is slightly less effective in
reducing responses compared to the active DMD sys-
tem that can constantly apply control forces on the
system. Using gain scheduling, the performance of
the semiactive DMD system is successfully improved.
The nonlinear semiactive DMD system is first divided
into piecewise linear active DMD systems. At each
time step, an appropriate linear controller is assigned
to apply control force depending on which active DMD
system is most suitable fitting the current states of the
semiactive DMD system.
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ABSTRACT

In recent years Japanese structural design codes have
been modified so as to comply with the international
standard, such as ISO2394 (ISO 1998). One of the
fundamental views of the international standard is to
carry out the quantitative verification of structural
safety with respect to required performances. In line
with this trend, the Japanese design code for port and
harbor facilities was revised in 2007 (MOLIT 2007)
in accordance with the concept of the performance-
based design. This revised design code adopts the
partial factor format in the safety verification. Authors
made an investigation about the reliability level of the
wharves designed by the former design code and deter-
mined the partial factors for the revised design code
(Nagao et al. 2007). This paper reports the content of
the investigation for the earthquake resistant design
of pile-supported wharves against serviceability limit
state and how the partial factors were determined and
verified.

The return period of the reference earthquake
ground motion is 75 years and the serviceability is
required against it. It is known that the steel pile head
is the first part damaged by the horizontal seismic
motion. So, the limit state is set to be the yield of
steel pile head. First, 30 types of wharves with various
conditions (ground type, pile length and pile config-
uration) were designed in accordance with the former
design code. Then, the probability distribution func-
tions of the variables (seismic intensity, coefficient of
lateral ground reaction and yield strength of steel pipe
pile) were determined and the FORM analysis was
made to each type of the designed wharf to obtain the
reliability index and the sensitivity factor of each vari-
able. Based on the calculated reliability indices, the
target reliability index relating to the importance of the
wharf was determined by the code calibration method.
Using the target reliability index (βt), the sensitivity
factor (α) and the coefficient of variation (COV), the
partial factor for each variable was calculated.

Table 1. Partial factors for revised design code.

Grade Basic variable γ

B Yield strength 1.00
Coef. of lateral subgrade reaction 0.80
Seismic coefficient 1.23

A Yield strength 1.00
Coef. of lateral subgrade reaction 0.72
Seismic coefficient 1.36

Special Yield strength 1.00
Coef. of lateral subgrade reaction 0.66
Seismic coefficient 1.68

18 types of wharves were designed in accordance
with the level 1 reliability method using the partial
factor format with the determined partial factors. It
was confirmed that the quantities of steel pipe piles
designed by the level 1 reliability method was almost
the same as those designed by the former design code.
It was also confirmed by the FORM analysis that the
designed wharves have the reliability indices close to
the target reliability. Through these studies, the cal-
culated partial factors were adopted for the revised
design code. The partial factors for each wharf grade
are shown in Table 1.
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INTRODUCTION

In a seismic risk evaluation for distributed facilities
located in wide area, it is important to consider the
effect of damage correlation, because a shape of proba-
bility mass function of physical loss such as restoration
cost of facilities is affected by damage correlation
between distributed facilities (Nakamura 2007). This
seismic damage correlation relates to correlation of
seismic ground motion intensity. Recently, statisti-
cal studies of spatial correlation of seismic ground
motion intensity have been advanced, and spatial cor-
relation of seismic ground motion intensity depending
on relative distance between sites is clarified in detail
(Wang & Takada 2007). However, it is applied only
to physical loss in the evaluation considering seismic
damage correlation.

This paper focuses on an analytical method that
is able to consider seismic damage correlation con-
cerning a probability mass function of outage time for
a system. This system consists of distributed facili-
ties. The proposed method based on the theorem of
total probability and on the principle of simultaneous
restoration is practicable from two viewpoints; a lot of
computing time is not required, and physical damage
correlation between facilities can be considered.

For examination of applicability, Hanshin Express-
way series system consisting of RC single piers was
adopted in the evaluation of probability mass func-
tion of outage time when Uemachi Fault Earthquake
occurred. A shape of probability mass function and
main descriptors such as mean value and coefficient
of variation (COV) were compared in three cases
with different levels of damage correlation. In the
three cases, damage correlation between RC single
piers is classified as “independence”, “full correla-
tion” and “correlation depending on relative distance
between piers”. Main results from Figure 1 are as
follows:

(1) A shape of probability mass function of out-
age time is strongly affected by seismic damage
correlation.

(2) If seismic damage correlation between facili-
ties is stronger, mean value of probability mass

Condition of damage
correlation Mean value COV

Independence (ρG = 0.0) 182.3 0.91
Correlation depending on 79.3 1.75

relative distance between
piers (ρG = 0.66 − 0.8)

Full correlation (ρG = 1.0) 29.5 3.06

Figure 1. A probability mass function of outage time for
Hanshin Expressway system in Uemachi Fault Earthquake
occurrence.

function of outage time becomes smaller, while
COV becomes larger.

In earthquake prevention measures, decision-
making by using only mean value and median, etc. is
not preferable because of result(2) above mentioned.
Moreover, it suggests the importance of seismic risk
evaluation considering the effect of seismic damage
correlation between facilities.
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damage of tunnel lining using AHP

A. Sutoh
Department of Urban & Civil Engineering, Tokyo City University, Tokyo, Japan

T. Sato & H. Nishi
Civil Engineering Research Institute for Cold Region, Public Works Engineering Research Institute,
Sapporo, Japan

ABSTRACT

Infrastructure maintenance is becoming increasingly
important in Japan. Especially in Hokkaido, about 350
conventional construction method road tunnels have
been constructed over the past 40∼50 years, of which
many tunnels were constructed during the so-called
economical developing period. This research project
will be developed to the efficient tunnel maintenance
system and a quantitative criterion from pictures of
tunnel lining concrete using the life cycle cost theory.
Firstly, demand performance of tunnel linings in cold
region are identified by the Analytic Hierarchy Pro-
cess (AHP) model (Saaty1980) based on the weights
and consistency indices (CI) using the tunnel user,
tunnel inspection engineer’s and tunnel management
engineer’s interview.

The AHP is a structured technique for helping
people deal with complex decisions. The AHP first
decompose their decision problem into a hierarchy
of more easily comprehended sub-problems, each of
which can be analyzed independently.

Once the hierarchy is built, the decision makers sys-
tematically evaluate its various elements, comparing
them to one another in pairs. It will be able to make a
priority of the optimal combination of the inspection
methods to be applied and the demanded performance
and condition of tunnel lining automatically on the
system (See Figure 1).

Secondly, the outline of conventional construction
method road tunnel management system is illustrated
and defects and problems to be overcome are clari-
fied. And, many type of cracks and detailed items for
evaluation of tunnel linings were set up based on the
aforementioned interview using the AHP procedure.

The proposed criterion was employed for some
actual conventional construction method read tunnels
in order to investigate the applicability. The tunnel
lining crack evaluation results by using the proposed
criterion were generally correct to results of detailed

Figure 1. Demand performance of tunnel lining.

Figure 2. Relationship safe performance to deterioration.

inspection at site. However, the evaluation for exfoli-
ation of concrete was not always corresponding to the
detailed (See Figure 2).

Finally, numerical examples are worked out to
demonstrate the usefulness of this AHP procedure for
non-structural system identification.
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Reliability of water tank reinforced concrete elements
under direct tension and flexure

Devdas Menon & D. Navaneeth Kumar
IIT Madras, Chennai, India

ABSTRACT

Reinforced concrete water tank elements, such as walls
and slabs, are designed to satisfy strength and service-
ability requirements. In general, it is the limit state of
cracking that governs the design. Limiting the crack
width is necessary to ensure water tightness, for aes-
thetics and to safeguard the reinforcement against cor-
rosion. The traditional method of design world-wide
was to achieve crack control in slabs and walls indi-
rectly by providing relatively thick concrete sections
(using the ‘uncracked’ section concept) and reduced
allowable tensile stresses in steel (using the ‘cracked’
section concept). This is being replaced by more
rational limit states design. However, there are sig-
nificant disparities among international codes relating
to design procedures that aim to restrict crack-widths.
In this context, the proposed shift in design philoso-
phy in codes such as the proposed Indian Standard, IS
3370, needs to be supported by a reliability study that
accounts for the various uncertainties involved.

A detailed study has been done to determine
the most appropriate crack-width estimation formula,
under direct tension and flexure. In particular, the rec-
ommendations given in BS 8007/BS 8110, ACI 224
committee report/ACI 318 and Eurocode 2 have been
studied and compared with experimental data reported
in the literature. It is inferred that the BS code proce-
dures provide relatively the most accurate predictions

that lie in between the Eurocode and ACI predictions.
These crack-width formulas, based on BS 8007, appli-
cable for the target crack-width of 0.1 mm and 0.2 mm,
under direct tension and flexure, account for the influ-
ence of tensile stress in steel, spacing of bars and clear
cover to reinforcement.

The reliability analysis is carried out by MonteCarlo
simulation and also by first order reliability method.
It is seen that the probability of failure (exceeding
crack widths of 0.1 mm and 0.2 mm) underlying cur-
rent codes is fairly high in comparison with the target
of 1 in 100 recommended in BS 8007, with reference
to the uncertainty data relevant for Indian conditions.
Suggestions are made to improve the present design
procedures in IS 3370 (under revision) in order to
achieve the target reliability.
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Analysis of the probability distribution of snow load effects
for gable roofs

M. Kasperski
Department of Civil and Environmental Engineering Sciences, Ruhr-University Bochum, Bochum, Germany

ABSTRACT

The specification of the design value for any action
requires a thorough analysis of the probability distri-
bution of those action effects which govern the final
design. In case of action effects induced by snow on
gable roofs, at least the following basic variables are
to be considered with their random characteristics:

• the snow load on the ground sgr
• the shape factor η which describes the total amount

of snow going to be accumulated on the roof
• the re-distribution factor cr which takes into account

the effects of snow drift.

The required probabilistic models of the shape fac-
tor η and the re-distribution factor cr can be obtained
from the recommendations of the Joint Committee on
Structural Safety JCCS.The probability distribution of
the snow load on the ground can be identified based on
meteorological observations. Depending on the actual
snow climate, yearly extreme may not be sufficient
basis. Then, as further basic random variable the num-
ber of independent periods with a permanent snow
cover in a twelve month cycle may have to be consid-
ered. The paper will show respective examples from
the snow climate in Germany.

Since both parameters, the shape factor and the re-
distribution factor, depend on the wind conditions dur-
ing and after the snow fall events, the joint probability

distribution of wind and snow has to be analyzed. The
paper will present respective results for some typical
stations.

Basically, the number of required snow load dis-
tributions depends on the number of design-decisive
action effects. For each identified design-decisive
action effect, the corresponding probability distribu-
tion is obtained from a convolution integral over sgr
and η and cr, where the latter two variables will be
considered with different weighting coefficients for
different action effects.

The analysis of the probability distribution of action
effects aims in the specification of the design val-
ues for the contributing basic variables. Analogue to
the recently adopted strategy in wind engineering,
the paper proposes appropriate target values for the
exceedance probability of the analyzed action effects
with reference to the projected working life. The target
values distinguish between four classes of structures
from class A – structures with a special post disaster
function to class D – structures presenting a low degree
of hazard to life and other properties.

REFERENCE

JCCS – Joint Committee on Structural Safety - Probabilistic
model code Part II Load Models, Part 2.12 Snow Loads,
May 2001, www.jcss.ethz.ch

434

  

http://www.jcss.ethz.ch


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Detailed analysis of the safety of design buckling curves
for steel members

J. Szalai
KESZ Ltd., Hungary

F. Papp
Budapest University of Technology and Economics, Hungary

ABSTRACT

One of the most important application areas of proba-
bilistic structural analysis is the reliability calibration
of standard design methods and moreover the devel-
opment of the safety concept and background behind
the formulas. In the engineering practice the structural
design standards provide the most frequently applied
tool which guarantees the required safety level for
the designer. Accordingly there have been developed
many approaches for the calibration of different parts
of design standards. These special purpose calibration
methods are usually quite varying as they try to adapt
to the characteristic signs of the examined task. This
paper focuses on the probabilistic calibration proce-
dure of design resistance formulas for steel structures.
The unified regulations for the member states of the
European Union are collected in the EN 1993.This part
of the Structural Eurocodes is a progressively devel-
oping code including a great number of new design
formulas. At this point some notes should be made in
order to understand clearly the current situation around
the calibration of these new resistance formulas:

1. In the earlier versions of the Structural Eurocodes
the resistance formulas were usually calibrated
directly to experimental results, however currently
the new formulas developed on the basis of appro-
priate high level numerical analysis exploiting the
power of computer calculations;

2. Only deterministic calibration of the new design
mechanical models is executed, a complete proba-
bilistic verification – which shows the appropriate
reliability level – is usually missing;

3. There is only one recommended statistical cali-
bration method for the resistance formulas which
is rather an evaluation method of experimental
test results – but sometimes applied for numeri-
cal results as well –, this method obviously does
not take advantage of the opportunities implied in
numerical calculations.

According to these notes in this paper a simple
method is developed for the probabilistic evaluation
of standard resistance models based on the results of
numerical calculations. The method utilizes the fea-
tures a design resistance model implies: description of
only one failure mode, simple construction of resis-
tance functions, the random variables at the resistance
side have usually sufficient measured data for statis-
tical analysis. The method also attempts to unify the
accuracy level of the three main components of such
calculations: (1) the deterministic model, (2) the prob-
abilistic model, and (3) the set of random variables and
their reliable statistics.

As an application example the design buckling
curves for column and lateral-torsional buckling are
evaluated as the most important basis for the stabil-
ity design resistance of steel members. These curves
are typical examples for the mentioned problems, as
they were originally calibrated to tests by the rec-
ommended statistical evaluation method, later some
modifications were added however without any prob-
abilistic verification. Although, the column buckling
is a deeply verified design problem, the widening
knowledge of uncertainty data and the progressive
methods for analysis of structural behavior allow but
also obligate the engineer to reanalyze the standard-
ized methods from time to time by applying the most
up-to-date information and techniques. On the other
hand it should be emphasized that the lateral-torsional
buckling problem – which is far more difficult than the
column buckling – has no such strong experimental
and theoretical background resulting in a great devi-
ation in the different national code regulations.The
example is not sufficiently comprehensive to be eli-
gible for a complete probabilistic verification of the
resistance model, but gives a transparent overview
about the working of the proposed method and the
inconsistencies in the design curves.

435

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

A comparative method for improving the resistance of designs
to failure initiated by flaws

M.T. Todinov
School of Technology, , Oxford, UK

ABSTRACT

Calculating the absolute reliability built in a prod-
uct is often an extremely difficult task because of
the complexity of the physical processes and physical
mechanisms underlying the failure modes, the com-
plex influence of the environment and the operational
loads, the variability associated with reliability-critical
design parameters and the non-robustness of the pre-
diction models. Predicting the probability of failure of
loaded components with complex shape for example
is associated with uncertainty related to: the type of
existing flaws initiating fracture, the size distributions
of the flaws, the locations and the orientations of the
flaws and the microstructure ant its local properties.
Capturing these types of uncertainty, necessary for a
correct prediction of the reliability of the component is
a formidable task which does not need to be addressed
if a comparative reliability method is employed, espe-
cially if the focus is on reliability improvement.

The new comparative method for improving the
resistance to failure initiated by flaws proposed here
is based on an assumed failure criterion, an equation
linking the probability that a flaw will be critical with
the probability of failure associated with the compo-
nent and a finite element solution for the distribution
of the principal stresses in the loaded component. The
algorithm is of linear complexity O(n), where n is the
number of finite elements into which the component
has been divided. The proposed method is very pre-
cise because statistical information is collected from
all parts of the stressed component. The method does
not rely on a Monte-Carlo simulation and is also very
efficient.

Another advantage of the proposed comparative
method is that it does not depend on knowledge of the
size distribution of the flaws and material properties.
This essentially eliminates uncertainty associated with
the material properties and the population of flaws.

On the basis of counterexamples we show that even
for the simple case of a single group of of identical
flaws, the Weibull distribution fails to predict correctly
the probability of failure.

We also show that contrary to the common belief, in
the case of non-interacting flaws in a stressed volume,
the Weibull distribution is not the mathematical for-
mulation of the weakest-link concept. The distribution
of the minimum failure stress σmin,f for a bar subjected
to tension is

where, λ̄ is the average number density of the flaws,
Fc(σ) is the probability that the flaw will be critical
(will initiate failure if present in the stressed volume) at
a loading stress σ and V is the volume of the specimen.
It can also be interpreted as a strength distribution of
the flaws.

This equation has been verified by Monte Carlo
simulations. It is the correct mathematical expression
of the weakest-link concept, in the case of failure
locally initiated by non-interacting flaws. The equa-
tion does not require any assumption concerning the
physical nature of the flaws and the physical mech-
anism of failure and can be applied in any situation
of locally initiated failure by non-interacting entities.
The flaws present in real materials are rarely simple
cracks that satisfy the equations of fracture mechanics.
The flaws could be machining flaws, scratches, voids,
inclusions, etc. The mechanism of forming unstable
cracks from these flaws is very complex and still not
very well understood (e.g. it may also involve plastic-
ity effects). The strength distribution Fc(σ) however is
relevant to each of these types of flaws.

Finally, we propose a method for estimating the
stress dependence of the number density of criti-
cal flaws ϕ(σ) = λFc(σ) from experimental measure-
ments. Knowing the real stress dependence ϕ(σ) of
the number density of critical flaws, makes unneces-
sary the assumption of a power law stress dependence.
From the real stress dependence of the number den-
sity of critical flaws characterizing the material, the
reliability of a component with complex shape is
obtained by integration throughout the volume of the
component.
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Calculation of load factors for reliability-based bridge evaluation

E.-S. Hwang & H.T. Nguyen
Department of Civil Engineering, Kyung Hee University, Korea

ABSTRACT

The most important factor that affects the design and
evaluation of a bridge is the load effect. Of all loads,
the live load is the dominant factor for most bridges.
Since the strength evaluation of the bridge focuses on
the live load capacity, it is essential to calculate the
live load effect very carefully. The live load effects
used in bridge evaluation are different from those in
bridge design because they must consider evaluation
interval, local effects and so on.

To consider the difference of time effect between
evaluation and design, this study has analyzed truck
weights in the period of 5 years for evaluation and 100
years for design. Figure 1 shows the estimation of 5 and
100 maximum weight based on plot of 20% upper data
on Gumbel probability paper and linear extrapolation.
The results are shown in Table 1. The obtained reduc-
tion factor due to the service life is estimated as 0.9.

Figure 1. Plots on Gumbel probability paper of 20% truck
weight data in P area.
(1) Estimation of 5-year maximum truck weight.
(2) Estimation of 100-year maximum truck weight.

Table 1. Estimated maximum truck weights (kN) at 6
locations.

100-year interval 5-year interval

Truck Weight Code 70 Code 91 Code 70 Code 91

Average 815 1,182 739 1,049
COV 0.10 0.09 0.08 0.08
Ave. COV 0.10 0.08

Figure 2. Comparison proposed Ps/s with Moses.

Table 2. Estimated maximum truck weights (kN)
within Ps/s.

ADTT 100 1,000 5,000 10,000 15,000

Avg. Code 70 556 614 655 673 683
Weight Code 91 726 831 903 934 952
Reduction Code 70 0.85 0.94 1.00 1.03 1.04
Factor Code 91 0.80 0.92 1.00 1.03 1.05
Avg Factor 0.83 0.93 1.00 1.03 1.05

Table 3. Calculated live load factors for evaluation.

ADTT 100 1,000 5,000 10,000 15,000
γ 1.21 1.36 1.46 1.51 1.54

Figure 2 shows the comparison of probability of
multiple presence depending on ADTT. The linearly
fitted function of ADTT for side-by-side probability
is determined and proposed. Based on the multiple
presence probability, average reduction factor of load
factor are calculated as shown in Table 2.

In the calibration process, the load and resistance
factors are determined from statistical properties of
load and resistance. For the bridge evaluation, the COV
of live load effect is assumed as 15% compared with
20% for design. This difference results the live load
reduction factor of 0.93.

Consequently, the load factors for evaluation of
bridges are proposed as in Table 3 compared with the
design load factor of 1.75.
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Properties of concrete and reinforcing steel in PC bridge girders
severely damaged in coastal environment

I. Iwaki
Nihon University, Koriyama, Japan

ABSTRACT

This paper presents the properties of concrete and rein-
forcing steel in PC bridge girders severely damaged
by chloride induced deterioration in a coastal environ-
ment.This bridge was located on the Japan Sea shore in
Aomori Prefectural Government (Aomori), the north-
ern end of the main island in Japan. In this study,
concrete cores, PC strands, and stirrups were sam-
pled from the girders, and the properties of concrete
and reinforcing steels were investigated. Further, due
to making comparisons between the results of visual
inspection and those of laboratory testing, the useful-
ness of visual inspection for deteriorated bridges was
discussed. Finally, considering mechanical properties
of strands, the deterioration of this bridge was com-
pared with that of another bridge, which is known as
one of the most severely damaged bridges by chloride
induced deterioration.

The main conclusions are as follows;

(1) This bridge was severely damaged by chloride
induced deterioration exposed to salty air, some-
times directly to the seawater, in winter time.

(2) The condition state of girders is remarkably differ-
ent depending on the position of girders.These dif-
ferences seem to be affected by various conditions,
such as climate condition, environmental condi-
tion, load condition, construction errors and so on.

Figure 1. Distribution of chloride ion concentration inside
web.

Figure 2. Relation between visual inspection results and
testing results.

(3) The visual inspection results with the condition
state of girder are comparatively correlated to the
weight loss due to corrosion of reinforcing steel,
which greatly influences to the load-extension
relation of reinforcing steel. This fact seems to
indicate that visual inspection can be used as a
first and simple method of bridge inspection.

(4) Comparing with the data of another bridge which
is known as one of the most severely damaged by
chloride induced deterioration in Japan, the dete-
rioration of this bridge is more moderate than that
of another one but the process of deterioration is
very similar.
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Static loading test of a PC bridge damaged in a coastal environment

H. Naito & M. Suzuki
Graduate School of Engineering, Tohoku University, Sendai, Japan

1 INTRODUCTION

The purpose of the present study was to examine the
structural performance of a pre-stressed concrete (PC)
bridge damaged in a coastal environment. Structural
performance includes such factors as rigidity, strength,
ductility, etc. We report here on static loading tests
of the damaged PC bridge using the weight of dump
tracks.

2 DESCRIPTION OF THE BRIDGE

The Shin-Akaishi bridge was a road bridge located on
the coast of the Sea of Japan in the northern part of
Aomori Prefecture. It had been exposed to a severe
coastal environment for 32 years. Bridge information
is shown in Table 1.

We examined 2 different spans, one with a low level
of damage (Span L), and one with a high level of
damage (Span H). Span H was reinforced by outside
cables.

3 EXPERIMENTAL TESTS

We conducted static loading tests of the PC bridge
using dump trucks. As shown in Figure 1, 6 dump
trucks were placed on the road.

The vertical displacement of Spans L and H is
shown in Figure 2. Note that the rigidity of the girders
(vertical displacement) was approximately equal.

4 STRUCTURAL PERFORMANCE

The calculation results shown in Figure 2 indicate that
there was no damage with respect to rigidity in Span
L, because the deformations observed in experimen-
tal tests corresponded approximately to the theoretical
values of the undamaged span. However, in Span H, the
rigidity of the girders without outside cable reinforce-
ment was approximately 50% of its rigidity without
damage.

5 CONCLUSION

Based on the results of loading tests of the PC bridge,
there was approximately equal bending rigidity in

Table 1. Information on the Shin-Akaishi bridge

Structure type PC bridge with T-shaped girders
on simple supports

Span 5 @ 31.84 m = 163.0 m
Width of road 11.1 m
Construction date January, 1976

Figure 1. Loading tests with dump trucks.

Figure 2. The vertical displacement of the girders.

Span L, which had no outside cable reinforcement,
and Span H, which had outside cable reinforcement.
Additionally, our theoretical examination revealed that
there was no decrease in rigidity in Span L, but that the
rigidity of Span H without the outside cable reinforce-
ment was approximately 50% of its rigidity without
damage.
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Aerosol chlorides condition and chloride penetration into
concrete in seashore area

T. Saeki
Niigata University, Niigata, Japan

ABSTRACT

The purpose of this study is to evaluate the aerosol
chloride condition in the coastal area in Japan and
the relation between the environmental condition and
chloride penetration into concrete.

In this study, the amounts of aerosol chloride were
measured at 15 places in the coastal area of Niigata
prefecture and the amounts of chloride in mortar and
concrete specimens exposed in the same places were
measured. From the experimental results, the amount
of the aerosol chloride at each investigation point
is strongly influenced of individual conditions. And
the amount of the chloride penetrated into concrete
depended on the amount of the aerosol chloride.There-
fore, the chloride penetration into concrete may be
predicted by the result of short-term mortar exposure
test as shown in Figure 1 and Figure 2.

Based on the above-mentioned results, the 2nd stage
research was performed. The amount of chloride ions
in the thin disk mortar specimens were measured at
8 places in the coastal area of Niigata, Hokkaido and
Okinawa. Four kinds of mix proportions mortar were
used.

The amount of chloride ions penetrated into spec-
imen under the same environmental condition can be
estimated by the effective diffusion coefficient, which
is an index of mass transfer characteristic of mortar

Figure 1. Relation between amount of accumulated aerosol
chloride amount of chloride ions penetrated into mortar
specimen.

(Figure 3). And the relative influence of the effective
diffusion coefficient on the amount of chloride pene-
tration is almost same even if exposure places differ.
From these results, relation between the amount of
aerosol chloride and chloride penetrated into concrete
was studied. The prediction method for the amount
of chloride penetration under aerosol chloride condi-
tion using effective diffusion coefficient and chloride
binding capacity of binder was also discussed.

Figure 2. Relation between amount of accumulated aerosol
chloride amount of chloride ions penetrated into concrete
specimen.

Figure 3. Revised relationship between effective diffusion
coefficient and amount of chloride penetration.
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Prediction for structural performance of PC bridge girders
damaged by salt attack

A. Kamiharako
Hirosaki University, Hirosaki, Japan

ABSTRACT

Reinforced concrete (RC) structures located in coastal
areas undergo deterioration as a result of corrosion to
their steel reinforcements. This phenomenon is known
as salt attack in RC structures, and is caused by the
presence of chloride ions in the concrete. When the
chloride ion concentration reaches a critical level, the
steel reinforcements are corroded through the destruc-
tion of the passive film on their surface. Nowadays,
reinforcement by painting is recommended for new
RC structures built in coastal areas in line with the
regulation Japanese design specifications (Japan Road
Assoc. 2002). However, existing coastal RC struc-
tures that were built 30 to 50 years ago have no such
reinforcement, and suffer deterioration as a result of
salt attack in seaside regions of Japan. This research
focuses on prestressed concrete (PC) bridge girders
that have undergone extreme deterioration by this
process in environments characterized by severe salt
attack. The author attempts to evaluate residual struc-
tural performance using theoretical finite element (FE)
analysis.

Research into the theoretical prediction of struc-
tural performance as a function of time has already
been conducted by many researchers (e.g., Shimomura
et. al., 2006). However, in most cases, the prediction
of material transport and deterioration are empha-
sized, and there have been relatively few studies on
the prediction of structural performance after mate-
rial deterioration. Figure 1 shows an outline of this
research. The author aimed to develop numerical mod-
els of deteriorated PC structures for use in FE analysis,
and conducted prediction of structural performance
for demolished PC bridge girders deteriorated as a
result of salt attack. The input data were determined on
the basis of destructive tests consisting of weight loss
investigation and tensile testing for corroded PC bars.

Based on above discussion, the following conclu-
sions can be drawn from this study:

(1) The corrosion weight loss ratio showed large val-
ues when the rating grade (derived by visual
inspection) was less than 2.5. This means that

Figure 1. Research outline.

visual inspection is efficient in estimating the
corrosion state of steel reinforcements.

(2) The deterioration of mechanical performance in
the PC bars, including the maximum load/ elon-
gation and the yielding load, did not depend on
the magnitude of the corrosion weight loss ratio
because the diameter of the bars was not uniformly
distributed due to uneven corrosion.

(3) The deterioration of flexural behavior in the PC
girders depended on the loss of prestress in the
PC bars.
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Inspection of PC bridge girders severely damaged in coastal environment
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ABSTRACT

In recent period, it becomes important matter that the
mechanism of deteriorations is investigated from exist-
ing concrete structures, and, it is absolutely necessary
to make the best use of the investigation results in the
next generation’s design of concrete structures. This
paper focused on the chloride induced deterioration,
which is one of the typical deterioration phenomenon
of concrete structures, and reported the investigation
results of the existing bridge located along the shore-
line. The investigation items and methods in this study
are shown in Table 1.

According to the investigation results and JSCE
Standard: Standard Specification for concrete

Table 1. Investigation Items and methods.

Items Methods

Defects of concrete Visual observation
surface Infrared thermography method
Compressive strength Surface hardness method
Carbonation depth Phenolphthalein method
Steel rebar corrosion Half-cell potential method

Chipping test

Figure 1. Cracks at the lower-flange of the girders occurred
along the bridge axis.

structures-2001, “Maintenance”, the grade of appear-
ance and deterioration of structure were assessed as
follows.

In this bridge, the steel rebar corrosion can be
observed in every girder or slab as shown in Figure 1.
After considering the comparison result of the carbon-
ation depth and the cover depth of a girder as well as
the environmental condition of this bridge, it is obvi-
ous that the reason of the steel rebar corrosion in these
girders was chloride induced corrosion.

Many cracks, that direction was along the bridge
axis, can be seen at the lower-flange of all main gird-
ers, and the steel exposure according to spalling as
well as the stain of rust can be observe at the cracks.
Moreover, the lack of section of the steel rebar due to
corrosion can be observed at the lower-flange of the
main girders. From these results, it can be assessed that
the steel rebar in the lower-flange of the main girders
corresponds to Grade III (deterioration stage).

On the other hand, the existence of some delamina-
tions can be confirmed in a web, the bottom surface of
a slab, and a cross girder, and the spalling concrete and
the steel exposure were observed partially. From these
results and considering the visual observation test and
the half cell potential of steel rebar, it can be assessed
that the steel rebar in these parts corresponds to Grade
II (acceleration stage).

Therefore, it is presumed that the main cause of
deterioration of this bridge is the chloride induced
deterioration. Moreover, it can be assessed that the
grade of appearance and deterioration of this bridge
corresponds to Grade II or III (acceleration stage).
However, this assessment is based on the limited inves-
tigation. Therefore, more elaborate inspections, such
as a measurement of a distribution of chloride ion con-
centration or a loading test, must be needed, in order
to conclude to clarify a structural performance of this
bridge.
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ABSTRACT

This paper presents the prediction of deterioration
in PC bridge girders severely damaged by chloride
induced deterioration. This bridge in Route 101 was
located on the sea shore of the Sea of Japan in Aomori,
northeastern part of Japan. Since the location is sub-
jected to a strong monsoon wind from sea at winter, this
bridge was exposed to severe corrosive environment by
sea water. Although the bridge had been served for 30
years with repeated repairs, it was dismantled in 2006
due to the severe chloride induced deterioration. The
length of bridge was 33m. The bridge was composed
of 6 main T-shaped post-tensioned girders.

In this study, the prediction of deterioration was
carried out with the probabilistic methodology. And
the result was compared with the result by the proba-
bilistic methodology and the actual state of repairing
in this PC bridge girder. First of all, in probabilistic
methodology, data was collected to make a database
from many literatures. The data was the apparent dif-
fusion coefficient of concrete and the chloride ion
content on the surface concrete. In the prediction, the
chloride ion content on the surface concrete, appar-
ent diffusion coefficient of chloride ions, cover depth
of concrete and corrosion rate of steel bar etc were
used as parameters and were considered with proba-
bility theory. The calculation was carried out with data
in database and data from actual bridge. In the calcu-
lation, the Monte Carlo method that had 5000 trial
frequency was used. The occurring time of the deteri-
oration event was decided by providing the peak of the
probability. As a result, three kinds of results of pre-
diction and actual state of repairing were compared
each other. The three results were the result by the
deterministic methodology, the one by probabilistic
methodology using database, and the one by proba-
bilistic methodology using data of actual bridge. The
result by the deterministic methodology was calculated
by owner of this bridge.

Figure 1. The comparison between results of two prediction
methods.

Figure 1 shows about the comparison between
results of two prediction methods. The results by
the deterministic methodology are corrected using
progress state of deterioration in real bridge. Then
if the plots of “Predicted result” are right approxi-
mately, we can think that probabilistic results are also
reasonable and safety results.

The main conclusions are as follows; (1) At the
result of predicting deterioration using data from
database and data from actual bridge, it is confirmed
that prediction by using database enables to pre-
dict well approximately. (2) It is confirmed that this
probabilistic methodology is good to predict the dete-
rioration in severely damaged coastal environment. (3)
The distribution of data is different by the kinds of data,
so it is confirmed that the difference of the distribution
of data occurs the big difference for result of predicting
deterioration.
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Safety assessment of composite sinusoidal-web beams
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ABSTRACT

Steel girders have been successfully used for many
years in the composite construction market. Further
optimization and advances in fabrication technology
have led to a new generation of structural shapes.
One of these developments, – the sinusoidal-web beam
(Fig. 1) –, has been recently introduced in the Brazilian
market. A sinusoidal-web beam is a built-up I-girder
with a thin-walled corrugated web (with a sinusoidal
profile) and flat plate flanges. The sinusoidal cor-
rugation considerably increases the rigidity and the
resistance to shear forces and local effects, reducing,
or even eliminating, the local buckling of flat parts that
exist in trapezoidal corrugation. Therefore, it allows
for the use of thinner web sheets without the need for
transverse stiffeners. It also allows for weight reduc-
tion while increasing load capacity, thus leading to
economical benefits.

Due to the high structural efficiency and easy exe-
cution, the usage of sinusoidal-web beams has been
increasing significantly in the most diverse segments
of civil engineering construction. At present, com-
posite beams (concrete deck slab over sinusoidal-web
beams, Fig. 2) have not yet been used in floor sys-
tems. However, with the increasing interest on these
elements, their potential for economical gains, and the
large volume of research in this area, hopes are that
they eventually will be used in composite construc-
tion, especially in large span floor systems. In spite
of the advantages this type of composite construction
may offer, there are no design standards or specifica-
tions dealing with the behavior of such beams. As a
result, there is a need to develop design recommen-
dations that properly address the composite flexural
capacity of these elements.

In this paper, design recommendations for flexu-
ral capacity of composite sinusoidal-web beams under
positive moments are presented. To this end: (i) finite-
element models for composite connections and com-
posite beams have been developed (ii) finite-element
models were validated by experimental data and other
results reported in the literature. Additionally, the
safety levels implicit in the proposed recommenda-
tions are assessed. First, a description of model errors

Figure 1. Sinusoidal-web beams.

Figure 2. Composite sinusoidal-web beams.

estimated from both experimental and numerical anal-
yses are presented. Second, statistical descriptions of
the random variables involved in the design process
are investigated. Third, reliability evaluations using
first-order methods and Monte Carlo simulation are
performed. It is shown that the safety levels resulting
from the proposed recommendations are in agreement
with current trends in structural engineering practice.
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Optimal probabilistic design of friction-based seismic isolation devices

Christian Bucher
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ABSTRACT

In earthquake engineering the design of energy dis-
sipating devices play an important role to ensure
structural safety and integrity. Such devices one one
hand must allow for a sufficiently high level of energy
dissipation in order to reduce structural damage, and
on the other hand must provide enough stiffness in
order to prevent excessive permanent deformations or
off-sets. This leads to trade-off considerations which
can be dealt with through an optimization process.
In the present paper, the earthquake excitation is
treated as non-stationary random process. Therefore
the optimization has to be based on a probabilistic
characterization of the dynamic response, i.e. the first
passage-probability of critical response level. In order
to cover the design space for an optimal design, a large
number of reliability analyses has to be carried out.The
required first passage probabilities are computed using
a novel efficient Monte Carlo based simulation tech-
nique called Asymptotic Sampling. The optimization
involves conflicting objectives which can be resolved
by applying a Pareto-type optimization approach.

In order to ensure structural safety and integrity
in earthquake conditions it may be useful or even
necessary to equip structures with protective devices.
One possibility for this are energy-dissipating fric-
tion devices. The basic scenario is shown in Fig. 1.
In this scenario, a structure is subjected to an earth-
quake represented by the ground acceleration a(t). Its
effect on the structure is to be mitigated by a device
which limits the transfer of forces from the ground to
the structure. One such device consists of a combined
friction and spring element, in which the spring can
also be replaced by a recentering force due to grav-
ity effects (so-called friction pendulum systems). The
device has two characteristic parameters, one is the
maximum force transmitted by friction and the other
is the re-centering (or restoring) spring stiffness con-
stant. Both parameters should be chosen such as to
maximize the protective effect on the structure.

Figure 1. Structure and friction damping device.

The question of optimal design for stiffness and fric-
tion of seismic isolation systems has been addressed
previously in the literature. In the present paper, a full
nonlinear dynamic analysis will be used as a basis for
the computation if the structural response. The ground
motion is modeled as a non-stationary random process,
hence the response needs to be characterized in proba-
bilistic terms. For the purpose of safety assessment, the
appropriate measure is the first passage probability of
response quantities of interest such as displacements
or internal forces.

The present paper aims at developing a com-
putationally efficient method for probability-based
design optimization of the protective device. In this
method, the first passage probabilities are computed
using a novel efficient Monte Carlo based simulation
approach. The resulting probabilities then enter a cost
function which can be constructed in such a way as
to provide a design compromise between conflicting
optimization targets.
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An efficient algorithm for reliability–based design optimization
with the system reliability constraint

H.M. Koh & S.C. Kang
Seoul National University, Korea
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J.O. Kim
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ABSTRACT

In conventional structural design, deterministic opti-
mization which satisfies codified constraints is per-
formed to ensure safety and maximize economical
efficiency. However, uncertainties are inevitable due to
the stochastic nature of structural materials and applied
loadings. Thus, deterministic optimization without
considering these uncertainties could lead to unreli-
able design. Recently, there has been much research in
reliability-based design optimization (RBDO) taking
into consideration both reliability and optimization.
RBDO involves the evaluation of probabilistic con-
straints that can be estimated using two different
approaches: the reliability index approach (RIA) and
the performance measure approach (PMA)(Youn et al,
2004). RIA defines a probabilistic constraint as reli-
ability while PMA defines a probabilistic constraint
as performance measure. It is generally known that
PMA is more stable and efficient than RIA. These
approaches focus on the component limit states only.
However, the structural failure does not depend only on
the component limit states but also on the system limit
state itself. Therefore, RBDO with the system reliabil-
ity constraint is necessary to represent the structural
failure mechanism but presents the disadvantage to be
very time consuming for large scale applications.

In this study, we developed an efficient algorithm
for RBDO with the system reliability constraint. Pre-
vious studies already reported that PMA is difficult
to apply to conventional RBDO with the system reli-
ability constraint because PMA only calculates the
probabilistic performance measure for a limit state
equation and does not evaluate the reliability index
or the failure probability (Yi et al, 2008). In order to
overcome these difficulties, PMA is introduced in the
decoupled algorithm proposed by Aoues et al. (Aoues
et al. 2008). In this method, RBDO is sequentially
performed with updated target component reliability
indices until the calculated system reliability index

Figure 1. Detailed procedure of the proposed method.

approaches the target system reliability index. The
detailed procedure is illustrated in Figure 1. The
effectiveness of the proposed method is demonstrated
through a numerical example.
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Reliability model and calibration of current provisions
for shear in R/C beams
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ABSTRACT

Shear resistance of reinforced concrete beams has been
a subject of intensive research for over 50 years. Nev-
ertheless, there is still a disagreement between the
researchers as to which model is the most appropriate.
In the last decade many approaches were developed
including the Modified Compression Field Theory
and Strut and Tie Methods. These methods provide a
consistent and reliable prediction of the ultimate resis-
tance, though; they are complex and time-consuming
in use.

Recent calibration of the ACI 318 [1] design code
for concrete structures was focused on the flexural
capacity. The objective of this paper is to present relia-
bility based calibration for shear in reinforced concrete
beams. The shear capacity is considered as a sum of
two components: resistance of concrete, Vc, and the
resistance of shear reinforcement, Vs.

Four analytical models for shear capacity for beams
are considered: two ACI Code formulas [2], Tureyen
and Frosch formula [3], and Zsutty formula [4]. The
analytical values for considered models are compared
with the test results. The ratio of test vs. analytical
values are plotted on the normal probability paper.
Statistical parameters of resistance are estimated sepa-
rately for each formula. ACI 318 formula 11–3 results
show the highest degree of variation, particularly it is
insensitive to longitudinal reinforcement ratio. Zsutty
formula and ACI formula 11–5 show similar variabil-
ity. Tureyen and Frosch formula has similar variability
but it is shifted conservatively so that lower tale of the
CDF approaches asymptotically to 1.

The optimum reliability depends on the conse-
quences of failure and incremental cost of safety [5].
Based on [1] target reliability index for the cast in place
beams in shear is β = 3.5.

To assure proper level of reliability without unnec-
essary conservativeness it is clear that for each formula
designer should use different resistance factor.A selec-
tion criterion for the resistance factor is closeness to
the target reliability index.

For the recommended resistance factors, reliability
indices are calculated as a function of dead load to live
load ratio and ratio of the shear capacity of transverse
reinforcement to overall shear resistance.

The following resistance factors are recommended:

For ACI 318 Eq. 11–3, use φ = 0.75
For ACI 318 Eq. 11–5, use φ = 0.8
For Frosch formula, use φ= 1
For Zsutty formula, use φ = 0.85
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of cable-supported bridges with the SOSM method
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ABSTRACT

The objective of this paper is to make the reliability-
based analysis for aerodynamic instability of fourteen
cable-supported bridges in China with the second-
order second-moment (SOSM) method and to propose
probabilistic criteria for the assessment of aerody-
namic instability. The probabilistic analysis for flutter
instability is carried out with a proposed reliability-
based model:

where Cw is the wind conversion factor following a
normal distribution, Uf is the basic flutter speed fol-
lowing a log-normal distribution, Gs is the gust speed
factor following a normal distribution and Ub is the
maximum wind speed following a Gumbel distribu-
tion.The stochastic limit state equation, Eq. 1, is solved
by the second-order second-moment (SOSM) method
after the non-normally distributed variables have to be
transformed to the equivalent normal variables at the
design point.

Probability-based analysis with the SOSM method
and the first-order and second-moment (FOSM) has
been applied in 14 cable-supported bridges in China,

Table 1. Reliability index and failure probability of investigated bridges due to aerodynamic flutter.

The first set of parameters The second set of parameters

Bridge Type No. Bridge Name β Pf (SOSM) Pf (FOSM) E (%) β Pf (SOSM) Pf (FOSM) E (%)

Cable 1 Shanghai Kezhushan 4.342 7.08E-06 6.65E-06 6.0 3.311 4.65E-04 4.21E-04 9.4
stayed 2 Hainan Shiji 5.875 2.11E-09 1.94E-09 8.1 4.313 8.03E-06 7.06E-06 12.2
bridges 3 Shanghai Nanpu 4.040 2.68E-05 2.52E-05 5.6 3.116 9.18E-04 8.36E-04 8.9

4 Hubei Jingsha 6.327 1.25E-10 1.14E-10 8.7 4.608 2.03E-06 1.77E-06 12.9
5 Shanghai Yangpu 4.989 3.04E-07 2.83E-07 6.9 3.733 9.45E-05 8.45E-05 10.6
6 Fujian Qingzhou 3.403 3.33E-04 3.17E-04 4.8 2.709 3.37E-03 3.11E-03 7.8
7 The 2nd Nanjing 7.516 2.83E-14 2.53E-14 10.5 5.376 3.81E-08 3.25E-08 14.8
8 Jiangsu Sutong 4.792 8.25E-07 7.71E-07 6.6 3.605 1.56E-04 1.40E-04 10.3

Suspension 1 Guangxi Hongguang 4.541 2.80E-06 2.62E-06 6.3 3.441 2.90E-04 2.61E-04 9.8
bridges 2 Guangdong Humen 4.037 2.71E-05 2.55E-05 5.6 3.114 9.23E-04 8.41E-04 8.9

3 Hubei Yichang 5.421 2.97E-08 2.75E-08 7.5 4.016 2.96E-05 2.62E-05 11.4
4 Jiangsu Jiangyin 4.569 2.45E-06 2.29E-06 6.3 3.459 2.71E-04 2.44E-04 9.9
5 Jiangsu Runyang 3.444 2.87E-04 2.73E-04 4.9 2.735 3.12E-03 2.88E-03 7.8
6 Zhejiang Xihoumen 3.960 3.74E-05 3.53E-05 5.5 3.065 1.09E-03 9.95E-04 8.8

including 8 cable-stayed bridges and 6 suspension
bridges. With the first and second sets of parameters of
basic random variables, the numerical results of reli-
ability index β and failure probability Pf as well as
relative errors E are listed and compared in Table 1
due to the SOSM and the FOSM methods.

Having made comparison and contrast among the
results in Table 1, as a more precise method with con-
servative result the SOSM method is recommended
in probability-based analysis for aerodynamic insta-
bility of cable-supported bridges, and the reason-
able values of standard deviations can be assumed
in the magnitude of the first set of parameters.
Probability-based criteria for aerodynamic instability
of cable-supported bridges can be classified into three
grades in accordance with failure probabilities or
reliability indexes. The top grade has Pf < 10−6 or
β > 4.7, which has been met with six bridges among
fourteen invested ones, and the middle and the bot-
tom grades have 10−6 < Pf < 10−5 or 4.2 < β < 4.7
and 10−5 < Pf < 10−4 or 3.7 < β < 4.2, met with three
bridges, among 14 cable-supported bridges.

The work described in this paper is partially
supported by the NSFC 90715039, the MOST
2006AA11Z108 and the MOC 2006-318-494-26.
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ABSTRACT

In resent years, serious earthquakes have frequently
occurred in Japan. In the near future, there is the fear
that large earthquakes occur. Therefore, it is necessary
to develop a synthetic disaster prevention program based
on the recognition that lifeline systems may unavoid-
ably suffer from damages when big earthquakes occur.
Several researches are studied in order to obtain the opti-
mal restoration schedule. However, road networks after
earthquake disasters have an uncertain environment, that
is, the restoring works are not progressing on schedule.
Therefore, it is necessary to obtain the restoration sched-
ule which has the robustness. In addition, in order to
make the restoration more effective, the restoration sched-
ule is planned with considering the cooperating work by
multiple groups. Furthermore, the cooperating works are
expected to make the restoration schedule more robust. In
order to obtain applicative solutions, an attempt is made to
develop a decision support system of the optimal restora-
tion scheduling by using the improved Genetic Algorithm
(GA) to consider uncertainty.

Table 1 presents the result of solution obtained by Sim-
ple GA by 1,000 times simulations, which can check the
robustness of restoration schedule. The simulation has
two kinds of uncertainties; increase of damage and delay
of restoring days. In Table 1, “Impossible number” means
the number of occurrence of impossible restoration. From
Table 1, when there is unexpected increase of damage,
“Impossibility number” is shown as about 30 percents.

Because information of devastated areas is ever-
changing, the damage quantity of the devastated area
might change significantly. Furthermore, if the sched-
ule with considering uncertainty is searched by Simple

Table 1. Effects of uncertainties by 1000 simulations.

Only Increase of Damage Only Delay of Restoring Day Both Uncertainties
Considered Uncertainty
Method Simple GA IGACU Simple IGACU Simple GA IGACU

The Worst Evaluation ∞ 9.87 10.05 11.26 ∞ 12.57
The Best Evaluation 6.76 8.27 6.45 8.1 7.11 8.72
The Longest Delay of Restoring Day ∞ 6 days 13 days 12 days ∞ 13 days
The Shortest Delay of Restoring Day 1 day 1 day 1 day no delay 3 days 2 days
Average Delay of Restoring Day 3.50 days 2.99 days 4.51 days 4.02 days 6.72 days 5.98 days
Impossibility Number 264/1000 0/1000 0/1000 0/1000 273/1000 0/1000

GA, a lot of calculation time is necessary to obtain the
schedule.

GA Considering Uncertainty (GACU) is an improved
GA to obtain the robust solution against uncertainties in
the problem. In this study, Improved GACU (IGACU)
is applied in order to obtain a robust restoration sched-
ule. IGACU can search for global solutions and local
solutions properly with the density of individuals. The
proposed method can maintain the diversity of individ-
uals which have equal evaluations due to selecting the
individual which is in thin density area.

In Table 1, the evaluation of IGACU’s solution is worse
than Simple GA’s.The solutions of Simple GA have better
evaluation because Simple GA aims at the early restora-
tion only and does not consider the uncertainties. On the
other hand, IGACU aims at the early and robust restora-
tion. So, the proposed method can obtain the solutions
which have the robustness and the practicality.The impos-
sible restoration does not occur on the schedule of the
proposed method. This reason is that the restoring group
which has no restoring equipment and facility necessary
for the large damage work is assigned the works which
have the possibilities to change the large damage state as
the cooperating work. If a low ability group can not restore
a work due to the uncertainties, the impossible restoration
does not occur since another group which is cooperating
with that group restores that work.

In this study, an attempt was made to develop a new
method to obtain a robust restoration schedule consid-
ering the multiple group work under uncertain environ-
ments after earthquake. The proposed method was able
to obtain the robust and practical solutions under uncer-
tain environment. Furthermore, the features of robust
restoration schedule were clarified.
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Nonlinear global seismic reliability analysis of buildings
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ABSTRACT

To overcome the shortcomings of the conventional
failure mode approach (FMA) in structural system reli-
ability theory, a new trend in which structural systems
reliability is approximately calculated by using global
limit states based on nonlinear structural analysis tech-
niques recently has been increasingly of interest in
many different communities (Zhao & Ono, 1998;
Onoufriou & Forbes, 2001; Li et al., 2002, 2004, 2006;
among others).

In this paper, a global performance function for
nonlinear seismic reliability of structural systems is
firstly built up, and then, a random pushover analy-
sis approach based on an improved point estimation
method (PEM) is developed to efficiently estimate the
first fourth statistical moments of the global perfor-
mance function. The global seismic reliability index
and failure probabilities of the buildings are computed
by second-moment, third-moment and fourth-moment
methods proposed by Zhao & Ono (2001), respec-
tively. The developed methodology is applied to a
two-dimension RC frame building considering nonlin-
ear material and geometric effects.The semi-analytical
approach combining FORM and random pushover
analysis, and Monte Carlo simulation, are also used
to verify the accuracy and efficiency of the proposed
methodology.Through the comprehensive study in this
paper, it is found that the method of system reliabil-
ity analysis based on global load-carrying capacity is
simple, practical and efficient. On the one hand, this
method can overcome many difficulties of conven-
tional system reliability theory; on the other hand, it
can be linked with the current design codes so that
the static reliability method can solve the difficult
dynamic seismic reliability problems.
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Probabilistic seismic assessment of concrete dams
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ABSTRACT

Dam engineering has a long tradition in Europe where
hundreds of dams have been built in the first half
of the last century. In Italy, for example, the aver-
age age of concrete dams is over 50 years. Many of
these dams were designed neglecting or underesti-
mating the seismic action and employing out-of-date
analysis methods.

In view of the relevant economic losses due to even-
tual limitations of reservoir operation or dam dismis-
sion, the seismic assessment of existing dams, comple-
mentary to the ordinary maintenance and preservation
of such old structures, is a topic of great interest and
urgency.

Motivated by the above considerations, a method-
ology for the seismic assessment of existing dams
employing state-of-the-art methods is investigated in
the present work. Two main issues need to be tackled:
the physical complexity of the system and the large
uncertainties affecting the problem.

In fact, a dam system consists of at least three com-
ponents: dam body, foundation rock mass and reser-
voir water, all contributing to the dynamic response
of the system. The interaction between dam, foun-
dation and water, whose influence on the dynamic
behavior of the dam structure is not negligible, can
be properly taken into account employing finite ele-
ment discretizations of all the three aforementioned
components (Callari and Abati, 2008).

For what concerns the second issue, the primary
source of uncertainties in any seismic assessment is the
variability of the ground motion. In the case of dams,
the height of the water reservoir is a further source of
uncertainty which stems from the action side. Dams
are often characterized also by significant uncertain-
ties of structural nature, typically due to lack of data
regarding for example dam geometry and site geol-
ogy as well as to inaccuracies in models describing
capacities.

This work presents the main results of the appli-
cation in the seismic assessment of dams of a proba-
bilistic method based on the approach developed for

building and bridge structures by Lupoi et al. (2006).
The seismic response of the structure is estimated from
a reduced number of dynamic time-history analyses;
the system fragility curves are then obtained from a
standard Monte Carlo simulation procedure. The pro-
cedure is able to account for uncertainties both in
external (seismic) action and in system properties. To
the author’s best knowledge, few other examples of
probabilistic seismic analysis of dams are available in
literature (Ellingwood and Tekie 2003).

The methodology has been applied to the case of
Kasho Dam, a 46.4 m high concrete gravity dam which
experienced the Western Tottori earthquake without
serious damage. The assessment has been carried out
with respect to an operational limit state; for which
the “critical” failure mechanisms have been identified
and numerically evaluated, both in terms of demand
definition and capacity evaluation.

Available monitoring data have been used to val-
idate numerical analyses and the definition of the
critical mechanisms (cracking/sliding at dam founda-
tion, cracking at dam upstream face, excessive drift
deformation, etc.).

Results of the seismic assessment are finally pre-
sented in terms of fragility curves for the whole system
and for each failure mechanism.

REFERENCES

Callari C., Abati A. (2008), Finite element methods for unsat-
urated porous solids and their application to dam engineer-
ing problems, Computers and Structures, in press.

Lupoi G., Franchin P., Lupoi A. and Pinto P.E. 2006. Seis-
mic Fragility Analysis of Structural Systems, Journal of
Engineering Mechanics ASCE, 132(4): 385–395.

Ellingwood B. and Tekie P.B. 2003. Seismic fragility Assess-
ment of concrete gravity dams, Earthquake Engineering
and Structural Dynamics, 32: 2221–2240.

459

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Structural reliability analysis using subset simulation and
neural networks
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ABSTRACT

This paper examines a methodology for computing
the probability of structural failure by combining neu-
ral networks (NN) and Subset Simulation (SS). A
methodology is proposed which exploits the capabil-
ity of a NN to approximate the structural performance
with acceptable precision, allowing the computation
of response parameters at a very low computational
cost. A better estimation of the failure region is been
succeeded, with no additional computational cost,
which leads to a more precise estimation of the failure
probability.

1 INTRODUCTION

In the present study a methodology for computing the
probability of structural failure by combining neural
networks (NN) and Subset Simulation (SS) is being
proposed. The goal is to determine the failure region
more precisely with the aid of neural networks. The
proposed procedure where NN are incorporated into
the framework of the SS method enhances the compu-
tational performance of the method. The basic concept
is to train the neural networks according to the samples
generated within the Markov Chains. Once properly
trained, a NN allows the determination of the structural
performances with a very small number of operations
and at a fraction of the cost of the corresponding
structural analysis. The proposed methodology takes
advantage of the special characteristics of the SS
methodology in order to train effectively the NN net-
work, allowing this way for very accurate predictions
of the failure region and consequently of the failure
probability.

The NN-based SS method is demonstrated by
means of a numerical example, where the efficiency of
the NN implementation is being showed. The perfor-
mance function f(x) is a mathematical one. A failure
event occurs if the performance function exceeds a
certain value. The partial failure probabilities are pre-
defined to specific values for each conditional SS
level. The proposed methodology takes advantage of
the special characteristics of the SS methodology in
order to train effectively the NN, allowing this way
for very accurate predictions of the failure region and
consequently of the failure probability. It is shown that
with the proposed approach, the accuracy of a MCS
estimate of the probability of failure is reached with
orders of magnitude less required samples.
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Reliability analysis of idealized dam and power intake structure
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ABSTRACT

International Commission on Large Dams (ICOLD)
defines a safe dam as “a dam with appropriate reserves,
taking into account all reasonably imaginable scenar-
ios of normal utilization and exceptional hazard which
it may have to withstand during its life”.

Concrete dams are, in Sweden as well as world wide,
designed based on safety factors (Level 0 according
to JCSS). A research project aiming at introducing
structural reliability analysis for concrete dams is
in progress. This paper describes the failure modes,
the random variables defining them and gives two
examples of application.

The limit states functions analyzed are sliding and
overturning. Since the headwater level is usually kept
constant close to retention water level (rwl), and only in
exceptional situations exceed this, each failure mode
has to be analyzed for two cases; at rwl and above rwl
separately. To get the reliability of the structure the
resulting four failure modes are combined as a series
system.

The target reliability used is 4.8/year and is taken
from the Swedish design guideline for structures,
BKR.

The random variables are defined as in a licentiate
thesis (Westberg), and a short summary is given in the
paper.

– Large uncertainties are associated with the shear
strength (described by cohesion and friction angle).
A sensitivity analysis is performed for friction angle
and cohesion.

– Concrete density is defined according to JCSS.
– When the headwater level exceeds rwl it is assumed

possible to describe by an exponential distribution
and the parameters are found by information of
water levels and return periods. This information
is given by design flood calculation.

– The uplift pressure is found by using a “geostatis-
tical approach” where the hydraulic conductivity
beneath the dam is assumed to have certain mean
value, variance and spatial range. Statistical distri-
butions of uplift force and moment is derived from
approximately 1000 realizations of the random
field with these properties, using a FE analysis.This
method has proved itself useful.

– Ice load, concrete volume, base area, density of soil
and earth pressure are also random variables.

Two examples will be given of reliability analysis
of concrete dams. Both examples are analyzed using
computer software COMREL.

The first example is an idealized dam, where dimen-
sions are chosen so that the structure fulfils the
Swedish dam safety requirements (RIDAS). This case
is analyzed for different assumptions of drain effec-
tiveness to investigate the safety index of a “safe” dam
in different conditions. The results show that when
designed without drains, sliding is the most likely fail-
ure mode and zero cohesion (assumed in the Swedish
dam safety guideline) gives very low safety index.
For a dam designed with drains, where the drains
are malfunctioning, the most likely failure mode is
overturning if the cohesion is medium-high. Cohe-
sion and friction angle dominates the uncertainties,
and research should be focused on describing these
parameters as well as the drain effectiveness that is
also of importance.

The second example is an intake structure in a
Swedish river where rock anchors had to be installed
to fulfil the stability requirements. The structural reli-
ability analysis was mainly performed to demonstrate
the methodology. The analysis shows that the stabil-
ity is sufficient if the cohesion is high. The uplift
pressure is of importance, but the largest sensitivity
values are related to cohesion and friction angle. The
tendons (installed to increase safety and decrease non-
compressive stresses) gives only a small contribution
to the safety, but significantly reduce the base area
in “non-compression”. Failure will, most likely, occur
due to sliding at normal water levels. The safety of this
intake structure is probably sufficient, but some more
information of shear strength is necessary.

The conclusions are that there are problems that
need to be solved to use structural reliability analysis
for concrete dams, but the examples shows that the
analysis is useful and gives important information.

The use of risk analysis and assessment for dams is
increasing and structural reliability analysis may give
input to quantitative assessment procedure.
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Vulnerability curves to compare retrofit solutions of a medieval civic tower
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ABSTRACT

The results reported in (Faravelli and Casciati, 2008)
are based on the implementation of a numerical model
for the medieval civic tower shown in Figure 1, which
was also the object of an experimental campaign. The
next step in the study of the tower structural behaviour
consists of using the experimental data for damage
identification and localization, which also relies on
visual inspections.

Several design situations, including different
retrofitting policies and/or devices, are then con-
sidered. By repeating the analyses on the modified

Figure 1. The Soncino civic tower

Figure 2. Vulnerability curves obtained with the excitation
in one of the two orthogonal directions, either B-D or A-C
with the von Mises stress criterion as limit state: damaged
model.

numerical models including the retrofitting effects,
vulnerability curves are built for all the considered
design situations. The amount of translation to the left
(or, alternatively, the amount of clockwise rotation)
with respect to the original curves represents an index
of the retrofit effectiveness and provides the basis for
a cost-benefit optimization.

The ultimate goal of comparing vulnerability esti-
mates (see Figure 2) justifies the adoption of a linear
model which is not representative of the damage phe-
nomenon, but it is sufficient to classify the damaged
state of the structure as either severe, moderate, or
light. On the other hand, the uncertainties related
to the constitutive law of ancient structures prevent
one from elaborating a sophisticated nonlinear model,
which is instead replaced by an equivalent homoge-
nized material. This choice, together with providing
a simple to handle numerical tool, provides a prelim-
inary understanding of the structural behaviour that
can be afterwards confirmed by repeating the analy-
ses on a model that includes the crack discontinuities
identified from the visual inspections.
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ABSTRACT

This paper presents an analytical solution to mod-
eling the performance of deteriorating infrastructure
systems subject to both extreme events (e.g., earth-
quakes or any other sudden events) and environmen-
tal actions that cause continuous deterioration (e.g.,
chloride-induced corrosion). The model is based on
renewal theory (Çinlar, 1975) and focuses on evalu-
ating structural damage accumulation with time. The
model describes the structural performance in terms
of the remaining life of the system, V (t) (e.g., inter-
story drift). The probability of exceeding a predefined
limit performance value, for one life-cycle, can be
written as:

where λ(t) is the shock process occurrence rate, N is
the number of shocks; s∗ is the threshold value (in
remaining life units) that defines the need for an inter-
vention; and dG(y) describes the probability of having
a shock size between y and y + dy. The lower integral
limit in equation 1 is defined by:

where u0 is the remaining life at the beginning of the
cycle; Ap(t) is a progressive deterioration function; and
dG(n)(y) is the n-th convolution of G(y) with itself.
For structures that have been in operation for a long
time, an asymptotic solution can be found averaging
equation 1 with respect to the length of a cycle.

The paper presents the derivation of these equations
and compares the solution for the cases of failure after
a single or multiple shocks; and with and without pro-
gressive deterioration. The results are summarized in
Figure 1 where the importance of including deteriora-
tion caused by both extreme events and environmental
factors is shown.

Figure 1. Accumulated failure probability for (a) Multiple
shocks and (b) failure after the first shock.

The illustrative example discussed in the paper
stresses the importance of taking into account dam-
age accumulation in the estimation of the probability
of failure. Furthermore, the paper emphasizes the
flexibility of the model to accommodate different
damage limit states and to define policies for early
intervention (e.g., preventive maintenance). Ongoing
research is currently directed to include randomness
in progressive deterioration, defining optimal design
criteria and intervention policies.
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ABSTRACT

The cost effective performance of structures has long
been recognized to be an important topic in the design
of civil engineering systems. This design approach
requires proper integration of (i) methodologies for
treating the uncertainties related to natural hazards
and to the structural behavior over the entire life-
cycle of the building, (ii) tools for evaluating the
performance using socioeconomic criteria, as well as
(iii) algorithms appropriate for stochastic analysis and
optimization.

A complete probabilistic framework is presented in
this paper for detailed estimation and optimization of
the life-cycle cost of earthquake engineering systems.
The focus is placed on the design of passive dissipative
devices. The framework is based on a knowledge-
based interpretation of probability (Jaynes, 2003),
which leads to a realistic framework for formulating
the design problem, and on an efficient novel approach
to stochastic optimization problems (Taflanidis and
Beck, 2008). The latter facilitates an efficient solution
of this design problem and thus allows for consid-
eration of complex models for describing structural
performance.

A comprehensive methodology is initially discussed
for earthquake loss estimation; this methodology uses
the nonlinear time-history response of the structure
under a given excitation to estimate the damages in
a detailed, component level. A realistic probabilistic
model is then presented for describing the ground
motion time history for future earthquake excitations.
This model establishes a direct link between the prob-
abilistic seismic hazard description of the structural
site and the acceleration time history of future ground
motions. In this setting, the life-cycle cost is given
by an expected value over the space of the uncer-
tain parameters for the structural system, performance
evaluation and excitation models. Because of the com-
plexity of these models, calculation of this expected
value by means of stochastic simulation techniques is

adopted. This approach, though, involves an unavoid-
able estimation error and significant computational
cost, features which make the associated optimiza-
tion challenging. An efficient framework, consisting
of two stages, is presented for the optimization in such
stochastic design problems.The first stage implements
a novel approach, called Stochastic Subset Optimiza-
tion (SSO), for efficiently exploring the sensitivity of
the objective function to both the design variables as
well as the model parameters. Using a small num-
ber of stochastic analyses SSO iteratively identifies a
subset of the original design space that has high plau-
sibility of containing the optimal design variables and
additionally consists of near-optimal solutions. The
second stage, if needed, adopts some other stochastic
optimization algorithm to pinpoint the optimal design
variables within that subset. All information available
from the first stage is exploited in order to improve the
efficiency of the second optimization stage.

An example is presented that considers the
retrofitting of a four-story reinforced concrete office
building with viscous dampers. Complex system,
excitation and performance evaluation models are
considered, that incorporate all important character-
istics of the true system and its environment into
the design process. The results illustrate the capabil-
ities of the proposed framework for improving the
structural behavior in a manner that is meaningful to
its stakeholders (socio-economic criteria), as well as
its capabilities for computational efficiency and the
treatment of complex analysis models.
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ABSTRACT

Vulnerability of a structure under terrorist attack can
be regarded as the study of its strength and robustness
against blast-induced loads. A structure is vulnerable
if a small damage can trigger disproportionately large
consequence and lead to a cascade of failure events or
even collapse. The performance of structural vulner-
ability depends upon factors such as external loading
condition and structural properties. As many of these
factors are random in nature, it is necessary to develop
a vulnerability assessment technique in the proba-
bilistic domain. In this study, one such assessment
framework is proposed for cable-stayed bridges. The
framework consists of two stages of analysis: deter-
mining the probability of direct damage and assessing
the subsequent probability of collapse. In the first stage
assessment, damage of bridge component is defined
as the exceedence of a predefined limit state such as
displacement or yielding. The damage probability is
obtained through a stochastic finite element analysis
and the first-order second-moment reliability method.
The second stage assessment further calculates the
probability of collapse due to direct damage of some

component via an event tree approach. The proposed
assessment methods are illustrated on a hypothetical
single-tower cable-stayed bridge. It is seen that the
proposed methods provide a quantitative tool for ana-
lyzing the vulnerability performance of cable-stayed
bridges under terrorist attack.
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ABSTRACT

Recently, life-cycle cost (LCC) analysis of civil engi-
neering structures and infrastructure systems, and the
design optimization based on LCC, have become the
key ingredients of life-cycle civil engineering (LCCE).
Meanwhile, minimization of the expected life-cycle
cost under low-probability and high-consequence seis-
mic hazards based on benefit-cost criteria is forming
into the ultimate goal of performance-based seismic
design.

LCC of civil engineering structures under earth-
quakes includes initial cost and the total loss expec-
tation under multi-level damage states. It is needed to
estimate the failure probabilities of multi-level seismic
damage states in estimation of the loss expectation,
thus how to effectively calculate these probabilities
is one of the key issues in successfully applying life-
cycle cost design theory to real-world civil engineering
practice.

In this paper, the theoretical foundations of seis-
mic fragility theory are built for evaluation of seismic
damage state probabilities of structures, in which the
concepts and definitions of limit state fragility and
damage state fragility are presented. Two practical
analysis approaches for evaluation of seismic dam-
age state probabilities of structure are analyzed from
the viewpoint of seismic fragility theory. It is found
that the first approach is a semi-theoretical and semi-
empirical method, which considers the uncertainty
in the macro-scope seismic capacity of structures;
and that the second approach is a simplified seismic
fragility analysis method, which doesn’t consider the
uncertainty in the macro-scope seismic capacity of
structures. The two approaches are compared based
on the computed results of seismic damage state prob-
abilities of structures, and the suggestions of selection
of two simplified seismic fragility methodologies for
the optimal fortification level decision-making and
minimum life-cycle cost design of structures are given.
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A procedure for performance-based wind engineering

M. Ciampoli, F. Petrini & G. Augusti
Sapienza – Università di Roma, Italy

ABSTRACT

A modern approach to wind engineering must con-
sider performances as key objectives of structural
design. Hence optimal design procedures should be
developed in the framework of Performance-Based
Design or, better, Performance-Based Wind Engi-
neering (PBWE): the relevant structural performance
requirements should be satisfied with a sufficiently
high probability throughout the whole life-cycle.

Many studies have already been carried out on
this topic. In Italy, Augusti and Ciampoli (2006) sug-
gested the extension of the PEER approach (Porter
2003) into PBWE; Petrini et al. (2008 a, b) applied the
risk assessment procedure to the assessment of (a) the
fatigue damage of the hangers and (b) the serviceabil-
ity and ultimate performances of a proposed long span
suspension bridge.

The goal of this paper is to give some further con-
tribution towards the development of –a probabilistic
procedures for the application of Performance-Based
Design concepts to wind engineering.

Namely, a PBWE procedure is proposed that can be
summarized in intermediate steps aimed at:

– defining the Aeolian hazard at the site, in terms
of wind intensity and/or parameters of the wind
velocity field;

– analyzing the structural response;
– defining and evaluating indicators of the struc-

tural damage (identified with unacceptable perfor-
mances);

– defining the decisional variables that are appropri-
ate to quantify the performances required of the
structure, in terms of damages;

– evaluating the structural risk by the probabilistic
characterization of the decision variables;

– optimizing design, i.e. minimizing risk, by appro-
priate techniques of decision analysis.

The decision variables that quantify the perfor-
mances are distinguished between those correspond-
ing to possible consequences on structural and per-
sonal safety (low performances), and to effects on
serviceability and comfort (high performances).

As an example, the proposed procedure is applied to
the assessment of the high- and low-performance risks
of the same long-span suspension bridge examined in
Petrini et al. (2008a, b).

For high performances three response parameters
have been considered, namely vertical acceleration,
rotational velocity and longitudinal acceleration of a
typical cross section. “Avoiding the flutter instability”
has been the low-performance criterion, and this has
been recognized through the damping of the vertical
displacement of the mid-span section. The probabilis-
tic characterization–s of all the relevant parameters
have been obtained by Monte Carlo simulations.

The performed analytical and numerical analyses
prove that PBWE is feasible, but to make it more
reliable it is essential to improve the probabilistic
description of the parameters of the wind field at the
site and the phenomena that represent the interaction
between the wind actions and the structure. This will
require much further research work.
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Probability logic, model uncertainty and robust predictive system analysis

James L. Beck & Sai Hung Cheung
California Institute of Technology, Pasadena, CA, USA

ABSTRACT

Probability can be viewed as a multi-valued logic
that extends binary Boolean propositional logic to the
case of incomplete information. The key idea is that
the probability P[b|c] of a proposition (statement) b,
given the information in proposition c, is a measure
of how plausible b is based on c. Boolean logic deals
with the special case of complete information where
the truth or falsity of b is known from c. R.T. Cox
was the first to derive the probability logic axioms
from those of Boolean logic but this interpretation of
probability has a long history and has received increas-
ing interest recently, especially due to E.T Jaynes
who emphasized its connection with the information-
theoretic ideas stemming from C.E. Shannon’s work..
It is consistent with the Bayesian point of view that
probability represents a degree of belief in a proposi-
tion. A.N. Kolmogorov’s statement of the probability
axioms, which are neutral with respect to the interpre-
tation of probability, can be viewed as a special case
where the statements refer to uncertain membership of
an object in a set. Probability logic provides a rigorous
unifying framework for treating modeling uncertainty,
along with excitation uncertainty, when using models
to predict the response of a real system.

An overview is given of the foundations of probabil-
ity logic and its application to quantifying uncertainty
for robust predictive analysis of systems. A key con-
cept is a stochastic system model class, which consists
of a set of probabilistic input-output predictive mod-
els for a system together with a chosen probability
distribution, the prior, over this set that quantifies the
initial relative plausibility of each predictive model in

the set. These probability models are viewed as rep-
resenting a state of knowledge about the real system,
conditional on the available information, and not as
inherent properties of the system. Any set of dynamic
models for a system can be used to construct a model
class through stochastic embedding in which Jaynes’
Principle of Maximum Information Entropy plays an
important role in establishing the fundamental prob-
ability models. A model class can be used to create
both prior (initial) and posterior (updated using sys-
tem data) robust predictive models based purely on the
probability axioms. Since there is always uncertainty
in choosing a model class to represent a system, one
can choose a set of candidate model classes.The proba-
bility axioms then lead naturally to prior and posterior
hyper-robust predictions that combine the predictions
of all model classes in the set. The posterior probabili-
ties of the candidate model classes also give a measure
of their relative plausibility based on the data and so
can be used for model class selection.

In applications, integrals over high-dimensional
parameter spaces are usually involved that cannot
be evaluated in a straight-forward way. Useful com-
putational tools are Laplace’s method of asymp-
totic approximation and Markov Chain Monte Carlo
(MCMC) methods such as the Metropolis-Hastings,
Gibbs sampler and Hybrid Monte Carlo algorithms.
Parameter estimation, which selects just one predic-
tive model in the model class, is justified via Laplace’s
method if the class is globally identifiable based on
the data; if not, a posterior robust predictive analysis
should be performed using an MCMC method that
combines the probabilistic system predictions from
each model in the model class.
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ABSTRACT

A stochastic system-based framework for Bayesian
model updating of dynamic systems was presented
in Beck and Katafygiotis (1998). One key concept
in this framework is a stochastic system model class
which consists of probabilistic predictive input-output
models for a system together with a prior probabil-
ity distribution over this set that quantifies the initial
relative plausibility of each predictive model. Past
applications of this framework focus on model classes
which consider an uncertain prediction error as the dif-
ference between the real system output and the model
output and model it probabilistically using Jaynes’
Principle of Maximum Information Entropy.

In this paper, in addition to these model classes,
we also consider an extension of such model classes
to allow more flexibility in treating modeling uncer-
tainties when updating state space models and making
robust predictions; this is done by introducing pre-
diction errors in the state vector equation in addition
to those in the system output vector equation. The
extended model classes allow for interactions between
the model parameters and the prediction errors in both
the state vector equation and the system output equa-
tion to give more robust predictions at unobserved
DOFs. Bayesian model class selection is used to eval-
uate the posterior probability of model classes for the
comparison of the extended model classes and the
original one. To make predictions robust to model
uncertainties, Bayesian model averaging is used to

combine the predictions of these model classes. State-
of-the-art algorithms (Cheung & Beck 2007, 2008;
Ching & Chen 2007) are used to solve the com-
putational problems involved. The importance and
effectiveness of the proposed method is illustrated with
examples for robust reliability updating of structural
systems.
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Robust ground vibration predictions based on SASW tests

Mattias Schevenels, Sayed Ali Badsar, Geert Lombaert & Geert Degrande
Department of Civil Engineering, K.U. Leuven, Belgium

ABSTRACT

Ground vibrations in the built environment are an
important issue, as they cause nuisance to people,
disturbance of sensitive equipment, and damage to
buildings. They are caused by a variety of sources,
such as earthquakes, road and rail traffic, construction
activities, and industrial machinery. Several numeri-
cal methods have been developed for the prediction
of ground vibrations [1]. These methods can be used
to assess the efficiency of vibration reduction mea-
sures in new or existing situations. The soil is typically
modelled as a layered elastic halfspace. The dynamic
properties of the soil layers have to be determined by
means of in situ tests or laboratory tests.

The Spectral Analysis of Surface Waves (SASW)
test is a commonly used in situ test to determine the
dynamic shear modulus and the material damping ratio
of shallow soil layers [2]. It is based on an in situ exper-
iment where surface waves are generated by means of
a falling weight or an impact hammer. The resulting
wave field is recorded by a number of sensors at the
soil’s surface and used to determine the dispersion and
attenuation curves of the soil. An inverse problem is
finally solved to identify the corresponding soil pro-
file. However, the dispersion and attenuation curves
are insensitive to variations of the soil properties on
a small spatial scale or at a large depth. The informa-
tion on the soil properties provided by these curves is
therefore limited.As a result, the solution of the inverse
problem is non-unique: the soil profile obtained from
the inversion procedure is only one of the profiles that
fit the experimental data [3].

The present paper focuses on the impact of this non-
uniqueness on the prediction of ground vibrations.
As an example, the prediction of the vibrations due
to a hammer impact on a small surface foundation
is considered. First, a Bayesian approach is followed
to determine an ensemble of soil profiles that fit the
experimental data obtained from an SASW test. These
profiles are subsequently used in a Monte Carlo sim-
ulation for the prediction of ground vibrations. Based
on the variability of the results, the frequency range
where the SASW test allows for robust vibration pre-
dictions is determined. The methodology developed in
this paper allows for an optimization of the SASW test:
it can be used to determine the sensor configuration
that maximizes the robustness of vibration predictions
in the frequency range of interest.
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Stochastic model of tunnel concrete degrading process
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ABSTRACT

A resurgence of attention to and interest in system
identification techniques has recently been observed
among engineers in the field of structural engineer-
ing in conjunction with the rehabilitation of existing
structures possibly damaged by past earthquakes and
other loads. The load resisting capacity of these struc-
tures may also degraded due to aging. As a structure
deteriorates or approaches its design life, the exist-
ing condition may be quite different from that of the
original system. In this regard, the field of system iden-
tification has special significance in the connection
with the asset management of the existing structure.

Especially, tunnel concrete degradation has become
serious social problem since tips of concretes fell off in
concrete structures. So far, the monitoring and main-
tenance of concrete structure has been done by visual
inspections. Then, system identification techniques
must exhibit analytical stability and numerical effi-
ciency in identifying significant parameters indicative
of deteriorating process of tunnel concrete.

The present problem is the identification of the
degrading process of the tunnel concrete represented
by the Ito stochastic differential equation as follows.

where, β: the constant drift parameter, σ: the constant
volatility parameter, W1(t): the wiener process.

The maximum likelihood estimation is employed
to identify the parameters of Ito stochastic diffrential
equation based on the monitoring data from existing
tunnels. Then parameters in eq. (1) are obtained to
maximize the following criteria.

in which, p(Xt0, Xt1, · · · , XtN ): probability density
function of inspected degrading ratio and yt = ln (Xt).

Figure 1. Simulated degrading process.

Inspected data from existing tunnels in Hokkaido
Island used for the identification of Ito stochastic dif-
ferential equation. Inspection has been carried out last
several decades, such as crack width, crack length and
crack expanse of forty-five tunnels. The results sum-
marized as degrading ratio from 0.0(no damage) to
1.0(critical damage).

For example, figure 1 shows simulated degrading
process in which inspected data obtained from existing
aged tunnels indicated by symbol: �, also indicated
reproduced degrading process by Ito stochastic differ-
ential equation. The result shows the efficiency and
potential of this method.
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Stochastic analysis of vehicle trajectories in bend: Toward a risk indicator
construction
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Université Paris-Est, LEPSIS, INRETS/LCPC (Laboratoire Central des Ponts et Chaussées), Paris, France

ABSTRACT

Most of the road safety studies and research works are
based on statistics of accidents, and mainly of fatali-
ties. However, this approach has many limitations: (i)
accident on a given road section or for a given vehicle is
a rare event with a very low probability, (ii) accidents
mostly result of a series of causes including human
errors, (iii) therefore the statistics of accident are rather
poor to explain the real causes of accident related to
the infrastructures and to prevent them. Therefore, it
was decided to investigate more in details the concept
of vehicle trajectories.

Trajectories of vehicles are defined not only as
the path followed on the surface of the road, but as
realizations of stochastic process of the following type:

These trajectories constitute a good indicator of the
effective behaviours of the vehicles and drivers in their
context and in interaction with the infrastructure. They
can also reveal the use of the infrastructures by the
vehicles.

In the literature, the trajectories modeling works
are on the one hand in the geometrical model based
on the interpolation formalism, on the other hand, in
the dynamic models of vehicles which are based on
the representation in system of state of the vehicle
equations motion. Many simplifying assumptions are
carried out on these models, because the mechanical
system is complex, much of difficulties of interactions
modeling between the vehicle and the road.

This paper presents a stochastic analysis of exper-
imental trajectories in bend within a suitable mathe-
matical framework.

After a first part on proposed analysis of the prob-
lem, we define vehicle’s trajectory as a vectorial
stochastic process. Then, we used classification (or
clustering) methods on the experimental observed tra-
jectories in order to identify several families (class)
of trajectories. Afterwards, a functional filter (or dis-
tance) judiciously chosen are used to project on IR the

Figure 1. Sample of a figure caption.

set of the observed trajectories in order to get a sta-
tionary scalar process. For that, Mahalanobis distance
and Euclidean distance are used. Lastly, we character-
ize a process governing each class (the process of the
deviation to the average of each class).

This work is a precondition to the construction of an
indicator of risk. This work is supported by the French
Ministry of Transport.
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Seismic topology optimization of lifeline systems
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ABSTRACT

With the development of modern cities, lifeline sys-
tems, including water distribution, gas supply and
power networks, play more and more important roles
to urbanites’ everyday life. The investigations of many
previous earthquakes indicate that the seismic per-
formances of lifeline systems will directly determine
not only the property losses and casualties during
the disasters, but also the recovery speed afterwards.
However, nearly all of the lifeline systems suffered
serious damages during previous strong earthquakes.
For example, in 1995 Kobe earthquake, the main gas
supply network suffered extensive damages. The num-
ber of leaks or breaks was as high as 5190. As a result,
about 857,000 customers encountered gas supply stop-
page and the secondary disaster caused by fire led to
even higher losses. It took about three months for the
gas supply network to be fully recovered.

Consequently, many researchers focus on the seis-
mic reliability analysis of lifeline networks, including
elements seismic analysis and networks seismic anal-
ysis. However, it should be noted that the seismic
analysis is not the ultimate goal of lifeline engineer-
ing, whereas the analysis-based design and update is.
As lifeline systems are usually distributed as large net-
works, the network topology optimization provides a
useful tool for this purpose.

In this paper, a procedure to obtain the least-cost
topology of lifeline system is presented. Taking sys-
tem cost as the optimization objection and system
seismic reliability as the optimization constraint, a
topology optimization model is established where the
optimization parameter is network topology structure.
In order to speed up the optimization process, ele-
ment probabilistic and investment importance factor
is introduced based on recursive decomposition algo-
rithm. As solving this model is a typical combinatorial
optimization problem, three approaches, genetic algo-
rithm (GA), simulated annealing algorithm (SAA) and

simulated annealing genetic algorithm (SAGA), are
used to solve this optimization model. When GA is
used for this problem, a generation including many
genes is initially created with each gene represent-
ing a network. Then by using selection, crossover and
mutation operators, a new generation of networks is
evolved. The fitness of each gene determines whether
it will survive or not. After a number of iterations
or when some criteria are met, a near-global optimal
solution could usually be found. SAA takes a network
topology as its current solution and produce a new
solution by perturbing. If the perturbation result is an
improved solution, it is accepted and the current solu-
tion is updated accordingly. Otherwise, it can also be
accepted at a probability that is determined by the cor-
responding parameters. The perturbations and updates
repeat until some criteria are met. Replacing the muta-
tion operator in GA with perturbations and updates in
SAA, SAGA is established to solve this topology opti-
mization model. In order to compare the efficiency of
these algorithms, two fictitious and a real network are
evaluated.
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for a power transmission system
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ABSTRACT

Previous methods for assessing the vulnerability of
complex systems to intentional attacks or interdiction
have either not been adequate to deal with systems
such as electricity transmission, in which flow read-
justs in response to the interdiction, or have been
complex and computationally difficult. We propose a
relatively simple, inexpensive, and practical method
(“Max Line") for identifying promising interdiction
strategies in such systems. The method is based on a
greedy algorithm in which, at each iteration, the trans-
mission line with the highest load is interdicted. We

apply this method to sample electrical transmission
systems from the Reliability Test System developed
by the Institute of Electrical and Electronics Engineers,
and compare our method and results with those of other
proposed approaches for vulnerability assessment. We
also study the effectiveness of protecting those trans-
mission lines identified as promising candidates for
interdiction. These comparisons shed light on the rel-
ative merits of the various vulnerability assessment
methods, as well as providing insights that can help to
guide the allocation of scarce resources for defensive
investment.
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Efficient sampling techniques for seismic risk assessment of lifelines
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ABSTRACT

Seismic risk assessment of lifelines is considerably
more complicated than that of a single structure on
account of the geographical spread of lifelines. Life-
line risk assessment requires knowledge about ground-
motion intensities at multiple sites. Further, the link
between the ground-motion intensities and lifeline per-
formance is typically not available in closed form.
These complications render analytical risk assessment
tools insufficient for a probabilistic study of lifeline
performance. The current study proposes an efficient
simulation-based lifeline risk assessment framework
based on importance sampling (IS). In this framework,
‘important’ ground-motion fields are preferentially
sampled, and their impacts on lifeline performance
are studied. Important ground-motion fields are gen-
erated by preferentially sampling large magnitude
earthquakes and above-average ground motions cor-
responding to the sampled earthquakes. The study
proposes IS density functions that can be used for such
preferential sampling. The study also suggests tech-
niques that can be used to estimate the parameters of
these sampling densities.

The proposed IS framework is used to evaluate the
seismic risk of an aggregated form of the San Fran-
cisco bay area transportation network. The accuracy
of the proposed method is demonstrated by showing
that the risk estimates obtained using the IS framework
match those obtained using random Monte Carlo sim-
ulation (MCS). It is also shown that the IS approach
can produce risk estimates that are comparable in
accuracy to results from the MCS approach while
using roughly one-hundredth the number of realiza-
tions . Finally, the study shows that the uncertainties
in the ground-motion intensity and the spatial corre-
lations between ground-motion intensities at various
sites must be modeled in order to obtain unbiased
estimates of lifeline risk.
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Empirical evidence from Hurricane Katrina on the failure potential
of bridges under storm surge loading
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ABSTRACT

Susceptibility of coastal bridges to damage during
hurricane induced storm surge has been evidenced
along the Gulf Coast of the United States in 2005 and
throughout historical record. This poses a significant
threat to the safety of nation-wide transportation sys-
tems, effectiveness of post-event emergency response
and recovery activities, and socio-economic stability
further afforded by functioning transportation infras-
tructure. Moreover, effects of climate change coupled
with the locale of population growth and urbanization
will likely enhance future threats to coastal communi-
ties. This punctuates the need to quantify and under-
stand risks to bridge infrastructure from storm surge
events to inform smart development and management
of these systems. While recent research targets asso-
ciated challenges of predicting the hazard itself or
deterministically estimating bridge deck loading for
capacity-demand checks, probabilistic bridge vulner-
ability assessment has not been addressed to date.
Nationwide risk and loss assessment packages lack
any reliable input models of bridge fragility to assess
the risk to the transportation infrastructure posed by
hurricane induced storm surge. However, these tools
are essential for reliability comparisons with different
design details, consequence risk assessment, and loss
estimation.

As a first step toward the development and valida-
tion of quantitative models of bridge reliability under
storm surge loading, evidence from the 2005 Hurri-
cane Katrina is used in this paper to analyzed trends
in bridge damage and estimate failure probability
for coastal bridges. Reconnaissance following Kat-
rina revealed that 44 bridges were damaged along the
Gulf Coast in Louisiana, Mississippi, and Alabama,
where considerable storm surge elevations were suf-
fered (TCLEE, 2006; Padgett et al, 2008). Several of
the failed bridges are major water crossings having
tens to hundreds of simply supported spans, such as
the I-10 Twin spans over Lake Pontchartrain suffering
54 unseated spans and 473 shifted spans (Figure 1).
Analysis of empirical data collected following Hurri-
cane Katrina will provide the unique opportunity to

Figure 1. Bridge damage from Hurricane Katrina: (top)
US-90 Bay St. Louis Bridge in Mississippi, (bottom) I-10
Twin Spans in New Orleans, Louisiana.

develop several levels of observed statistics which can
be compared to predicted statistics in future models
and used for refinement or validation purposes.
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ABSTRACT

The impact and the extent of damage to infrastruc-
ture networks exposed to a hazard usually go beyond
the physical bounds of the event. Within this context,
this paper presents a model that combines a systems
approach with strategies for detecting “community”
structures in networks (Newman, 2004) in order to
make better estimates of the hazard impact. The pro-
posed model will assess the form (topology) of the
network in order to develop a hierarchical description
of the system. The hierarchical structure is obtained by
unraveling the system progressively following state of
the art network clustering algorithms (Van Dongen,
2000). In the proposed approach, the network per-
formance is not modeled as a result of a collection
of separate elements but rather as a dynamic hierar-
chically structured functional unit. The focus is not
only on the components but also on their interaction
and dependencies, which define the system’s emergent
properties at every level in the hierarchy. The model
allows using information more efficiently for decision
making.

The output of the model is an impact index that con-
tributes to understand better the relationship between
local and global effects. For instance, if the assessment
is taken to the upper levels, the interconnection of com-
ponents is more redundant and the emergent properties
are more complex. Then, the impact of the event on the
system is defused leading to smaller index values and
adding more elements to the set of affected nodes. The
impact index-based maps do not indicate the level of
expected damage nor the size of the threat. They indi-
cate the degree to which every part of the system if
affected as a result of the network interactions.

The model was illustrated using data obtained from
the impact of hurricane Ike in Texas in September
2008. Figure 1 presents the impact index maps devel-
oped for flooding and high wind speeds at level 2 (in
the hierarchical representation of the system). Esti-
mates of population affected and loss of productivity
are presented in the paper along with the importance
of considering network connectivity. One of the main
advantages of the model is its potential to estimate
indirect losses which are strongly related with the

Figure 1. Network impact index spatial distribution for
storm IKE considering only flooding.

emergent properties of the network (connectivity, flow,
etc.) and not to the direct physical response to the event.

REFERENCES

Newman M.E.J. 2004. Detecting community structure in
networks, Eur. Phys. J. B, 38, 321–330.

Van Dongen S. 2000, Graph Clustering by Flow Simulation.
PhD thesis, University of Utrecht, May.

485

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c60&iName=master.img-001.jpg&w=190&h=324


  



Mini Symposia (MS17) Earthquake Engineering and
Engineering Seismology



  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Study on dynamic response of slightly compressible fluid-solid
coupling system by ALE finite element method

Jingkui Zhang, Liaojun Zhang & Shuhe Wei
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ABSTRACT

At present, Arbitrary Lagrangian Eulerian (ALE) fini-
teelement method has been widely used to solve
fluid-solid coupling problems (Nakayama &Washizuk
1987, Ramasuwamy & Kawahara 1987, Texieira &
Awruch, 2005). The ALE finite element method with
alternative algorithm format was studied in literature
(Wang, 1998) and used to simulate fluid-solid cou-
pled problem in fast reactor. The dynamic problems of
flexible storage tank induced by fluid inertia and liq-
uid sloshing with free surface during earthquake were
studied based on the ALE finite element method (Liu,
1981).TheALE fractional steps finite element method
was used to analyze fluid-rigid container interaction in
Tuned Liquid Damper (Yue, 2000). These studies have
obtained remarkable achievement.

Liquid referred in fluid-solid coupling system was
usually treated as incompressible fluid in the past.
However, compressibility in so-called “incompress-
ible” fluid plays key role in some situations.For exam-
ple, when a fluid is subject to a sudden load of
disturbance and huge dynamic pressure, or the fluid
domain is enclosed by deformable boundaries,or the
propagation of a pressure wave is to be calculated, the
compressibility should be taken into consideration,
thus, the results could be exacter. Furthermore,it is
difficult to calculate low Mach number flows, such as
water and oil. So the slightly compressible fluid model
by Professor Charles C. S.Song is adopted to consider
fluid compressibility in seismic response calculation
of liquid-filled container.

Based on the continuity equation and Navier-Stokes
equation in Arbitrary Lagrangian Eulerian system, the

discretized finite element equations are obtained by
scheme of fractional steps in time domain and the
Galerkin weighted residual method in space domain.
Taking fluid-solid coupling condition into account,
this paper establishes coupled finite element equations
of coupling system solved by iteration method, thus,
newALE fractional steps finite element method which
could solve nonlinear slightly compressible fluid-solid
coupling system is presented in this paper.
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Sensitivity study on the seismic performance of container cranes
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ABSTRACT

Past earthquakes have shown that container cranes
are vulnerable to damage due to seismic loading
(Kanayama et al. 1998). This study aims to identify
some of the key parameters which negatively affect
the seismic response of jumbo container cranes. For
a representative jumbo crane, as shown in Figure 1,
a deterministic sensitivity study is used in which the
probability distributions of uncertain input parameters
are assumed. This study employs a tornado diagram
approach (Porter et. al 2002), in which the “swing,” or
relative importance of each input parameter, is ranked
and graphically depicted.The input parameters chosen
for this study are the ground motion profile, earth-
quake intensity in terms of spectral acceleration at
the fundamental mode, mass, structural strength and
stiffness, damping, and boundary condition friction
coefficient.

The importance of each parameter is quantified
based on the difference between evaluations of the
engineering demand parameter at the lower and upper
bounds of each parameter. A ductility capacity-based
damage index is chosen as the engineering demand
parameter, which is calculated from dynamic nonlin-
ear time history analyses of a detailed finite element
model. Results are reported graphically in Figure 2.

It is found that ground motion uncertainties are sig-
nificantly more influential than the structural proper-
ties considered, and that an idealistic boundary model
is sufficient. The results suggest the need for improved
understanding of the ground motion characteristics,
and for the development of performance-based design

Figure 1. Geometry of a representative jumbo container
crane, courtesy of Liftech, Inc.

Figure 2. Results of the sensitivity study. The figure, called
a tornado diagram, shows how the damage index is affected
by variations in the input parameters. The swing of the dam-
age index for a given parameter is represented by the damage
index calculated at its lower (10th percentile) and upper
(90th percentile) bounds. Parameters are shown in decreasing
importance. The vertical line at Ds = 0.40 gives the damage
index when all parameters are taken at their 50th percentile
values.

criteria that take advantage of an ultimate ductility
evaluation procedure.
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Nonlinear analysis of reinforced concrete frames, utilizing
new joint element
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ABSTRACT

In this paper a new method for nonlinear analysis of
two dimensional reinforced concrete frames is pro-
posed. Each frame is divided into two types of joint and
beam-column elements. The effect of bond-slip is con-
sidered in the formulation of beam-column element.
The formulation is based on displacement method
and derives from the principle of stationary potential
energy (Fig. 1). Joint elements are formulated upon
major behaviors including Pull-out of embedded lon-
gitudinal bars, shear and flexural deformation of joint
panel and shear-slip in interface section between joint
and neighboring element. Four types of joint elements
have been generated depend on their position in the
frame as an exterior, corner, interior or footing con-
nection and are illustrated in Figure 2. Each element
type has been modeled based on major behaviors of
that through the combination of one or more defined
mechanisms and sub-elements. The sub-elements are:
a concrete and a reinforced concrete thick beam. In
which the effects of shear and flexural deformations
has been considered based on Timoshenko beam the-
ory. The two considered mechanisms are: Pull-out of
beam or column longitudinal bars embedded in the
joint, and shear-transfer at the side of joint. The num-
ber of degrees of freedom in each side of joint element
is compatible with the degrees of freedom in the ends
of beam-column elements that are in the neighbor-
ing of the joint element. Finally, the reliability of the
proposed numerical method is assessed through the
comparison of experimental and analytical results.

Figure 1. Reinforced concrete beam-column element.

Figure 2. Joint element types.
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Study on probabilistic earthquake hazard analysis
applying the fault rupture model

T. Kagawa
Tottori University Graduate School of Engineering, Tottori, Japan

ABSTRACT

The fault rupture model is applied to probabilistic
earthquake hazard analysis of back ground seismicity
for introducing effect of source condition. Empirical
attenuation formulae are generally used for the pur-
pose, because the methods give average characteristics
of ground motion; e.g. PGA, PGV quickly with empir-
ical uncertainties. However the uncertainties contain
source dependent randomness and fluctuations caused
by path and site effects without separation. From recent
earthquakes, we have learned that source condition;
e.g. locations of asperities and rupture starting point,
results large variation on ground motions particularly
in near source region. Ground motions estimated by
the fault rupture model naturally include the effect of
source condition. And remarkable advantage of fault
rupture model is generation of waveform from which
we can estimate any characteristics of ground motion.
Applying the fault rupture model, we expect that we
can estimate more natural earthquake hazard from
background seismicity than estimation by empirical
method.

Thousands of fault rupture models are randomly
generated based on the recipe (Irikura et al. 2004)
introducing variations of strike and dip angles, fault
rupture and asperity areas, stress drop, rupture veloc-
ity, rupture duration, locations of asperities and rupture
starting point and so on.The fault models are generated
around a target site with variable magnitudes (Mw 5.5–
7.0) and corresponding fault lengths. The faults exist
inside the circle with 50km radius from the target site.
Amount of earthquakes with individual magnitude is
controlled by introducing b-value.

Strong ground motions from the models are cal-
culated by using stochastic Green’s function method
(Kagawa 2004) with considering frequency dependent
radiation pattern and response of layered structure.
Minimum shear wave velocity of supposed layered
structure is 350 m/s. Peak ground accelerations of the
resulting ground motions are distributed between 20
to 940 cm/s2. Response spectra of calculated ground
motions are successfully compared with those by an
empirical attenuation technique (Abrahamson & Silva
1997) especially in short period range. However, in

Figure 1. Comparison of response spectra by the fault rup-
ture model (back gray lines) and those by empirical method
with uncertainty (dense lines and dashes).

period range longer than one second, ground motions
by the proposed method have larger variation than
empirical method because of rupture directivity effect
(see Figure 1).

The advantage and disadvantage for applying fault
rupture model to probabilistic earthquake hazard anal-
ysis are discussed using the data base of calculated
ground motions.
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ABSTRACT

Around the K-NET Anamizu site, some residences
are damaged during the 2007 Noto Hanto Earthquake,
Japan. Hayashi et al. [2007] reported relations between
the residences damages and the subsurface structure
estimated from surface-wave survey and so on. The
subsoil boundary of estimated velocity structure is
expected to become clear by applying shallow S-
wave seismic reflection survey.We develop the seismic
reflection survey system to reduce the survey costs by
devising equipment and materials.

Shallow S-wave seismic reflection survey is per-
formed in Omachi West Children’s Park where K-NET
Anamizu site is located. Total profile length is 40 m
from south to north and 10 m from west to east.
The number of participants is two. S-wave source is
excited by a wooden hammer stroke on one side of
a wooden placed perpendicular to the seismic line.
The signal is enhanced through 10 times stacks of the
hammer stroke on both sides. 24 geophones of natu-
ral frequency of 28 Hz receive the excited horizontal
ground motions. Each receiver observes one compo-
nent. Data logger (ES-3000) in this survey supports
only 8 channel data sets. To use 24 receivers, three
sets of observations with 8 receivers at same source
point are conducted. To select 8 receivers as one set
easily, we made a switch box (see Figure 1). Receiver
interval is set to be 1.0 m.

Figure 1. Survey system.

Figure 2. 3D time section.

After data processing, we estimated the 3D time
section profile. The shallow S-wave seismic reflection
survey gives detailed structures of the surface layers
shallower than 20 m (see Figure 2).

In addition, this survey also observed waveforms in
Line L among 0 m–24 m. To calculate the theoretical
travel time of refraction waves, we conducted a mod-
eling of simple two-layer structure and comparing to
the theoretical refracted travel time.
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A theoretical relation is presented between the seis-
mological Fourier amplitude spectrum and the mean
squared value of the elastic response which is defined
by a Gaussian distribution (Newland, 1975). By shift-
ing a general process to its mean value, spectrum of
the mean squared value of the displacement is com-
puted from the Fourier amplitude spectrum and the
real part of the relative displacement transfer func-
tion of the single-degree-of-freedom elastic oscillator
(Brune 1970, Boore 2003):

In which |HD(ω; ωn, ζ)| is real part of the relative dis-
placement transform, SYY (ω) and SAA(ω) are the power
spectral density functions of the output process and
input ground motion respectively. The power spectral
density of input ground motion is defined as:

Where F(ω) is Fourier spectrum of a ground motion
acceleration and T is earthquake ground motion dura-
tion. In fact, the amplitude Fourier spectrum has
been, so far, the most widely used from of spec-
ifying ground-motion characteristics in engineering
seismology. Brune (1970) assumes that the far-field
accelerations on an elastic half space are band-
limited, finite-duration, white Gaussian noise, and that
the sources spectra are described by single corner-
frequency model which corner frequency depend on
earthquake size. The Fourier amplitude spectrum,
F(ω), used in a seismological model (Nigam, 1983)
can be broken into contributions from earthquake
source model, and typical geometric, anelastic whole
path and upper crust attenuation, and site functions, so
that:

Where C is a scaling factor, E(ω) is source spectrum,
G is the geometric attenuation factor. The An(ω) fac-
tor, by definition, includes all the losses which have

not been accounted for by the geometrical attenuation
factor. The attenuation, or diminution, operator P(ω)
in Equation (3) accounts for the path independent loss
of high-frequency in the ground motions. A(ω) is the
upper crust amplification factor and it is a function of
shear-wave velocity vs. depth.

Variations in moment magnitude, focal distance,
geometric and material attenuation relations, and site
condition affect the uncertainty in structural response.
In order to study the stochastic response, these varia-
tions were modeled as random variables. The Monte
Carlo method, which it uses randomly generated sam-
ples of the input variables for estimating response, is
used to evaluate the mean and variance of displace-
ment.

The relative contributions of variance in random
variables to the variance in the maximum structural
response are demonstrated. The results reveal that
magnitude, focal distance and site amplification are
the main sources of uncertainty affecting the proba-
bilistic the mean squared value of the displacement of
the structures. The contributions of focal distance in
near distances are smaller than that for far distances.
The amplification for very hard rock is substantially
below those for generic rock site and the site effect
amplification in generic rock is more important than
very hard rock.
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Seismic reliability analysis of corrosive pipelines
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ABSTRACT

Buried pipelines are commonly used in many lifeline
engineering systems, such as water distribution, gas
and oil supply systems. Due to the possible serious
consequence of lifeline system failure, the pipeline
performance under earthquake has been intensively
studied. During recent decades, many approaches
have been presented to predict the pipeline seismic
response, such as elastic foundation beam approach,
shell model, finite element method, and so on.
Although so many methods have been proposed, none
of above studies has ever considered the effect of cor-
rosion on pipeline. However, the pipeline with serious
corrosion will generally suffer more significant dam-
ages under earthquake than those with no corrosion
or slight corrosion. Investigations show that almost
half of buried pipelines are made of metals, which
might be corroded gradually by the soil around them
or the materials conveyed inside them during working
time. As the result, the seismic reliability of pipeline
decreases gradually as the working time increases.

Therefore, in order to accurately evaluate the
pipeline performance under earthquake, corrosion
could not be ignored. However, because of the uncer-
tainty of the soil around pipeline and the materials con-
veyed inside pipeline, the pipeline corrosion should
been stochastically described. In this paper, homoge-
neous Markov process is used to simulate the corrosion
occurrence of pipeline. Combining with linear cor-
rosion development model, i.e. the corrosion width
and depth are the linear functions of time interval, the
probability density evolution of pipeline area corro-
sion percentage as in-service time increases is derived.
Also, elastic foundation beam model is employed to
express the pipeline seismic displacement and stress as
a function of pipeline area which is viewed as basic ran-
dom variable. Combining with the free boundary and

the continuity of displacement and axial force at the
interface between adjacent pipe segments, a equation
set is established to evaluate the uncertain constants
in seismic response expression. As random variables
exist in the equation set, random perturbation approach
is employed to solve this equation set and the mean and
variance of the pipeline seismic response are given.
Based on Chinese code for gas pipeline, a limit state
equation about the corrosive pipeline under earthquake
is established. First order method is employed to cal-
culate the seismic reliability of corrosive pipeline. In
order to validate the proposed approach, a 200-meter
long pipeline is investigated in detail. The results indi-
cate that the proposed corrosion model can efficiently
simulate the area evolution of buried pipeline with
the increase of the working time. Also, the seismic
reliability of an actual network located in China is
given.
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Decision of the optimal interval check time of deterioration
structure system
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ABSTRACT

Functions of a constructed project will deteriorate as
time goes by and its failure probability increases. Dur-
ing the operation, normal operation state goes into
abnormal state and then malfunction. If maintenance is
not performed, normal function would be affected and
finally used performance would even be lost totally
till some point. To avoid that, repair and maintenance
are necessary in order to improve the structure’s per-
formance and prolong its used life. Therefore, timely
examination is needed for constructed and operating
projects to find out potential problems as early as
possible and avoid possible hazards. However, if the
interval check time is too long, the structure would
stay in malfunction for a long time which would defi-
nitely affect its function and cause unnecessary loss. If
the interval check time is too short, the repair time and
cost are increased while the structure’s inherent relia-
bility is affected. Thus, to find out the optimal interval
check time becomes necessary.

Traditional method of determining the mainte-
nance time of a structure is to consider it as a non-
deterioration system. Actually, the whole life-cycle
of structures fits the characteristics of deterioration
system, so establishing the maintenance strategy of
deterioration system has a significant engineering
meaning.

Based on previous researches at home and abroad,
this paper takes project structures as deterioration sys-
tem. By combing the reliability theory with structure
usability, the maintenance strategy which takes min-
imum cost in life circle as the objected function is
established to determine structures’ optimal interval
check time.

Take the Heihushan Reservoir Dam in Qingzhou,
Shandong Province for example. Based on the reliabil-
ity theory, the reservoir dam’s stability against sliding,
overtopping functions and the objected function are
established.

The objective function takes check availability p
and interval check time τ as independent variables.
Figure 1 is the relationship curve of them.

Figure 1. Relation of cost and check availability, interval
check time.

As the Fig. 1 that when check availability is certain,
the shorter the interval check time is, the more cost
it takes, that is, check frequency increases check cost.
For the same interval check time, more detailed check
costs more. Based on the least cost, there is one opti-
mal interval check time τopt corresponding to different
check availability.

To conclude, the method in this paper can be applied
to other fields, like the maintenance time decision
of mechanical facilities,military facilities and other
projects.
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Time-dependent reliability analysis using finite difference
method in the framework of directional simulation

M.R. Moarefzadeh
Civil Engineering Department, Imam Hossein University, Tehran, Iran

ABSTRACT

Time dependent reliability analysis normally requires
the initial probability of failure (the probability
of structural failure at t = 0) and the out-crossing
rate both to be known. While the first is usu-
ally estimated by the use of well-established tech-
niques (i.e. First/Second Order Reliability Methods,
FORM/SORM, or simulation), the latter needs more
sophisticated approaches in which time plays a sig-
nificant role. Different precise solutions have been
given in the literature to treat varieties of problems the
structural reliability analysis is being involved (i.e. for
example see Melchers, 1999 and Ditlevsen & Madsen,
2005). They, however, restrain to many constraints
which impose limitations for their implementation. For
example, stationarity and Gaussianity of the involv-
ing stochastic processes and linearity of the existing
limit state functions are of usual provisions which are
required for the close-form solutions to be directly
used. Even-though a large amount of efforts have been
made in recent years to relax the limitations and to give
more general solutions, still better and less sophisti-
cated techniques are desired. One of the efforts carried
out recently to propose a more convenient treatment
of time-dependent reliability problem is to use a par-
allel system reliability formulation for computing the
out-crossing rate by the use of basic time-invariant reli-
ability means such as FORM/SORM methods. This
idea was first presented by Hegan and Vdeit (1991)
and then more developed by many others. One of the
efforts made in this area is the method so-called PHI2
(due to Andrieu-Renaud et.al; 2004). In this method,
the time-parameter is only considered in the compu-
tations indirectly and also, by dividing the structural
life-time into some time-increments (within which
the involving processes may be seen stationary), non-
stationary problems could also be taken into account.

Despite its considerable abilities, the method is mostly
dependent to the time-increment (i.e. �t) taken in the
analysis. This is the major drawback from the original
work noted above. Further, since the method uses the
conventional FORM method, it involves all undesired
limitations originated in this method (e.g. need to work
in the standard Gaussian space rather than original
space, need to have almost linear limit state functions
and also need to use techniques such as bounds to
evaluate structural system reliability).

In this paper attempt is made to use the main idea
given above, but, in the space of X(t) − Ẋ(t) (i.e.
instead of the space X(t) − X(t + �t)). This makes
the analysis to be almost independent from the value
of �t, taken to carry out the analysis. The idea is
applied first to the PHI2 method and then is used in the
framework of directional simulation. The latter appli-
cation enables the analysis to achieve more precise
results when the limit state(s) are highly nonlinear and
also relaxes the requirement to transform the original
existing space to equivalent standard normal space.
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Time variant analysis of structural reliability – numerical
comparison of various approaches

M. Sykora
Klokner Institute, Czech Technical University in Prague, Prague, Czech Republic

ABSTRACT

Civil engineering structures are often exposed to
combinations of time-variant loads. In probabilistic
reliability analysis, random load fluctuations within
a working life may be described by rectangular
wave renewal processes with intermittencies. It was
indicated by Rackwitz (1998), Melchers (1995) and
Sykora (2005) that the renewal processes provide a
simple model with a relatively small number of input
parameters.

Since closed-form solutions of the failure probabil-
ity related to the working life are available for trivial
cases only and simulation-based computations may
be cumbersome, bounds on the failure probability are
commonly used to estimate a reliability level. In par-
ticular an upper bound on the failure probability is of
a great importance in practical applications.

The present paper is aimed at comparison of various
techniques proposed by Rackwitz (1998), Melchers
(1995) and Sykora (2005). In addition estimates based
on the rule byTurkstra (1970) are also provided. Differ-
ences among the approaches are briefly discussed and
reliability of simple structural members and structures
is then analyzed.

It follows that the upper bound by Rackwitz (1998)
and its modification by Sykora (2005) yield nearly
the same results for always present processes. Con-
siderably lower estimates of the failure probability are

Figure 1. Variation of the reliability index with probability
of “on” – state of the leading action.

Table 1. Reliability index β.

Technique Study A Study B

Melchers (1995) 2.36 1.42
Sykora (2005) 2.28 1.33
Turkstra’s rule 2.58 1.63
“Exact” solution 2.45 1.50

obtained for spike-like processes using the bound by
Rackwitz (1998) as shown in Figure 1.

Other numerical studies (see Table 1) indicate that
results based on the technique by Melchers (1995) are
in a good agreement with those obtained using the
bound by Sykora (2005). Turkstra’s rule (1970) leads
to similar results as the techniques by Melchers (1995)
and Sykora (2005) and seems to provide sufficiently
accurate estimates of the failure probability for civil
engineering applications.

It is, however, emphasized that these conclusions
are indicative only and more numerical studies are
needed to generalize these findings. In particular
future research should be focused on further compar-
isons of the techniques by Melchers (1995) and Sykora
(2005) with Turkstra’s rule that is of a great practical
importance due to its simplicity.
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Stochastic fatigue lifetime computation: Evaluation by
polynomial chaos and resampling
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CETIM, SENLIS, France
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ABSTRACT

The estimation of fatigue lifetime is critical in the
industry in order to assess and verify safety margins.
In reliability analysis, the failure criterion is defined as
a limit state function which depends on random inputs
and response quantities. Using stochastic finite ele-
ments, the response quantity can be written as series
expansion which allows an approximation of the limit
state function. Resampling techniques are a tool to
explore database and to compute confidence intervals
which are applied to reliability analysis in the context
of fatigue lifetime computation. Fatigue is a random
process in essence. The randomness comes from the
loading process and the fatigue resistance of mate-
rial. Monte Carlo simulation methods are commonly
used to solve this kind of problems. Even if these
methods have strong advantages, they usually become
computer time-consuming as the complexity and the
size of the embedded deterministic models increase.
In order to find an alternative to Monte Carlo simula-
tions, the so called Stochastic Finite Element Method

Figure 1. Bogie – Representation of the probability density
function of g.

Table 1. Reliability index and its confidence interval for a
fatigue limit at 106 cycles and 500 experiments.

Chaos order
3

β Lo. bound Estimation Up. bound
1,0408 1,0841 1,1274

4

β Lo. bound Estimation Up. bound
1,0420 1,0655 1,0890

has been developed. The response is expanded onto
a particular basis of the probability space called the
polynomial chaos. The polynomial chaos can be seen
as a response surface. On that account, it is build from
a design of experiments containing more or less data
(depends on the case study). But, in the industry, new
data can be very expensive to obtain.The use of resam-
pling techniques permits to explore and evaluate the
variability of results without new computations (using
bootstrap methods): taking the initial design of exper-
iments into account, the validity of the results can be
checked. Confidence intervals are applied to reliability
analysis in the context of fatigue lifetime computation
which leads to a resampling polynomial chaos method
(RPCM). The method is illustrated on the calculation
of the fatigue life of a bogie support fixing.
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Reliability analysis of structures considering resistance
deterioration over time

Wei-Qiu Zhong, Zhi-Wei Zhang & Li-Yuan Xie
School of Civil and Hydraulic Engineering, Dalian University of Technology, Dalian, China

ABSTRACT

Structural resistance changes greatly over time in
adverse environment, such as chemical environment
and ocean environment. Reliability analysis consid-
ering structural resistance change over time is very
complex. In the current Chinese building codes, struc-
tural resistance change over time is not considered
(Zhao, Jin & Gong 2000). In reference (Gong & Zhao
1998), a reliability analysis method considering resis-
tance change over time is given. In the context, it
is called the equal resistance method. In the present
paper, the minimum resistance method is presented
and compared with the other methods. The mini-
mum resistance method is simple in computation and
intuitive in concept.

Based on the method of current Chinese building
codes, it is known that

Z is the performance function and can be solved by
first order second moment method.

In reference (Gong & Zhao 1998), the current relia-
bility calculation method was improved and resistance
change over time was considered. By discrete resis-
tance R(t), the equal structural performance function
considering resistance change over time is achieved.

where Req is the structural equal resistance and can be
expressed by

In the minimum resistance method, resistance change
over time is considered either.The minimum resistance
value in design working life is adopted to calculate the
reliability index. In many cases, this point is also the
ending point in design working life.

Figure 1. Different resistance at different time adopted by
the three methods respectively.

In the minimum resistance method, the minimum
value of resistance fading function R(t) in [0,T ] which
is the terminal point value of resistance in design
working life in many cases is considered only. Sub-
section summation or integration is not needed and the
method is conservative, simple in calculation, intuitive
in concept and compatible with the current building
codes.
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An investigation on dynamics of large scale induced draft fan installation
system using finite element method

Kishore K Rathore, Sanjeev Srivastava & R.L. Deshmukh
Aditya Birla Group, Grasim Industries Ltd (Cement Business), Technology & Research Centre, Mumbai, India

ABSTRACT

Over the past decade, the capacities of large process
machinery have increased substantially. Subsequently,
the concrete structures and pedestals sup-porting these
units are becoming taller and larger - resisting higher
static and dynamic loads. Moreover, in industrial
plants such as, cement, refineries, chemical plants, gas
plants and power plants, it is normal practice to sup-
port multiple machines on a common platform due to
space limitations. For this case, the effect of interaction
between units on dynamic responses can be signifi-
cant and should be considered in the design. Dynamic
response has been recognized as one of the significant
factors affecting the service life & safety of structure
in any process industry. The unacceptable dynamic
response in a form of large displacement results in
fatigue deterioration and can override any cost effi-
ciency of these systems because of the increased main-
tenance cost & rehabilitation. Ever since centrifugal
fans have been manufactured they have been subject to
vibration related problems. Of these, problem related
to resonance predominant. Resonance problems are
often two fold on large fan assemblies. The first com-
ponent that has to be addressed is critical speeds. Most
fans are designed to operate below first critical speed.
If a fan operates above first critical speed then careful
attention has to be paid to vibration levels as the fan
accelerates up to operating speed and, more impor-
tantly, coasts down to a stop from operating speed.
Excessive levels of vibration while passing through a
critical speed can lead to severe damage.

The second factor, structural resonance, can be
much more challenging to predict. If a fan system oper-
ates at a structural resonance point that is not corrected
it can lead to component and/or system failures. Proper
machinery installation is a fundamental element of
high equipment reliability and low life cycle cost. Con-
versely, improper installation ensures machinery will
become a chronic source of downtime, poor product,
quality, reduced capacity and high cost. Thus, accu-
rate predictions of critical speeds whirl responses and
modal characteristics both for the rotor and foundation
system are necessary for safe & efficient operations.

In cement plant huge chunks of limestone are
crushed & milled to a fine powder blended with other
raw materials & eventually moved into a huge rotary
kiln. The draft fan draws out hot gas off the rotary kiln
& preheat cyclone tower before sending the dust laden
air into the bag house for removal of particulates. The
operator reported based on the monitored vibration
levels at the bearings that the system approaches the
maximum vibration trip level set for this installation
when operated at or above 850rpm. An initial percep-
tion was that the excessive vibration was caused by a
rotor imbalance perhaps from uneven buildup of debris
on the impeller blades. However, after a routine main-
tenance and cleaning of the fan the problem persisted
even in the absence of significant build up of coating
on the impeller blades.

Currently, the traditional approach of cut-and-try in
the design phase and physical model testing is being
replaced by the finite element analysis. However, lit-
erature relating the physical observations from the test
rig through condition monitoring to approximations
from virtual testing with Finite ElementAnalyses tech-
niques and on planning the strategies for simulating the
physical testing with perfection is rare.

This work is dedicated to development of a con-
venient & reliable analysis methodology using a finite
element technique that can accurately predict the static
& dynamic response of the system. The paper demon-
strates the used methodology on a large scale induced
draft fan installation system of a cement process indus-
try. A substructure procedure, wherein the overall sys-
tem of a fan is divided into subsystems, namely, rotor,
the foundation (base frame, pedestal and concrete
foundation) and the dampers are addressed using soft-
ware ANSYS. The work scope includes determination
of the vibration characteristics of a fan system under
different operating and design conditions. Dynamic
analysis of rotor and its supporting structure are dis-
cussed. The effects of mass load on the base frame for
rotating machinery in avoiding resonance have been
emphasized through several numerical design itera-
tions. Simulation results are validated with the field
test data and are observed in good agreement.
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Characteristics of performance-based design specifications of JSCE for steel
and composite structures

T. Yoda
Waseda University, Tokyo, Japan

ABSTRACT

A new performance-based design specification for
steel and composite structures has been developed by
the Japan Society of Civil Engineers. The new design
specification is based mainly on the recent researches
and developments in the field of steel and compos-
ite structures.The performance-based design specifies
the performances required for structures and verifica-
tion of whether or not the required performances are
satisfied, by using the appropriate verification indices.

Important thing is what required performances are
to be set for the structure, which leads to the charac-
teristics of the design specifications. The safety and
serviceability are performances common to almost all
the design specifications while others are roughly clas-
sified into the durability, restorability, environmen-
tal compatibility, constructability and maintainability,
and economy, although such classifications are not
universally employed in design specifications.

Selection of design values in a limit state design and
assurance of appropriate levels of structural reliability
are important tasks made by code writers. The statisti-
cal basis of the present design format is the use of the
low values of resistance population and the high val-
ues of action as design values with the help of partial
factors, in which a large volume of good quality data
play a key role in the determination of design values
related either to resistance or to action.

The purpose of the present paper is to demonstrate
the ongoing activities concerning a performance-
based design specification for steel structures in Japan
from the view point of probability–based limit state

Table 1. Level of structural analyses.

Level Verification Check Structural Analysis

Action Level γd Pd ≤ Pu Nonlinear Frame Analysis
(Structure Level) (γd : System Reduction Factor) Nonlinear FEA
Stress Resultant Level γi

Sd
Rd

≤ 1 Linear Analysis
(Member Level) (γi: Capacity Reduction Factor)
Stress Level σmax ≤ σu/γs Linear FEA
(Structural Detail Level) (γs: Strength Reduction Factor)

design methodology. Emphasis is given to the method
for determining design values of resistance and appro-
priate levels of structural reliability, by the reason that
available statistical information on resistance is limited
at present and that the failure probability is sensitive to
the tail of distributions. Happily, however, the present
design format is similar to most of conventional design
rules, and existing statistical information on resistance
can be easily incorporated in the selection of design
values to attain consistent failure probability. With this
format, gradual transition will be an easy task to arrive
at an improved design rule in the sense of consistent
reliability.

The main verification check is based on the linear
analysis in the member level as shown in Table 1. The
new design specifications opens up the opportunity
for new, more accurate structural analyses. The more
powerful and more accurate structural analyses will
become readily available in the form of reliable com-
mercial software packages, resulting in the possibility
of introducing new materials and new structural forms.
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Assessment of vibration serviceability for bridge using
artificial wheel load

Sang-Hyo Kim, Kwang-Il Cho, Moon-Seock Choi & Ji-Young Lim
Yonsei University, Seoul, Korea

ABSTRACT

A recent trend of designing the infrastructures in
advanced countries including the United States, Japan
and Europe is the expansion of considerations from
involving only the life safety and the economic fea-
sibility of construction to involving in addition per-
formance levels for various interests. Among the
vast range of lists on the performance needed for
a structure, the vibration serviceability is one of
the principle elements in that it affects the users in
direct ways.

For the assessment of vibration serviceability, it
is desirable to analyze with simple load models for
the convenience of engineers. In the previous study,
a generation method of artificial wheel load has been
developed based on a PSD function from stationary
stochastic process. The artificial wheel load enables a
simpler procedure for engineers to perform a dynamic
analysis of a bridge under running vehicles. Specific
procedure to apply artificial wheel load using PSD
function can be shown in Kim et al., (2009)..

The vibration serviceability of a bridge is assessed
by applying certain evaluation criteria.Among existing
serviceability criteria, Reiher-Meister curve (Reiher
and Meister, 1931) and ISO 2631 (ISO 1997), BS
6841 (BSI 1987) are applied in this study for the
assessment of vibration serviceability of a bridge. A
five-span continuous steel box girder bridge consid-
ered for the evaluation of validity through dynamic
analyses using the moving vehicle model (real wheel
load) and the artificial wheel load. For all serviceabil-
ity criteria, the serviceability assessment via artificial
wheel load showed more conservative result than one
from moving vehicle model. Figure 1 shows the result
of each criterion. Because of limited space, service-
ability result from Reiher-Meister curve is showed
only for road roughness A. For figure 1-(b), WRMS
stands for weighted root mean square and WRMQ
stands for weighted root mean quad.

Figure 1. Serviceability assessment result using various
evaluation criteria
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Estimation of load combination factors based on Monte
Carlo simulations

T. Sugiyama
University of Yamanashi, Kofu, Japan

ABSTRACT

Quantitative estimation of the load combination fac-
tors for highway steel bridges under the combina-
tion with environmental or accidental loads based
on Monte Carlo simulation method has been made.
Respective load effects are expressed by the rectangu-
lar wave model whose occurrence on time-axis, inten-
sity and duration time are taken as random variables.

Table 1. Proposed load combination factor values

Obtained load factors for several load combina-
tion cases have been tabulated as shown in Table 1
so as to be put into practical use. According to the
results obtained here, the values of increment factor
for allowable stress under the combination with envi-
ronmental loads adopted in the current design code
for steel highway bridges in Japan are not necessarily
inappropriate from the probabilistic viewpoint except
for earthquake.
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Reduction of design live load for bridges by controlling the heavy traffics
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ABSTRACT

A recent trend of designing the infrastructures in advanced
countries is the expansion of considerations from involv-
ing only the structural safety and the economic feasibility
of construction to involving in addition performance lev-
els for various interests. For this reason, the performance-
based design of structure is the design concept that does
not always follows the prescribed design criterion sug-
gested by design specifications but uses suitable values
which may rational to the specified structure.

In the case of bridge structures, it is irrational to use
the same live load model without considering the practical
traffic condition. In fact, some bridges are suffering safety
problems because of frequent passage of heavy traffics.

In this study, a traffic control system using weigh-
in-motion(WIM) sensors is introduced to control heavy
vehicles passing through a bridge. This system is simply
filters over-weighted vehicles which are restricted to enter
bridge and controls the heavy vehicle to enter bridge more
rationally. To simulate this system, vehicle data including

Table 1. Results of maximum load effect analysis without
any traffic control (95% maximum).

Heavy traffic Heavy traffic
composition rate: 25% composition rate: 40%

Span
Length Daily Annual Daily Annual
(m) Maximum Maximum Maximum Maximum

30 0.7228 1.0811 0.8302 1.1108
50 0.8641 1.1334 0.9925 1.1646
100 0.5370 0.7340 0.6168 0.7541
150 0.4408 0.5926 0.5063 0.6089

Table 2. Result of maximum load effect analysis with proposed traffic control system (95% maximum).

Heavy traffic composition rate: 25% Heavy traffic composition rate: 40%

Span Daily Maximum Annual Maximum Daily Maximum Annual Maximum
Length (m) (Decrement %) (Decrement %) (Decrement %) (Decrement %)

30 0.4896 0.8664 0.5013 0.8785
50 0.4749 0.8544 0.4862 0.8663
100 0.3687 0.5618 0.3776 0.5696
150 0.2856 0.4809 0.2925 0.4876

their running patterns and load characteristics is deter-
mined based on their probabilistic model, based on Kim
et al., (1991)’s research.

To simulate the proposed traffic control system, fol-
lowing procedure is proposed.

1) Randomly produce an array of vehicles.
2) Perceive heavy traffic on ahead.
3) Let the following heavy traffic to enter suitable posi-

tion.
4) After step 3) is finished, the simulator will perceive

next heavy traffic.

To verify the effectiveness of proposed traffic control
system, maximum load effect analysis for daily traffic vol-
ume and annual traffic volume is performed using simply
supported girder bridge. Four bridges are prepared for
this analysis with different span length. Type-I Gumbel
distribution is used for analysis.

The analysis results are shown in Table 1 and 2. The
unit of load effects in table 1 and 2 is standardized unit
where specified live load for DB-24 or DL-24(Korean
ministry of land, transport and maritime affairs, 2005) is
assumed as 1. As shown in the tables, the maximum load
effect is decreased when proposed traffic control system
is activated.
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Approximate calculation method for integral of mean square value of
nonstationary random response

S. Aoki & A. Fukano
Tokyo Metropolitan College of Industrial Technology, Tokyo, Japan

The response of the structure subjected to nonsta-
tionary random process such as earthquake excitation
is nonstationary random process. Mean square value
of the response is one of the representative values
which describe the statistical characteristics of the
response. Mean square value of the response is related
to energy. Energy of the response is used to evaluate
absorbed energy and cumulative damage of the struc-
ture. Calculating method for mean square value of the
nonstationary random response is complicated. Then,
some approximate methods are presented.

In this paper, an approximate method to calculate
integral of mean square value of the nonstationary
random response using mean square value of sta-
tionary random response is proposed. Nonstationary
random excitation is assumed to be product of sta-
tionary random process and envelop function. The
envelop function represents nonstationary amplitude
characteristic of excitation. Mean square value of
nonstationary random response is approximated as
product of mean square value of stationary random
response and square of envelop function. Integral of
mean square values with respect to time form 0 to
infinity are obtained. As an analytical model of the
structure, a single-degree-of-freedom system is used.

First, the nonstationary random excitation is given
by multiplying stationary white noise by envelop func-
tion in order to examine the fundamental effectiveness
of the proposed method. In this case, the dynamic
characteristics of the ground are not considered. Exact
value of integral of mean square value of the response
is obtained from autocorrelation function. Approxi-
mate values of integral of displacement response and
velocity response are obtained for some values of the
damping ratio ζ and the natural period Tn of the struc-
ture and compared with exact values. It is shown that
the proposed method gives exact values of integral
of mean square value of the response. Table 1 shows
results for some values of the damping ratio.

Second, the nonstationary random excitation is
given by multiplying stationary filtered white noise
by envelop function. In this case, the dynamic char-
acteristics of the ground are considered. As ground
model, Tajimi model is used. Exact value of integral

Table 1. Integral of mean square value of response
(Tn = 0.5 s).

Displacement (m2·s) Velocity (m2/s2·s)

ζ Exact Approximate Exact Approximate

0.01 8.44 × 10−1 8.44 × 10−1 1.33 × 102 1.33 × 102

0.02 4.22 × 10−1 4.22 × 10−1 6.65 × 10 6.67 × 10
0.05 1.69 × 10−1 1.69 × 10−1 2.65 × 10 2.67 × 10
0.10 8.44 × 10−2 8.44 × 10−2 1.31 × 10 1.33 × 10

of mean square value of the response is obtained from
the moment equations. Approximate values of integral
are obtained for some values of the damping ratio and
the natural period of the structure and the dynamic
characteristics of the ground and compared with exact
values. It is shown that the proposed method gives
exact values of integral of mean square value of the
response.

An approximate method to calculate integral of
mean square value of the nonstationary random
response using mean square value of stationary ran-
dom response is proposed. Mean square values of
stationary random process for abovementioned sys-
tems are given as formula. The proposed method is
a practical method to obtain integral of mean square
value of nonstationary random response.
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A spectral approach for the analysis of pedestrian-induced vibrations of
footbridges

F. Tubino & G. Piccardo
University of Genoa, Genoa, Italy

ABSTRACT

Modern footbridges are very slender structures, often
characterized by natural frequencies in the vertical and
lateral directions within the range of the dominant
walking harmonics; thus, they can be very sensitive
to walking-induced vibrations. Their serviceability
assessment is based on a comparison between the
pedestrian-induced acceleration and a suitably defined
limit value (FIB 2005).

Until the nineteen nineties, standard codes (e.g.
BS5400 1978, 2001) required the analysis of vertical
pedestrian-induced vibrations of footbridges consider-
ing a loading model constituted by a single pedestrian,
modeled as a deterministic, resonant, moving har-
monic load. This loading model is conventional and
it is not representative of real pedestrian traffic con-
ditions. From a general point of view, real pedestrian
traffic conditions should be probabilistically modeled
(Zivanovic et al 2007, Sahnaci & Kasperski 2005),
considering several sources of randomness among
which pedestrian arrivals, walking frequencies and
velocities, force amplitudes and pedestrian weights.

The authors of the present paper have statistically
analyzed a realistic scenario modeling pedestrians
arrivals as a Poisson random variable and schematiz-
ing pedestrian pacing frequencies, walking velocities,
force amplitudes and weight as normally distributed
(Tubino & Piccardo 2008, Piccardo & Tubino 2009).
Furthermore, an equivalent synchronization factor
has been introduced as a function of suitable non-
dimensional parameters, in order to allow an easy
estimate of the maximum dynamic response.

In the present paper, the dynamic response to sta-
tionary streams of pedestrians is analyzed through a
spectral approach, introducing models for the power
spectral density function and for the coherence func-
tion of pedestrian-induced forces, considered as a
stationary random process. The problem is tackled
with the classical methods of linear random dynam-
ics and the maximum dynamic response is determined
in closed-form using an approach similar to that used
to study dynamic effects of turbulent winds (Brown-
john et al. 2004). Hypotheses validating this kind of

approach are briefly discussed.A preliminary compar-
ison with techniques based on equivalent distributions
of uniform resonant loads (e.g., Piccardo & Tubino
2009) points out some differences in the evaluation
of the structural peak acceleration. A discussion about
the choice of scenarios to be studied for footbridge
serviceability analyses appears fundamental in order
to validate the possibility of using a spectral approach
like the one here proposed. In particular, the def-
inition of a conventional pedestrian flow duration
(e.g., in wind engineering the gust-excited response
of structures is estimated considering time intervals
of 10 minutes) is an important, open point to be still
discussed.
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PDF solution to hardening hysteretic systems excited by Gaussian white
noise

G.K. Er, H.T. Zhu, V.P. Iu & K.P. Kou
Department of Civil and Environmental Engineering, University of Macau, Macao, P.R. China

ABSTRACT

The Bouc-Wen hysteretic model is popularly adopted
to simulate the dynamic behavior of hysteretic restor-
ing force. It was proposed by Bouc (1967) and further
developed by Wen (1976) and others. It is a smooth
and versatile model described with a differential equa-
tion which represents a wide range of hysteretic shapes
corresponding to different parameter values.

Initially Galerkin method (Wen 1976) was applied
to analyze the second moments of the hysteretic sys-
tem responses. Thereafter, equivalent linearization
(EQL) method was extensively employed to analyze
the hysteretic systems (Hurtado and Barbat 2000). The
associated assumption in the standard EQL method is
made that all the system responses are jointly Gaus-
sian. This assumption can be violated in view that the
hysteretic restoring force is a highly nonlinear function
of displacement and velocity. Cumulant-neglect clo-
sure technique was utilized to evaluate the moments
of system responses. This technique is suitable for the
system which responses are nearly Gaussian because
it is based on the assumption that the higher order
cumulants are neglected, which is valid only if the
system responses are nearly Gaussian. In order to esti-
mate the non-Gaussian behavior, some non-Gaussian
PDFs, such as generalized exponential-type distribu-
tion, multi-dimensional Edgeworth expansion, trun-
cated bivariate Gram-Charlier series expansion and a
linear combination of Gaussian and Dirac densities,
were introduced to improve the accuracy of the EQL
procedure and the cumulant-neglect technique, respec-
tively. With the non-Gaussian PDFs introduced to the
EQL procedure and the cumulant-neglect closure tech-
nique, the accuracy of the obtained second moments
of system responses can be improved. Stochastic aver-
aging method was also investigated in analyzing the
PDF solution of the Bouc-Wen hysteretic systems. It
is known that the tail behavior of the PDF of system
responses has a significant influence on the reliability
analysis of a system and it was less addressed.

In this paper, the exponential-polynomial closure
(EPC) method (Er 1998) is adopted to analyze the PDF
solutions of the stochastic hysteretic systems incor-
porated with the Bouc-Wen model. The joint PDF of
the system responses and hysteretic restoring force
is assumed to be an exponential function of polyno-
mial in state variables. Special measure is taken such
that the corresponding FPK equation is satisfied in the
weak sense of integration with the assumed PDF. The
problem of determining the unknown parameters in the
approximate PDF finally results in solving simultane-
ous nonlinear algebraic equations. In order to assess
the effectiveness of the EPC method in this case,
a nonlinear system incorporated with the Bouc-Wen
hysteretic model is studied numerically. The harden-
ing behavior of the hysteretic model is considered in
the cases of either weak or strong excitations. Numer-
ical results show that the PDFs obtained with the EPC
method are in good agreement with those from Monte
Carlo simulation, especially in the tail regions of the
PDFs. The analysis also reveals that the tails of the
PDFs are far from being Gaussian even if the excitation
level is low.
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Evaluation of the dynamic characteristics of the coupled
system structure and occupants by simulation

E. Agu & M. Kasperski
Department of Civil and Environmental Engineering Sciences, Research Team EKIB,
Ruhr-University Bochum, Bochum, Germany

ABSTRACT

Structures like stands in stadia and floors in assembly
halls can be excited by dynamic crowd loads to con-
siderable vibration amplitudes which may affect the
structural safety as well as the comfort of the audience.
The modelling of the crowd has to distinguish between
active and passive persons.Active persons can be mod-
elled as external loads. Since the human body forms
a complex dynamic system with more than one nat-
ural frequency and considerable damping capacities,
the coupled system of a structure and the occupants
can hardly be described with its basic dynamic char-
acteristics considering only the mass of the occupants.
A simple description of the dynamic characteristics of
the human body has been obtained by Griffin [L. Wei
& M.J. Griffin (1998), Y. Matsumoto & M.J. Griffin
(2003)], modelling the human body as a two degree
of freedom system. For sitting and standing persons,
two natural frequencies and the corresponding masses
and damping capacities have been identified. Since the
basic dynamic interaction between the structure and
the occupants is non-linear, strictly speaking it is not
appropriate to model the occupants with their averaged
dynamic characteristics.

In a first step, based on the experimental work by
Griffin, a separate probabilistic model for the ran-
dom dynamic characteristics of the human body in
sitting and standing posture is developed. The individ-
ual parameters are analysed by order statistics. From
biomechanical reasons it can be concluded that the
probability distributions of the different dynamic char-
acteristics have to be limited to both end, i.e. there
should be an upper value which can not be exceeded
and there should be no negative values, i.e. the smallest

possible value should be 0. The Beta-Distribution
offers these basic features and therefore is used to
describe the probability distributions of the two nat-
ural frequencies f1 and f2, the corresponding damping
capacities D1 and D2 and the corresponding mass
ratios m1/m2 and m3/mtot ( with mtot being the total
body mass). As additional information, the probabil-
ity distribution of the body weight for male and female
persons, as it has been observed in Germany [Robert
Koch Institute (1995)] is used.

The paper will present results from simulations
for some example structures with different natural
frequencies and different participation rates of the
audience in the range from 0 (all active) to 1 (all
passive). Furthermore, different ratios in regard to
standing and sitting posture of the occupants are anal-
ysed. The occupants are modelled to have random
individual dynamic characteristics. From each sim-
ulation run, the dynamic amplification function is
obtained. Based on a sufficient large number of inde-
pendent runs, the 5% and 95% fractile values of the
amplification are identified.
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Application of the tail-equivalent linearization method for stochastic
dynamic analysis with asymmetric hysteresis

Salvatore Sessa
University Federico II, Napoli, Italy

Armen Der Kiureghian
University of California, Berkeley, CA, USA

ABSTRACT

The tail-equivalent linearization method (TELM) is
used to investigate the stationary response of a sys-
tem having a highly asymmetric hysteretic behavior
and subjected to a discretized white-noise excitation.

TELM, is a non-parametric method for approximate
solution of nonlinear stochastic dynamic problems.
In this method, the tail-equivalent linear system is
defined by equating its tail probability for a speci-
fied threshold with the first-order approximation of
the tail probability of the nonlinear response for the
same threshold. This equality is imposed by match-
ing the so-called design points of the linear and
nonlinear responses in the space of a vector of stan-
dard normal random variables, which are obtained by
discretizing the Gaussian input excitation. Here, the
“design point” refers to the point of linearization in
the first-order reliability method (FORM) approxi-
mation of the tail probability problem. Fujimura and
Der Kiureghian (2007) have shown that knowledge
of the design point provides complete information
about the tail-equivalent linear system in terms of its
unit impulse response function. This information is
obtained in a numerical form and does not require
definition of a parameterized linear model. In this
sense, TELM is a non-parametric equivalent lineariza-
tion method. An important advantage of TELM is that
it can accurately capture the non-Gaussian distribution
of the nonlinear response in first-order approximation,
particularly in the tail (small probability) regions. In
particular, if the hysteretic law of the system is asym-
metric, the predicted response distribution is not only
non-Gaussian, but is also asymmetric. Thus, TELM
offers significant advantages over the conventional
ELM in nonlinear stochastic dynamic analysis, par-
ticularly when the hysteresis law of the structure is
asymmetric.

Previous studies have investigated TELM for sta-
tionary and non-stationary excitation processes, but
always in presence of symmetric hysteresis loops that
lead to a zero-mean and symmetric response distri-
bution. In this work, the performance of TELM for
response analysis of stochastic dynamical systems
with asymmetric hysteretic behavior is investigated.
For this purpose, a smoothed version of the gener-
alized Bouc-Wen model (Song and Der Kiureghian
2006) is developed, so that the response is contin-
uously differentiable. It is found that TELM is able
to capture the non-Gaussian and asymmetric distri-
bution of both the point-in-time response, as well as
the maximum response over a time interval (the first-
passage probability distribution) for large thresholds
(small exceedance probabilities). The distributions for
the positive and negative thresholds are distinctly dif-
ferent, reflecting the difference in the behavior of the
system for the two regimes. It is found, however, that
TELM is unable to provide good accuracy for thresh-
olds near zero. In particular, the cumulative probability
approximation by TELM for a zero threshold is always
0.5, regardless of the shape of the hysteresis loop. This
is a characteristic of FORM, which can only be over-
come through a higher-order approximation method,
such as SORM. Although probability values for small
thresholds are not of interest in reliability analysis,
work is currently in progress to construct a better
approximation for small thresholds by use of SORM.
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Modeling nonlinear systems by Volterra series

L. Carassale
Department of Civil, Environmental and Architectural Engineering, University of Genova, Italy

A. Kareem
NatHaz Modelling Laboratory, University of Notre Dame, IN, USA

INTRODUCTION

The Volterra series is a mathematical tool widely
employed for the representation of the input-output
relationship of nonlinear dynamical systems. It is
based on the expansion of the nonlinear operator rep-
resenting the system into a series of homogeneous
operators. Such operators are completely defined
given the Volterra Volterra frequency-response func-
tions (VFRF, Schetzen 1980), which can be reviewed
as a generalization of the usual frequency-response
function.

Applications of the Volterra series are present in
several fields of engineering and physics and can
be roughly classified into two distinct classes. In
the first case, the Volterra series is used to build
a model of an observed dynamical phenomenon
and the VFRFs are estimated from experimental or
numerically-generated data. This approach is applied
with the purpose of realizing mathematical models
able to simulate some observed physical behavior (e.g.
Koukoulas et al. 1995) or to construct reduced models
to reproduce selected features of a complex numeri-
cal model (e.g. Lucia et al. 2004). Other applications
regard the analysis of dynamical systems that are
already represented by an analytical model, for exam-
ple a differential equation. In this case, the potentiality
of the Volterra series representation has been used to
investigate the behavior harmonically-excited nonlin-
ear systems (e.g. Worden & Manson 2005) or to cal-
culate the probabilistic response of randomly-excited
systems (e.g. Kareem et al. 1995).

When an analytical model of the dynamical system
is available, theVFRFs are usually calculated by means
of the harmonic probing method, consisting in evalu-
ating analytically the response of the system excited
by products of harmonic functions with different fre-
quencies (Bedrosian & Rice 1971). As discussed by
Peyton Jones (2007), this operation is straightforward
for simple systems, but may reach a prohibitive level
of computational complexity when dealing with high-
order nonlinear systems or for the calculation of a
high-order VFRF.

A new technique concerning an alternative to the
harmonic probing approach is presented here with

the goal of simplifying the evaluation of the VFRFs
of dynamical systems represented by analytical mod-
els and to enable the analysis of systems realized
by combining analytical models and Volterra systems
obtained by a numerical or experimental derivation.
This method involves the representation of a complex
dynamical system by an assemblage of simple opera-
tors for which VFRFs are readily available. According
to this concept, the paper provides the VFRFs of some
simple dynamical systems, and presents a set of rules
for the evaluation of the VFRFs of composite systems.
This approach makes the computation of the VFTFs
very simple, at least from a formal point of view,
enabling the use in symbolic manipulation software.

Two simple examples of wave and wind-excited
single-DOF systems are considered for demonstration.
Comparisons are made in terms of statistical moments
of the structural response.
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Typhoon hazard analysis in southeast China coastal region
with the CE wind field model

Y.F. Xiao & Z.D. Duan
School of Civil Engineering, Harbin Institute of Technology, Harbin, Heilongjiang, China

Y.Q. Xiao
Harbin Institute of Technology, Shenzhen, Graduate School, Shenzhen, Guangdong, China

ABSTRACT

Two aspects of improvements are introduced in doing
the typhoon hazard analysis in southeast China coastal
region. One is the U.S. Army Corps of Engineers (CE)
wind model, which is the full nonlinear solution to
the equations of motion for a translating typhoon and
well demonstrated through comparison with observed
typhoon wind speed records. Additionally, there will
be some difficulties in obtaining the data of two impor-
tant input parameters to the wind field model namely
the Holland pressure profile parameter (B) and radius

Table 1. 10-minute mean wind speeds (m/s) at 10m-level in
B terrain as a function of return period for the seven cities.

Return period(years)

City Method Distribution 50 100 200

Hong Kong Code* Gumbel 38.05 39.09 40.01
This paper Weibull 33.54 36.79 39.89

Gumbel 34.22 38.00 41.77
Fu zhou Code* Gumbel 33.61 37.04 39.88

This paper Weibull 34.36 37.59 40.66
Gumbel 34.78 38.64 42.49

Shen zhen Code* Gumbel 34.68 37.99 40.74
This paper Weibull 31.60 34.67 37.60

Gumbel 32.57 36.24 39.89
Guang zhou Code* Gumbel 28.30 31.00 33.25

This paper Weibull 27.18 29.66 32.03
Gumbel 27.60 30.57 33.53

Hai kou Code* Gumbel 34.67 37.98 40.74
This paper Weibull 33.21 36.13 38.88

Gumbel 33.92 37.64 41.34
Ning bo Code* Gumbel 28.30 31.01 33.25

This paper Weibull 33.27 36.80 40.20
Gumbel 33.29 37.24 41.17

Zhan jiang Code* Gumbel 35.83 39.04 41.73
This paper Weibull 30.48 32.89 35.14

Gumbel 31.60 34.95 38.29

* Load Code for the Design of Building Structures of China
(GB 50009-2001).

to maximum winds (Rmax) with the absence of infor-
mation about those data of historical records used by
previous studies in the China MeteorologicalAdminis-
tration (CMA), so the formula presented by Jakobsen
et al. (2004) and that by Li et al. (1995) are used to
estimate the value of the B and Rmax, respectively.

Combined with the results described above, mod-
eling the filling model using the exponential function
and other parameters using the previous method based
on the data of typhoon entering into the site subregion
with a diameter of 500 km, the typhoon hazard analy-
sis in southeast China coastal region is done with the
assumption that the track of typhoon is a line path.
1000 years of storms are simulated for each city to
obtain the annual extreme series, based on which the
goodness-of-fits of the cumulative density function
(CDF) of both Weibull with tail length parameter γ > 4
and Gumbel distribution are tested reasonably well for
the seven cities.

The results are shown in Table 1 and there is rea-
sonable agreement between the design wind speeds
with various return periods in this paper and those in
the Load Code for the Design of Building Structures of
China (GB 50009-2001) for most of the cities, indicat-
ing that the simulation method proposed in this paper is
feasible to estimate the design wind speeds for critical
structures in the major cities of China.
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Wind-induced lateral-torsional buckling analysis of
long-span suspension bridge

H. Yamada, H. Katsuchi & E. Sasaki
Yokohama National University, Yokohama, Japan

D. Ishihara
Pacific Consultant Co. Ltd., Nagoya, Japan

ABSTRACT

Wind effect is one of the most important design con-
cerns for a long-span bridge. Not only wind dynamic
effect such as flutter but also wind-induced static insta-
bility such as divergence and lateral-torsional buckling
should be carefully checked for a very long-span
bridge. The static instability is usually believed to be
stable more than dynamic instability such as flutter.
However, past study showed that much longer span
would exhibit the static instability at lower wind speed.
The Wind-resistant Design Code for Honshu-Shikoku
Bridges provides a calculation formula of the onset
wind speed of wind-induced lateral-torsional buck-
ling. However, there are not so many studies on the
static instability of a long-span bridge compared with
flutter instability.

This study focuses on the static instability of a
long-span suspension bridge and investigates the pos-
sibility of numerical simulation for the onset of lateral-
torsional buckling. A precise FEM bridge model of
the Akashi Kaikyo Bridge where all truss members
were modeled was developed as shown in Figure 1.
Then three-component wind forces were applied to
the model, and wind-induced response such as defor-
mation (Figure 2) and possible lateral-torsoinal buck-

Figure 1. General plan and FEM model of Akashi Kaikyo Bridge.

ling phenomenon was analyzed with consideration of
aerodynamic and structural nonlinearity.

The paper presents main results of the analysis
together with analytical procedures. Comparing the
result with the past study, the possibility of FEM anal-
ysis for the onset of wind-induced lateral-torsional
buckling and further improvement is discussed.

Figure 2. Wind-induced deformation at wind speed of
150 m/s.
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The problem of uncertainty in the measurement of
aerodynamic derivatives

C. Mannini & G. Bartoli
CRIACIV-Department of Civil and Environmental Engineering, University of Florence, Florence, Italy

ABSTRACT

Modern long-span bridges are more and more sen-
sitive to wind loads and aeroelastic phenomena, due
to designs characterized by light structures and low
frequencies of vibration. In particular flutter can lead
to structural collapse, therefore an adequate and reli-
able safety margin with respect to the onset critical
wind speed has to be guaranteed. Consequently, the
limit of flutter stability is a severe and important con-
straint in the conception of long-span bridges. At the
present state of the art, flutter assessment is based on
wind-tunnel tests, either by the direct measure of the
instability wind speed on a model that satisfies a cer-
tain number of similitude parameters or by the measure
of a series of unsteady aerodynamic coefficients, the
so-called aerodynamic derivatives (Scanlan & Tomko
1971). These coefficients are also important to predict
the response of the bridge to turbulent wind.

Aerodynamic derivatives are usually treated as
deterministic functions but it is clearly shown in Fig-
ure 1 and in previous publications (Bartoli & Mannini
2005, Mannini 2006) that wind-tunnel measures are
affected by significant dispersion. In case the measure-
ments are performed with the common free-vibration
technique, the scatter tends to increase with the wind
speed and becomes particularly large near the flut-
ter onset. In this paper the probabilistic description
of aerodynamic derivatives is outlined on the basis
of a wind-tunnel test campaign on a common bridge
deck geometry, expressly conceived for this purpose
(Mannini 2006). It is found that at a given reduced
wind speed the random variables corresponding to
the aerodynamic derivatives can be considered as nor-
mally distributed. In addition, the correlation between
these random variables is investigated. It turns out
that at high wind speed and above all near the flut-
ter onset aerodynamic derivatives are correlated but
less than expected. As a matter of fact, strong correla-
tion is found between the coefficients called H ∗

1 and
H ∗

2 or A∗
1 and A∗

2. In contrast, no significant correla-
tion is observed, for instance, between lift and moment
aerodynamic derivatives.

Figure 1. Dispersion of the wind-tunnel measures of the
aerodynamic derivative a∗

2 = −KA∗
2. UR is the reduced wind

speed.

A model t o account for the effects on the flutter
boundaries of the uncertainty affecting the aerody-
namic derivatives is proposed. The probability distri-
bution of the flutter critical wind speed is obtained via
Monte-Carlo simulation and can be used in the frame-
work of the Performance-Based Design approach. At
present the improvement of the probabilistic model is
underway.
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Simulation of wind speeds using a hidden Markov chain model

Rwey-Hua Cherng & Shih-Che Kao
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ABSTRACT

Determination of design wind speeds and the asso-
ciated uncertainty is the most essential step in wind-
resistant structural designs and in quantatative wind
risk assessments. Design wind speeds are usually
obtained by analyzing the recorded field wind speeds
using various statistical methods. However, recorded
field wind data are often quite limited and are not
sufficient for reliable statistical analyses, especially
when one is predicting long-return-period design wind
speeds or directional design wind speeds.Accordingly,
the generation of artificial wind speeds whose statis-
tical properties are compatible to those from observed
wind speeds is a critical research topic.

This paper proposes a non-stationary auto-
regressive model with a hidden Markov chain to
analyze field wind speeds and then to simulate syn-
thetic wind speed time series. Compared to the models
adopted by previous researches, the chosen model is
different in the way that it is a non-stationary model.
Moreover, new algorithms are developed to generate
synthetic wind speeds based on the model and field
wind speeds.

The daily wind speeds at a weather station are col-
lected to demonstrate the implementation of the pro-
posed approach. The long-term trend is first modeled
and filtered out of the collected data. The empiri-
cal cumulative distribution function derived from the
filtered data is modified by a generalized Pareto distri-
bution; the resulting compound distribution function is
used for transforming the filtered data into ‘standard’
data with a Gaussian distribution.

Next, a non-stationary auto-regresive model with
random coefficients modeled by a hidden Markov
chain is developed for analyzing the ‘standard’ data;
the variation of standard deviations in a year is
shown in Figure 1. The maximum-likelihood esti-
mates for the variances of daily winds are com-
puted by an Expectation-Maximization algorithm;
the random coefficients are sampled based on a
Kalman filter algorithm. It is shown in the cur-
rent study that the statistical properties (e.g., means,
standard deviations, auto-correlation functions as
well as exceedance probabilities (Figure 2)) of the

Figure 1. Plot of variation of standard deviations in a year.

Figure 2. Comparison of exceedance probability curves of
O1:39

1:365 and S1:39
1:365.

simulated wind speeds are quite close to those of the
field wind speeds. In addition, the simulated wind
speeds exhibit the similar non-stationarity inherent in
the field wind speeds; it reveals that the proposed
model is capable of simulating non-stationary wind
speeds.

The proposed model can be extended to deal with
wind speeds and associated wind directions simulta-
neously; the results will appear in another paper.
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Specification of the design wind load considering long term trends in the
wind climate

M. Kasperski & N. Aylanc
Department of Civil and Environmental Engineering Sciences, Ruhr-University Bochum, Bochum, Germany

ABSTRACT

Any extreme value analysis of the wind climate suf-
fers from uncertainties due to the confined observation
period. Even for a stationary wind climate 55 years
are not enough to identify the describing parameters.
Then, the evaluation of the statistical significance of
trends becomes impossible.

For a consistent theoretical model, at least the inten-
sity of storms and the number of storms per year are
required [1]. In the actual study, it is assumed that
the intensity of storms follows a Generalized Pareto
Distribution [2]with the two describing parameters
scale s and shape k. The threshold value vs is treated
as deterministic. Furthermore, it is assumed that the
number of storms per year follows a Poisson Distri-
bution. Then, as third parameter the average number
of storms per year λ is obtained. Target values for the
non-exceedance probability of the design wind speed
are specified for four structural classes with reference
to the design working life.

In a first step, the new approach estimates the prob-
ability that for any triple (s, k, λ) in J observation
years the observed triple (sobs, kobs, λobs) is obtained
(figure 1).

Next, for each triple (s, k, λ) a design wind speed is
calculated.The obtained design wind speeds are sorted
in ascending order together with their corresponding
probabilities. The plot of the cumulative probabili-
ties versus the sorted design wind speeds gives the
range of possible design wind speeds for the observed
triple (sobs, kobs, λobs). Choosing an appropriate con-
fidence interval than allows the final specification of
the design wind speed in terms of a best estimate.Ana-
logue to the recommendations in the Eurocode [3] for
’design by testing’ the one-sided 75% confidence is
used.

The new method is applied to observation data
of the meteorological station at Düsseldorf airport.
The straight-forward estimation of the design wind
speed based on the observed pair (sobs, kobs) leads to
vdes = 23.34 m/s.The best estimate of vdes is about 10%
larger.

Small trends are observed for both, the intensity
and the number of storms. Each trend has a statisti-
cal significance of about 80%, which means that the
occurrence of both trends is about 96%.
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Figure 1. Joint-probability density for getting the observed
parameters sobs and kobs from an ensemble with 92 events

Considering the observed trends in the estimation of
the design wind speed requires to introduce the start of
exposure as further influencing parameter. Basically,
increasing trends will lead to an increase of the design
wind speed. The effect becomes larger if the starting
of exposure is far from the centre of the trends. For the
example, the increase of the design wind speed is about
14% for a class B structure with a design working life
of 50 years compared to the assumption of a stationary
wind climate.
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Improved spectral analysis of turbulent wind response

Steen Krenk
Department of Mechanical Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

Abstract

Some basic properties of the spatial covariance struc-
ture of gusty wind loads have been extracted from
the theory of convected isotropic turbulence. The two
principal results concern the transverse coherence of
the turbulent wind velocity field. The theory predicts
that the transverse coherence must integrate to zero
over a full transverse plane, and therefore must con-
tain ranges with negative coherence. This confirms
the intuitive observation that a local observation of a
positive velocity component does not imply a positive
probability of a positive net flow over an infinitely
extended plane. This basic result is violated by com-
mon analysis procedures, in which the coherence is
represented by an exponential function. As a conse-
quence of this result the coherence appears more local
that commonly assumed in design calculations.

The second result is concerned with the coherence
of the wind field in the low-frequency limit. It is com-
monly assumed that the coherence can be described in
terms of the non-dimensional distance ωr/U , where r
is the separation, ω the angular frequency, and U is the
mean wind speed. Such a relation would imply that the
zero frequency limit would have full coherence over
the entire transverse plane. This seeming paradox is
explained by the fact that the theoretical coherence for
a wind spectrum with a length-scale λ is a function of
the combined variable [λ−2 + (ω/U )2]1/2r, with the
well defined finite lower limit r/λ. This leads to a
finite coherence less than unity at any frequency for
all points with finite separation. In a design context
it is of interest that this leads to a reduction of the
low-frequency part of the turbulent wind load on large
structures.

Turbulent wind load generally lead to a combina-
tion of resonant response at the natural frequency, and
a non-resonant response at the frequencies below the
natural frequency, generated by the non-white char-
acter of the wind spectrum. It is demonstrated via
a suitable rational approximation for the wind load
spectrum, that the total response variance σ2

x can be
expressed in the form

where k is the structural stiffness, Sf (ω) is the spectral
density of the wind load f , and σ2

f is its variance. The
first term is the classic resonant white noise approx-
imation inversely proportional to the damping ratio
ζ. The second term is an approximate form of the
response to ‘background’ turbulence. The magnitude
of this term depends on the magnitude of the structure
resonance frequency ω0 to a reference frequency U/λ
formed by the ratio of the mean wind speed U to the
length scale λ of the turbulence.

The wind field and response results can be com-
bined into an improved explicit design procedure, in
which the spatial characteristics of the wind field are
represented by a consistent transverse coherence func-
tion, and the variance of the response is obtained by a
consistent combination of resonant and non-resonant
parts.

526

  



Organized Session (OS08) Machine Learning in Structural
Reliability and Probabilistic Mechanics



  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Life cycle monitoring for urban public infrastructure based
on classification techniques

G.M. Atanasiu
Department of Civil Engineering, Technical University of Iaşi, Romania

M.H. Zaharia & F. Leon
Department of Computer Science and Engineering, Technical University of Iaşi, Romania

ABSTRACT

This paper presents a methodology for monitoring
seismic structural vulnerability, while taking into
account the damages revealed during seismic hazard
scenarios, aiming at the identification of the seismic
serviceability and operability of constructions located
in seismic zones.

By using GIS-based visualization of geospatial
data, one can develop a useful scenario in order to
improve the knowledge on structural seismic vulnera-
bility for city built infrastructure and, at the same time,
to provide for stakeholders the needed support for their
decisions for the management of possible emerging
crises and/or for planning the rehabilitation programs
at the local or governmental level.

Modeling, simulation, and analysis scenario based
on linear or non-linear dynamic procedures are
described, with applications to some different classes
of models of buildings from the existing urban infras-
tructure of Iasi municipality, the second largest city of
Romania, located in the North-Eastern region of the
country.

An improved methodology is presented for monitor-
ing the urban risk management using the instruments
of the information society is presented. The approach
is obtained by mixing the intelligent agent based clus-
ter computing technologies, distributed GIS systems
with decision support add-ons and the EDRI model.

The main idea was to offer enough computer power,
needed for seismic risk analysis, at reasonable prices,
and also to create a distributed knowledge database
that will automatically make continuous improve-
ments into the local models of the urban structures by
direct simulations and also by exchanging information
with other related urban computing centers. The idea
is feasible for medium developed economies that need

urban risk management but cannot afford the creation
of dedicated supercomputing centers.

The present urban profile of Iasi municipality per-
mits the identification of different classes of public
buildings some of them residential, typical of the urban
development of this category of cities in Romania.

A set of classification techniques such as decision
trees and elliptical basis axis parallel neural networks
are used as tools for the awareness and monitoring
of seismic effects taking into account possible future
disasters in the urban areas.
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Response surface reliability analysis of steel plates with
random fields of corrosion

A.P. Teixeira & C. Guedes Soares
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Lisbon, Lisboa, Portugal

ABSTRACT

Reliability methods are widely used in structural
design and, particularly, to assess the implicit lev-
els of safety of structural systems and components.
In many cases of practical importance, particularly
for real structures, the evaluation of each realiza-
tion of the limit state function often requires the
use of advanced non-linear finite element analysis.
First and Second Order Reliability Methods (FORM/
SORM), developed mainly to deal with explicit limit
state functions, and Monte Carlo simulation meth-
ods, are well established techniques that have been
successfully used for reliability assessment of struc-
tures, as reviewed by ()Rackwitz, (2001). In these
cases, direct or even advanced Monte Carlo simu-
lation may become not feasible if the deterministic
structural analysis is time-consuming. First and Sec-
ond Order Reliability Methods (FORM/SORM) can
also be adapted to handle with implicit limit state func-
tions via direct coupling of the finite element code and
the FORM/SORM code. However, the solution of reli-
ability problems in connection with non-linear finite
elements calculations may be not practical, particu-
larly, when all sources of uncertainty are taken into
account including the spatial variability of structural
parameters represented by random fields discretized
into a high-dimensional random vector.

Among the techniques available to cope with such
problems, the Response Surface Method (RSM) has
proved to be an efficient and widely applicable method
in structural reliability analysis. The basic idea in uti-
lizing the Response Surface Method is to replace the
true limit state function by an approximation, the so-
called response surface. The functions are typically
chosen to be first- or second-order polynomials that
substitute the real limit state function only at the
neighborhood of the design points, where their contri-
bution to the total failure probability is more important
((()Bucher and Bourgund, (1990); ()Rajashekhar and
Ellingwood, (1993); ()Kim and Na, (1997); ()Das and
Zheng, (2000)).

Although the response surface method has been tra-
ditionally restricted to problems of small dimension of

the uncertainty space it can be extended to larger prob-
lems involving random fields as the derivatives of the
real implicit limit state function are avoid.

In this paper, the efficiency of the application of
Response Surface Methods in structural reliability
of steel plates with random fields of corrosion is
assessed.The limit state function is defined in terms of
the ultimate strength of the corroded plate calculated
by nonlinear finite element analysis, as proposed by
()Teixeira and Guedes Soares, (2008). The approach
is first illustrated with an example of the ultimate
strength of plates under in-plane compression with
random imperfections and material properties and the
technique is then applied to plates with random fields
of corrosion discretized using the Expansion Optimal
Linear Estimation method proposed by ()Li and Der
Kiureghian, (1993).
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Patchwork approximation scheme for reliability assessment
and optimization of structures
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Institute for Structural Analysis, TU Dresden, Dresden, Germany

ABSTRACT

The design of engineering structures is mainly focused
on an ideal performance under compliance of high
reliability levels for the intended lifetime. The real-
ization of such challenging tasks requires ambitious
simulation techniques for optimization and reliabil-
ity assessment. Naturally, this is always linked to
a repetition of the structural analysis. In view of
industry-sized problems, such a structural analysis is
mostly based on Finite Element analyses of large non-
linear systems. High requirements at the precision
of determined results force the computation time up
to several hours. This impedes an application of the
addressed simulation techniques in its crude form.

Increasing the numerical efficiency is a central
demanding issue. In accordance to Simpson et al.
2001 appropriate methods replace the response sur-
face, constituted by results of the structural analysis,
by approximations schemes, so called metamodels.
Those response surface approximation (RSA) func-
tions reproduce the functional relationship between
input and result quantities. Typically, they are defined
global, setting the respective design of experiments
without any inside into the specific problem. In con-
sequence, the approximation quality may not be suf-
ficient in all parts of interest. This fact contradicts
the desire in reliability assessments to determine even
small failure probabilities to a high level of accuracy.
Likewise, in optimization it is dispensable to approx-
imate the functional relationship in a global manner.

The idea of the proposed approach is to apply the
RSA functions in sections to improve the approxi-
mation quality of local function features. Hence, a
patchwork-like result is obtained.

The design of a patch is not bounded to any require-
ments but rather user-defined. Thus, it may be best
constituted in dependence of the respective problem
and the available set of input-output pairs. Varying
the patch size patchwork approximations features, as
a respective special case, both a pure deterministic
approach and a global approximation scheme.

The design of experiments (Sacks et al. 1989) for the
patchwork approximation scheme, opposite to global
approximation schemes, is not performed in advance
but rather adapted to the regions of interest. This
sidesteps a generation of information in insignificant
regions, e.g., in reliability assessments and optimiza-
tion of structures. In consequence, under a constant
approximation quality the numerical efficiency can be
improved.

The approximation of the functional relationship
within a patchwork approach may be performed
with arbitrary approximation schemes. Generally,
the behavior of local parts of the response surface
is less complex than the function features of the
global response surfaces. Thus the requirements on
an approximation scheme of local function features
are less rigorous. To preserve a high degree of gen-
erality and flexibility an application of sophisticated
approximation schemes is reasonable.

The proposed approach is demonstrated by means
of examples. Thereby, the respective approximation
schemes apply neural networks (Haykin 1999) as
surrogate model. The advantages of the patchwork
approach in comparison to global approximation
schemes are exemplified with benchmarks. Finally,
the applicability is demonstrated for an industry-sized
problem of a sheet metal forming process.
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Sampling-based Fast Probability Analyzer (FPA) for reliability-based
maintenance optimization
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ABSTRACT

Mechanical and structural systems often use sched-
uled inspections and maintenance to sustain structural
integrity throughout the service life. Developing main-
tenance plans under various uncertainties will benefit
from probabilistic analyses of damage accumulations,
detections, and mitigation. Given the wide spectrum of
maintenance options and the complexities in risk mod-
eling, random sampling-based methods are preferred
because of their computational robustness and simu-
lation flexibility. This paper describes an efficient ran-
dom simulation-based computational approach featur-
ing a two-stage sampling framework and a new Adap-
tive Stratified Importance Sampling (ASIS) method

Figure 1. Failure Samples Generated by MCMC and ASIS.

Figure 2. ASIS Probability Convergence History.

Figure 3. Error-Controlled ASIS Results.

Figure 4. Risk Reduction Plot for Inspection Optimization.

for computing probability of failure with error control
and for generating failure samples for maintenance
simulations. The new approach has been implemented
in a Fast ProbabilityAnalyzer (FPA) software. Selected
examples are presented to demonstrate the efficiency
and accuracy of FPA for Reliability-Based Mainte-
nance Optimization (RBMO) applications.

Using demonstration examples, Fig. 1 compares
failure samples generated by MCMC and ASIS. Fig.
2 shows a probability-of-failure convergence history
using ASIS.

Fig. 3 shows that the 100ASIS runs produced results
within the specified 5% error. Using failure samples,
an optimal inspection time was obtained as shown in
Fig. 4.
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Safety evaluation of thermal radiation from tank fire in
petrochemical plants based on Monte Carlo method

Y. Yamanoi, T. Kurashiki, H. Ueda & M. Zako
Osaka University, Osaka, Japan

ABSTRACT

In a petrochemical plant, there are a lot of combustible
materials in tanks. If fire occurred in the plant, peo-
ple and structures are exposed. It is important for the
safety and reliability of chemical plants to estimate
the spread of damages which will be caused by these
materials. However, it is very difficult to estimate the
dangerous area caused by the disaster due to com-
plex phenomena, such as ignition, heat radiation from
fire, explosion pressure and so on. If the affected area
caused by disaster can be estimated with numerical
simulation, it will become a very useful tool for safety
and reliability of chemical plants.

In the previous study, we had developed the com-
puter simulation program in order to estimate the
spread of fire, and proposed a probabilistic estimation
approach of the risk based on the developed simulation
(Kurashiki et al. 2005). However, the effect of distri-
bution of wind velocity in the height of tank on the
dangerous area had not been considered in the previ-
ous study. Heat radiation is greatly affected by wind
and shielded by structures or slope.

Therefore, a flame model considering wind effects
is important in order to evaluate the heat radiation.
The commonly used models of a flame considering
wind effects have the shape of inclination of cylinder
as shown in Fig. 1(a).

However, in the conventional method for heat radi-
ation from tank fire, the distribution of wind velocity

Figure 1. Flame models with considering wind effect.

Figure 2. The relation between heat radiation and upwind
distance from tank fire.

in vertical direction and upward plume had not con-
sidered completely. Generally, wind velocity increase
toward to upper direction. In the actual tank fire, the
heat radiation is dependent on the wind conditions and
upward plume as shown in Fig. 1(b).

To estimate dangerous distance, the relation
between heat radiation and upwind distance from tank
fire is shown in Fig. 2.
where type A is the numerical result of heat radiation
based on proposed method, type B is the numerical
result of heat radiation based on conventional model.

In case of heat radiation considering upward
plume, the dangerous distance for human body
(2000 kcal/m2hr) is about 35 [m]. On the other hand,
in the conventional method, the dangerous distance
is about 27 [m]. It is clarified that the difference
of heat radiation with/without upward plume, and
distribution of wind velocity is important for the extin-
guishments and prevention of fire that is required
safety estimation.
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Development of simulation system for hazardous area caused by
disaster in petrochemical plants

H. Ueda, T. Kurashiki & M. Zako
Osaka University, Osaka, Japan

ABSTRACT

If a big earthquake attacks petrochemical plants and
the tanks are broken, disaster will extend due to heat
radiation from fire, diffusion of toxic gas, and so on.
Recently, phenomena of tank fires and gas diffusion
often occurred in petrochemical plants in Japan. So,
the estimation of the hazardous area caused by disaster
is very important for the safety and reliability of petro-
chemical plants. Therefore, the purpose of the study
is development of a simulation system for hazardous
area caused by disaster in petrochemical plants.

In Japan, the High Pressure Gas Safety Institution of
Japan had established the estimation procedure of the
dangerous zone cased by disaster in a plant based on
the guideline (KHK, 1974). However, there are some
problems in the guideline, ie., the heat radiation con-
sidering the inclination of flame due to the wind had
not been estimated because of the difficulty for solv-
ing the integral equation of heat radiation. In order to
solve the problem, an actual simulation system for haz-
ardous area caused by heat radiation and gas diffusion
has been developed.

As the estimation of geometrical view factor based
on Monte Carlo method has much CPU time for the
calculation, it is not suitable to obtain the calculation
results immediately. Therefore, in order to get the situ-
ation of hazardous area immediately, the area had been
calculated with Monte Carlo method under several
conditions of geometries of tanks and wind condi-
tions. And, the results of geometric view factors are
stored database. The simulation for heat radiation is
connected to the database with GUI. Figure 1 shows
the developed simulation system for heat radiation
from tank fire. The numerical results are compared
with the Yellow Book method (TNO, 2005). There are
good agreements with both results. We can get the
hazardous area caused by tank fire with considering
various condition of wind.

Figure 1. Simulation system for heat radiation from fire.

Furthermore, the simulation system for estimation
of gas diffusion considering the combination effect
of leakage, evaporation, and diffusion has also been
developed. The hazardous area of gas can be estimated
conveniently with the developed database and GUI.
We believed that the proposed system contributes to
the safety evaluation for petrochemical plants.
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Gaussian process emulators for dynamical systems with random
parameters

F.A. DiazDelaO & S. Adhikari
Swansea University, Swansea, UK

ABSTRACT

Complex engineering systems are studied using com-
puter codes (also known as simulators) which might
be very expensive to run. An increasingly common
solution is to employ a less expensive surrogate model
to investigate these systems. One possibility is to
construct a statistical approximation to the simulator,
known as Gaussian process emulator. Such technol-
ogy is based on the analysis and design of computer
experiments (Sacks et al., 1989; Satner et al., 2003),
and on concepts of Bayesian statistics. Using this ap-
proach, it is possible to ef?ciently make inference
about unknown output values by evaluating a fairly
limited number of carefully selected points in the
in-put domain of the simulator.

Gaussian process emulators work in the follow-ing
way: A small set of code runs is treated as training
data used to update the prior beliefs about the simu-
lator. Such prior beliefs take the form of a Gaussian
stochastic process distribution (Haylock and O’Hagan,
1996; O’Hagan, 2006).After conditioning on the train-
ing runs and updating this prior distribu-tion, the mean
of the resulting posterior distribution approximates the
output of the simulator at any un-tried input, whereas
it reproduces the known output of the simulator at each
initial input.

This paper compares two strategies for selecting
points to run a simulator of the mean frequency

re-sponse of a dynamical system with a random param-
eter, taking Monte Carlo simulation as a benchmark.
The input domain of the simulator is divided in two
subdomains: the one corresponding to the frequency
domain and the one associated with the random nature
of the response. The results obtained con?rm that em-
ulation is less computationally expensive than Monte
Carlo simulation. More importantly, the comparison
of selection strategies helps elucidate whether the ac-
curacy and computation time of Gaussian process
em-ulators can be improved.
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Stage critical strength branch and bound algorithm based bridge failure
mode identification strategy
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ABSTRACT

The assessment of system reliability of real structures
by the failure mode approach (FMA) leads to numer-
ous failure modes and requires complex modeling. In
most cases, however, only a small fraction of the modes
contributes significantly to the overall failure probabil-
ity of the system. Hence, an important part of system
reliability estimation is to identify the subset of sig-
nificant failure modes. Several different approaches
have been developed, and some of them present ele-
gant approaches, but they are seldom applied to the
bridges.

The objective of this article is to present a strat-
egy on how to search bridge significant failure modes
under traffic load. A stage critical strength branch
and bound algorithm is introduced.(Dong & Yang,
1993) and modified to suit for performing the system
reliability assessment of bridges.

The main steps of stage critical strength branch and
bound algorithm are shown in Figure 1. The strat-
egy includes six concerned problems: a) Definition of
bridge system failure; b) Structural modeling and anal-
ysis; c) The failure mode analysis method; d) Failure
tree search strategy; e) Shortest failure path set search
strategy; f) False failure mode updating method. In the
following part of this paper, the concerned problems
are discussed in details.

The proposed method is implemented in combi-
nation with the ANSYS finite element software and
MATLAB procedure, and is illustrated with the help of
a truss bridge example (as shown in Figure 2 and Fig-
ure 3). The proposed algorithm is found efficient and
reasonably accurate.The method in general, is applica-
ble to both ductile and brittle behaviors, and overcomes
the limitations of the analytical techniques. It also
accounts for the contribution of various significant
failure modes towards the overall failure probability
of the structural system. At the same time, compu-
tational effort is not wasted in enumerating a large
number of failure modes, most of which may not con-
tribute to the failure probability of the system. This
algorithm can be applied to any kind of bridge sys-
tems without doing much additional programming for

Figure 1. Flow chart of bridge failure mode analysis under
traffic load.

Figure 2. Steel truss bridge FEM.

Figure 3. Important failure modes.

which the component failure modes can be defined
through limit state equations.
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Depth to bedrock randomness effect on the design spectra
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M.K. Berrah
Ecole Nationale Polytechnique, El-Harrach, Algiers, Algeria

ABSTRACT

To show the effect of the soil profile height randomness
on the dynamic structural response, a seismic analy-
sis of typical reinforced concrete buildings by spectral
analysis is carried out in the present study.

Several reinforced concrete buildings (6 and 12
story) are arbitrarily selected and submitted to the
response spectra deduced at the top of the multilayered
random soil.

The buildings have three different floor plans that
are symmetric, monosymmetric, and unsymmetric.
Columns and beams are modeled as frame elements,
structural walls as shell elements and slabs as rigid
diaphragms in each story level. In order to evaluate
the seismic response of the buildings, an elastic anal-
ysis is carried out by the response spectrum method
(modal spectral approach).

This analysis concerns the responses deduced on the
surface of a multilayered soil composed of four lay-
ers, where the total height and the shear wave velocity
are considered as random variables with a lognormal
distribution. Monte Carlo simulations are combined
with the stiffness matrix method, used herein as a
deterministic method.

Figure 1 gives the response spectra for different
types of soils and soil height coefficient of varia-
tion. For varying CvH , the response spectra decrease
for fundamental periods and increase elsewhere. The
frequency content increases with the soil height vari-
ability. The building acts as both a filter on the
frequency content and a magnifier on the spectral
amplitudes

This variability induces an increase of the base
shears for six story buildings, an increase in the

Figure 1. Stochastic design spectra for soft soil.

interstory drifts and story displacements for rock soft
soils.
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Analytical solution of structural response under stochastic excitation
with phase uncertainty

Lingyi Y. Lu
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ABSTRACT

The uncertainty of earthquake motion is usually
decomposed into the amplitude uncertainty and phase
uncertainty. The responses of structures to the excita-
tion with phase uncertainty are studied in this paper.
Based on the recent research the phase uncertainty
of earthquake was modeled by the group delay time
(GDT) of the ground motions. The GDT model of
earthquake motion not only gives a good physical
interpretation for the earthquake phase uncertainty,
but also leads to a simple path to the solution. In this
paper, an analytical procedure is proposed to calculate
stochastic response of structures to the excitation with
phase uncertainty. In addition, an explicit analytical
solution for the analysis of stochastic response of a
SDOF system is presented. The theoretical solutions
are compared with numerical simulations. The results
show that the approaches proposed in this paper is
reliable and efficient.
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A conceptual model for time varying risk assessment for extreme events

A.S. Kiremidjian
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ABSTRACT

Risk assessment models and performance based engi-
neering for extreme events such as earthquakes and
hurricanes are now widely used for variety of purposes
including building specific evaluation for retrofit
strategies, portfolio analysis for insurance pricing and
regional disaster planning and mitigation. When these
models are used for disaster planning and mitigation, it
is critical that a reliable estimate of the losses be made
at the time of the event, which may occur at some
future time. Similarly, when large portfolio owners or
insurance companies are interested in their exposure
risk for periods longer than a few years, the changes to
the structures or content of properties in their portfolio
needs to be considered in the risk forecast. Currently,
regional risk assessment studies and portfolio analyses
are performed on annual basis and future risk forecasts
are obtained under the assumption that the annual risk
rate is independent of time thus enabling modelers to
invoke the simple Poisson model for their analyses.

Over the past two decades significant advances have
been made in the development of time dependent mod-
els for seismic hazard analysis starting with the early
work of Kiremidjian and Anagnos (1985), and Lutz
and Kiremidjian (1993). Considerable research has
been done since these early developments and many
of them are now implemented in conventional haz-
ard mapping. Time- variant systems have been treated
mostly at the conceptual lever in system reliability
analysis with early work focusing on load combination
over time. Consideration of time variance of struc-
tural resistance is discussed in Casiati and Faravelli
(1991). However, little has been done to carry the
time dependence to the risk level. Rosenblueth (1976)
and Esteva (1978) were some of the first researchers
to recognize the problem of time dependence in risk
assessment in relationship to optimal earthquake resis-
tant design. Recently these early developments were

cast within the current performance based earthquake
engineering design framework by Esteva (2008). More
specifically, in that study Esteva presents a model for
optimal seismic design that includes a structure’s life
cycle costs.

Expanding on the developments by Esteva, we
present a model for regional or portfolio risk assess-
ment over time that includes the changes in the build-
ing or infrastructure attributes over the same period of
time. For specific structures, the changes to the capac-
ity of the structure are considered in the evaluation of
future damage and losses. When a portfolio of struc-
tures or infrastructure components that are part of a
system are considered, then the growth of the portfolio
or infrastructure components is also included.The time
dependent risk assessment model focuses on capturing
the temporal variations of the attributes of a building
or other infrastructure components. The changes in the
structure are represented through a generic deteriora-
tion model and the inventory changes are represented
through a time series model. Single structure risk
assessment formulation is presented while a simula-
tion procedure is introduced to treat a portfolio with
changing components.
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Risk, vulnerability and cost functions for electrical substation and
power transmission towers under strong winds in Mexico
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ABSTRACT

Electrical substations and transmission towers located
on areas exposed to significant wind hazards are
important infrastructure facilities where the poten-
tial failure involves exceptionally high consequences
given the relevance of its contribution to the GNP.
Also, the service interruption represents a strong
negative impact to extensively populated areas.

Recent damages on towers and substations for elec-
trical power transmission in Mexico derived on the
request, by electrical industry managers and oper-
ators from CFE, Federal Electrical Commission, to
take a closer look and make practical recommenda-
tions to improve the current design guidelines of these
structures.

As a first step towards an optimal design of these
structures, vulnerability, cost and risk curves have been
developed by considering typical failure modes, costs
and design and construction practices. Also, occur-
rence probabilities of wind velocities are considered
for several sites on both coasts of Mexico as the
description of the wind hazard to which the structures
must respond.

The acceptable failure probability for each type of
structure is calculated, as a function of the cost of
consequences, from the minimum expected lifecycle
cost.

Conditional annual failure probability curves for
typical substations and towers are calculated by exam-
ining their responses under assumed mean values of
the maximum wind velocities and the unconditional
annual failure probability results from the convolution
of these conditionals with the occurrence probability
of the assumed maximum wind velocities. However,

given that the estimation of the mean maximum wind
velocity is subject to error due to scarce data and the
imperfection of probabilistic models, epistemic uncer-
tainty is implicit into the failure probability assessment
and it requires a specific modeling.

Initial and expected cost functions are obtained
for given wind velocities and ranges of maximum
reliability/cost ratios are identified for those wind
velocities.

Given the scarcity of data and the imperfect pre-
diction models for wind velocity, the epistemic uncer-
tainty is treated as separated from the aleatory uncer-
tainty. The epistemic uncertainty on the mean max-
imum wind velocity is included by considering the
mean as a random variable and, as a consequence,
the unconditional failure probability becomes also
a random variable. Unconditional relative frequency
distributions of the annual failure probability are
obtained for several mean values of maximum wind
velocity.

Beta distribution functions are fitted to the uncon-
ditional annual failure probabilities and estimations of
the annual failure probability are made to illustrate the
procedure for specific sites and for several given con-
fidence levels. These estimations are valuable for risk
averse managers who prefer the use of conservative
confidence levels as opposite to the traditional use of
mean annual failure probabilities.

The above allows for conservative decisions and
constitutes a basis to improve the current design
specifications and to justify the investment on wind
velocity measurement and recording equipment to pro-
tect critical infrastructure. The formulation may also
be adapted to protect other infrastructure facilities
under wind hazard and under other hazards.
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System effects on the fatigue reliability of deteriorating riveted
railway bridges
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ABSTRACT

A large proportion of the existing railway bridge infras-
tructure in Europe and North America is of riveted
construction and is already exceeding 100 years of
age. Considering their large number, replacement of
these structures will be extremely difficult from an
economic point of view and is likely to create severe
network problems. In terms of maintaining these old
bridges and planning any future repair actions, the
assessment of their remaining fatigue life is a vital
requirement. A key aspect in determining the remain-
ing fatigue life is the estimation of the fraction of the
fatigue life that has already been expended, followed
by a prediction of the remaining fatigue life.

Building on previous work by the authors, this
paper presents a system-based model for the fatigue
assessment of old, deteriorating riveted railway bridge
connections, which are built up of a number of basic
components.A finite element model of a typical, short-
span railway bridge is used to convert train loading into
probabilistic fatigue load spectra via Monte Carlo train
simulations. The spectra are developed for critical hot-
spots on different components of the connection, such
as holes, rivets, angle fillets. Uncertainties in terms
of loading, resistance and modelling are taken into
account. These spectra show that the majority of the
stress cycles experienced by the hot-spots are below
the fatigue limit of the material.

The riveted connection is then treated through
generic sub-systems capturing potential damage in
identifiable hot-spots, such as rivets, holes and angle
fillets. These hot-spots are treated as the elements
of a structural system susceptible to fatigue failure.
Fatigue damage calculations are based on the Theory
of Critical Distances (TCD), which is a recently devel-
oped theory that considers the entire stress distribution
ahead of any given stress concentration. Reliabil-
ity profiles and probabilistic remaining fatigue life
estimates for the connection are obtained, based on dif-
ferent failures modes of the connection and different
system assumptions.The results are shown in Figure 2.

The reliability profiles show that the remaining life
of the connection is sensitive to the assumptions made

Figure 1. Finite element model of riveted bridge connection.

Figure 2. System probability of failure versus time obtained
for the connection.

regarding the form of the system considered for the
analysis. Low remaining lives were obtained for a
number of the connection’s hot-spots indicating that
fatigue cracking may be imminent or may have already
initiated in a number of similar existing bridge con-
nections. Reliability profiles obtained from the TCD
method and the system representation has shown a
more rapid increase in failure probability of the con-
nection compared to similar results obtained using the
traditional nominal S-N approach.
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Lifetime functions for multi-criteria optimization of life-cycle maintenance
programs considering availability, redundancy and cost

N.M. Okasha & D.M. Frangopol
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ABSTRACT

Lifetime functions are an extremely helpful tool in
characterizing the lifetime performance of existing
structures and predicting their future reliability. Most
importantly, they offer a probabilistic basis to quantify
the lifetime survivability of structural components and
systems. Lifetime redundancy is another crucial per-
formance that quantifies the availability of warning
in the structure if collapse is to occur (Okasha and
Frangopol 2010). Redundancy can also be estimated
based on lifetime functions (Okasha and Frangopol
2008). Lifetime functions have successfully been used
to find optimum maintenance strategies for bridge
structures by enumeratively comparing all alternatives
(Yang et. al. 2006). This was made possible by the
use of only essential maintenance, one performance
indicator (survivability) with a predefined threshold,
and a small number of essential maintenance options.
However, multiple performance indicators with dif-
ferent characteristics may be desired to be included
in the optimization process (Okasha and Frangopol
2008). Besides, the maintenance options available may
be numerous. Preventive and essential maintenance
together may need to be considered. Furthermore, the
values chosen for the performance thresholds have
a significant impact on the life-cycle cost resulting
from applying the maintenance strategies required
to prevent the performance indicators from violating
these thresholds. With the lack of standard predefined
thresholds, it becomes desired to analyze the inter-
action between the performance thresholds and the
life-cycle cost in order to ensure an economical and
effective choice of threshold values. Finding trade-
off solutions by solving a multi-objective optimization
problem that includes the performance thresholds and
life-cycle cost as criteria is the best way to achieve
this goal. These issues render the non-automatic solu-
tion of the problem impossible. Luckily, the advances
achieved in the genetic algorithms optimization tech-
nology (Deb et al. 2002) provide a robust auto-
matic capability to solve (Neves et al. multi-objective

optimization problems 2006). What is left is a proper
formulation of the problem that takes the best advan-
tage of this technology and provides the optimum
solutions to the problem.

The objective of this study is to present an
automated approach that finds trade-offs among
optimum maintenance strategies considering their life-
cycle cost, lifetime availability and lifetime redun-
dancy through multi-objective optimization and using
genetic algorithms. This approach finds the optimum
maintenance strategies by automatically selecting
the appropriate essential and preventive maintenance
actions and determining the optimum times of their
application to satisfy a given set of performance
thresholds. The approach is able to provide optimum
maintenance strategies considering a combination of
multiple essential maintenance options and multiple
preventive maintenance options applied at regular or
irregular time-intervals. The lifetime availability and
the lifetime redundancy are calculated using life-
time distribution functions. The proposed approach is
illustrated on a highway bridge example.
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Structural model updating using measured dynamic responses with the
consideration of optimal sensor placement

H.M. Chow, S.K. Au, H.F. Lam & T. Yin
Department of Building and Construction, City University of Hong Kong, HKSAR, China

ABSTRACT

This paper addresses the problem of optimally plac-
ing sensors on structures for the purpose of model
updating. A methodology is presented to identify an
effective way to install a given number of sensors on
the structures to extract as much information as pos-
sible for structural model updating. The information
entropy is employed as a measure to quantify the uncer-
tainties of the set of identified model parameters. The
problem of optimal sensor placement is then formu-
lated as a discrete optimization problem, in which the
information entropy measure is minimized, with the
sensor configurations as the minimization variables.
The performance of the optimal sensor placement tech-
nique is verified by the results of model updating using
measured acceleration responses of a 4-storey shear
building model under laboratory conditions.

A series of comprehensive numerical case studies
were carried out, for shear buildings with different
number of stories, to illustrate the proposed method-
ology and verify the robustness of using information
entropy for optimal sensor placement problem. The
results of the case studies conclude that the lower part
of the structure is more suitable for placing sensors
to extract more information from the measurement.
In addition, an experiment on a 4-storey shear build-
ing model was carried out to show the importance
of sensor locations in the results of structural model
updating. In order to improve the reliability of the ana-
lytical model after model updating, the initial modal
conditions obtained analytically from the identified
modal parameters were employed in the analytical
model. The results show that the set of model parame-
ters updated from different sensor configurations can
be very different. For instance, the updated FE model
using the data from the optimal sensor location is much
more reliable than that using the data from the worst
sensor location. As you can see in Figure 1 which
shows the results of model updating using the data
from the optimal sensor location (the 2nd floor). The
responses of most storeys of the updated FE model are
very close to the measured acceleration, except that of
the first storey. Most probably, the poor matching at
the first storey is due to the small signal-to-noise ratio.

Figure 1. Responses of the updated FE model using data
from the optimal sensor location.
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ABSTRACT

In this paper, a novel method of damage classifica-
tion for health monitoring of a time-varying system
is presented. The Functional-Series Time-dependant
Auto Regressive Moving Average (FS-TARMA) time
series model is applied to vibration signal observed
in time-varying system for estimating the TAR/TMA
parameters and innovation variance, which are the
function of time and can be represented by group
of projection coefficients on certain functional sub-
space with specific basis functions. The estimated
TAR/TMA parameters and innovation variance are fur-
ther used to calculate the Latent Components (LCs)
as the more informative data for health monitoring
evaluation, based on an eigenvalue decomposition
technique. The Latent Components (LCs) are then
combined and reduced to numerical values as fea-
ture sets, which are input to a Probabilistic Neural
Networks (PNN) for damage classification. For eval-
uation of the proposed method, numerical simulations
of damage classification for a time-varying system
were employed, in which different classes of damage
were modeled by the mass or stiffness reductions. It
is demonstrated that the method is able to discrimi-
nate between the time varying nature of the system
parameters and the damages that may happen in the
course of operation and cause the change of parame-
ters. As the results will show, by using the proposed
method, the success rate of classification considerably
enhances in comparison with the other works using
non-reduced and ordinary feature extraction methods.
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limited response information
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ABSTRACT

A time domain finite element-based system identifica-
tion procedure capable of detecting defects at the local
element level using only limited noise-contaminated
response measurements and without using any infor-
mation on the exciting dynamic forces is presented.
The procedure tracks the stiffness properties of struc-
tural elements and studies the amount or rate of degra-
dation of the stiffness with respect to the “as built”
or expected properties, or deviation from the previous
values if periodic inspections were conducted. After a
repair, it also indicates whether or not all the defects
were repaired. Limited experimental verification of
the procedure is also presented in the paper.

The method can be used as an inspection-based non-
destructive defect evaluation procedure.The structural
health can be assessed in normal operating condition
or just after natural or man-made events. Defects at
the local element level that alter the dynamic response
behavior of structures can be detected with the method.

A finite element-based system identification (SI)
approach will be ideal to meet the objective since it
will locate the defect spot(s).To increase its implemen-
tation potential, the procedure should be able to locate
defective element(s) using minimum information. To
address minimum information required to identify a
system, its three components, i.e., (i) input excita-
tion information, (ii) output response information, and
(iii) the system to be identified, represented by in an
algorithmic form such as finite elements, need further
study. Outside the highly controlled laboratory envi-
ronment, the measurement of excitation information
is always error-prone. Furthermore, just after a natu-
ral and made-made incidence, the information on the
input excitation is expected to be unavailable. Thus, it
would be very desirable if a system can be identified
without using any information on the excitation.

The required dynamic degrees of freedom (DDOFs)
are expected to be very large for real structures.
The simultaneous collection of response informa-
tion at a large numbers of DDOFs may not be
practical. Also, measured response information is
expected to be noise-contaminated. Thus, the applica-
tion potential of the nondestructive defect evaluation
(NDE) procedure will be significantly improved if the
structure can be identified with only limited noise-
contaminated response information and without the
excitation information.

The research team at the University of Arizona is
in the process of developing such a method. They
proposed a two-stage SI-based procedure for this
purpose. The technique is a combination of two meth-
ods: (1) the modified iterative least-squares technique
with unknown input excitation (MILS-UI) and (2) the
extended Kalman filter with a weighted global itera-
tion (EKF-WGI). The authors denote the new method
as GILS-EKF-UI.

The procedure was extensively verified using com-
puter generated noise-free and noise-contaminated
response information.Then, it was verified using mea-
sured response information in the laboratory. A scaled
two-dimensional one-bay three-story steel frame was
built in the laboratory. The defect-free frame was
first successfully identified using the laboratory mea-
sured response information.Then, several defects were
introduced in the frame. Some of the defects consid-
ered are removal of a beam assuming it is completely
broken, reduction of cross sectional area of a beam over
a finite length, presence of multiple cracks in a beam,
and presence of single crack in a beam. In all cases
the GILS-EKF-UI method successfully identified the
defects and their locations. This will be discussed in
more detail during the presentation.
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ABSTRACT

Vibration-based finite element (FE) model updating
has proven to be a powerful methodology to identify
(i.e., detect, localize and quantify) structural damage.
One of the main challenges in model updating is that
the inverse problem is often ill-posed. Therefore, the
existence, uniqueness, and stability of the solution
with respect to measurement errors are not guaranteed.
This issue is dealt with by means of regularization tech-
niques or an appropriate parametrization (Friswell,
Mottershead, and Ahmadian 2001; Teughels,Maeck,
and De Roeck 2002). Alternatively, a Bayesian infer-
ence scheme (Beck and Katafygiotis 1998; Papadim-
itriou 2004) can be applied to quantify uncertainties
in the identification.

Within the frame of the present paper, Bayesian FE
model updating is applied for damage identification
of a full-scale subcomponent composite beam that has
been progressively damaged in several stages through
quasi-static loading. At each stage, the modal param-
eters are derived by means of low-amplitude dynamic
excitation. (Moaveni, He, Conte, and de Callafon
2008). A Bayesian FE model updating procedure is
used to quantify the uncertainties of the identified
bending stiffness distribution, taking into account the
uncertain prior information and the uncertain experi-
mental data. A probabilistic model has been used to
quantify the uncertainty in the observed prediction
error that includes both the measurement and model-
ing uncertainty. The parameters of this probabilistic
model are considered as random variables and are
determined from the experimental data as well.

The results show that the informativeness of the
modal parameters is largely dependent on the iden-
tified probabilistic model for the observed prediction

uncertainty. When large values of the observed pre-
diction error are probable, the experimental data are
less informative, and the prior uncertainty on the stiff-
ness distribution is only slightly reduced. This is the
case when a large measurement uncertainty is present,
or when the model does not adequately represent
the actual behavior of the system. The estimation of
the combined measurement and modeling uncertainty,
and the quantification of its effect on the identified
parameters is the main benefit of the present approach
compared to deterministic procedures. The results of
the identification correspond relatively well with the
actual damage observed after the test.
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Identification of progressive damage in structures using wavelet
multi-resolution approximation
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ABSTRACT

For the reliability and safety of structures, it is nec-
essary to have the most comprehensive knowledge
of the circumstances associated with a possible dam-
age/failure (Farrar & Worden 2007). Most damage
identification techniques are often performed sepa-
rately for different stages (intact and possibly dam-
aged) in which the structural system is assumed to
be time-invariant. However, damage usually develops
gradually during the monitoring period and is better
modeled with time-varying characteristics (Udwadia
and Jerath 1980). Hence, it is needed to develop
some techniques that can track these time-varying
characteristics in a damaged structure.

With its capability in spatial-temporal localization
and unconditional function approximation, wavelets
have been shown their potential in estimating time-
varying systems (Tsatsanis & Giannakis 1993, Wei &
Billings 2002, Chang & Shi 2008). In this paper,
a time-varying tracking technique using wavelets is
investigated to identify progressive damage in the
structure. The time-varying parameters which are
used to model progressive damage are represented
by wavelet multi-resolution approximation. The orig-
inal time-varying parametric problem is transformed
into a nonparametric regression one. One important
issue for this technique is to minimize the number
of basis functions in the estimation by proper selec-
tion of resolution levels for each parameter and the
significant basis functions. In this study, the resolu-
tion levels are determined using the BIC (Schwarz
1978) model selection criterion. The significant basis
functions from the selected resolution levels are deter-
mined by the significant term search scheme OFR

(Chen at al. 1989) with the AIC (Akaike 1974) as the
stopping criterion. Examples using a single-degree-of-
freedom structure with Bouc-Wen hysteresis subjected
to earthquake excitation are given to illustrate the
performance of the proposed technique to track both
smooth- and sudden-varying progressive damage.
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ABSTRACT

In a FE model updating procedure, the uncertain
model properties are adjusted such that the numeri-
cal predictions correspond as closely as possible to
the measured data [Savoia and Vincenzi, 2008]. To
obtain unknown parameters, an optimization problem
is solved. Success of the application of the updating
method depends on the definition of the optimiza-
tion problem and the mathematical capabilities of the
optimization algorithm.

Global optimization techniques, as Genetic algo-
rithms and Evolution approaches are considered very
efficient numerical methods. Unfortunately, they have
the disadvantage to require a large number of cost
function evaluations since they are based on proba-
bilistic searching without any gradient information.
Moreover, before detect global minimum, several
number of evaluation must be performed in order to
obtain prescribed precision. In FE modal updating,
objective function can be often characterized by only
one (global) minimum. In this case, sensitivity-based
methods are preferred.

Instead of applying the optimization algorithm
directly to the objective function, the Response Sur-
face Methodology (RSM ) applies it to an approximate
surface of the real objective function. In classical RSM,
the response surface is obtained by combining first
or second-order polynomials fitting the “real” objec-
tive function in a set of sampling points. The theory
of Design of Experiments provides statistical tools
to sample the search domain efficiently [Khuri and
Cornell, 1996]. Computational effort is very cheap
and RSM is a very powerful methodology when cost
function present only one minimum. The main disad-
vantage is the fact that due to the use of second-order
polynomials, a local minimum is usually reached when
the objective function presents several local minima.
In Structural identification problems, rarely the cost
function shape is known because of it is not explicitly
defined.

To improve speed rate of global optimization tech-
niques, the response surface methodology is intro-
duced in Differential Evolution Algorithm to perform

dynamic structural identification. Differential evolu-
tion (DE) algorithms are parallel direct search methods
where N different vectors collecting the unknown
parameters of the system are used in the minimization
process [Storn and Price, 1997].The vector population
is chosen randomly or by adding weighted differences
between vectors obtained from the old population.

In the modified algorithm, a new parameter vector
can be also defined as the minimum of a second-
order polynomial surface which approximate the real
cost function. Performance in term of speed rate is
improved and higher precision of results is obtained
by introducing the second-order approximation in DE.
Moreover, when objective function presents only one
(global) minimum, second-order approximation pro-
vide to find the solution with the lowest number of
iteration. On the other hand, the global minimum is
reach since multiple search points are used simultane-
ously. DE algorithm shows its efficiency when several
design parameters must be researched and close to the
solution, quadratic approximation gives higher accu-
racy. DE is compare with the modified algorithm
to perform a FE modal updating of a steel-concrete
bridge. The effectiveness of the algorithm in finding
the set of optimization parameters has been verified
also using pseudo-experimental input data, obtained
by adding a statistic scattering to exact modal data.
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functional impairment of critical infrastructure in views of seismic
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ABSTRACT

This study focused on functional impairment of crit-
ical infrastructures such as energy supply systems,
water treatments, communication networks, and trans-
portation networks, and evaluation method of their
consequences on other systems involved in societal
and economical activity during a seismic disaster
is developed. Among various societal and econom-
ical activity, financial business dealing with mutual
fund and selling and buying of securities, is selected
in developing the method. Based on the proposed
method, case studies associated with economical activ-
ity by a private company engaged in finance business
in a typical office building located at the Tokyo
metropolitan area, affected by functional impairment
of critical infrastructures, are done anticipating the
Tokyo Metropolitan Earthquake. The following results
were obtained:

First of all, the framework of evaluation method
of subject systems consequences, which are quantita-
tively measured by cumulative probability distribution
function associated with total damage costs in a year,
was shown. The cumulative probability distribution
function could be computed by adopting the com-
pound Poisson distribution obtained by compounding
probability of ni times occurrences in a unit period cor-
responding to a consequence Pi(ni) and probability of
an occurrence gi(s) associated with induced damage
costs s.

Second, what is important to prevent subject finan-
cial business discontinuity and to reduce catastrophe
damage for subject sector, is to take countermeasures
associated with the prevention of functional impair-
ment of involved critical infrastructures as well as
to reduce physical damage such as ‘Causalities of
workers’, ‘Structural damage of building’, ‘Fire’ and
‘Overturning of furniture and fixtures’ (Figure 1).

Third, it is quite likely that the functional impair-
ment associated with power supply, telecommuni-
cation and maintenance of servers becomes crucial
to systems consequences, focusing on the functional

Figure 1. Evaluation of effect of a consequence associ-
ated with functional impairment of critical infrastructures on
systems consequences.

Figure 2. Evaluation of effect of a consequence on systems
consequences considering combination of all consequences.

impairment of critical infrastructures for subject finan-
cial activity during a seismic disaster (Figure 2). This
is a reasonable result which involved stakeholders in
subject issue are recognizing qualitatively when they
make a plan for the seismic disaster prevention.
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Risk assessment of shore-based power supply at marine container terminals
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1 INRODUCTION

In this paper, quantitative risk assessment methodolo-
gies are applied on a newly developed ship emissions
reduction system known as “Alternative Maritime
Power” supply or “Cold Ironing”. The main premise
of this system is that during the ship’s stay at a port,
power is provided from the shore so that the ship can
turn off its diesel engines and thus reduce air emissions
in the atmosphere. Such a system has been currently
installed successfully at the OOCL terminal at the Port
of Los Angeles and is underway in two more terminals
at the ports of Los Angeles and Long Beach.

2 BACKGROUND AND SCOPE

What triggered this study is the request by the electric-
ity provider, which was a public utility company, to be
indemnified for any damage that might occur to their
power grid due to the operations of this system. The
main concern was that, under certain circumstances,
ship-based electricity from its generators could flow
into the utility power grid and cause damage to other
customers.

Moffatt & Nichol (M&N) was assigned the task to
analyze the whole shore-power providing system from
the terminal to the ship and a) determine the circum-
stances under which such a power flow reversal could
happen b) examine the safety systems responsible for
deterring such an event and assess their reliability and
c) propose changes in the equipment or procedures that
would improve the reliability of the safety systems and
reduce the probability of the power reversal to happen.

3 DESCRIPTION OF THE ANALYZED SYSTEM

The shore-based power supply system is comprised of
three main sub systems:

1. the land-based infrastructure that get electricity
from the utility all the way to the wharf

Figure 1. Schematic of the shore-based power supply sys-
tem. Dashed line shows the boundaries of the analyzed
system.

2. the cables that transfers electricity from the wharf
to the ship

3. the ship-based infrastructure that synchronizes the
shore power with the ship power and performs the
switch in the source to the ship’s electrical system.

Each of the above sub-systems had been designed
by different engineers in the US, Europe and Asia and
had not yet been tested in operation. Figure 1 gives
a schematic diagram with the electricity flow under
normal conditions.

4 SUMMARY AND CONCLUSIONS

Moffatt & Nichol engineers made operational recom-
mendations to the terminal operator on how to increase
significantly the reliability of the safety mechanisms
with very low cost. Furthermore, they gave policy
recommendations regarding the negotiations with the
utility company and the extent of risk it would be
prudent to them to assume.
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Seismic risk management for an existing lifeline system

T. Imai
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T. Koike
Musashi Institute of Technology, Tokyo, Japan

ABSTRACT

This study proposes a certain measure for decision-
making associated with the seismic investment strat-
egy preventing a large-scale malfunction for a existing
lifeline system under seismic risks. The most appro-
priate decision on the seismic investment must be
acceptable to all the parties involved whether in the
financial or structural side.

When a new construction or an existing retrofitting
project are planned, the target performance should be
set up which can be accepted by all the sectors includ-
ing stakeholders, project operation firms, design and
construction contractors. In this case, there are two
target performances that can be identified. The first
target performance (A) would come from stakehold-
ers and the project operating firms and will naturally
be in monetary terms. The other target performance
(B) is discussed among the engineers of the project
operating firms and the contractors in terms of proba-
bility of failure or its equivalent measures of safety
index, partial safety factor or factor of safety. It is
pointed out that the target performance (A) and (B)
are not related, unless the target performance should
be defined and functionally formulated to include both
monetary investment and safety measure variables.

When estimating the feasibility of the project, a
final balance of costs and income over the life cycle
periods which we call a value index, V0, should be a
key factor for a decision-making.

in which B, I , E, CD and CM are the accumulated
total amounts of social benefit, income, operational
expense, depreciation cost and maintenance cost,
respectively, during its life cycle period.

When seismic investment CS is taken into consid-
eration and serviceability loss due to earthquakes, the
value index, V2, is given by

where,

in which �B and �I are losses of social benefit and
income, respectively.

In order to decide the seismic investment for a seis-
mic disaster prevention project, several sets of solu-
tions including (1) the content of retrofitting design
and restoration plan, (2) the financial requirement for
the project and (3) the decision-making information
such as the probability of system performance failure
pTarget

f and the probability of value loss puo should be
prepared.

in which Tp, FVo (ν), EQ1 and EQ2 are the present
point, the probability function, the Level 1 and Level
2 earthquake ground motion, respectively.

Using this stochastic value index, seismic disas-
ter prevention investment for the existing deteriorated
lifeline system is discussed.

Several important results can be summarized:

(1) The probability of system performance failure
can be related with the probability of value loss
through the seismic investment.

(2) Target value on the probability of failure can be
determined by the decision maker who can select
the target value based on the probability of value
loss.

(3) The performance-based design method for seismic
retrofit strategies of existing lifelines can be car-
ried out through the target probabilities of value
loss and structural failure.
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Modeling infrastructure system performance using BN

M.T. Bensi
University of California, Berkeley, CA, USA

D. Straub
Technical University of Munich, Germany
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Det Norske Veritas, Norway
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ABSTRACT

We are currently working towards the development
of a probabilistic decision-support system (DSS) for
near-real time emergency response and recovery fol-
lowing a seismic event, utilizing a Bayesian Network
(BN) methodology. To date, our efforts toward the
development of the probabilistic DSS have focused
on modeling the earthquake demand as a spatially
distributed random field (Straub et al. 2008) and on
investigating methods for modeling the infrastruc-
ture system as a BN. In this paper we provide a
brief description of the seismic demand model and
thereafter focus on modeling system connectivity.

Friis-Hansen (2004) has proposed a BN formu-
lation, in which system connectivity is modeled by
exploiting causal relationships between the system
components necessary for its survival. We have found
that this approach can be effective for certain types of
systems, specifically those for which it is easy to iden-
tify all minimum link sets (MLSs). We expand upon
the Friis-Hansen (2004) approach by considering five
formulations for modeling binary systems using BN.
These are described in this paper in conjunction with
a simple example system.

The five approaches to modeling a spatially dis-
tributed network by a BN are described and compared.
First, we present a formulation we have designated the
naïve BN formulation; one in which the system con-
nectivity is modeled as a direct function of its compo-
nents. In this formulation all components are parents of
one system node. Second, we define the minimum link
set BN formulation as a BN where the system connec-
tivity is expressed directly as a function of the MLSs.
This is done by representing the system as a node
whose parents are the MLSs. In turn, each MLS node
has its constituent components as parents. Third, we
present a formalization of the Friis-Hansen approach,
in which system connectivity is modeled by exploiting
causal relationships between the system components
necessary for its survival. Rather than modeling the

system as a child of its MLS nodes, this formulation
expresses system connectivity using a causal interpre-
tation of the connectivity paths. We denote this as the
explicit connectivity (EC) BN formulation. Fourth, we
define the dual of the MLS formulation as the min-
imum cut set (MCS) BN formulation, in which the
system node is a child of parents representing MCS
nodes, and each MCS node itself is represented as
a child of nodes representing its constituent compo-
nents. The system node is a series system of all the
MCS nodes, whereas each MCS is a parallel system
of its parent nodes. Finally, we define the dual of the
EC formulation as the explicit disconnectivity (EDC)
BN formulation. Rather than tracing paths that ensure
survival of the system, one pursues causal event paths
that ensure failure of the system. This is a less intuitive
approach than the EC formulation.

In addition to presenting the formulations we also
offer some guidance on the system topologies for
which the differing formulations are applicable. How-
ever, the development of explicit rules for when to
apply each formulation remains an area for future
research. A case study of a hypothetical transportation
system is presented to (1) demonstrate the modeling of
earthquake loading as a spatially distributed random
field, (2) present a specific application of the formu-
lations presented in this paper, and (3) to illustrate the
value BNs for information updating.
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Seismic risk management of water supply system with PML index
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ABSTRACT

The numerous major earthquakes such as the Great
Hanshin-Awaji earthquake, Nigata-Chuetsu earth-
quake caused substantial casualties and property
damages. Private companies/public utility enterprises
should provide disaster reduction investment as part
of risk management and prepare a strategic Business
Continuity Plan.The significance of the Business Con-
tinuity Plan has been increasingly important in the con-
nection of corporate social responsibility (Hoshiya &
Yamamoto 2005, 2002).

This study focuses on the seismic risk analysis of
the existing water supply system. Water supply system
may be modeled as a network that consists of supply
nodes (purification plants), demand nodes (pump-
ing stations and service reservoirs) and links (buried
pipes). It may be postulated that water can be supplied
to a demand node as long as this node is connected at
least to either one of supply nodes, and each demand
node is connected to and is in charge of the corre-
sponding supply area of a lower network. It is also
postulated that links are subject to seismic risk and
they have probability of two events, failure or success,

whereas nodes are modeled as a system of compo-
nents such as motors, water pipes, electric systems and
so forth. Each component has probability of failure
or success, and because of the combination of plural
component probabilities, failure of a node system has
different failure modes, and their probabilities must be
evaluated, for example, by the event tree analysis.

In this research, probable maximum loss (PML)
index is employed to evaluate the seismic risk of a
lower network. An alternative method is proposed to
avoid the complicated event tree analysis and evalu-
ate PML index of the high order water supply network
system. Then a numerical analysis is carried out to
demonstrate the efficiency of the proposed method.
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Probability models for the reliability metrics of practical power
distribution networks
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ABSTRACT

This study introduces a method to analytically obtain
the probability distribution of power distribution sys-
tem reliability metrics. The proposed method goes
beyond traditional analytical tools that only provide
moments of the probability distributions. The new
methodology uses the conditional probability distri-
bution of failure of each network element, and the
probability distribution of external hazard occurrence.
The system-level reliability assessment is derived from
a combinatorial procedure that relies on the uncondi-
tional probabilities of failure of individual elements to
produce the exact probability distribution of standard
reliability indices. The system average interruption
frequency index (SAIFI) is used in this study to
illustrate this exact Poisson-Binomial combinatorial
approach. Results for a simple radial feeder and a por-
tion of the Roy Billinton test system (RBTS) suggest
that the probability distribution of SAIFI is robust to
variations in the probability laws of network element
fragility and hazard occurrence.

Figure 1 displays the topology of the power distri-
bution systems of this study, and Figure 2 highlights
the exact Poisson-Binomial PMF of SAIFI as well as
the binomial and Poisson approximations for the linear
and simplified bus 6 circuits. The probability distribu-
tion of SAIFI and its approximations are insensitive

Figure 1. Single line diagram with 19 load points of (a) ideal
linear feeder, and (b) simplified RBTS bus 6.

Figure 2. Approximate and exact PMF of SAIFI. Crosses
represent the binomial fit to SAIFI data, diamonds the Pois-
son fit, and circles the exact combinatorial SAIFI distribution.

to the form of the fragility and hazard pairs. In addi-
tion, the binomial model fits the linear feeder SAIFI
data better than the Poisson probability law, while a
contrasting trend is observed in bus 6 where Pois-
son models fit better the SAIFI data. These closed
form approximations to the Poisson-Binomial model
enable detailed system sensitivity analyses, including
response to extreme hazards, and estimation of the
probabilities of attaining regulatory standards.
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A method for accurate calculation of seismic structural failure probability
using multi point estimate
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ABSTRACT

In performing seismic response analysis of non-linear
strcture systems using a group of earthquake ground
motions X which are generated to follow a prob-
ability distribution, the structural response value Y
can be generally represented as a non-linear function
Y = g(X) . Hence, it can be assumed that the Y is
stochastic variable in a case where non-linear structure
models are considered.

Although the probability density function fY (y) is
required in computing seismic structural failure prob-
abilities using structural realibility theory, it is usually
difficult to specify the shape of the fY (y) .

To calculate a failure probaility of structures against
the considered limit state, it is necessary to estimate
fY (y) efficiently and precisely. Therefore, we improve
multi point estimate method in order to calculate seis-
mic structural failure probability more efficiently and
more precisely. Then, we discuss about the precision
of the improved method.

In the current paper, we adopt spring-mass model
whose reponse is non-linear and sliding-block model
so that we may conduct numerical simulation for the
demonstration. In our simulation, the PDF fY (y) is
modeled in two ways as follows:

(model 1) Y follows normal distribution which is
determined using the first and the second moment
of g(X), that corresponds to the conventional point
estimate method (Rosenblueth1),

(model 2) Y follows a probability distribution
whose density function which is approximated by
Gram-Charlier expansion that is one of the orthogo-
nal polynomials espansion methods. In this simulation,
moments of Y are calculated to the fourth order
although the higher order moments can be considered.

Conducting the seimic response analysis, the dis-
tribution of Y = g(X) is obtained for the model 1 and
model 2, respectively. The PDF fY (y)1 is statistically
estimated from the histogram, which represent the
relationship between the response value and its fre-
quency, for the model 1, and the PDF fY (y)2 is from
the histogram for the model 2.

We compare the PDF fY (y) which is obtained
from Monte-Carlo Simulation (model 3) with the
PDF fY (y)1 and fY (y)2, first. Furthremore, the failure
probailities for the considered limit state are compared
among the model 1, model 2 and model 3.

On the basis of the numerical simulation results, we
discuss about an appropriate method to calculate fail-
ure probability of non-linear structure models using
multi point estimate from the viewpoint of numerical
precision.
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Seismic safety assessment of concrete gravity dams
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1 ABSTRACT

The safety of concrete gravity dams in seismic environ-
ments has been a subject of significant concern. The
evaluation of their response to earthquakes requires
particular attention due to the complexities of the
dam-reservoir-foundation system.These include: non-
linear behavior of the concrete and foundation rock,
interaction between the dam, the reservoir and the
foundation, unbounded size of the reservoir and foun-
dation domain, and spatial variation of seismic ground
motions over distances comparable to the base dimen-
sions of the dam. This paper addresses some of the
aforementioned issues by developing a computational
procedure for the rational seismic safety evaluation of
concrete gravity dams using the finite element method
and conducting sensitivity analyses that investigate
the modeling assumptions. Features of the numeri-
cal model include: (i) the concrete and rock masses
are assumed to be impervious material represented,
respectively, by the concrete damaged plasticity model
(Lee & Fenves, 1998; Lubliner et al., 1989) and the
Mohr-Coulomb model. The models are permitted to
respond either in the linear or the nonlinear range.
(ii) The unbounded foundation rock is divided into
two sub-domains, i.e. the near-field region of inter-
est and the far-field unbounded medium represented,
respectively, by finite elements and infinite elements.
(iii) The dam-reservoir dynamic interaction is emu-
lated with two approaches: either via Westergaard’s
added mass technique (Westergarrd, 1933) or Dar-
bre’s two-parameter model (Darbre, 1998). (iv) The
dam-foundation interaction is modeled using contact
surfaces with a “hard” contact and a Coulomb fric-
tion model for the interaction normal and tangential to
the surface, respectively (Abaqus, 2007). For compari-
son purposes, the model is also considered to be fixed
at its base. (v) The input excitation is considered to
be either uniform or propagating from the upstream
to the downstream face of the dam, and is applied
at the foundation surface of the numerical models.

A preliminary study is conducted to investigate the
effects of dam-reservoir hydrodynamic interaction and
spatial variation of earthquake ground motions on the
response of the Koyna Dam in India. The findings of
this research work indicate that: (i) The different mod-
els for representing the hydrodynamic pressure effects
produce different response with Darbre’s (1998) model
yielding a lower response than Westergaard’s (1933)
approach, due to the energy absorption by the dampers
of the former model. (ii) The consideration of the infi-
nite foundation domain and the contact interaction at
the dam-foundation interface can have a considerable
impact on the dam response, as the peak stress distribu-
tion and crack formation in the body of the dam differs
significantly from the corresponding response values
obtained when the dam is considered fixed at its base.
(iii) Cracks at the neck of the dam and contact opening
at the heel of the dam-foundation interface form under
both uniform and nonuniform seismic excitations. For
both excitation cases, slipping occurs along the entire
dam base with a slightly more pronounced response
at the heel of the dam. However, the spatially variable
seismic excitation tends to magnify the dam response
and may pose a threat to the dam safety.
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Stochastic analysis of floor response spectra in consideration of structural
uncertain properties

T. Mochio
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ABSTRACT

In this paper, instead of the Monte Carlo simulation,
an attempt was made to evaluate the stochastic seismic
response of the structure having uncertain proper-
ties by a technique capable of analytical evaluation
employing the random vibration theory and statistics
technique.

As a practical item of analysis, this paper deals
with the floor response spectrum, which is one of
the most important quantities in earthquake-resistant
design. First of all, an earthquake wave is modeled as
product of a non-stationary envelope function and a
stationary Gaussian random process of which power
spectral density is equal to the Kanai-Tajimi spectrum.
Next, applying the transition matrix method with state
space to the secondary system mounted on main struc-
ture, the non-stationary standard deviation of absolute
acceleration response relating to the secondary system
is obtained under the assumption of structural proper-
ties being certain values. In addition, by introducing
the peak factor based on the extreme value theory, the
expected maximum value of system concerned can
be given with no fluctuation of properties. Finally,
application of FOSM(First Order Second Moment)
method to the total representation theorem produces
statistical values regarding the maximum acceleration
response of the secondary system in consideration of
randomness for input wave and uncertainty for struc-
tural properties. Thus, the floor response spectrum can
be stochastically obtained.

The validity of the analytical method is estimated
by the Monte Carlo simulation.
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Figure 1. Mathematical model for generating response
spectrum.

Figure 2. Comparison of analytical results with simulations.
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Stochastic seismic linear response via the random train of impulses
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ABSTRACT

The random pulse-train model was one of the earliest
stochastic earthquake models in engineering litera-
ture. Based-on the application of the first mean value
theorem, in some author’s own papers it has been math-
ematically proved that at the input of a linear system
the continuous earthquake ground acceleration Ü (t)
may be replaced by a series of modulated Dirac
impulses. For a given impulse response function of
the linear system and a given time instant t we have in
the sense of theory of distribution:

where Nα(t, τ) is a point process representing the
number of Dirac impulses at time τ for a fixed
value of parameter t, the random time instants αi (t)
are not unique determined between two successive
zero-crossing times of Ü (t) and Ū (τ) is the overall
impulse magnitude function. Physical considerations
lead to assumeNα(t, τ) be a stopped renewal process
dependent on parameter t and having unit jumps at
the time instants αi and Nα(t, τ) approximates the
number of zero crossings of earthquake ground accel-
eration. Statistical properties of Dirac sequences and
the impulsive noise are determined.The mean function
of random train of Dirac impulses is obtained as

in which E denotes the mean operator, the prime sym-
bol denotes the first derivative and λ(t, τ) is the mean

impulse arrival rate. The mean and autocorrelation
functions of the impulsive noise are

in which λ(t, τ1) approximates the instantaneous rate
of zero-crossings per unit time of earthquake ground
acceleration. For a linear system having the impulse
response function h(t − τ) the mean and variance
functions of the response X (t) are

where Ū (τ1) �= Ū (τ2). The impulse magnitude func-
tion and sign oscillation function are introduced to
describe the amplitude variations and the frequency
content of earthquake ground motions.
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ABSTRACT

The seismic hazard generated from the Vrancea source
is the major concern for practitioners, especially due to
medium-soft soil conditions in the Bucharest-city. Tall
buildings therefore might have the highest exposure to
significant damage as well as economical and human
losses

Large databases of (i) earthquake ground motion
records and (ii) structural properties are now avail-
able and can be used thanks to large computational
capabilities.

The database-assisted seismic analysis is an inte-
grated structural analysis format that allows (1)
performing the seismic response analysis, energy
balance-based analysis, fragility and seismic risk anal-
yses, by using the time series of real/scaled/simulated
multi-directional earthquake ground motions and
the induced effects (stresses, strains, displacements,
velocities, accelerations, efforts, forces, energies),
(2) the design of the structural elements and con-
nections in a straightforward and transparent manner
and (3) getting higher performance, safer and cost-
effective structures. This format becomes much more
important in the case of irregular structures, having
plan and elevation complex shape, in which the main
directions of motion are not obvious.

The objective of the paper is to investigate the
applicability of database-assisted seismic analysis
approach and to emphasize the main features of this
format in the practical seismic design of large scale
structures.

Parametric analyses of a 60 story model sub-
jected to long predominant period ground motions are
conducted and the main results are highlighted.

The database-assisted structural analysis and
design concept was initially developed for low-rise
buildings subjected to wind (Whalen et al., 2000).
Later, this approach was extended to tall buildings
(Simiu et al., 2003; Iancovici et al., 2003) and the
concept can be successfully adopted for the seismic
design also.

Figure 1. Time-histories of shears in the x− and y−
directions in a typical column.

For Vrancea 4 March 1977 record (Bucharest
INCERC station), considering the induced effects, say
in terms of shear forces, the time-histories in the x−
and y- directions, corresponding 30◦ directivity angle
of the orthogonal input ground motions, in a typical
column at the 10th floor, are given in the figure 1.

In a similar way, all the time-histories of the induced
effects are obtained. Demand peak shear forces are
obtained by common maxima superposition rules (e.g.
30% rule, SRSS rule etc.). These are compared with
the peaks obtained by the “exact approach”, obtained
directly from the time-series. The time-histories of the
induced efforts (axial forces and bending moments)
are directly used then in design equations in the form
of interaction formulae, provided by various standards
(AISC-LRFD, EC 3 etc.).

Detailed studies are necessary, based on a large
amount of input motions and structural configurations
for setting-up transparent criteria’s for design.
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Analytical study on seismic verification method of steel columns
subjected to bi-directional horizontal loadings
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ABSTRACT

The hollow steel columns and partially filled with
concrete steel columns are popularly used in urban
areas of Japan because of their rapid construction and
good sustainability during earthquake. After observ-
ing disastrous effect of high magnitude earthquake
on the bridges, the seismic design codes were revised
regularly. However, Kobe earthquake in 1995 again
pointed out drawbacks of former specification hence
in 1996 revision of code included intensive earthquake
motion observed at Kobe (Kawashima 2004) and
2002 version of specification accepted performance-
based design concept for the purpose to respond
the international harmonization of design codes and
flexible application to new structures and new con-
struction methods (Japan Road Association 2002).
However, the current specification suggests perform-
ing separate seismic analysis in longitudinal and trans-
verse directions of the structures. Whereas, in actual
conditions earthquake generates 3D vibrations and
the response of the structure to this type of vibra-
tion is quite different than uni-directional earthquake
motions (Okazaki et al. 2003), hence it is needed
to consider bidirectional loading effect on the bridge
columns.

Concerned with thin walled steel columns subjected
to bi-directional loading, research has been carried
out (Watanabe et al. 2000; Goto et al. 2006) to find
strength and ductility. However, application of results
obtained from the bi-directional loading analysis in
the seismic verification process was not proposed
until Tsuboi et al. (2007) developed displacement
based verification method. After conducting dynamic
analysis Tsuboi et al. found that displacement based
verification gives slightly over safe seismic design
when compared with ultimate strain value. Hence,
the requirement of developing strain based verifica-
tion method for bi-directional earthquake is the aim of
present study.

It has been proved that bi-directional circular load-
ing is severe for circular steel columns, hence loading
patterns considered here are gradually changes from
uni-directional to elliptical shape and then fully circu-
lar to observe effect on the column. The thin walled
circular steel column is analyzed by FEM shell ele-
ment model and simplified beam element model. The
local buckling effect can be seen in shell element
model whereas in beam element model it is ignored.
In case of shell element models, a simple method
to find out equivalent strain based on local buckling
is defined whereas in beam element model average
compressive strain is calculated.As a result, after com-
paring both types of strains, empirical formulas are
predicted to propose a strain based verification method
for bi-directional earthquake motion.
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Flexural reliability of corroding segmental post-tensioned bridges

R.G. Pillai, P. Gardoni, M.D. Hueste, K. Reinschmidt & D. Trejo
Zachry Department of Civil Engineering, Texas A&M University, College Station, TX, USA

ABSTRACT

The presence of air-voids, moisture, and chlorides
inside the tendons was cited as a reason for the early
age (8, 13, and 16 years, respectively, after construc-
tion) strand corrosion and failure in the Mid-bay, Sun-
shine Skyway, and Niles Channel post-tensioned (PT)
bridges in Florida, USA. These incidents call for fre-
quent inspection and structural reliability assessment
of PT bridges. Hence, bridge management authori-
ties worldwide need time-variant structural reliability
models to assess long-term performance to optimize
inspection, repair, and maintenance programs of PT
bridges. This paper presents modeling and assess-
ment of time-variant structural reliability of segmental
posttensioned (PT) bridges and their application to
a typical PT bridge exposed to various exposure
conditions.

The reliability is estimated as the probability that
the moment demand attains or exceeds the corre-
sponding moment capacity. The moment demand is
modeled using a probabilistic formulation based on
HL93 loading and field data (Nowak and Collins
2000). A probabilistic model for the moment capac-
ity is formulated based on probabilistic models for the
tension capacity of strands developed by Trejo et al.
(2009), the nonlinear stressstrain formulation for con-
crete developed by Todeschini (1964), the stress-strain
formulations for strands provided in AASHTO LRFD
(2007) specifications, and principles of engineering
mechanics. The proposed reliability model is applica-
ble to different environmental conditions and accounts
for the uncertainties in the damage of and voids in the
PT systems.

As an application of the developed reliability model,
Monte Carlo simulation is used to determine the reli-
ability of a typical PT bridge (Figure 1) at 0, 25, 50,
75, and 100 years of service. The selected PT bridge

Figure 1. Semi-cross-section at midspan of a typical seg-
mental, PT box girder.

girder has a simply supported span of approximately
30 meters (100 feet) and 18 tendons. The effects of
three cases of exposure (i.e., a wetdry exposure condi-
tion in 0, 2, and 4 tendons, respectively) are assessed.
At 100 years of exposure, the reliability indices for
these three cases are determined to be 3.2, 3.1, and
0.1, respectively.
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Sum-of-disjoint-products technique for seismic reliability assessment of
bridge networks

Z.H. Lu & Y.G. Zhao
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Shenzhen University, Shenzhen, China

ABSTRACT

Highway transportation networks, which mainly con-
sists of individual bridges and roads that interconnect
these bridges to form the network, are expected to con-
tinue to function during and after the occurrence of
natural disaster such as an earthquake, so that life-
lines can continue to provide emergency services and
minimize loss of life and economic distress. Unfor-
tunately, as evidenced in past earthquakes, highway
transportation is often disrupted as a direct result of
damage and collapse of highway system components.
Of all the components of highway systems, bridges are
usually considered to be the most vulnerable to earth-
quake induced damage and collapse. A typical case
is the 1995 Hyogo-ken Nanbu (Kobe) earthquake, in
which the destructive damage and collapse of bridges
resulted in paralyzing of the traffic for months (Min-
istry of Construction 1995). For this reason, it can
be assumed that highway bridges are only vulnerable
elements of a highway network, i.e., roads that link
any two bridges never fail and therefore, the high-
way networks is called as a bridge network. Due to
the uncertainties in the description of loads especially
the earthquake load and the resistances of the bridges,
there is a significant need to evaluate the connectiv-
ity reliability of bridge networks, i.e., the probability
of maintaining the connection between the origin and
destination locations, under seismic excitations.

The seismic reliability assessment of a bridge net-
work encompasses two basic steps, i.e., first to com-
pute the seismic reliability of individual bridges and
then to conduct the connectivity reliability analysis of
the bridge network. The seismic reliability of individ-
ual bridges has been the focus of research in the area
of dynamic reliability theory for bridge engineering
in the past decades and therefore it will not be dis-
cussed in detail herein. On the contrary, there are few
studies on the connectivity reliability of a bridge net-
work (e.g.,Augusti et al. 1994; Liu & Frangopol 2005).

The currently used method for reliability assessment of
bridge networks such as the series-parallel path mod-
els and the event (fault) tree analysis may fail as the
number of individual bridges increases since this com-
putation is a typical NP-hard problem, i.e., the number
of paths in the series-parallel path models or the num-
ber of branches on the event tree will correspondingly
increase in a non-polynomial way. It is necessary to
introduce more effective methods for evaluating the
connectivity reliability of bridge networks.

The paper attempts to introduce the sum-of-
disjoint-products technique (SDPT) (e.g. Fratta &
Montanari 1973; Aggarwal et al. 1975) for seismic
reliability analysis of bridge networks. It is expected
that accurate prediction of connectivity reliability of
bridge networks in future earthquakes based on the
presented methodology can assist the related admin-
istrative departments in achieving a cost-effective
strategy in the management of bridge networks.

REFERENCES

Aggarwal, K. K., Misra, K. B., & Gupta J. S. 1975. A fast
algorithm for reliability evaluation. IEEE Transaction on
Reliability 24 (1): 83–85.

Augusti, G., Borri, A., & Ciampoli, M. 1994. Optimal allo-
cation of resources in reduction of the seismic risk of
highway networks. Engineering Structures 16(7): 485–
497.

Fratta, L., & Montanari, U. G. 1973. A Boolean algebra
method for computing the terminal reliability in a com-
munication network. IEEE Transaction on Circuit Theory
20 (3): 203–211.

Liu, M., & Frangopol, D. M. 2005. Time-dependent bridge
network reliability: a novel approach. Journal of Struc-
tural Engineering 131(2): 329–337.

Ministry of Construction. 1995. Report on the damage of
highway bridges by the Hyogo-ken Nanbu earthquake.
Committee for Investigation on the Damage of Highway
Bridges Caused by the Hyogo-ken Nanbu Earthquake.

574

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Probabilistic approach of concrete durability design in marine environment

F. Deby, M. Carcassès & A. Sellier
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ABSTRACT

We often observe that there is generally a random
variation in the physical properties of concrete due to
variability of fabrication on building sites. The actual
design of concrete cover is very empirical and does
not take this variability into account explicitly. The
aim of this work is to propose an approach that inte-
grates the composition of concrete and the variability
of the physical properties associated with chloride
ingress, in order to make an objective and probabilistic
prediction of its durability.To this end, we need to com-
bine a diffusion model for chloride and a probabilistic
method.

First, the diffusion model in a saturated medium is
explained.As the study is limited to concrete immersed
in sea water, we use a non-linear model of chloride
diffusion in a saturated medium where the chloride
penetration can be modeled by Fick’s law, which is
a good com-promise between empirical models and
multi-species models.

In this methodology, and for simplicity of use, only
the composition of the concrete, the chemical com-
position of the cement and the measurement of water
porosity p are necessary. Two elementary models are
proposed to estimate the effective coefficient De and
the chloride binding isotherm Cb(c) for OPC concrete
and OPC concrete with silica fume. The associated
errors, considered as random variables, are exposed
and their distribution laws assessed from experiments
on OPC and OPC with silica fume (see Figure 1).

Finally, four random variables remain: the porosity
p, the errors on the effective diffusion coefficient ErrD
or ErrDsf , the errors on the bound chlorides ErrC or
ErrCsf , and the concrete cover thickness e. To update

Figure 1. Histograms of elementary models errors.

Figure 2. Bayesian network for chloride diffusion.

these distribution laws with new experimental results,
a bayesian network has been built. The update is done
for the elementary models errors and new findings can
be associated with the effective diffusion coefficient
or a chloride concentration. The network is presented
on Figure 2.

Then the probabilistic method is proposed to eval-
uate the probability of reaching the critical chloride
concentration for a given period of exposure. This
is the probability (Pf ) that the quantity of chlorides
on the first concrete reinforcement bars reaches a
critical chloride concentration value. It’s estimated
through the Hasofer-Lind reliability index β, using the
Rackwitz-Fiessler algorithm.

A practical application to a concrete submerged in
sea water is then proposed. For instance, the variation
of the reliability index β with exposure time is pre-
sented for an OPC concrete and the same OPC+SF
concrete. The threshold value βSLS = 1.5 (Pf ≈ 7%)
recommended by the Eurocodes for Serviceability
Limit States at 50 years is compared.

To finish, the probabilistic method is necessary to
take into account the distribution laws of the input
parameters of the chloride ingress model in order
to assess the probability of corrosion initiation for a
given period of exposure. We would highlight the gen-
eral character of this probabilistic methodology, which
could offer a new tool to the most chloride diffusion
modeling for designing structures under durability
constraints.
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Seismic reliability assessment of thin-wall concrete aqueduct with method
of moments

J.G. Xu
Department of Environment and Hydraulic Engineering, Zhengzhou University, Zhengzhou, China

B. Wang & H. Chen
Department of Civil Engineering, Zhengzhou University, Zhengzhou, China

Z.H. Lu & Y.G. Zhao
Department of Architecture and Building Engineering, Kanagawa University, Yokohama, Japan

ABSTRACT

With the construction of the project of transporting
water from south to north in China, the aqueduct seis-
mic security arose more and more attention.At present,
the seismic dynamical reliability of aqueduct is sel-
dom researched. The method of moments, which is
based on the premise that by finding the relation-
ship between the failure probability and the central
moments of the limit state function, the failure prob-
ability can be assessed, is proposed to the load and
resistance faction. Compared with the method of com-
mon, the load and resistance factors can be determined
even when the probability distributions of random
variables are unknown, and the method of moment
needs neither iterative calculation of derivatives nor
any design points. Based on the thin-wall dynamic
analytical model of aqueduct with fluid-structure cou-
pling, the seismic reliability of aqueduct is studied
by used of the method of moment. In this model the
influence of the bend-torsion coupling, water-structure
coupling and nonlinear rubber bearing isolation are
all taken into consideration. Based on the type of site
soil, the artificial seismic waves are created. In accor-
dance with the method of moment and the measured
data of structural internal force under earthquake, the
reliability distribution function and the aqueduct reli-
ability are all calculated. Based on Housner theory,
the fluid and aqueduct body’s dynamical interaction
include fluctuation pressure and convection pressure
under the transverse earthquake loading.The creations
of [M ], [K] and [C] could consult document.

The acceleration time-historya(t) is calculated uti-
lizing Fast Fourier’s Transform after the amplitude
spectrum calculation.

The 3M reliability index can be written as follow

The 4M reliability index can be written as follow

The PDF of zs can be expressed as follow

Utilizing 500 artificial seismic waves, the aqueduct
structural response under two cases are calculated.
From the analysis of structural internal force under
strong earthquake, the bracket base section always
entrance the plastic failure period firstly. So the section
of the bracket base is the failure control section. The
calculation results show that the failure probability of
empty aqueduct (case1) is 0.0129, 0.02018, 0.02043
with the β2M , β3M , β4M respectively. The failure prob-
ability of design water level is 0.03253, 0.04138,
0.04095 with the β2M , β3M , β4M respectively.

The PDF equation is expressed as
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Time-dependent reliability of R.C. structures considering uncertain
parameters with unknown CDFs

Y.G. Zhao & Z.H. Lu
Kanagawa University, Yokohama, Japan

W.Q. Zhong
Dalian University of Technology, Dalian, China

1 INTRODUCTION

Some R.C. structures maybe situated in corrosive envi-
ronment, such as severe ocean environment, chemical
industry environment. And they may be attacked by
several corrosive factors, such as carbon dioxide, chlo-
ride ions, sulfate or sulfuric acid. How to evaluate the
safety of such R.C. structures is a necessary and impor-
tant problem. Time-dependent reliability for such R.C.
structures is generally evaluated using system relia-
bility theory in which the correlation among failure
mode have to be computed and the random variables
are generally assumed with known distribution. In real-
ity however, the distribution of many parameters are
unknown since the limitation of the number of data.
In the present paper, Dimension reduction integration
is developed to evaluate the first few moments of the
performance function of a structure with inclusion of
the uncertain parameters with known distributions.

2 COMMON CORROSION FAILURE MODES
OF R.C. STRUCTURES

The most common corrosion failure modes of R.C.
structures are rebar corrosion caused by concrete car-
bonization, partial corrosion of rebar caused by inva-
sion of chloride ions and concrete damage caused by
sulfate or sulfuric acid. In this section, the limit states
for failure caused by carbonization, failure caused by
invasion of chloride ions and bearing capacity failure
are established.

3 DIMENSION REDUCTION INTEGRATION
FOR SYSTEM RELIABILITY

Since the system performance function G(X) will not
be smooth although the performance function of a
component is smooth, it is difficult to obtain the sen-
sitivity of the performance function even for a series

system, derivative- based FORM would not be appli-
cable. In the present section, Dimension Reduction
Integration (DRI) for system reliability evaluation is
investigated. The first few moments of the system per-
formance function are obtained by DRI, from which
the moment-based reliability index based on the fourth
moment standardization function and failure probabil-
ity can be evaluated without Monte Carlo simulations.
The procedure does not require the computation of
derivatives, nor the determination of the design point
and computation of the mutual correlations among
the failure modes; thus, it should be computationally
effective for time-dependent reliability under several
corrosive attacks. A numerical example is given to
illustrate the application of the method. A specific
R.C. structure that was drilled and sampled every 20
years over its service period of 60 years in corrosive
environment is investigated.

4 PRINCIPAL CONCLUSIONS

Dimension Reduction Integration (DRI) for time-
dependent reliability of reinforced concrete structures
under chlorination and carbonation is suggested. A
computationally effective method for probability den-
sity approach of performance function is proposed
and examined; for both series and non-series systems.
The method directly calculates the reliability indices
(and associated failure probabilities) based on the first
few moments of the system performance function of
a structure.

Since the system performance function are not
smooth, the histograms have good behaviors and the
PDF of the system performance function should be
smooth, and the histograms can be approached by the
PDF defined by the first four moments.

The accuracy of results, including the first four
moments of the performance function, and the prob-
ability of failure, obtained with the proposed method
has been thoroughly examined by comparisons with
large sample Monte Carlo simulations (MCS).
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Column over-design factor requirements for ensuring beam failure
mechanism with specific reliability levels

W.C. Pu
Tokyo Institute of Technology, Yokohama, Japan

Y.G. Zhao

ABSTRACT

In seismic design it is desirable to have plastic hinges
form in beams rather than in columns during an
earthquake event. For ensuring a beam-hinging fail-
ure pattern, the sum of the columns at a joint is
required to possess greater moment capacity than that
of the adjoining beam. The “column over-design fac-
tor”, which is defined as the ratio of column strength to
beam strength at beam-column node, is generally used
to fulfill such strong-column-weak-beam design.

Most of the previous studies, including experi-
ment examination and numerical analysis, were per-
formed using one or small quantity of specific earth-
quake ground motions as input. However, the ground
motions are of great randomness, and the properties of
earthquakes still cannot be predicted accurately. The
obtained results by this way are consequently hard to
represent the potential response to the next unknown
ground motion. Zhao et al. proposed a COF evalua-
tion method with the uncertainties of member strength
and earthquake load in consideration, but the dynamic
properties of structures are not considered. For a bet-
ter understanding of the seismic behavior of structures,
the dynamic evaluations based on statistical properties
are more desired.

Basically, two approaches are available for com-
puting the statistical properties of structural response.
The one is to conduct time history analysis using a
large quantity of ground motion records, well known
as the Monte Carlo simulation. The alternative way
is to conduct stochastic analysis based on the mean
earthquake response spectrum to obtain the statistical
indices directly. Comparably, the stochastic analysis is

more efficient. Usually, some linearization techniques
are involved in stochastic analysis, which makes it just
an approximation method. Despite of this, the stochas-
tic analysis has been well developed and popularly
used because it provides helpful information about
structural seismic behaviors. Jiang & Lu11) developed
the stationary stochastic analysis of linear system to
apply for non-stationary random vibration, and pro-
posed a method to compute the statistical properties of
responses of multi degree-of-freedom system. It was
demonstrated that the proposed method can be used
to simulate the structural seismic behavior with good
accuracy.

This paper conducts the stochastic analysis using
the aforementioned method to evaluate the effect of
COF on the statistical properties of maximum struc-
tural responses. The fishbone model is incorporated
to account for the interaction between beams and
columns. The distribution of the mean and standard
deviation of the maximum story drift, beam rotation
angle, and ductility ratio are investigated, and the rela-
tionship between the COF and those responses are
analyzed.
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Application of laser peening on steels for structures
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ABSTRACT

Laser peening is an innovative surface enhancement
technology to introduce a compressive residual stress
in metallic materials. Fundamental process of laser
peening is summarized as follows. When an intense
laser pulse is focused on the material, the surface
absorbs the laser energy and a submicron layer of the
surface evaporates instantaneously. Water confines the
evaporating material and the vapor is immediately ion-
ized to form plasma by inverse bremsstrahlung. The
plasma absorbs subsequent laser energy and generates
a heat-sustained shock wave, which impinges on the
material with an intensity of several gigapascals, far
exceeding the yield strength of most metals.The shock
wave loses energy as it propagates to create a per-
manent strain. After the shock wave propagation, the
surface is elastically constrained to form a compressive
residual stress on the surface. X-ray diffraction study
showed that the compressive residual stress, nearly
equal to the yield strength, was imparted to the surface
of the material. Laser peening was effective to pre-
vent the initiation and propagation of stress corrosion
cracking (SCC). Taking advantage of the inertia-less
process of laser peening over mechanical treatment, a
remote-controlled process system has been developed
and applied to nuclear power reactors as a preventive
maintenance measure against SCC.

Laser peening changes tensile residual stress to
compressive. So it seems that laser peening will
be very effective in enhancing the fatigue strength,
because tensile residual stress is one of the most
important factors to reduce fatigue strength.

In this study, laser peening conditions for steels
for structure were examined by residual stress mea-
surement and Vickers hardness measurement. Four
grades of steels, Low-yield steel, 400 N/mm2 grade
steel, 490 N/mm2 grade steel and 780 N/mm2 grade

Figure 1. Residual stress distribution of welding toe (σy).

steel, were used as specimen. Moreover residual stress
and Vickers hardness of the fillet weld zone after laser
peening was investigated by comparing it with that
before laser peening. Mild steel (490 N/mm2 grade
steel) was used for the plates and fillet weld was used
to join the ribs to the plates. X-ray diffraction was used
to measure the residual stress.

Main results are summarized as follows. 1) Laser
peening affects steel hardness up to the depth of
0.6 mm in case of the over 400 N/mm2 grade steels.
2) In the case of over 400 N/mm2 grade steels, mate-
rial strength of the steels for structure did not affect the
compressive residual stress imparted by laser peening.
3) Laser peening can change tensile residual stress to
large compressive residual stress in the welding zone.
The nearer to the welding toe, the larger this effect
by laser peening became. (Figure 1) 4) The hardness
values near the welding toe increase about 100Hv com-
pared to the unpeened area. But all laser-peened area
was not hardened with uniformity. The nearest point
to the welding toe was more hardened than the other
laser peened points.
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Challenge for a drive-by bridge inspection

C.-W. Kim & M. Kawatani
Department of Civil Engineering, Kobe University, Kobe, Japan

ABSTRACT

This paper presents an on-going research for a drive-
by bridge health monitoring, which is even adaptable
for short span bridges.

Two theoretical methods for the scheme are dis-
cussed: 1) the modal identification using traffic
induced vibration of short span bridges as a global
condition screening method; and 2) the bridge dam-
age identification based on drive-by measurements
using an inspection car which has two important func-
tions such as an actuator and data acquisition (or
processing) (Kim & Kawatani 2008). A prototype
wireless sensor node, which is developed aiming to
meet specific requirements of the drive-by monitoring,
is also presented (Kim et al. 2008). Feasibility of the
scheme is investigated by moving vehicle laboratory
experiments.

Observations demonstrate that comparing the iden-
tification results between intact and damage gird-
ers such as pattern change of identified parameters
encourages the use of the first-stage drive-by inspec-
tion method for long term health monitoring even
for short span bridges as shown in Figure 1. The
experimental study also demonstrates that the damage
location and severity are well detectable using the pro-
posed second-stage drive-by inspection method (see
Figure 2).

The feasibility investigation of the wireless sensor
board for the drive-by monitoring clarifies that many

Figure 1. Identified modal damping constants using the
first-stage drive-by inspection.

Figure 2. Identified element stiffness index (ESI).

technical tasks are remained unsolved: enhancing
wireless communication performance; development
of a middleware for on-board computing of bridge’s
current health condition; and energy harvesting for the
system.

The most important and fundamental result
obtained through this study is the feasibility of the
method for addressing real-world problems. Feasibil-
ity investigations for actual bridges will be a strong
motivation for the next challenge.
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On-line computation of dynamic displacements from measured
strains through mode superposition

S. Shin & B. Yoon
Inha University, Incheon, Korea

ABSTRACT

A simple algorithm is proposed for computing
dynamic displacements from measured strain data.
The algorithm can be applied to any beam-type struc-
ture including a plate-girder bridge and a long span
suspension or cable-stayed bridge. Modal superposi-
tion using generalized coordinates are applied to relate
the curvature and displacement based on the beam
theory.

Simulation studies, laboratory test, and field mea-
surements were carried to examine the proposed algo-
rithm. Figure 1 shows the view of laboratory tests with
moving vehicles over a 6 m long simple span model
bridge. Model vehicles moved over the bridge in a con-
stant speed between 1 m/s and 6 m/s along the center
of the section. FBG sensors were placed at the bot-
tom of side flanges in an equal distance. A LVDT was
placed at the bottom of the deck in the middle of the
span. Various load cases were applied with one or two
model vehicles in varying speeds.

A field test data obtained from a bridge for maglev
trains algorithm as shown in Figure 2 was also used
to examine the algorithm. FBG sensors were placed
at the bottom of the girder bridge. A LVDT was set
at the bottom of the middle span. The train ran from
10 km/hr to 50 km/hr over the girder bridge.

Vibrational displacement was computed and com-
pared with that measured from LVDT in the speed
of 50km/hr in Figure 3. Except some minor discrep-
ancy around the center when the vehicle passed over it,
the estimated displacements are in a quite good agree-
ment with the measured data. The errors in all the train

Figure 1. Laboratory test with model vehicles.

Figure 2. Field test on a bridge for maglev trains.

Figure 3. Comparison of estimated and measured displace-
ments at the midspan with the train speed of 50 km/hr.

speeds are small enough to allow engineers to use the
proposed algorithm reliably.
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Techniques for bending stiffness system identification for RC-structures

S. Hoffmann
DYWIDAG Systems International, Munich, Germany

R. Wendner, A. Strauss & K. Bergmeister
University of Natural Resources and Applied Live Sciences, Vienna, Austria

ABSTRACT

The Project AIFIT – user oriented identification for
engineering structures – claims to develop and sup-
ply specifically a support for the user in a sense of
the expert in charge for the maintenance of a bridge
structure. Various methods described in detail in ear-
lier publications (Hoffmann 2008, Wendner 2009,
Strauss et al. 2007, Ralbovký 2007, Lehký et al.
2007) shall allow an “inside view” into reinforced con-
crete bridges, support classical visual inspections and
provide statements about not accessible areas of the
structure. The final aim is to provide on an econom-
ical basis the information allowing the maintenance
planning. This can be achieved by more objective
information or the advantage of more aimed usage of
classical inspection methods, like prior localization of
possibly damaged areas.

Literature lists diverse examples for the identifi-
cation of stiffness used for damage identification.
Frequently these methods require base line measure-
ments, which cannot be provided for existing struc-
tures. Moreover such methods can give only the basis
for engineering type statements, which are in con-
tradiction to the claim of objectivity and traceability.
Based on theoretical considerations, numerical stud-
ies and especially expert interviews the efforts of the
project were drawn to the identification of stiffness
distribution of reinforced concrete bridges. These pro-
vide independency as far as possible at relatively high
significance at the same time, especially in the case
that damages embodies by bending cracks. The ana-
lyzed methods cover new approaches, all in the context
of a practical application of such system identification
methods.

Besides the practical application of the analyzed
methods, including all necessary measurements at the
structure, a comparison requires the assessment of
their capabilities for the aimed information. In order
to provide this comparison extensive laboratory tests
have been conducted, which are described in detail in
Hoffmann 2008 and Wendner 2009.

Experiences gained in these laboratory tests have
been realized in the field while considering an appli-
cation of system identification as practical as possible.
For this a representative structure was analyzed and its
dynamic and quasi static behavior recorded. In this
way obtained information about the stiffness distribu-
tion of the structure shall provide finally a support for
the inspection and maintenance planning of the bridge
structure.

The implementation of the experiences in field and
the analysis of the real capabilities on the basis of a
field test are described in this contribution.
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Estimation of bridge eigenfrequencies based on vehicle responses
using ICA

Y. Oshima, K. Yamamoto & K. Sugiura
Kyoto University, Kyoto, Japan

T. Yamaguchi
Osaka City University, Osaka, Japan

ABSTRACT

Herein in order to estimate the vibration component of
a bridge from the vehicle response, independent com-
ponent analysis (ICA) was applied to bridge-vehicle
coupled vibration. Generally, ICA can be applied to
static problem where signals are mixed simultane-
ously. But the bridge-vehicle vibration is one of the
convolution phenomena. Thus in this study, system
model and AR model with state equation were used
for ICA to transform the convolution problem into
the static problem. To verify this concept, numerical
simulation was conducted to produce input signals for
estimation analysis.

In this study, a bridge and passing vehicle are
assumed as an input-output system. First of all, the
vehicle moving on the subgrade is assumed to be a
subsystem subject to road roughness profile. In this
model, independent component is the road profile, but
the other signals are dependent outputs including the
sprung and unsprung mass. Then the total system was
also assumed including vehicle and bridge interaction
as the second step. Figure 1 shows the assumed model
for subsystem and total system.

Figure 1. System models, where S and U denote sprung and
unsprung mass, respectively, and B denotes bridge.

Figure 2. The estimated bridge response for 20 km/h.

The following equation was assumed on the basis
of this system.

where zs and zu are the acceleration of sprung and
unsprung mass, ξ is the acceleration of road rough-
ness profile, and Gi, Ci and Fi are the AR coefficients.
M2 is the restoring element for ICA. Then the bridge
response can be expressed by

where y(k) is the response of the bridge along with
the vehicle position, Ai and Ei are also the AR coeffi-
cients, which can be given by G and F . Figure 2 shows
the estimated signals for the bridge response. Unfortu-
nately the estimated signals do not agree well with the
real signals which are directly obtained by simulation.
This disagreement may occur due to the inappropriate
orders of AR model to represent the bridge response,
thus several models should be evaluated in the future.
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Application of laser doppler vibrometers to bridges

T. Miyashita
Nagaoka University of Technology, Nagaoka, Japan

ABSTRACT

A visual inspection of bridges mainly has been conducted as
conventional maintenance technique.The results may depend
on subjectivity. Therefore, the development of quantitative
maintenance techniques is required. This paper presents sev-
eral application studies of Laser DopplerVibrometers (LDV),
which makes possible to conduct high accurate, non-contact
and long distance measurement, to bridges.

Figure 1. Application to a Shinkansen steel box girder
bridge.

1) At a Shinkansen (Bullet Train) railway steel box girder
bridge, fatigue cracks were observed at the bottom end
of vertical stiffeners. The objective of this study is to
clarify the dynamic behavior of the bridge by vibra-
tion measurement using convectional sensors and LDVs
(Fig. 1).

2) A new measurement system using LDVs for monitoring
Shinkansen RC viaducts will be presented. Ambient and

Figure 2. Application to Shinkansen concrete viaducts.

Figure 3. Application to tensile force measurement of
cables.

Figure 4. Remote non-contact measurement system.

impact vibrations were measured by LDVs compensated
for noise in order to eliminate the low amplitude vibra-
tions of the viaduct. The global mode shapes and natural
frequencies were identified (Fig. 2).

3) Compact and portable type LDV measurement system
was developed and applied to tensile force measurement
of cables in the Tatara Bridge. The LDV used in this
study integrates sensor head and controller into a body
and drives by a battery. Measurement system using the
LDV was developed in order to be possible to handle by
a laptop PC. As the result, the number of working per-
sons for measurement becomes few due to very excellent
movability of the system (Fig. 3).

4) looseness-1When a LDV is far away from measured
points, it is especially difficult to confirm the location
of laser points on a structural surface. Adjusting the
position of the laser to the measured points becomes time-
consuming task during field measurements. Therefore, a
non-contact measurement system combining LDV with
Total Station for long distance measurements, which has
the ability of high accurate positioning and automated
measurement, was developed (Fig. 4).
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Critical excitation method for moment-resisting frames subjected to
two-directional horizontal ground inputs

Kohei Fujita & Izuru Takewaki
Department of Urban & Environmental Engineering, Graduate School of Engineering, Kyoto University, Kyoto, Japan

A new model is proposed of bi-directional horizon-
tal ground motions (2DGM) (see Fig. 1). It is shown
that, in comparison with the Penzien-Watabe model
(1975) (see Fig. 2), the cross power spectral density
(PSD) function between 2DGM along the building
structural axes (BSA) can be treated in a more relaxed
manner by using an extended Penzien-Watabe model
proposed in this paper. The auto PSD functions of
2DGM along BSA are assumed to be given and the
cross PSD function between these 2DGM is treated as a
complex variable. A critical excitation problem is then
considered for a moment resisting three-dimensional
frame (see Fig. 3).The objective function is the corner-
fiber stress at the column-end and the worst cross PSD
function of the 2DGM is searched for the maximum
corner-fiber stress at the column-end. It is shown that
the real part (co-spectrum) and the imaginary part
(quad-spectrum) of the worst cross PSD function can

Figure 1. Moment resisting three dimensional frame and
the definition of building structural axes.

Figure 2. Penzien-Watabe model (1975).

Figure 3. One-story one-span plane frame.

Figure 4. Response to the critically correlated 2DGM and
responses to other inputs.

Figure 5. Responses to critically correlated 2DGM, per-
fectly correlated ones and randomly correlated ones (1000
samples).

be obtained by an algorithm interchanging the double
maximization procedure in the time and cross PSD
domains. It is concluded that the critically correlated
2DGM are inevitable for reliable design of important
structures (Fig. 4, Fig. 5).
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Semidefinite programming for robustness analysis of structures
under large uncertainties

Yoshihiro Kanno
Department of Mathematical Informatics, University of Tokyo, Tokyo, Japan

Izuru Takewaki
Department of Urban and Environmental Engineering, Kyoto University, Kyoto, Japan

ABSTRACT

The robust structural design has received increas-
ing attention, which may decrease the sensitivities
of mechanical performances with respect to vari-
ous uncertain parameters. Roughly speaking, there
exist two frameworks for considering the uncertain
property of a structural system, i.e. probabilistic and
non-probabilistic uncertainty modeling. Probabilis-
tic robust design approaches require information on
stochastic variation of the uncertain parameters, e.g.
parameters of the probability density function. How-
ever, it is often difficult to estimate those parameters
accurately, especially when the number of samples of
the uncertain parameters is limited.

Recently, Ben-Haim (2006) proposed the info-gap
decision theory as a unified methodology to consider
the robustness of an uncertain system including the
non-probabilistic uncertainty model. In contrast to
probabilistic approaches, the info-gap theory has an
advantage such that we have to estimate neither the
level of uncertainty nor the probabilistic distribution
of uncertain parameters.

In the info-gap theory, the robustness function plays
a key role which represents the greatest level of uncer-
tainty at which any failure cannot occur. This implies
that the robustness function can be regarded as a
quantitative measure of robustness, i.e. the constraint
conditions can be violated only at great level of uncer-
tainty in a structure with a large robustness function,
while they can be violated at small level of uncertainty
in a structure with a small robustness function.

Unfortunately, in general, it is difficult to compute
the robustness function exactly. In this paper, we first

propose a tractable reformulation of the robustness
function of a structure under non-probabilistic uncer-
tainties. In particular, based on the S-lemma (Pólik &
Terlaky, 2007), we propose an efficient numerical
algorithm for computing a lower bound of the robust-
ness function. At each iteration of the algorithm, we
solve a semidefinite programming (SDP) (Ben-Tal &
Nemirovski, 2001) problem.

We next consider two structural optimization prob-
lems dealing with uncertainties: (i) a minimization
problem of the structural volume over robust con-
straints, and (ii) a structural optimization problem
which attempts to find a structure with the maxi-
mal value of the robustness function. We show the
equivalence of those two problems. A sequential SDP
algorithm is proposed for solving the maximization
problem of the robustness function. Numerical exper-
iments are presented for a truss in order to demonstrate
the validity of evaluation and maximization of the
robustness function.
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GDEE-based reliability evaluation of nonlinear stochastic
dynamical systems

J. Li & J.B. Chen
State Key Laboratory of Disaster Reduction in Civil Engineering, School of Civil Engineering,
Tongji University, Shanghai, P.R. China

ABSTRACT

The approaches for dynamic reliability and system
reliability evaluation of nonlinear stochastic dynami-
cal systems based on the generalized density evolution
equation (GDEE) are outlined.

If Z(t) is a physical quantity of the system, the first-
passage reliability is usually defined as

An absorbing boundary condition can be imposed on
the generalized density evolution equation (GDEE)
(Chen & Li, 2005). An alternative approach is through
the integral of extreme value distribution. For instance,
if the safety domain is �s = [−b, a], a > 0, b > 0,
then we can define the extreme value variable (Li et
al, 2007; Li & Chen, 2009) as

Thus the reliability is given by

Our task is now to obtain the extreme value distribution
pZext (z, T ). To this end, construct a virtual stochas-
tic process Y (τ) = φ(Zext, τ) satisfying Y (0) = 0,
Y (τc) = Zext. A generalized density evolution equa-
tion (GDEE) governing the evolution of the joint PDF
of (Y , �), pY�(y, θ, τ), can be obtained (Li & Chen,
2008; Chen & Li, 2009)

Solving this equation will yield pY�(y, θ, τ) and then
give pY (y, τ). Thus there is pZext (z, T ) = pY (y =
z, τc). Hence, the dynamic reliability evaluation is
transformed to the integral in Equation 3.

The ideas can also be extended to system reliability
evaluation. In this case, an equivalent extreme value
can be constructed. For instance, consider

Figure 1. PDFs and CDF of the maximum inter-story drift
angles.

Likewise, when an equivalent extreme value is defined

as Zext(T ) = max
0≤t≤T

(
max

1≤l≤m

∣∣Zl(t)
/

bl

∣∣) (Li et al, 2007),

then the ideas elaborated above can be applied here.
The PDF of Zext(T ) could be obtained and the sys-
tem reliability can be finally evaluated through a
one-dimensional integral

In Figure 1 shown are the PDFs and CDFs of the max-
imum inter-story drifts and the reliability (coordinate
of the CDF), demonstrating the effectiveness of the
proposed method.
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Stochastic nonlinear dynamic response of frames with spatially varying
non-Gaussian material properties

G. Stefanou & M. Fragiadakis
Institute of Structural Analysis & Seismic Research, National Technical University of Athens, Greece

ABSTRACT

The efficient prediction of the nonlinear dynamic
response of structures with uncertain system proper-
ties poses a major challenge in the field of computa-
tional stochastic mechanics. Current research efforts
concentrate on the development of new and the
improvement of existing methods, however they are
usually limited to linear elastic analysis consider-
ing only monotonic loading. In order to investigate
realistic problems of structures subjected to transient
seismic actions, a novel approach is introduced in this
paper. This approach is used to assess the stochas-
tic response of a 3-storey steel moment-resisting
frame in the framework of Monte Carlo simulation
(MCS), using nonlinear response history analysis.
The structure is modeled with a mixed fiber-based,
beam-column element, whose kinematics is based on
the natural mode method (e.g. Argyris et al. 1988).
The adopted formulation leads to the reduction of
the computational cost required for the calculation of
the element stiffness matrix, while increased accuracy
compared to traditional displacement-based elements
is achieved (Papaioannou et al. 2005). Thus a cost-
effective stochastic formulation of a distributed plas-
ticity element is presented. The uncertain parameters
considered are theYoung modulus and the yield stress,
both described by homogeneous non-Gaussian trans-
lation stochastic fields that vary along the element. A
non-Gaussian translation field is defined as a nonlin-
ear memory-less transformation of some underlying
Gaussian field with known second order statistics
(Grigoriu 1998).The frame is subjected to natural seis-
mic records that correspond to three levels of increas-
ing seismic hazard as well as to spectrum-compatible
artificial accelerograms.

Under the assumption of a pre-specified power
spectral density function of the stochastic fields that
describe the two uncertain parameters, the response
variability (mean, coefficient of variation (COV) and

skewness) is computed using MCS. Probabilities of
the demand, expressed in terms of the maximum inter-
storey drift θmax exceeding given threshold values that
correspond to preset limit-states level, are calculated.
Moreover, a parametric investigation is carried out pro-
viding useful conclusions regarding the influence of
the non-Gaussian distribution as well as of the corre-
lation length of the stochastic fields on the response
variability. In contrast to the static case where the
response variability shows always the same trend, start-
ing from small values for small correlation lengths
corresponding to wide-banded stochastic fields up to
large values for large correlation lengths (Stefanou &
Papadrakakis 2004), the COV of θmax is found to vary
significantly not only with the correlation length but
also in many different ways among the records of the
same intensity level. Finally, a large magnification
of uncertainty is observed in some cases, leading to
response COV values that are 1.4-2.3 times greater
than the corresponding input COV.
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Transient stability analysis of an aeroelastic problem with random
fluid and structure properties

C.V. Verhoosel, T.P. Scholcz & S.J. Hulshoff
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ABSTRACT

Fluid-structure interactions play an important role in
many fields. Since unstable interactions can cause
structural failure, prediction of their occurrence is of
primary importance in the design of aircraft, bridges
and many other structures. Fluid-structure interactions
have been studied extensively, which has resulted in
several analytical and numerical methods for their pre-
diction (Bisplinghoff 1955; Dowell 2004). Generally,
these methods presume that the properties of the con-
sidered structure and loading conditions are exactly
known. In practice, these uncertainties are taken into
account indirectly by using conservative safety factors.
Direct incorporation of uncertainties in the analysis of
fluid-structure interactions should therefore result in
more efficient designs.

The direct incorporation of uncertainties in both the
structure and fluid can be considered using stochastic
finite element methods (SFEM). This approach has
recently been used to study the asymptotic stability
of a prototypical fluid-structure interaction problem
(Verhoosel et al. 2009). Although asymptotic stability
is a necessary condition for structural safety, it is not
sufficient as certain loading conditions can still lead to
untolerable transient responses in asymptotically sta-
ble configurations. This occurs in configurations with
non-normal dynamical operators, which are typical in
fluid-structure interactions. In this contribution, meth-
ods to determine the probability of structural failure
due to transient responses are developed and assesed.

The problem considered is a panel interacting with
a supersonic exterior flow. The panel is modelled
structurally as a beam and is discretised using finite
elements. The modulus of elasticity of the panel is
described by a stationary lognormal random field.
The fluid flowing over the panel is described using

piston theory, which in combination with transpiration
boundary conditions yields an analytical expression
for the pressure variations over the plate. To simulate
the effect of a turbulent flow field, a stationary decay-
ing and convecting random field of fluctuations with
an experimentally measured autocorrelation kernel is
superimposed onto the variations. Karhunen-Loeve
expansions are used for the discretisations of both
random fields.

The probability that a failure measure (e.g. max-
imum stress) exceeds a specified threshold during a
given time interval is characterised by the first-passage
probability. A simplified approach to compute this
probability is to assume that the stochastic excita-
tions are the only source of randomness. It is, however,
well known that structural uncertainties have a signif-
icant effect and can therefore not be neglected (Lutes
and Sarkani 2004). Here, the effect of these structural
uncertainties are instead taken into account using the
perturbation method.

Results from numerical experiments are compared
with Monte-Carlo simulations. The influence of both
structural uncertainties and stochastic excitations are
studied.

REFERENCES

Bisplinghoff, R. L. (1955).Aeroelasticity. Cambridge, Mass.:
Addison-Wesley Pub. Co.

Dowell, E. H. (2004). A modern course in aeroelasticity.
Dordrecht: Kluwer Academic Publishers.

Lutes, L. D. and S. Sarkani (2004). Random vibrations.
Elsevier Butterworth-Heinemann.

Verhoosel, C., T. Scholcz, S. Hulshoff, and M. Gutiér-
rez (2009). Uncertainty and reliability analysis of
fluid-structure stability boundaries. AIAA journal 47(1),
91–104.

593

  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Statistical properties of third-order nonlinear random waves and
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ABSTRACT

The linear random wave (LRW) theory has long been
adopted in the design of offshore structures. To more
accurately calculate wave loadings with strong wave
interactions taken into account, nonlinear random
wave (NRW) theories need to be employed. Some
works have been carried out to study the effects of
2nd-order NRW on the non-Gaussian response of
slender-member platforms. The present paper aims
at looking into the difference by including 3rd-order
NRW.

Based on the 3rd-order NRW model (Ohyama et
al. 1995), mean and variance of wave kinematics are
derived. Zero mean is found. Valuation of variance
relies on the cubic transfer matrices (CTM) of wave
interactions.

Simulation of 3rd NRW is a practical concern since
3-fold summations of CTM about frequencies demand
considerable computational efforts. Based on earlier
proposed 2D-FFT procedures for 2nd NRW, a 3D-FFT
scheme is proposed.This scheme is realized by operat-
ing FFTs or IFFTs along the three dimensions of CTM
respectively.

Time-domain Monte-Carlo simulations are con-
ducted to obtain the total wave force on an idealized
jack-up platform.A narrow JONSWAP wave spectrum
is considered for simulating the short-term statistics of
platform deck sway response.The SDOF vibration sys-
tem of deck sway has two typical frequencies, fn = 2fp
and 3fp. Spectral analysis shows that NRW promotes
the response at the resonant frequency fn such that the
response variance is increased to some extent. The
gained amplification at fn due to 3rd-order NRW is
comparable to that due to 2nd NRW. Also, in response
spectrum, the peak amplitude at fn is comparable to
that at the dominant wave frequency fp.

In addition, NRW increases the higher-order statis-
tics of wave force and structural response as well. The
skewness of force and response is controlled by 2nd
NRW while the increase in kurtosis involves the con-
tribution from both 2nd and 3rd NRW. As a result, the
nonlinear behavior of wave force become stronger and

Table 1. Statistics of deck sway.

3 h
mean variance kurtosis extreme
(10−4 m) (10−3 m2) skewness excess (m)

fn = 3fp LRW 0.03 0.728 −0.007 4.205 0.210
2nd NRW −4.42 0.794 −0.221 5.674 0.242
3rd NRW −4.49 0.835 −0.226 6.012 0.269

fn = 2fp LRW 0.17 5.292 0.009 2.513 0.477
2nd NRW −9.64 5.663 0.020 3.315 0.535
3rd NRW −9.81 6.163 0.016 3.490 0.587

the averaged 3h maximum deck sway is larger. Com-
pared with LRW case, the maximum deck sway under
NRW earns some 20% increase. A half of this increase
is sourced from 3rd NRW.

Compared with the system of fn = 3fp, the system of
fn = 2fp exhibits more significant dynamic resonances
and the deck sway response is more Gaussianized.
Its kurtosis excess is much smaller, but variance is
larger. Therefore the 3h extreme response is more than
doubled.
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Stochastic seismic response analysis of nonlinear structures
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ABSTRACT

The coupling of randomness and nonlinearity should be
rationally taken into account in nonlinear stochastic sys-
tems. To this end, an orthogonal expansion of stochastic
ground motion incorporated into the probability density
evolution method is outlined.

An orthogonal expansion for stochastic ground
motions can be adopted (Liu & Li, 2008). Let ϕk (t)’s be
standard orthogonal basis functions, then the stochastic
process X (t) can be expanded as

where ξk ’s are random variables and ζ = (ζ1, ζ2, . . . ,
ζN )T are the uncorrelated basic random variables trans-
formed from ξ through the decomposition of the covari-
ance matrix. Substituting Equations 1b in 1a will yield

where φjk is the k-th component of the eigenvector ψj .
Further, for stochastic ground motions, the acceleration
time history can be expressed as

where Fj(t) = − ∑300
k=1 (2kπ/Ts)2ηk+1ϕj,k+1φk (t). The

Hartley functions cas(t) = cos (t) + sin (t) are
employed, i.e. φk (t) = 1/

√
Tcas(2πkt/T ), k = 0, 1,

2, . . . .
Generally, the number s of the basic random variables

is nearly 10. Figure 1 is the comparison between the PSDs
and the shape and the response spectrum of a sample.

Consider an n-DOF nonlinear structure, of which the
equation of motion is

where Ẍg(t) is the stochastic ground motion acceleration
given by Equation 2.

Denote the physical quantities of interest by Z(t) =
(Z1(t), Z2(t), . . . , Zm(t))T. According to the principle of
preservation probability (Li & Chen, 2008, 2009), we can

Figure 1. Comparison between PSD and the typical gener-
ated time history and the response spectrum.

Figure 2. PDF and CDF of the top displacement at typical
time instants.

finally obtain the generalized density evolution equation
(Chen & Li, 2009)

Figure 2 shows the PDF and CDF of the top displacement
of a nonlinear structure subjected to stochastic ground
motion.The investigations show that the proposed method
is feasible for MDOF nonlinear stochastic systems.
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HDMR based stochastic finite element analysis for random field
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ABSTRACT

A generic high dimensional model representa-
tion (HDMR) method for approximating the limit
state/performance function in terms of functions of
lower dimensions which has been previously proposed
for problems dealing only with random variables is
extended in this paper for problems in which physical
properties exhibit spatial random variation and may
be modeled as random fields. The formulation of the
extended HDMR is similar to the spectral stochas-
tic finite element method in the sense that both of
them utilize Karhunen–Loeve expansion to represent
the input, and lower order expansion to represent the
output. However, it is recognized that lower order func-
tion expansion, in HDMR, do not translate to linear,
quadratic, etc. Each of the low order terms in HDMR
is sub-dimensional, but they are not necessarily low
degree polynomials. This study helps us to decouple
the finite element and stochastic computations, and
the finite element code can be treated as a black box,
as in the case of a commercial code.

The method appears to be efficient, requiring only
conditional responses at selected sample points to
accurately compute solution statistics. In comparison,
full scale MCS may require thousands of realizations
or more for converged statistics. Thus the proposed
method substantially reduces the computational effort
while maintaining the desired accuracy. However, K–L
expansion requires for discretizing the input random
field with many terms, which may in turn increase
the dimensionality of the problem and thus the com-
putational effort of the SFEM. It can be noticed that,
the curse of dimensionality does not arise in the pro-
posed approach, as it discretizes the whole problem
into a number of sub-problems; it is a problem in other
currently available methods as well.

Also, the proposed method is independent of the
structural analysis and treats the finite element model
as a black-box. If higher loads introduce nonlinearity
in the model response, then the appropriate nonlinear
analysis should be used, and the underlying response

surface would automatically be different.Thus the pro-
posed method is applicable to the analysis of linear as
well as nonlinear structures, provided the right ‘black-
box’ is used. Good agreements are observed compar-
ing the numerical results between extended HDMR
and full scale MCS. However, following observations
can be made easily from this article:

(1) Computational effort: HDMR based approach
requires conditional responses at selected sample
points and the sample points are chosen along each
of the variable axis. It is found in authors’ previ-
ous work that n = 5 or 7 works well for most the
problem. Due to this fact, results for n = 5 or 7
are used in this paper to construct HDMR based
metamodels.

(2) Handling spatial variability: HDMR can accu-
rately handle random fields with moderate to large
coefficients of variation unlike other methods such
as perturbation and Neumann expansion methods.
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Recent advances in the modelling of space-variant structural properties
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ABSTRACT

The agreement of the research community about the
modelling of the random spatial variability of the
structural properties by means of the random field
theory is well established nowadays. The contribu-
tions of the research in the civil engineering field
allow to formulate probabilistic models able to take
into account in the probabilistic investigations of the
structural performance the space-variant characteriza-
tion of material properties, geometrical dimensions
and actions (JCSS 2001). The computational appli-
cations regarding the reliability assessment of new
((Araujo 2001), (Vasconcellos Real et al. 2003), (Lee
et al. 2004)) and existing structures ((Defaux et al.
2006), (Stewart et al. 2007)) point out the problem of
achieving an accurate discretization of the involved
random fields. The random fields are represented in
this paper by the Karhunen-Loeve series expansion and
the discretization is obtained by truncation of the series
expansion. As result, the quality of the approximation
of the random field depends on the truncation order of
the series expansion. It is clear that the accuracy of the
discretization is a key point for any further probabilis-
tic investigation of the structural behaviour. Therefore,
it is meaningful to quantify the discretization accuracy
by means of one or more analytical discretization error
estimators related to the relevant properties of the ran-
dom field being discretized. Moreover, it is reasonable
to require that the truncation order of the series expan-
sion has to be chosen in such way the discretization
error is less than a prescribed target accuracy. In the
applications involving space-variant properties of the
concrete structures, the terms of the Karhunen-Loeve
series expansion have to be evaluated by numeri-
cal treatment of the a Fredholm integral equation. A
Galerkin procedure, involving the finite element dis-
cretization of the structural domain, is applied for the

purpose. As consequence, the discretization accuracy
can be linked to the properties of the finite element
mesh and the random field approximation can be
improved iteratively by a refinement of the finite ele-
ment mesh. Therefore, starting form a coarse mesh, an
accurate random field discretization can be achieved
with a limited computational effort on the basis of
the spatial distribution of the discretization error. The
effectiveness of the procedure is remarkable in the case
of two-dimensional random fields defined over regular
and irregular domains. The applications example con-
cern the modelling of the random spatial variability
of the concrete properties in two-dimensional struc-
tures described by homogeneous random fields with
reference to the most advances models available in
literature.
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ABSTRACT

Uncertainty quantification in computational mechan-
ics has received much attention in the past few years. In
this context, global sensitivity analysis (GSA) aims at
quantifying which random input parameters (or com-
binations of parameters) are the most important in
order to explain the variability of the model response.
Various measures of importance have been proposed
including partial correlation coefficients (PCC), stan-
dard regression coefficients (SRC) and Sobol’ indices
[4]. The latter, which are usually computed using
Monte Carlo simulation, allow the analyst to rank
efficiently the input random variables whatever the
complexity of the model [5].

Recently, it has been shown that polynomial chaos
expansions (PCE) [3] may be used in order to effi-
ciently evaluate the Sobol’ indices analytically [6].
The computational cost reduces to that related to com-
puting the PCE coefficients, for which efficient non
intrusive methods have been proposed [2].

In this paper we are interested in multiscale mod-
eling in which several hierarchical models are nested,
i.e. the response of one model corresponds to the input
of another model and so on.This type of nested models
may be represented by a network, in which each node
is a model (having its own input and output vector) and
some connections with the other nodes. They appear
for instance when micromechanical models of materi-
als at various scales are considered (i.e. a homogenized
material property obtained at one scale is used as the
input parameter of a homogenization procedure at the
next scale). The concept of nested models appears
more generally in all multiphysics models.

When considering nested models from the point of
view of sensitivity analysis, it is desirable to estab-
lish importance measures (such as Sobol’ indices) at
various levels, i.e. the sensitivity of any response quan-
tity at any level with respect to each variable of lower
level (which may be itself the response of a lower level
model).

In this paper, the technique developed in [6] is
extended to multiscale nested models. It is illustrated
on a numerical model of concrete elastic behavior [1].

Cement-based materials microstructure may be rep-
resented by a four level nested model. At the lowest
level we find the C-S-H matrix that forms at early
ages.At the second level the cement paste is composed
from C-S-H, C-H, aluminates, cement clinker inclu-
sions and water. The third level refers to mortar, which
is made of sand particles embedded in a homogeneous
cement paste matrix. Finally level IV corresponds to
concrete, i.e. aggregates with an interfacial transition
zone embedded in an homogeneous mortar matrix. In
terms of homogenization schemes, levels I, II and IV
are based on the Mori-Tanaka scheme and Level III is
based on the self-consistent scheme.

Uncertainties in the material properties, hydration
degree, volume fraction, etc. are introduced at each
level and the sensitivity of the resulting elastic proper-
ties of concrete are finally computed by the proposed
method.
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ABSTRACT

OpenTURNS is an Open source software to Treat
Uncertainties, Risks’N Statistics in structured industrial
approach (www.openturns.org) jointly developed by EDF,
EADS and Phimeca Engineering. This paper presents the
implementation steps of the so-called polynomial chaos
expansion (PCE) toolbox in the software. A comparative
study is presented to show the performance of the imple-
mented method and the way it can be used for distribution,
moment and reliability analyses. The propagation of the
uncertainties in the input parameters gathered in a random
vector X (of size M ) through the model function M leads
to a random response of the system, say Y = M(X ), which
is supposed to be scalar here for the sake of simplicity.
Provided Y has a finite variance, it can be expressed in an
orthonormal polynomial basis as follows (Ghanem(1991)
& Sudret(2007)):

Where �α(X ) = the orthonormal polynomial basis
functions & aα = real coefficients (the coordinates of Y
in the PC basis) to be determined by suitable algorithms.

Considering the recent progress in computer science
and software engineering, an object-oriented language
was used to ensure the robustness of the code. There-
fore, the UML modeling approach was applied at the
conception stage. At this stage, and due to expert judg-
ment, some modeling choices were done to ensure a
quick convergence of the calculation. Usually the input
random variables of the system are transformed into
independent standard normal variables by using an iso-
probabilistic transform, leading to a Hermite polynomial
chaos representation. However theoretical studies show
that a generalized chaos basis provides a better conver-
gence rate. In fact, some orthonormal families fit better
with some specific random variable for the same order of
truncation. For example, if X is Gaussian than the best

1 Authors are cited by an alphabetical order

corresponding family is the Hermite polynomial family.
Accordingly, the solution retained in OT is the use of
some isoprobabilistic transformations, such as the Nataf
or Rosenblatt transform. In this context, the original input
random vector X is recast as a random vector whose mar-
gins are independent and has specified PDFs with their
associated orthonormal families presented below:

– Hermite family for Gaussian variables N (0, 1)
– Legendre family for Uniform variables U (−1, 1)
– Laguerre family for Gamma variables G(k , 1, 0)
– Jacobi family for Beta variables B(r, t, −1, 1).

The present implementation in OT deals with three
different cases for the input random vector:

– an input random vector X with independent mar-
gins. Such case is treated by using M univariate
isoprobabilistic transformation.

– an input random vector with Gaussian copula. The
most efficient transformation for this case is the Nataf
transformation (accurate with cheap numerical cost).

– for all remaining cases (without special special depen-
dancy) the Rosenblatt transformation is used.

The last section of the article presents various applica-
tions examples where the polynomial chaos approach
is benchmarked with respect to classical methods of
computational stochastic mechanics.
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ABSTRACT

The behaviour of track structures (Fig. 1) is strongly
dependent on numerous uncertain parameters related
to operating (drainage, settlements...) and mainte-
nance conditions of the tracks. A realistic description
of track behaviour requires to take into account vari-
ability of the parameters using a model based on a
probabilistic approach.

This work propose a method based on the use of
Stochastic Finite Element Methods (SFEM) (Baroth &
al 2007), aiming to evaluate the effect of uncertainties
of geometrical and mechanical random parameters on
the model response.

To reach this goal, the Stochastic Collocation
method using Lagrange polynomials interpolation is
used to evaluate statistical moments of the output
model parameters.The uncertain parameters taken into
account are modelized by a vector of independent
Lognormal random variables (r.v.).

The first step of this study was to develop a
2D multi-layer FE model of a railway track; then
the model was validated comparing to experimental
and numerical results. Geometrical (thickness) and
mechanical (Young modulus) uncertain parameters are
then selected.Their statistical representations has been
deduced from in-situ measurement realized on various
sections of railways tracks (Sol Solution, 2008).

The control parameters selected are indicators of the
track behaviour: sleeper deflection and acceleration,
rail deflection and a heterogeneity indicator called NL.

Then a preliminary convergence study of the pro-
posed SFEM have shown that 4 collocation points

Figure 1. Railway track Structure.

Figure 2. �CVMj for each random parameter Yi .

is a good compromise between precision and CPU
time, for the mean (mYi ) and the standard deviation
(σYi ), with geometrical and mechanical random input
parameters.

At the end, a uncertainty propagation study have
been conducted with one uncertain input parameter at
a time. The influence of the selected parameters has
been evaluated. In order to illustrate the influence of
random parameters, we computed the increase of the
coefficient of variation for each control parameters
�CVMi = σMi /mMi .

Obtained results are summarized in figure 2. They
highlight the influence of the mechanical parameters
(Young modulus) of subgrade layers (form-layer and
sub-ballast layer) on most of the response parame-
ters. The characteristics of the ballast layer show an
important influence on sleepers accelerations.
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Adaptive directional stratification – An adaptive directional sampling
method on a stratified space

M. Munoz Zuniga & J. Garnier
Laboratoire de Probabilités et Modélisation Aléatoire, Université Paris VII, Paris, France

E. Remy & E. de Rocquigny
EDF R&D, Chatou, France

ABSTRACT

In an industrial context, there are different ways to
assess the reliability of a structure from physical con-
siderations. One of them is to use a probabilistic
approach, that includes the whole probability distribu-
tion of the random input variables of the deterministic
model representing the physical state of the structure
considered.

Many stochastic tools already exist in the literature
to estimate a failure probability, but we will essentially
focus on the probabilistic simulation methods.The aim
of the paper is to present a new accelerated Monte-
Carlo simulation method, we named ADS – Adaptive
Directional Stratification – and we designed to over-
come the main real industrial constraints: robustness of
the estimation of the (potentially very low) structural
failure probability, limited computational resources
and complex (and potentially monotonous) physical
models.

The problem of estimating a failure probability from
a physical model leads to evaluate a multivariate inte-
gral. A standard solution to evaluate this integral is
Monte-Carlo simulation method. It is surely consis-
tent and controllable thanks to classical probabilistic
theorems which allow to give a precise statistical mea-
sure of the estimation error. Nevertheless, the required
number of simulations with this method is at least 100
times P−1

f in order to get a relative error of the order of
10%, which is computationally expensive in the case
of a rare failure.

So we turn our attention to accelerated Monte-Carlo
simulation methods, more particularly to the stratified
sampling and the directional simulation. On the one
hand, the stratified sampling offers us the opportunity
to carry out an adaptive strategy and the possibility to

take advantage of an eventually monotonous hypoth-
esis of the physical model. On the other hand, the use
of the directional sampling method enables us to keep
a good “precision/calculation time” ratio. That’s why
we combined these two methods and their advantages
to develop our ADS technique.

Hence, we first consider our ADS method with two
steps in the adaptation phase (2-ADS). We theoret-
ically study the asymptotic properties of the failure
probability estimator and get the asymptotic estimator
variance expression. Then, we study the dichotomic
iterative algorithm required in the directional sam-
pling method to take into account the numerical error
propagation to our failure probability estimator: thus,
we imagine a stop criterion taking heed of this error.
Finally, we generalize our method with L steps in
the adaptation phase (L-ADS). We perform the same
robust theoretical study to control at the best the
results.

To conclude our article, we test our 2-ADS and
L-ADS methods on academic examples: we compare
their results with the ones obtained by the standard
directional simulation method. Lastly, we apply them
to an EDF nuclear structure to concretely demonstrate
their interest on a practical case.
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Reliability analysis for crack growth of turbine disk by advanced
subset simulation

S.F. Song, Z.Z. Lu & X.K. Yuan
School of Aeronautics, Northwestern Polytechnical University, Xi’an, China

ABSTRACT

The estimation of failure probability has attracted a lot
of attention over the years. Typically for the structure
with implicit limit state, the evaluation of structural
reliability remains a challenging problem. As small
failure probability is associated, the accurate reliabil-
ity analysis becomes more difficult due to a heavier
computational burden. For this kind of difficulty, a
novel technique called Subset simulation (Subsim)
was proposed. Subsim is an efficient simulation to
perform the reliability analysis in a progressive man-
ner. Introducing a set of intermediate failure events,
Subsim separates the original probability space into
a sequence of subsets, and then the small failure
probability can be expressed as a product of larger
conditional failure probabilities. Markov Chain Monte
Carlo (MCMC) simulation is employed for generat-
ing conditional samples to estimate these conditional
failure probabilities. However, these conditional sam-
ples generated by MCMC are dependent in general.
These samples are used for statistical averaging as if
they are independent and identically distributed (i.i.d.)
with some reduction in efficiency. And the variance
of the failure probability estimator can not be evalu-
ated by an approximate value but only by an upper
limit. Truncated Importance Sampling (TIS) proce-
dure is employed for efficiently generating conditional
samples that correspond to specified levels of failure
probabilities by constructing the TIS density function
gradually. In this paper, TIS in conjunction with the
Subsim, denoted as Subsim/TIS, is developed. The
concept and the implementation of the presented Sub-
sim based TIS are explained in detail. The Subsim/TIS
is employed to estimate the reliability of the crack
growth of powder metallurgy (PM) turbine disk, which
is characterized by finite element model and with very
small failure probability.

The low cycle fatigue (LCF) life of PM alloys is
commonly reduced by non-metallic inclusions which
are introduced during the manufacturing process.

These small particles are well known as initial small
cracks and responsible for fatigue damage of the turbo-
engine disks. An alternative way to evaluate the effect
of inclusions on LCF life seems to be a probabilis-
tic approach. The physical data about inclusions in
PM superalloys, such as type, size, location, etc., have
probabilistic features. Since the shape of the initial
crack was found to have a small effect on LCF life, the
failure probability of the crack growth can be assumed
as a function of the location and the size of these inclu-
sions. The failure probability of crack growth is too
small for Monte-Carlo simulation to calculate, thus
Subsim/TIS is used to analyze the reliability of LCF
life of PM alloys effectively. Based on the residual
strength interference model, the failure probabilities
due to surface, sub-surface and internal inclusion are
calculated, and they indicate that the sub-surface inclu-
sion has the largest effect on the failure probability of
the crack growth among the surface, sub-surface and
internal inclusions. And the risk of failure increases
with the increase of the number of cycle load.
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A quasi ideal importance sampling simulation for structural reliability
estimation

M. Yonezawa
Department of Mechanical Engineering, Kinki University, Osaka, Japan

S. Okuda
Kinki University Technical College, Kumano, Japan

H. Kobayashi
Interdisciplinary Graduate School of Science and Engineering, Kinki University, Osaka, Japan

ABSTRACT

This paper describes a quasi ideal importance sampling
simulation combined with the conditional expectation
method in the simulation-based structural reliability
estimation.

It has been a very important issue in the simulation-
based reliability estimation to improve the simulation
efficiency by adopting various variance reduction
techniques (VRT) such as the importance sampling
and the conditional expectation. The primary matter
of concern in the importance sampling procedure is
how to construct the importance sampling probability
density function (p.d.f .).

In this study, a quasi ideal importance sampling
joint p.d.f . is defined on the basis of the ideal impor-
tance sampling concept and the respective marginal
p.d.f .s of the quasi ideal importance sampling joint
p.d.f . are so formulated as to be proportional to

Figure 1. An image of a quasi ideal importance sampling
p.d.f . in a two dimensional reliability problem.

the expectation of the conditional failure probability
multiplied by the p.d.f . of the respective sampling
variable. The marginal p.d.f .s are constructed numer-
ically by the simulations based on the conditional
expectation and partly by the piecewise integrations.

The importance sampling simulations combined in
the conditional expectation are executed to estimate
the failure probabilities of structures with multiple
failure surfaces. The samples of the basic random
variables are generated by applying the inverse trans-
formation to the cumulative distribution functions
corresponding to the respective quasi ideal importance
sampling marginal p.d.f .s constructed in the proposed
method.

Numerical examples to estimate the failure prob-
abilities of structures with multiple failure surfaces
are presented to illustrate that the proposed method
gives accurate estimations with smaller sample size
and shorter processing time.
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Probabilistic reliability analysis of a continuous reinforced concrete frame
using the SBRA method

D. Pustka & R. Čajka
Faculty of Civil Engineering, Technical University of Ostrava, Ostrava, Czech Republic

P. Marek
Institute of Theoretical and Applied Mechanics, Czech Academy of Sciences, Prague, Czech Republic

ABSTRACT

Reinforced concrete structural systems, composed of
eccentrically loaded slender members (e.g. columns,
piers, frame legs, etc.), are used in modern buildings
and bridges very often. Reliability assessment of these
systems should be based on assumption of geometrical
and physical nonlinearity. Significant part of this cal-
culation is determination of critical load of considered
system. This load represents on deformed structure
unstable equilibrium of internal and external forces.
In the construction of bridges there are frequently
used slender columns, which are fixed in the foot and
mutually connected by pin-jointed horizontal beam.
Continuous frames with slender legs are also often
used. For buildings there are used multi-storey frames
with slender columns. In all these structural systems,
the vertical members are slender columns or piers.

Rapid development of computer technology in the
last decades enabled development of fully probabilis-
tic methods of reliability assessment of structures.
Today’s codes, based mostly on Partial Factor Design
method, have many limitations, where among the most
important belongs: (a) impossibility of direct quantifi-
cation of structure reliability, (b) problems with deter-
mination of critical combination of multi-component
load effects, and (c) difficulties with consideration of
various time-dependent load effects influencing dura-
bility of structure. By these and others shortages of
Partial Factor Design method do not suffer fully prob-
abilistic methods. One of these methods is SBRA
(Simulation-Based Reliability Assessment) – see e.g.
Marek et al. (1995), (1998), (2003), based on Monte
Carlo simulation technique.

Direct quantification of reliability of evaluated
structure is possible, if individual random input quan-
tities are expressed by corresponding histograms. The
SBRA method uses preferably bounded histograms,
which usually better approximate real random quanti-
ties, than parametric ones. Potential of this method in
reliability assessment of reinforced concrete structural

system, consisted of slender members, is shortly
indicated in the text of the full paper.
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Performance of correlation control by combinatorial optimization for Latin
Hypercube Sampling (LHS)

M. Vořechovský
Brno University of Technology, Brno, Czech Republic

ABSTRACT

The objective of this paper is a study of performance
of correlation control of recently proposed procedure
for sampling from a multivariate population within the
framework of Monte Carlo simulations [10–12], espe-
cially Latin Hypercube Sampling. In particular, we
study the ability of the method to fulfill the prescribed
marginals and correlation structure of a random vec-
tor for various sample sizes. Two norms of correlation
error are defined, one very conservative and related
to extreme errors, other related to averages of correla-
tion errors. We study behavior of Pearson correlation
coefficient for Gaussian vectors and Spearman rank
order coefficient (as a distribution-free correlation
measure).

The paper starts with theoretical results on perfor-
mance bounds for both correlation types in cases of
desired uncorrelatedness. It is shown that, under some
circumstances, a very high rate of convergence can
theoretically be achieved. These rates are compared to
performance of other previously developed techniques
for correlation control, namely the Cholesky orthogo-
nalization as applied by Iman and Conover [3,4]; and
Owen’s method [8] using Gram-Schmidt orthogonal-
ization. We show that the proposed technique based on
combinatorial optimization [10–12] yields much better
results than the other known techniques.

When correlated vectors are to be simulated, the
proposed technique exhibits nearly the same excellent
performance as in the uncorrelated case provided the
desired vector exists. It is shown that the technique
provide much wider range of acceptable correlations
than the wide-spread Nataf [7] model [5] (known also
as the Li-Hammond model [6] or the NORTA model
[1]) and that it is also much more flexible than the
Rosenblatt model [2,9].
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Detection of an obstructed crack on a plate utilizing the two-dimensional
spatial wavelet transformation

H.F. Lam, T. Yin & H.M. Chow
Department of Building and Construction, City University of Hong Kong, HKSAR, China

ABSTRACT

The main purpose of this paper is to extend the works
of Lam at al. (2005) and Loutridis at al. (2005) to
form a practical crack detection method being suit-
able for plate-type structures when cracks are in an
obstructed area (see Fig. 1). The value of the proposed
method lies in its ability to detect obstructed crack
when measurement at or close to the cracked region is
not possible.

When part of the plate is obstructed, the com-
plete two-dimensional spatial wavelet transform of
the deflection surface cannot be obtained from laser
or optical measurements. In such a situation, a crack
detection method would be much more valuable if
it can detect cracks even when it’s not possible to
take measurement in the neighborhood of the cracked
region. It is the first time for this paper to reveal that it
is possible to use one of the spatial wavelet coefficients
in identifying the crack characteristics even when the
crack is obstructed. (see Fig. 2).

Furthermore, in order to explicitly handle the uncer-
tainties associated with the crack detection results
due to the incomplete measurement and measure-
ment noise, the proposed methodology follows the
Bayesian statistical identification framework (Beck &
Katafygiotis 1998, Katafygiotis & Beck 1998). Rather
than pinpointing the crack location and extent, the pro-
posed methodology aims at calculating the posterior
(updated) PDF of the uncertain crack parameters (e.g.
crack location, length, and depth) and some system
parameters (such as the damping ratio) for a given

Figure 1. Rectangular plate with a part-through
finite-length crack obstructed by a cover being parallel
to the crack.

Figure 2. Detail coefficients in vertical direction of the
2D spatial wavelet transform on the deflection surface of
the cracked plate at time t = 0.05s with cover range being
[0.3, 0.5].

set of measured vibration data. The numerical case
studies indicate that the proposed method can suc-
cessfully identify the crack on an obstructed area of a
plate-structure utilizing the noised measurement data.
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Application of Bayesian logic to the condition assessment of a smart
precast element

D. Zonta, M. Pozzi & H.Y. Wu
DIMS, University of Trento, Italy

D. Inaudi
Smartec SA, Manno, Switzerland

ABSTRACT

This paper introduces a concept of smart structural
elements for the real-time condition monitoring of
bridges. These elements are prefabricated reinforced
concrete beams embedding a permanent sensing sys-
tem and capable of self-diagnosis when in opera-
tion. Sensors are not just applied to the member,
but are an integral part of the prefabricated ele-
ment, influencing its design criteria, performance and
detailing. The technology particularly targets new
bridges and includes strain and environmental sensors.
The real-time assessment is automatically controlled
by a theoretical response model and by a numeri-
cal algorithm based on Bayesian logic (Bayes 1763,
Papadimitriou 1997, Beck 1998, Gregory 2005, Sivia
2006). The idea is to divide the domain of the pos-
sible structural response into a mutually exclusive
and exhaustive set of scenarios, each defining the
structural behaviour in a specific condition (e.g. no
damage, concrete cracking, reinforcement corrosion,
strand failure and so on). The structural response
in the i-th scenario is controlled by a certain num-
ber of parameters (e.g. cracking location, cracking
extent). Based on the prior distribution of these param-
eters and on the real-time recording, the method
assigns posterior probability to each scenario as well
as updated probability distributions for each damage
parameter. To verify the effectiveness of the technol-
ogy, a reduced-scale prototype Prestressed Reinforced
Concrete beam (size 3.8 × 0.3 × 0.5 m) was produced
with a Dywidag bar, allowing control of the preload
level. The sensor technology selected for this appli-
cation is a multiplexed version of the standard SOFO
(Surveillance d’Ouvrages par Fibres Optiques) inter-
ferometric sensor (www.smartec.ch), where in-line
multiplexing is obtained by separating each measure-
ment field through broadband Fiber Bragg Gratings
(FBGs) (Pozzi 2008). The embeddable part of the
sensing system is prepared in the form of a linear

subassembly, referred to as a smart bar. In this smart
bar, all optical sensors and wires are mounted on a
Fiber Reinforced Polymer (FRP) support. In order to
verify the effectiveness of the damage assessment tech-
nology, a 3-field smart bar was produced and built into
the pre-stressed RC element prototype.The sensor sys-
tem also includes a number of traditional metal-foil
strain gauges. The scope of the experiment was to cor-
relate the response of the embedded sensor to different
damage scenarios, which are artificially induced in the
beam. Different levels of cracking were produced by
vertical loads applied by a hydraulic actuator: the load
protocol included a sequence of load-unload cycles of
increasing amplitude, repeated for different values of
pre-stressing, up to yield of the mild reinforcement.
The method allowed clear recognition of increasing
damage states, simulated on the beam by gradually
reducing the prestressing level.
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Structural damage detection of transmission tower based on dynamic
model reduction using ambient vibration measurements

T. Yin, H.F. Lam & H.M. Chow
Department of Building and Construction, City University of Hong Kong, HKSAR, China

ABSTRACT

The collapse of transmission towers due to continu-
ously accumulated damage is not uncommon, espe-
cially after typhoons and earthquakes. This has led to
a growing interest in the structural safety and reliabil-
ity of transmission towers (Yasui et al. 1999). Many
studies have been focused on the vibration behavior of
transmission towers under wind action, but the assess-
ment of the health status of this type of structure is
seldom emphasized in the literature.

The buckling of secondary members (bracings) is
the most common type of damage to transmission
and communication towers, especially after typhoons
and earthquakes. The main objective of this paper
is to develop a practical structural damage detec-
tion method that is tailor-made for the detection of
damaged secondary members of large-scale three-
dimensional tower structures.

The proposed methodology contains two phases.
The first phase identifies the modal parameters from
the ambient vibration response of the target trans-
mission tower following the NExT-ERA technique. In
the second phase, the “equivalent” damage extent for
each sub-structure is calculated based on the dynamic
reduction technique (Kidder 1973) using the results
from the first phase. The proposed methodology con-
verts the damage-detection problem into a set of
implicit nonlinear equations. A simple but compu-
tationally efficient iteration algorithm is proposed to
solve this set of nonlinear equations.

Figure 1. Three-dimensional FE model of the transmission
tower in ANSYS.

Figure 2. Identified damages with modeling error using
information of different mode combinations (MCs) utilizing
identified modes.

A typical three-dimensional transmission tower
model (with 324 DOFs, see Fig. 1) is employed to
illustrate and verify the proposed methodology under
both single and multiple damage cases in the pres-
ence of both measurement noise and modeling error.
The obtained results (see Fig. 2) are very encouraging,
showing that the proposed methodology can identify
the damaged sub-structure by estimating the ‘equiva-
lent’ stiffness reduction even in the presence of both
measurement noise and modeling error.
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Location of first plastic hinges in the moment-resisting frames
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ABSTRACT

The horizontal distribution of seismic force is one
of the most important parts of seismic provisions.
For seismic design of structure, four different anal-
yses, static, response spectrum, linear and nonlinear
dynamic analyses, have been provided by provisions.
Static and response spectrum analyses are more prefer-
able due to their simplicity. Due to dynamic nature
of earthquake and also wide use of the static hori-
zontal load distribution that proposed in all seismic
provisions, unforeseen aspects that may jeopardize
the structures should be investigated. In this paper,
location of concentration of seismic forces in spe-
cific stories will be investigated. Numerous Static and
Linear time history analyses were carried out for 5,
10 and 15 story moment-resisting frames. Pushover
analysis also carried out to investigate the nonlinear
concentrations of plastic hinges in specific stories. A
new property of moment-resisting frame will be pro-
posed that is the concentration of seismic demands
in the stories between 0.15 h to 0.3 h from the base.
In linear analysis, static lateral load distribution has a
good compatibility with the linear dynamic analyses to
predict force concentrations in these stories. Nonlin-
ear analyses also indicate a deformation concentration
in these stories. Linear dynamic analyses as well as
pushover analysis proves that the first plastic hinge
will occur in these stories. For non-designed struc-
tures, static lateral load pattern predict greater forces
for beams in stories between 0.15 h and 0.3 h. There-
fore, by designing the structures, greater sections and

more rigidity are desirable for these elements. Never-
theless, these stories experience nonlinearity in beams
sooner than the other stories in pushover analysis. It
is worth mentioning that this property of moment-
resisting structures was implicitly observed by other
researches, but they overlooked this property. Foutch &
Yun (2002) noticed a concentration of plastic deforma-
tion in 3rd story of 20-story steel moment-resisting
structure. They mentioned that any nonlinear static
procedure that relies on global roof drift for a static
pushover analysis is highly questionable. While in this
paper it will be proved that it is property of moment
structures and has nothing to do with nonlinear static
procedure. Munshi & Ghosh (1998) shown that 12-
story moment structure has a critical and biased drift
concentration.A 20-story moment frame was analyzed
by Filippou & Fenves (Bozorgnia & Bertero 2004) that
its maximum plastic hinge rotation taken place in 6th
story. Plastic hinge rotation is also considerable is 3rd
to 5th story.
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ABSTRACT

This paper proposes deterioration methods based upon
actual inspection data in order to carry out strategic
maintenance and to rationalize life cycle cost anal-
ysis for tunnel structures (Hass and Hudson 1988).
The resistance of deteriorating tunnel structures is
non-stationary stochastic processes, and reliability
problems of such structures are essentially different
of time-independent reliability problems.

While the forecasting of deterioration is one of the
central takes in infrastructural asset management, it is
often the cases where are few data stocks available for
estimating the deterioration forecasting model.

Firstly, using deterioration rates, the methodology
of predicting of deterioration is discussed to model the
deterioration of tunnel lining concrete.

The present problem is the estimation and/or iden-
tification of the degrading process of the tunnel lining
concrete represented by the Ito stochastic differential
equation as follows (Baxter and Rennie 1996).

where,β: the constant drift parameter, σ: the constant
volatility parameter, W1(t): the wiener process.

And , assume that the resistance recovers immedi-
ately after each repair process, so that Zi(t) becomes
discontinuous and returns to vertically at a repair time
(Madanat, S. 1997).

where, l: the Dirac measure.
In the second place, for the prediction of the individ-

ual structure of tunnel lining concrete, a probabilistic
approach using the distribution of deterioration rates
and its own historical inspection data is proposed.

Figure 1. Index of lining Damage (Repair considered).

The validity of these methods is verified through the
actual visual inspection data of tunnel lining concrete.
And, the applicability of the methodology presented in
this paper is examined against the real data concerning
the deterioration on the road tunnel lining concrete in
Hokkaido (See Figure1).

In addition, the average deterioration curves, vari-
ance and distribution density of time history, are
obtained using the visual inspection data of tunnel
lining concrete, which was considered the repaired
process of the each tunnel lining.
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ABSTRACT

Structure properties may be deteriorated and degraded
with time in an unexpected way due to randomness
in the environment and loadings over its lifetime. In
particular, when a structure is exposed to strong earth-
quake, the properties of the structure may be changed
and its behavior after an earthquake can be different
from that before the earthquake. In order to realize the
dynamic behavior of structural systems, we can deter-
mine the dynamic models and parameters by system
identification techniques.

Most of the identification methods are calculus-
based search method. A good initial guess of the
parameter and gradient or higher-order derivatives of
the objective function are generally required. There is
always a possibility to fall into a local minimum. On
the other hand, genetic algorithms (GAs) are optimiza-
tion procedures inspired by natural evolution. They
model natural processes, such as selection, recombi-
nation, and mutation, and work on populations of indi-
viduals instead of a single solution. In this regard, the
algorithms are parallel and global search techniques
that search multiple points, and they are more likely to
obtain a global solution. Many GA applications have
been performed on a variety of optimization problems
in engineering area. However, relatively few applica-
tions have been on structural identification. Koh et al.
(2003) proposed a hybrid strategy of exploiting the
merits of GA and local search operator. Two local
search methods were studied: an existing SW method
and a proposed method called the MV method. The
numerical study showed that the hybrid strategy per-
forms better than the GA alone. The author (Wang &
Lin 2005) applied the real-coded GA to structural iden-
tification problems. The validity and the efficiency
of the proposed GA strategy were explored for the

cases of systems with simulated input/output measure-
ments. Moreover, the strategy was also applied to the
real structure. Genetic algorithms (GAs) are global
search techniques for optimization. However, GAs are
inherently slow, and are not good at hill-climbing. In
order to accelerate the convergence to the optimal solu-
tions, a hybrid GA identification strategy that employs
Gauss-Newton method as the local search technique
is proposed and verified in this paper.

In this study, the Hybrid Genetic algorithms are
used to identify the modal parameters in the time
domain. There are two kinds of systems to be iden-
tified. The first one identified is 3-story steel frame
built in the National Center for Research on Earth-
quake Engineering. The modal characteristics of this
system are identified using the accelerograms col-
lected from the shaking table test when subjected
to El Centro earthquake. The second one identified
here is the Civil-Environment Building of Chung-
Shin University with torsionally-coupled effect. The
modal characteristics of this building are identified
with one of the recorded accelerograms obtained from
the aftershocks of Chi-Chi earthquake. Finally, the
estimated parameters enable us to predict the struc-
tural response under seismic loading. The comparison
is made between the predicted acceleration and the
measured one for each case.
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Time sequential evolution of interdependent lifeline systems
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ABSTRACT

Realistic models of critical service infrastructure sys-
tems must consider interactions in order to evaluate
the influence of multi-system emergent response in
the performance of individual systems. This paper
presents a new methodology for the assessment of
the performance of coupled service networks model-
ing their interdependence as a discrete, unidirectional
relationship between individual components in sepa-
rated networks. The proposed interdependence model
is characterized by a set of rectangular matrices, and
a standalone variable measuring the strength of the
interdependence bond. These two parameters provide
a clear identification of the location and strength of
the interdependence between two interconnected sys-
tems; furthermore, the strength parameter is modeled
as a random variable; a feature that introduces a factor
on uncertainty hardly discussed in previous research
efforts.

In order to model the evolution of the response
of coupled networks, the proposed interdependence
model is integrated into a novel simulation scheme for
the propagation of damage among networks. The algo-
rithm for this procedure separates the external pertur-
bation’s triggering role from the continued disruption
induced by interdependence links. This characteriza-
tion portrays interdependence as an inherent source
of potential damage created by networks’ dependence
relationships.

The simulation of fragility evolution attempts to fur-
ther explore the characteristics of networks’ response
to perturbation. The evolution algorithm tracks the
response of the networks along progressing levels of
readjustment from perturbation leading to a final sta-
ble network behavior. This final stabilization stage can
be achieved through total collapse of the infrastructure
of systems, or localized damage absorption by their
components.

The simulation of evolution and the inclusion
of interdependence obey the objective of obtaining
probabilistic measures for the fragility of coupled

networks. For this purpose, numerical simulation is
needed. Enough simulations of triggering events are
executed and once they are concluded, the damage
records are analyzed to generate complementary sta-
tistical insights on the networks’ response in terms of
fragility evolution plots and systemic interdependent
fragility curves. On one hand, fragility evolution plots
describe how the fragility of networks propagates until
stabilization for different levels of initial excitation and
interdependence. On the other hand, interdependent
fragility curves display interdependence influence on
the fragility of networks for different performance
levels as a function of increasing external excitation
magnitudes.

The procedure used for the analysis of the fragility
of interdependent networks was tested with a power
system and a water network from a real location in
the United States. The networks were subjected to
the action of seismic hazard characterized by peak
ground acceleration values. The Connectivity Loss
metric was used for measuring network response
performance. The routine was repeated for 5000 sim-
ulations, and statistical analysis of the damage records
revealed increases of final stable fragilities up to 94%
of the original non-evolved fragility estimation when
higher interdependence strength values were consid-
ered. Also noticeably, the degree and characteristics of
interdependence’s influence were limited by the local-
ization of interdependence links encapsulated in the
interdependence matrices.

The results from this research support the inclu-
sion of detailed interdependence models in complex
networks’ studies, as well as the tracking of interac-
tion evolution influence on final fragility estimations,
a novel feature introduced in this paper. Future work
in this area includes the study of spatial variability
in coupling strength, evaluation of the mechanisms of
damage propagation among systems, use of functional
descriptive metrics for the networks performance, and
the study of the role of interdependence study in the
analysis and prevention of damage propagation among
networks.
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Modeling infrastructure interdependencies: Theory and practice
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ABSTRACT

Recent extreme events have suggested that criti-
cal interdependencies exist among the infrastructure
systems such as transportation, telecommunication,
energy, electric power and water. The interdependen-
cies have significant security, engineering and eco-
nomic implications, which can be revealed in different
scenarios: (i) with the current trend of urbaniza-
tion, new infrastructure systems are being planned,
expanded and built; (ii) existing aging infrastruc-
ture systems are constantly being maintained and
upgraded; (iii) large-scale natural or manmade distur-
bance may amplify the interdependencies, which may
cause common failure and/or cascading catastrophe
under extreme situations.

Under these scenarios, the consideration of inter-
dependencies could have great implications on the
robustness, effectiveness and efficiency of the infras-
tructure systems. The key aspects need to be addressed
include: (i) identify the sources and characteristics of
various interdependencies; (ii) capture the phenom-
ena and consequences that are impossible or difficult
to model when the systems are treated in isolation; (iii)
evaluate the implications, significance and benefits of
a holistic view for relevant practical problems.

In order to address these needs, new generation
of modeling frameworks that are capable of incor-
porating multiple systems seamlessly on the same
platform and analyzing different types of infrastruc-
ture dependencies simultaneously are needed. Based
on a previous work by the author (Zhang, 2008), this
paper aims to introduce such a generalized modeling
framework using multilayer infrastructure networks
(MIN) concept and spatial computable general equi-
librium (SCGE) approach. The key advantages of
such framework include: (i) The use of economics-
based methodology avoids the complexities caused
by the disparate physical, institutional, operational,

and network characteristics of the various infrastruc-
ture systems. (ii) The use of market-based approach ,
more specifically, the nested elasticity of substitution
functions and network-based approach allows the cap-
ture of different types of interdependencies, including
the functional, market/economic, physical and bud-
getary interdependencies, under the same framework.
(iii) Both equilibrium and disruption analyses can be
conducted using the framework. (iv) Both static and
dynamic aspects of the problem can be addressed.
(v) Real-world data for calibrating the model param-
eters is available from sources of different levels.
(iv) The framework allows what-if analysis for deci-
sion making, policy evaluation and other application
problems.

This paper primarily focuses on the implementation
and computation aspects of the proposed modeling
framework. The basic concept and structure of static
equilibrium MINSCGE model are introduced first,
followed by the discussion on the various implemen-
tation issues such as the choice of function forms, data
requirements, calibration issues, and computational
tools or approaches. Through a series of illustrative
numerical experiments, the paper also demonstrates
that the proposed modeling frame-work is able to
satisfy the key requirements in the infrastructure inter-
dependency analysis. The systematically designed
examples will illustrate the capability of the pro-
posed models, capture of cascading effect, illustrate
the importance of holistic decision making over all sys-
tems, and the role of infrastructure interdependency in
real-world problems.
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ABSTRACT

Strong dependence on lifeline systems is one of the
distinctive characteristics of modern urban regions.
Unfortunately, lifelines are subjected to several haz-
ards including earthquakes that are closely related
to physical damage of the sub-components of the
same system (intra-dependency) and of other related
systems (inter-dependency). The inherited complexity
between the urban environment and lifeline compo-
nents makes the assessment of inter-dependent lifeline
systems’performance a difficult task.A major concern
for the quantification of lifeline elements’ interactions
is the description of the typology and the functioning
of systems involved, the nature of the reciprocal influ-
ence, the time when the specific dependence is evolved
(normal, crisis, recovery period) and the importance
of the link (slight/strong) between components and
systems.

The methodology presented herein is a combination
of decision making and fuzzy linguistic preference
relations in order to estimate adequate interdepen-
dency indices between different lifeline systems. The
main target is to quantify the influence of each life-
line or infrastructure in the performance of complex
systems for the normal, crisis and recovery period
proposing a hierarchy factor describing the importance
of inter-dependences.

The proposed approach involves: (1) the construc-
tion of a structural model of interrelationship of all
systems under consideration, (2) the quantification
of expert opinions using group decision making with
uncertain additive linguistic preference relations to
illustrate the importance of each lifeline system or
element compared to another and (3) the conver-
sion of the opinions into the form of a cross impact
matrix composed of elements representing degree of
corresponding impact.

The applicability of the proposed methodology is
illustrated using the complex system of port facilities.
The multiple interactions that exist between the differ-
ent lifelines systems within port facilities are described
for the three periods. The lifelines and infrastructures

Figure 1. Operability importance of lifelines & infrastruc-
tures in port facilities (crisis period).

that were examined are: Electric Power System,
Cargo Handling Equipment, Water System, Waste
Water System, Telecommunication System, Natural
Gas & Liquid Fuels, Roadway/Railway, Buildings,
Ships/Wharves & Auxiliary Services.

For example, in crisis period, following the occur-
rence of an earthquake event, the most important
system for the operability of the port is “Telecommu-
nication System” and the least one is “Waste-Water
System”.

Based on the produced results and for the exam-
ple of port facilities, pre-earthquake mitigation actions
could be undertaken in order to enhance the robust-
ness of the systems that have primary importance
(highest level of dependency) in the three periods
(electric power and telecommunication systems). A
more detailed analysis of their seismic vulnerability
taking into account interdependencies could also be
performed. Finally, post-earthquake strategies should
primarily account for the above systems in order to
reduce the restoration time when the human resources
are limited.
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ABSTRACT

Urban infrastructures such as electric power, gas and
water distribution, telecommunication and transporta-
tion networks are essential in the support of modern
societies. These systems consist of numerous struc-
tural components that are spatially distributed over a
large area, and they are often highly interdependent in
that damage of a particular system are propagated to
other systems and result in additional system impair-
ment due to cascading failures. Therefore, considering
the interdependencies of the complex urban infras-
tructures is essential to better estimate their reliability
under natural and man-made hazards and to establish
effective response and recovery plans. This paper pro-
poses a new reliability methodology to assess system
reliability of the complex interdependent infrastruc-
tures under seismic hazards. First, a probabilistic
model to characterize system interdependencies is
introduced. Second, the matrix-based system relia-
bility method, a recently developed analytical system
reliability framework, is employed to assess the prob-
ability of system failures (events). Third, a case study
is presented to demonstrate the proposed method. Sys-
tem reliability of interacting systems with and without
consideration of interdependencies is computed under
various levels of seismic demands. The conditional
failure probability of each system given the failure of
a component in the other system is also presented to
quantify the relative importance of the components.
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ABSTRACT

The flow capacity of a transportation network can
be reduced significantly by structural damage of its
constituent bridges, which are often considered as
“weakest links” due to their vulnerability to natu-
ral or man-made hazards despite of their importance
in transportation networks. It is therefore essential
to predict the post-hazard flow capacity of the net-
work accurately for risk-informed decision making on
hazard mitigation and response. However, it is chal-
lenging to estimate the post-hazard flow capacity of a
network due to the uncertainty in hazards and struc-
tural damages, and the complex nature of the network
flow analysis. Moreover, the bridge structures deterio-
rate over time, which requires time-dependent network
reliability analysis. For this post-hazard flow capac-
ity analysis, many researchers used sampling-based
approaches that may prevent rapid risk assessment and
make it difficult to obtain the parameter sensitivity or
component importance measures that are useful for
risk-informed decision making.

This paper proposes a new non-sampling-based
approach to estimate the time-varying post-hazard
flow capacity of a bridge transportation network effi-
ciently and accurately. The proposed approach eval-
uates the probabilities of structural damage scenar-
ios using the matrix-based system reliability (MSR)
method (Kang et al. 2008; Song & Kang 2008) and
computes the corresponding flow capacities using
a maximum flow capacity analysis algorithm. The
matrix-based framework integrates these results to
obtain the probabilistic distributions and statistical
moments of the network flow capacity (see Figure 1).
It also enables computing the conditional mean and
standard deviation of flow capacity given structural
damages and component importance measures conve-
niently that facilitate risk-informed decision making.
In the proposed approach, probability calculation and
network flow analysis are separately performed. This

Figure 1. Mean, standard deviation, and coefficient of
variation of network flow capacity with deterioration.

“separation of two tasks” in the matrix-based frame-
work requires performing only one set of deterministic
network flow analysis to render the time-dependent
post-hazard flow analysis efficient. The proposed
approach is successfully demonstrated through appli-
cation to a numerical example based on Sioux Fall
network (Ukkusuri 2005; Kim 2007).
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Sewer assets maintenance management: Comparison by two approaches,
Markovian process and probabilistic neural networks

S.M. Elachachi & D. Breysse
University of Bordeaux 1, Ghymac, Talence, France

1 INTRODUCTION

Decisions on sewer assets management have large,
long-lasting consequences and the decisions have to
be taken under uncertainty. Information about the
hydraulic, structural and tightness conditions is uncer-
tain due to the fact that this infrastructure system is
buried and of uneasy access. Therefore, estimating of
the sewer network’s performances is problematic and
the investments can involve considerable “risk” when
one designs with uncertain variables under imperfect
knowledge.

In order to be able to sort out prioritary sewer sec-
tions for maintenance operation accounting for the
specific requirements of the stakeholder, regarding
the system itself and/or its urban or socio-economical
environment, two approaches were considered: one
based on Markovian Processes (MP) and the other one
based on Probabilistic Neural Networks (PNN).

The condition state of each section of the sewer
asset can not be checked each year (budget limits).
This leads to estimate its dysfunction functions from
available information (older inspections) or with the
support of the elaborated evolution models (when they
exist).

The performance indicators relate to three levels of
a causal chain, linking defects to their impacts:

• Defects (e.g. cracks) characterize the actual physical
state of the facilities and consist of the deviations,
present with respect to the current state of the art,

• Dysfunctions (e.g. blockage) represent the conse-
quences of defects on facility operations. Some
dysfunctions may be observed using CCTV inspec-
tion or alternative types of investigation procedures,
while others can only be estimated on the basis of
defects.

• Impacts (e.g. pollution of surface water) reflect
the degree to which dysfunctions induce noxious
effects, depending on the context (vulnerability
factors).

The Markov Process approach (MP) is based on
Markov chain model. Markovian transition probabili-
ties are estimated in order to characterize the deteriora-
tion progress between consecutive states.The followed
methodology, allows relating the relative transition
frequency of the condition states to section’s factors
(urban parameters and environmental conditions). The
deterioration process is formulated using an exponen-
tial hazard model. This approach has the ability to
model a multi state deterioration even if it considers
that the transition probabilities are independent of the
age of the section.

The Probabilistic Neural approach (PNN) becomes
commonly used when the relationship between the
inputs (here the factors and detected defects of each
section) and the outputs (here the section’s perfor-
mance) is complex and weakly known. A (PNN) is
an implementation of a statistical algorithm (kernel
discriminant analysis) in which the operations are
organized into a multilayered feedforward network
with four layers. It applies a comprehensive mapping
strategy derived from a Bayesian decision rule and
from non-parametric estimators of probability density
functions. The main goal of the Bayesian decision rule
is to assign a section ’s’ to a class ’c’ to which this
section is most likely to belong.

A comparison between the two approaches was led,
following a parametric study where were compared
the ranking of the prioritary sewer sections for each
of the approaches and by some aspects, the computa-
tional costs (which that conditions the attractiveness
of the approach). It was shown that sorting out pri-
oritary sections is sensitive to the method used even
without taking account uncertainties in external inputs.
For developing accurate models, it is necessary to have
panel data that spans over multiple time periods.
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A case study of seismic risk management of school buildings based on life
cycle cost and safety of students

Y. Murachi & H. Namita
KOZO KEIKAKU Engineering Inc., Tokyo, Japan

ABSTRACT

After the Hanshin-Awaji Great Earthquake, on January
17, 1995, Seismic retrofitting of old school buildings
and gymnasiums are facilitated in Japan. However,
there are still a lot of reports of damage of those build-
ings by earthquakes, such as the Geiyo Earthquake
(on March 24th, 2001), the Mid Niigata Earthquake
(on October 23rd, 2004), and the Off Mid-Niigata
Earthquake (on July 16th, 2007). For example, verti-
cal braces of gymnasiums were buckled, or the ceiling
panels were falling down.

In Japan, school buildings and gymnasiums are pro-
vided as the evacuation center for the people whose
houses are collapsed or lifeline utilities are stopped.
Even if school buildings and gymnasiums are suffered
minor or moderate damage, those buildings cannot be
used as the evacuation center. Because there are trau-
matized evacuees and it is possible to be suffered major
damage by aftershocks.

In order to facilitate seismic retrofitting of old
school buildings and gymnasiums, local governments
set priorities by evaluating those seismic capacities.
However, there are two problems to fix an order of
priorities. The first problem is how to take account
the difference of structural type. Evaluating method
of seismic capacities is different between reinforced
concrete structure and steel structure. Then seismic
performances are different between reinforced con-
crete structure and steel structure, even if the results of
seismic capacities are same value. Consequently, we
cannot set priorities by easy comparison of the seismic
capacity values. The second problem is how to take
account the usability of old buildings. Targets of seis-
mic retrofitting are more than 27-years old buildings.
It is necessary to consider the benefit-cost relationship
between rebuilding and retrofitting.

For multiple industrial buildings, one of the authors,
Murachi et al. (2006), proposed a case study in
seismic risk management, and demonstrated that the
expected life-cycle cost is useful to explain a reduc-
tion/increment of physical and economical damage.

In this paper, the methodology is extended to
the seismic risk management of rebuilding and

Figure 1. Expected seismic life-cycle cost for each alterna-
tive.

retrofitting. As a case study, we deal with two school
buildings owned and operated by a local government.
Both of them are built by steel structure, and one is
for the usual class, the other is for the specific class.
Dealing with a school building that accommodates
many students, it is also significant to consider their
safety. Thus this paper focuses on the computation of
the probabilities that the building incurs severe dam-
age states, as the primary indexes of students’ safety.
In this case study, three alternatives are evaluated for
each building: a1 is the existing building before the
seismic upgraded, a2 is the up-graded one and a3 is
rebuilt one. The estimated results, e.g. damage proba-
bilities of the buildings, restoration time and life-cycle
cost, will assist the manager of the local government to
decide on the selection of alternatives upon its limited
budget.
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The reasons for choosing box housing systems despite of traditional
systems after the earthquake areas in Turkey

Ö Eren
Mimar Sinan Fine Arts University, Turkey

ABSTRACT: The construction of housing systems
that built after earthquake inTurkey are generally three
or four storey height concrete prefabricared systems
or tunnel molds systems. The purpose is complete the
building faster and also built safer buildings.The alter-
native for these systems is box unit systems, which
are faster, better quality and safety. The box units
contain a substantial amount of finish works, wall
and finish, electrical wiring and fixtures, doors, win-
dows and pipes etc. which made in the plant before
shipping the module to the erection area. For that rea-
son these systems are choosen. The purpose of this
study is to examine the applicability of box systems
housing in earthquake region.Modular buildings are
pre-fabricated portable structures. The modular build-
ings are typically transported in large pre-assembled
sections and then connected at the building site. In
these system the standardization reduces fabrication
costs and the factory storage space required to keep
a large number of prefabricated components, and also
allows for a wide variety of end use customization
through userselected components (Eşiz,2001;Orton
1996).

Housing built after the earthquake must meet the
following requirements:

– Different options concerning lifestyle and inten-
sity of use should be accommodated by a flexible,
multipurpose design that makes maximum use of
minimum space.

– The design of the individual components should
provide for savings in time, space, manpower,
materials and energy consumption, and facilitate
scheduling of the construction phases and oper-
ations, as well as the assembly and disassembly
process

– Once the designated use of the temporary site
to be erected has expired, it should provide the
options of re-use, reproduction or recycling, and
the permanent and temporary structures, consisting
of a fixed substructure and variable superstructure
components, should be executed accordingly

– The individual units should be adaptable to variable
terrain conditions, and the amount of debris left
behind on the site should be reduced by way of
recycling.

The main advantage of this type of building is speed
of construction, as for example the groundwork’s can
be proceeding at the same time as the building takes
shape in the factory. Site assembly quickly produces
a weatherproof shell, so progress is rarely delayed by
bad weather. Speed of construction also leads to con-
siderable cost savings when compared to conventional
building methods. Today in a market potentially worth
in excess of a billion pounds, modular and portable
buildings continue to fill the gap and the industry is
no stranger to off site construction – it is what we do
and will continue to develop new ideas and technology.
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Optimal criterion for seismic design in Mexico

L.E. Pérez Rocha, A. López López & U. Mena Hernández
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D. de León Escobedo
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ABSTRACT

Recent developments and results used to make the
seismic regionalization of Mexico are presented in
this work. The formulation to quantify the seismic
hazard and their main results, corresponding to exce-
dence rates of peak ground acceleration and the ones
of several structural periods, are shown. As well, a
formulation based on the total cost of construction is
applied to determine the optimal design coefficient
for the collapse limit state in high seismicity zones.
This cost is the sum of the initial cost and the losses
occurred during the life of a structure. However, for
low seismicity zones, design accelerations obtained
by using the optimal criterion are significantly greater
than the ones produced by great earthquakes hard to
image in these areas. This is why a concept of maxi-
mum or extreme earthquakes is introduced to specify
a realistic highest level of intensity in these zones.
This hybrid approach yields a continuous descriptor of
design seismic intensities along the Mexican territory.
For several reference sites located in high, medium
and low seismicity zones, this descriptor matches very
well with the previous one, consisting in four seismic
zones. Finally, a set of expected damage maps are illus-
trated. These maps show an index of losses in a typical
structure constructed with different design criteria, but

Figure 1. PGA associated to the optimal return periods (as
fig. 1) using truncated lognormal distribution (ε = 1).

Figure 2. Annual probability of failure in substations
designed for 200 Km/h, under seismic loading.

subjected to the same seismic hazard. This is a way to
show how improved is the current criterion based on
this hybrid approach. Figure 1 shows a map of optimal
Peak Ground Accelerations for design. Figure 2 shows
the annual probability of failure in a kind of electrical
substations designed with the CFE (2002). The first
map will be a part of the Design Handbook for civil
structures in Mexico (MDOC-DS, 1993).
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Quantifying the uncertainty of seismic input motion for dam safety
evaluations

G. Bureau
GEI Consultants, Inc., Oakland, CA, USA

ABSTRACT

Professor Bray (U.C. Berkeley) recently stated that the
primary source of uncertainty in assessing the perfor-
mance of dams during earthquakes is the input motion.
His comment related to simplified displacement eval-
uation procedures, but should apply to detailed evalu-
ations of concrete and, especially, embankment dams.
Current practice is to select suitable natural earth-
quake acceleration records (seed histories) and modify
these in amplitude and frequency content (spectrum-
compatible histories) to closely match the response
spectra that define each of various postulated earth-
quake scenarios. However, potential shaking from any
scenario is generally represented by a single set of
horizontal and vertical acceleration time histories. Fur-
thermore, embankment dam evaluations often ignore
the vertical component of motion because early linear-
elastic response studies concluded that it had little
significance to such dams.

True nonlinear dynamic response analysis of
embankment or concrete dams can simulate the inelas-
tic behavior of soil materials, any buildup of excess
pore pressures, and the potential for cracking, base
uplift and joint opening. However, they require consid-
eration of both horizontal and vertical motions. While
a single set of input acceleration histories seemed
acceptable to represent specified seismic criteria for
linear-elastic or equivalent-linear dam analyses, this is
no longer the case for nonlinear analyses. To quantify
the uncertainty in the computed response, the author
evaluated an embankment dam and a concrete dam

through nonlinear parametric analyses, using four sets
of horizontal and vertical acceleration histories that
closely matched the specified spectra, peak ground
acceleration and duration of shaking. Three different
ground motion levels were specified.To further reduce
the uncertainty associated with such shaking, each
input history and its “opposite” (all values multiplied
by -1) were successively considered. Therefore, the
simulation of each of the three earthquake scenarios
included sixteen separate analyses with input histo-
ries matching the specified horizontal and vertical
response spectra.

For the concrete dam, simultaneous occurrence of
positive or negative, horizontal or vertical accelera-
tion pulses influence calculated peak stresses and may
trigger base sliding or joint opening. Linear-elastic
and nonlinear (base uplift and sliding) analyses were
successively performed. Calculated stresses and the
extent of base uplift of the example gravity dam were
influenced by each set of input histories. Peak ten-
sile stresses could differ by a factor greater than two,
depending on which set of input histories (representing
the same earthquake scenario) had been used.

Downward inertia forces increase transient confin-
ing stresses and pore pressures within saturated earth-
fill or foundation materials. Upward inertia forces
reduce the forces resisting failure, hence increase
potential slope deformations. For the study embank-
ment dam, computed maximum crest settlements and
slope movements were found to differ by a factor
greater than two depending on which histories were
used to simulate strong earthquake shaking.
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Analytical fragility models for California box girder bridges
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Georgia Institute of Technology, Atlanta, GA, USA
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ABSTRACT

Fragility curves are increasingly being used in proba-
bilistic seismic risk assessment of highway bridges.
Fragility curves, which are conditional probability
statements of a bridge’s vulnerability as a function of
ground motion intensity, have been developed using
expert opinion, empirical data from past earthquakes,
and analytical methods (Jernigan & Hwang 2002,
Mander & Basoz 1999). The current fragility curves
used for seismic risk assessment in California are
based on simplified analyses or empirical data from
recent earthquakes. The goal of this paper is to use
detailed nonlinear analytical models of a typical Cal-
ifornia box girder bridge to develop fragility curves
which can be used in seismic risk assessment of
transportation networks in the region [Hazards US –
Multi-Hazard (HAZUS-MH)]. Because both expert-
based and empirically based fragility curves have
some inherent limitations, analytical methods have
been extensively studied, including spectral analysis,
nonlinear static analysis, and nonlinear time history
analysis.

In this study, analytical fragility curves for Califor-
nia box girder bridges are developed. First, a detailed
review of the California Department of Transportation
Bridge Inventory is conducted to identify the basic
characteristics of typical box girder bridges, including
geometric and material properties. Using this informa-
tion, a detailed three-dimensional nonlinear analytical
model, which accounts for the nonlinear behavior of
the column, box girder, and abutments, is developed in
the OpenSEES platform. The analytical bridge model
is further calibrated using responses recorded during
the 1979 Imperial Valley earthquake (Fig. 1). Subse-
quently, the bridge model is used in conjunction with a
suite of eighty recorded ground motions representative
of the seismic hazard in southern California. Using
a set of appropriate limit states, the bridge fragility
curves are developed.The fragility curves for the refer-
ence bridge indicate that the bridge is robust compared
to many other bridge types found in other parts of the
United States (Fig. 2).

Figure 1. Time history of transverse acceleration at midspan
of the box girder.

Figure 2. Fragility of the bridge with intensity of spectral
acceleration at the fundamental period.
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Stochastic modelling for gradual deterioration, maintenance
and monitoring

A. Barros, M. Fouladirad & Antoine Grall
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ABSTRACT

The aim of this paper is to propose an adequate mod-
elling method and an appropriate maintenance policy
for a deteriorating system. The considered system is
functioning without any sign of deterioration. In an
unknown time the system begins to deteriorate and
continues to deteriorate with the same speed. The
system suddenly undergoes a change of mode of dete-
rioration at an unknown time. First the aim is to develop
an appropriate model that takes into account all the
properties of the system and which is easy to manip-
ulate. Afterward, based on the given model a suitable
maintenance/detection method that takes into account
the presence of unknown change times should be
proposed.

In the framework of systems studied in this paper,
three typical phases of evolution for the deteriora-
tion can be enumerated. In the first phase the system
is functioning an no deterioration is visible. At an
unknown time the system begins to deteriorate slowly,
the system is considered to be in the second phase.
In the last phase the deterioration speed grows and
the system deteriorates faster and this situation leads
to the failure of the system. As a typical exam-
ple of deteriorating systems studied in this paper,
stress corrosion cracking (SCC) can be considered
(Blain, Barros, Grall, and Lefebvre 2007). SCC that
appears on different elements of nuclear power plants
is a very important subject for safety and preventive
maintenance planning. SCC is characterised by three
main steps. The first step consists in incubation dur-
ing which no crack appears but the material is in a
mechanical and chemical favourable environment for
SCC. The second step is the step of initiation during
which some cracks appear and are slowly growing.

The last step is the propagation phase during which
the largest crack reaches a faster propagation kinetics
(main crack) and leads to the rupture of the component.

In the first phase, the random variable of interest is
the length of time that the system is functioning with-
out any sign of deterioration.The deterioration process
has not started yet. After the first phase, one consider
a stochastically deteriorating process described by a
scalar ageing variable that summarises the condition
of the system (Gamma process). The ageing variable
increases with the system deterioration and the failure
occurs as soon as the system state crosses a known
fixed threshold L called failure threshold. Estimation
methods are proposed to treat with unknown model
parameters on the basis of operating feedback data.

The system is periodically inspected. The parame-
ters of the deterioration process can change (accord-
ing to the operating environment for example) at an
unknown time T0. A detection procedure based on
the on-line change detection algorithm estimates the
instant of change of mode. A maintenance versus
detection policy based on the control limit decision
rule can be proposed. To avoid a period of unavail-
ability preventive actions can be made if the system
state exceeds an alarm threshold A, lower than fail-
ure threshold L. The cost of a preventive maintenance
action is lower than a corrective maintenance action.
The aim is to minimise the global maintenance cost.
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An investigation of COF with variation of load and strength characteristics
of material
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ABSTRACT

In the seismic design concept, the frame structures
are usually designed with a column over design factor
(COF) to ensure that the sum of the plastic moment
capacity of column should be greater than that of
girder at the joint by some margin. During earthquake
this COF plays an important role in determining the
building response. Adequate COF value can prob-
abilistically avoid the undesirable story mechanism
and can ensure preferable entire beam hinging fail-
ure mode. But the nature of the change of the failure
modes of the structures as well as COF has not been
investigated adequately with the change of the coeffi-
cient of variation of material property and earthquake
load till now. In the present paper initially the failure
modes of structure are investigated with the variation
of load and strength characteristics of materials. After
comprehensive investigation this paper then investi-
gates the change of the target value of COF with the
variation of load and strength characteristics of materi-
als for which the occurrence probability of undesirable
story mechanism is limited within a given tolerance. It
is found that the coefficient of variation of the mem-
ber strength merely affects the failure probability of the
structure and the target COF while that of earthquake
has dominant effect.

The reliability level βT = 2 and βT = 3 have been
taken into consideration. The investigation has been
conducted for three storied to six storied two bay
frames. The story failure modes are defined and clas-
sified before the probabilistic evaluation so that the
investigation can be carried out in each type step by
step. In this study, the story failure modes are clas-
sified into three patterns: upper story failure pattern,
middle story failure pattern and lower story failure
pattern, which depends on the location of the failure
stories. It has been found that failure probability of
each collapse type is more sensitive to the change of
the co efficient of variation (COV) of earthquake load
than that of material strength. For the determination of
column overdesign factor (COF) only the most likely
failure modes have been taken into consideration. It is
to be mentioned here that all the lower story collapse

Table 1. Target COF with COV of earthquake load (βT = 2).

COV 6 story 5 story 4 story 3 story

0.6 2.0 1.72 1.49 1.35
0.7 1.9 1.64 1.42 1.31
0.8 1.8 1.57 1.37 1.30
0.9 1.7 1.50 1.33 1.27

modes and the upper story collapse modes with highest
failure stories are the most likely failure modes.

After failure mode analysis, the change of tar-
get value of COF is investigated. Firstly, COV of
earthquake load is kept constant and COV of mate-
rial strength is varied and secondly COV of material
strength is kept constant and COV of earthquake load
is varied. It is found that the target column overdesign
factor (COF) is insensitive to the co efficient of vari-
ation (COV) of the material strength but it is sensitive
to that of earthquake load.

Table 1 shows the target COF for three to six storied
frame for COV of earthquake load ranging from 0.6 to
0.9 considering reliability level βT = 2.
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The time-dependent safety and durability of deteriorating structures
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ABSTRACT

The probabilistic analysis and prediction of the time-
dependent safety and durability of deteriorating struc-
tures subjected to recurrent extreme service and cli-
mate actions is discussed. The strategy of this predic-
tion is based on the concept that not only a performance
but also a safety margin of deteriorating members of
load-carrying structures are time-dependent random
variables. Thus, the safety margin of design particular
members of deteriorating structural members (beams,
columns, walls) may be defined as the function:

where X (t) and θ are the vectors of basic and additional
variables, representing respectively random compo-
nents (resistances and action effects) and their model
uncertainties.

The safety margin process (1) may be treated as
finite decreasing random sequence written as:

where Rck = θRRk –θgSg is the conventional resistance
of members; Sk = θqS1k + θqS2k is the action effect
caused by two independent annual extreme loads
(Kudzys 2007).

The instantaneous and long-term survival proba-
bilities of particular members may be assessed by
the simplified but fairly exact method of transformed
conditional probabilities as:

where fRck (x) is the density function of member
resistanceRck and

is the cumulative distribution function of the action
effect Sk ; Pk is the instantaneous survival probability
by (2) at the cut k of this sequence.

The correlation factor of deteriorating series system
elements or decreasing sequence cuts:

Its indexed value is ρxk
k ,k−1...1

, where the bounded index
“xk ” may be expressed as:

The effect of two coincident recurrent extreme actions
on the survival probability and durability of structures
is analyzed. It is assessed that a failure of members
may occur not only in the case of their coincidence
but also when the value of one out of two effects is
extreme.

The technical service life tt , as a quantative dura-
bility parameter of deteriorating members is related
with the target value of generalized reliability index
βT = �−1 (Ps), where �( • ) is the inverse of the
standard normal distribution variable (EN 1990). This
value depends on the reliability and functional working
classes of structures.
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Treatment of uncertainties in life cycle assessment

Jack W. Baker & Michael D. Lepech
Stanford University, Stanford, CA, USA

ABSTRACT

Spurred by European Union directives such as WEEE
(Waste Electrical and Electronic Equipment), ROHS
(Reduction of Hazardous Substances in Electrical
and Electronic Equipment), and ELV (End of Life
Vehicles), along with increased interest among US
initiatives such as LEED (Leadership in Energy and
Environmental Design), life cycle assessment (LCA)
is becoming a common tool used in the measure-
ment and evaluation of environmental performance
and overall sustainability. Life cycle assessment is an
analytical technique for assessing potential environ-
mental, social, and economic burdens and impacts,
encompassing all stages of life cycle, from raw mate-
rial production through end-of-life management. LCA
provides metrics that can be used to measure progress
toward sustainability.

As outlined by ISO 14040 series standards, any life
cycle assessment requires a number of phases begin-
ning with goal and scope definition, inventory anal-
ysis, impact assessment, and interpretation. Each of
these phases, along with their associated databases and
models, has significant uncertainties associated with
them. Decisions made regarding design development
and improvement, strategic planning, public policy or
making, product marketing without recognizing this
uncertainty may potentially be flawed.

A general motivation for quantifying uncertainties
is to increase the transparency of LCA data and results.
Uncertainty is undeniably present in many aspects of
analysis, and treating it explicitly will aid in several
ways. This paper provides an overview of sources of
uncertainty, methods for quantifying uncertainty, and
methods for propagating input and model uncertainties
in order to determine their effect on uncertainties in the
final estimated environmental impacts. Examples are
described to demonstrate how uncertainties in impacts
can be used to support improved decision-making by
users of LCA tools. Impacts include adding the abil-
ity to identify alternate systems whose environmental
impacts appear to differ at first glance, but for which
the impacts are actually statistically insignificant due
to uncertainties in the inputs. A second impact is the
ability to identify important uncertainties and so focus
uncertainty-reduction efforts in the most critical areas.

After describing the importance of this topic and
describing tools for performing relevant analysis,
prospects for future progress in this field are con-
sidered. There are a variety of practical challenges to
consider, but also a variety of areas in which further
achievements can be made. By looking at examples
where uncertainty has been treated explicitly in LCA
assessments, one can see where opportunities exist to
further apply the tools of probabilistic modeling to this
important and rapidly growing field.
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Development of life cycle condition profile models of some typical types of
bridges

Heungmin Park & Kwangkyun Lee
IAM Corporation, Seoul, Korea

Kwangju Lee & Jungsik Kong
Korea University, Seoul, Korea

ABSTRACT

To derive the optimum maintenance scenario, it is
needed to analyze the variation in condition of bridge
caused by deterioration. However, standardized con-
dition variation deterioration profile models were not
available in general. So under these circumstances, the
standardization of condition variation and models are
immediately necessary to develop.

In this study, the present status of bridges in Korea
has been investigated through arrangement of varia-
tion in condition with/without maintenance activity.
Also we have developed practicable LCP (Life-Cycle
condition Profile : LCP) model classified by some typ-
ical type of bridges and members to derive optimum
maintenance scenario considering deterioration.

The model has been developed based on
statistical regression methods and the database
of HBMS(Highway Bridge Management system:
HBMS).

We used the process in this study as below.
The determined function of regression analysis is

determined by coefficient of determination in gen-
eral, however, characteristics of LCP curve was took

Figure 1. process of this study.

Figure 2. Single Variable Regression Analysis Result
(PSCI).

into consideration in determination of final regression
analysis model. The feature of LCP curve is as below.

Single variable regression analysis of PSCI girder
is as shown in Figure 2.

This study suggested a process to establish LCP
model for each bridge and its member using HBMS
DB and LCP model by members of bridge structure
through single or multi variable regression analysis.

We can see that developed LCP model in this study
could be used more efficiently for bridge assessment
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Prediction of displacement response from the measured dynamic
strain signals using mode decomposition technique

Sung-Jin Chang & Nam-Sik Kim
School of Civil and Environmental Engineering, Pusan National University, Busan, Korea

Ho-Kyung Kim
Department of Civil and Environmental Engineering, Seoul National University, Seoul, Korea

ABSTRACT

In this study, a method predicting the displacement
response of structures from the measured dynamic
strain signal is proposed by using a mode decom-
position technique. Evaluation of bridge stability is
normally focused on the existing bridges. However,
dynamic loadings including wind and seismic load-
ings could be exerted to the bridges under construc-
tion. In order to examine the bridge stability against
these dynamic loadings, the prediction of displace-
ment response is very important to evaluate bridge
stability. Because it may be not easy for the dis-
placement response to be acquired directly on site, an
indirect method to predict the displacement response is
needed. Thus, as an alternative for predicting the dis-
placement response indirectly, the conversion of the
measured strain signal into the displacement response
is suggested, while the measured strain signal can
be obtained using fiber optic Bragg-grating (FBG)
sensors. As previous studies on the prediction of dis-
placement response by using the FBG sensors, the
static displacement has been mainly predicted. For pre-
dicting the dynamic displacement, it has been known
that the measured strain signal includes higher modes
and thus the predicted dynamic displacement can
be inherently contaminated by broad-band noise. To
overcome such a problem, a mode decomposition tech-
nique was used in this study. The measured strain
signal is decomposed into each modal component
by using the empirical mode decomposition (EMD)
as one of mode decomposition techniques. Then, the
decomposed strain signals on each modal component
are transformed into the modal displacement compo-
nents. And the corresponding mode shapes can be also
estimated by using the proper orthogonal decomposi-
tion (POD) from the measured strain signal.Thus, total
displacement response could be predicted from com-
bining the modal displacement components. To verity
the mode decomposition technique suggested in this
study, model experiments were conducted.

Figure 1. Comparison of displacement responses according
to techniques of displacement estimation.

As a result of comparing displacement responses
from the polynomial equation with those from the
mode decomposition technique, it can be confirmed
from Fig. 1 that more noises are removed from the use
of mode decomposition technique than that of poly-
nomial equation. The mode decomposition technique
can remove noises because it estimated displacement
responses using only the desired modes, but the exist-
ing method has difficulties in removing noises because
it directly uses the measured signals.Therefore, the use
of mode decomposition could reduce the noise effect
more effectively. Additionally, by applying the FBG
sensors with multi-point measurements not influenced
by electric noise, it can be expected that the technique
would be applicable to infrastructures.
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Damage assessment of beam by a quasi-static moving vehicular load

C.Y. Wang, C.K. Huang, Y.T. Zeng, C.S. Chen & M.H. Chen
Department of Civil Engineering, National Central University, Chungli, Taiwan, ROC

ABSTRACT

On the development of fast damage assessment tech-
niques for bridge, the idea of using passing vehicle
response to assess bridge condition has attracted a great
academic interest among researchers. The concept is to
use a vehicle moving over a bridge as a message carrier
of the properties of the bridge.

In this paper, studies on beams of various damage states
are conducted to identify the correlations among dam-
ages and the measured responses of the structure. The
study uses a quasi-static moving vehicular load to reduce
the complicating features arising out of dynamic inter-
actions between vehicle and the bridge. Only deflection
at the mid-span of structure is measured while the vehi-
cle crosses the beam. After some investigations on these
measured data, it is interested to find that the curvature
influence line response due to a quasi-static moving vehic-
ular load can be effectively used to identify the location of
damage in the beam. Theoretical, numerical and experi-
mental analyses have been conducted to verify this simple
but effective damage assessment technique.

This relatively fast and simple damage assessment
technique can be used for both the simply supported
and the continuous beams. No previous condition state
is required as a reference configuration for the damage

Figure 1. Simply supported beam with damage.

Figure 2. Influence line and its first, second derivatives at the middle span of a beam with cracks located at x = 1.25 m and 3.25 m
from the left end of the beam sustaining a two-wheel loading by the numerical analysis. (a) Undamaged beam, (b) Single crack of 8 cm
depth, (c) Double cracks of 8 cm and 7 cm depth, (d) Double cracks of 8 cm and 8 cm depth.

assessment. The deflection curvature variations along the
span are reliable indicators for damage detection. Differ-
ent from vibration type damage assessment techniques,
the quasi-static type moving load testing method can pro-
vide more clean data for the analysis. It also has the
potential to reduce the unknown errors due to the incom-
plete modeling on structure-vehicle interaction effect and
environmental factors into damage detection process.

Figure 3. Sensors deployed on the middle span for vehicle
moving with constant speed.

Figure 4. Experimentally measured influence lines and their
second derivatives at the middle span of a damaged beam with
double cracks of 7 cm depth and 2 mm width located at x = 1.20 m
and 3.25 m from the left of the beam sustaining various two-axel
wheel loads.
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Fundamental study of damage identification of bridge structures by
using AE and sound monitoring data

T. Obata
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ABSTRACT

In recent years, the maintenance and rehabilitation of
infrastructures have become a very important problem
in all over the world.Also in Japan, the too many infras-
tructures were constructed for preparation and spread
the transportation network from 50’s to 70’s. The most
of infrastructures in Japan are middle-aged structures,
also the bridges that more than 50 years active serviced
are increase drastically in 2004 and these kind bridges
will be over 50,000 in 2021.The developmental spend-
ing or investment for preparation of infrastructures
such as construction of new transportation network
is very difficult in Japan from the problem of eco-
nomic condition and environmental impact. Therefore
it has become a very important subject to aim at the
life extension improvements of infrastructures.

The purpose of this study is to perform fundamental
investigations to find the damage level and positions by
using AE and sound monitoring data of bridges. In this
study, steel bridge model and 32 concrete test pieces
are prepared and the damage identification experi-
ments are performed for these experimental model.
The sound monitoring system in this study is com-
posed of dynamic microphone sensor, digital audio
interface and personal computer. This system is able
to measure the eight channel’s sound of each sensor
and to record direct in PC. The sampling frequency
is 44.1 kHz and 16 bit digital sound format is used in
this study. The analyses for sound data are sound spec-
trogram and fractal dimension. As the parameters of
damage identification, the fractal dimension is calcu-
lated from the figure of sound spectrogram. On the
other hand, the AE monitoring system is made by tow
AE sensors, DAQ card and mobile PC. In this system,
the sampling frequency is 200 kHz and the number
of sampling data is 32768. The analytical methods of
AE data are Fourier spectrum and coherence. The AE
sensors are set to near the damaged point on steel
bridge model, coherence is calculated between non-
damaged data and each of different damaged condition
data. For concrete test piece, tow sensors are attached
to the opposite side of excitation point symmetrically
and coherence is calculated by using these tow data.
The results of sound spectrogram experiments of the

Figure 1. Sound spectrogram (concrete).

Figure 2. Fractal dimension – Concrete strength.

concrete test pieces are shown in Figure 1.And the rela-
tion of compressive strength of concrete test pieces and
fractal dimensions are shown in Figure 2. The possi-
bility of application for identifying steel and concrete
damages is discussed by these results.

The major conclusions obtained in this study are
summarized as follows: From the result of sound
spectrogram, it is considered that the change of the fre-
quency response and damping characteristic of sound
data can be judged visually and simply. As for the
fractal dimension, the significant change has appeared
in comparison with non-damaged and damaged con-
dition. The fractal dimension values are decreased,
in the case of damages are increasing. The Fourier
spectrum results from AE monitoring data is change
by link of each damaged level. From the results of
coherence, the decrease of the values of coherence in
resonant frequency can be confirmed with the increase
of damage. Therefore, it is considered that these moni-
toring methods in this study have possibility of damage
identification for infrastructures.
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Performance and reliability analyses of semi-active
equipment isolation system

Chin-Hsiung Loh & Yu-Chen Fan
Department of Civil Engineering, National Taiwan University, Taipei, Taiwan

In this study a combination of a conventional spec-
tral acceleration seismic hazard curve with results of
a suite of seismic response analysis of semi-active
control of equipment system is examined. First, the
hazard curves of floor acceleration spectrum are gen-
erated, and then an equipment acceleration response
hazard curve is created which accounts for the disper-
sion on the input ground spectral acceleration. Since
the equipment is expected to have control system when
subjected to earthquake excitation, performance anal-
ysis of equipment isolation system is conducted in
which different control strategy of the system is incor-
porated. Finally, the reliability analyses of semi-active
equipment isolation system using sliding mode con-
trol strategy, LQR control strategy, passive-on and
passive-off control are examined.

The structural model used in this study is a full-
scale 3-story steel frame with a light equipment located
on the first floor. A semi-active equipment isolation
system on the first floor was implemented. The test
structure used in this experiment is designed to be an
almost full-scale prototype building and is subjected to
a one-dimensional ground motion. In this experiment,
a single magnetorheological (MR) damper and a fric-
tion pendulum-type isolator are installed between the
equipment and the first floor. The friction coefficient
µ is 0.0001. The natural period of the equipment is
2.77 sec.

Probability assessment of the equipment-isolation
system was conducted in conjunction with different
control methods. The relationship between the equip-
ment peak response and floor response spectrum is
developed through a number of dynamic analysis. Four
different control methods are applied to the equip-
ment: passive-off (0Volt), passive-on (o.2Volt and
1.2Volt), and sliding mode control. Finally, the seis-
mic hazard curves of equipment peak response and
floor response spectrum were generated with respect
to different control method.
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System identification of non-linear hysteretic rubber-bearings
based on experimental tests
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ABSTRACT

Rubber-bearing isolation systems have been used in
buildings and bridges. These base isolation systems
will become more popular in the future due to their
ability to reduce significantly the structural responses
subject to earthquakes and other dynamic loads. To
ensure the integrity and safety of these base isola-
tion systems, a structural health monitoring system
is needed. One important problem in the structural
health monitoring is the identification of the system
and the detection of damages. This problem is more
challenging for the rubber-bearing isolation systems
because of their non-linear behavior. In the liter-
ature, several hysteretic models for describing the
dynamic behavior of rubber-bearings have been pro-
posed, including piecewise-linear hysteretic models,
polynomial hysteretic models, curvilinear hysteretic
models, etc. Likewise, various system identification
techniques in the time domain have been devel-
oped for nonlinear structural systems, such as the
least-square estimation (LSE), the extended Kalman
filter (EKF), the sequential non-linear least-square
estimation (SNLSE), etc.

The purpose of this paper is to present the exper-
imental study for the system identification of non-
linear hysteretic rubber-bearing isolators. In this study,
the Bouc-Wen model is selected to describe the non-
linear behavior of rubber-bearings, which has the
advantages of being smooth-varying and physically
motivated. Further, the extended Kalman filter (EKF)
approach (Yang et al, 2006a, b; Zhou et al. 2008) is
used to identify the unknown non-linear parameters of
the Bouc-Wen model for the rubber-bearing isolators.
Experimental tests of a base-isolated structural model
on the shake table have been conducted to demonstrate
the validity of the proposed approach.

In the experimental tests, rubber-bearings GZN110
were used as the base isolators and the test model con-
sisted of a mass supported by four rubber bearings.Two

earthquake records have been used for the excitations,
including the El Centro and Kobe earthquakes. During
the tests, one acceleration sensor (PCB3701G3FA3G)
and one displacement sensor (ASM WS10-250-10V-
L10) were installed to measure the responses of the
mass. The sampling frequency of all measurements
is 200 Hz. The measured acceleration response data
and the extended Kalman filter (EKF) approach are
used to estimate the unknown parameters of the Bouc-
Wen model for the rubber-bearing isolators. Based
on the estimated parameters of the Bouc-Wen model,
the displacement response of the mass can be esti-
mated. The estimated displacement response is then
compared with the measured displacement response
data to show the validity and accuracy of the pro-
posed approach. Experimental results obtained in this
study demonstrate that: (i) the Bouc-Wen model is
quite suitable for describing the non-linear behavior of
rubber-bearing isolators, and (ii) the extended Kalman
filter (EKF) approach is effective in identifying the
non-linear hysteretic parameters.
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Live load model for urban highway bridges from BWIM data

M. Kawatani, Y. Nomura & C.-W. Kim
Department of Civil Engineering, Kobe University, Kobe, Japan

M. Nakata
Kobe City, Kobe, Japan

ABSTRACT

In order to establish reliability-based design methods
covering the limit state design and the load-resistance
factor design (LRFD), a clear grasp of probability
characteristics of each load is important. This paper
especially focuses on a live load that is a principal
load for bridges. The effects of traffic congestion to
live load model of bridges are studied. Usually, the
characteristics of traffic depend on industrial struc-
ture of areas. Moreover the characteristics are different
between a toll road such as urban highway bridge
and national roadway. This study investigates how

Figure 1. Probability density function of reaction force.

Table 1. Mean and standard deviation of reaction force.

Reaction force

Ordinary congestion Accidental congestion

Mean Standard Mean Standard
(tf) deviation (f) (tf) deviation (tf)

Hanshin. Ex 209.6 12.2
Sakai.Br 260.8 8.8 292.4 12.3
Koushi.Br 344.3 14.4 382.5 17.2

the change of legal live loads affects the extreme
value distribution of reaction force. The live loads
are constructed based on the available statistical data
on truck loads as well as from truck surveys and
weight-in-motion measurements of Sakai Bridge in
Nagano prefecture and Koushi Bridge in Chiba prefec-
ture (Tamakoshi, et al. 2006). Random traffic data for
one month are obtained by means of Monte Carlo sim-
ulation using the statistical data of traffic load, and are
used for simulating the reaction force at the intermedi-
ate support of a three-span continuous steel box girder
bridge with the length of 80 m. Probability density
function of reaction forces under the ordinary conges-
tion and the accidental congestion is shown in Figure 1.
Table 1 depicts the mean and standard deviation of
reaction forces under each of traffic congestions. It
is observed that the mean value of the reaction force
under the accidental congestion is 1.12 times higher
than that obtained under the ordinary congestions.And
also, reaction force of 356.24tf was obtained in case
of using B-live load of Japan Road Association (JRA)
code under all the same experimental conditions. It
is observed from these results that the reaction force
under the accidental congestion obtained from Koushi
Bridge is larger than that obtained by using B-live load
of JRA code. Observations through the study based on
the BWIM data demonstrate that the live load effect
varies according to the traffic condition and the area
in which the bridge is located.
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Effects of uncertainties on seismic response parameters of
reinforced concrete frame

M. Dolsek
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ABSTRACT

Incremental Dynamic Analysis (IDA) has been
recently extended in order to quantify also the influ-
ence of epistemic uncertainty on the seismic response
parameters and not only the record-to-record variabil-
ity, as applied in the IDA. In addition to the set of
ground motion records, which is used in the IDA,

Figure 1. a) the fractile IDA curves, IDA points and col-
lapse points of the extended IDA analysis and b) comparison
between the fractile IDA curves and the fractile IDA curves
of the extended IDA analysis.

also the set of set of structural models is used in
the extended IDA. It is determined by utilizing the
Latin Hypercube Sampling technique. In the paper
the extended IDA is summarized and demonstrated
through an example of a four-storey plane RC frame
for which the pseudo-dynamic tests were performed
in full scale at ELSA Laboratory in Ispra. Different
sources of uncertainty, such as, storey masses, strength
of the concrete and that of reinforcing steel, effective
slab width, damping and the model for determination
of the initial stiffness and ultimate rotation in plastic
hinges of beams and columns, are considered in the
example.

The results of the extended IDA are the IDA curves,
which are presented in Figure 1a together with 16%,
50% and 84% fractile curves, which reflect aleatory
and epistemic uncertainty. For comparison, the fractile
curves of the extended IDA are compared with frac-
tile curves of the IDA for deterministic model (Fig.
1b). Based on these results, it can be observed that
the fractile IDA curves of the extended IDA prac-
tically do not deviate from the fractile IDA curves,
which are determined by employing the deterministic
model. This observation is valid mostly for the 84%
fractile curves and for the other curves within a limited
range of peak ground acceleration. This is an interest-
ing result, which leads to the conclusion, at least for
the presented example, that the epistemic uncertainties
do not significantly influence the summarized seismic
response parameters, at least in the range near collapse.
However, the median collapse capacity is reduced in
the case of the extended IDA analysis.
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Dynamics of nonlinear disordered structures by means of
nonlinear normal modes

L. Facchini & M. Rizzo
University of Florence, Italy

ABSTRACT

Randomness can affect structural systems by several
points of view; in particular, randomness can affect the
forcing process that a system undergoes, or might as
well influence the structural parameters.

The study of disordered systems, as such structures
are usually referred to, is a point of concern in special-
ized literature: a fair amount of methods to investigate
the dynamics of disordered structures can in fact be
found.

One of the most common methods is taken into
consideration in the present work: the first applica-
tion is described in Liu et al., 1986, and subsequently
enhanced in Chiostrini and Facchini, 1999. It can be
classified as a perturbation method and makes use of
sensitivity vectors to evaluate the first two moments
of the response.

Unfortunately, a severe drawback of the method is
that the number of degrees of freedom of the examined
structure grows rapidly for increasing number of ran-
dom parameters, thus leading to the solution of very
large (non) linear systems.

The idea that is introduced in the present work is
to investigate the possibility to compute and apply the
concept of nonlinear modal shapes in order to reduce
the number of degrees of freedom. It has recently been
developed by Rizzo (2007) in his Ph.D. dissertation.

It is possible to define the normal non-linear
(NNMs) modes only as particular synchronous peri-
odic solutions of the non-linear motion equations
without looking for any link of such motions to the
(linear) principle of superposition.

For free vibration problems one uses system modes
to construct reduced order models, and these tech-
niques have been well developed for both linear and
nonlinear systems by Vakakis (1997) and by Vakakis
et al. (1996) .

One such technique, introduced by Shaw and Pierre
(1991, 1993, 1993), defines the normal mode of a
nonlinear oscillatory system in terms of invariant

manifolds in the phase space that are tangent to the
linear eigen-modes at the equilibrium point. In such a
formulation, a master mode is selected, and the nor-
mal mode is constructed by a formulation in which
the remaining linear modes of the system, i.e., the
slave modes, depend on the master mode in a manner
consistent with the system dynamics.This dependence
defines the invariant manifold for the nonlinear normal
mode (NNM).

By studying the dynamics of the reduced-order
model, it is possible to recover the associated modal
dynamics of the original nonlinear system.
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ABSTRACT

In the last decade, Finite Element (FE) reliability
methods have emerged as powerful tools to per-
form probabilistic performance assessment of struc-
tures and/or geotechnical systems. In the context of
Performance-Based Earthquake Engineering (PBEE),
these methods combine FE modeling and seismic
response analysis of Soil-Foundation-Structure Inter-
action (SFSI) systems with state-of-the-art methods in
sensitivity and reliability analysis.

FE response sensitivity analysis is a crucial com-
ponent of FE reliability analysis and is concerned
with the relationship between modeling parameters
(e.g., geometric, material and discrete loading param-
eters), and system behavior. FE response simulations
of realistic large-scale models of an engineering sys-
tem must be complemented by extensive studies on
response sensitivities to system parameters in order to
achieve a broader and deeper under-standing of the
system behavior. Accurate and efficient FE response
sensitivity computation is required in any application
involving gradient-based optimization algorithms. In
this paper, Direct Differentiation Method (DDM) for
FE response sensitivity computation is adopted and
extended to SFSI systems [1, 2]. The DDM consists of
differentiating exactly the FE response numerical algo-
rithm with respect to all sensitivity parameters. The
DDM-based response sensitivity computation algo-
rithm involves the various hierarchical layers of FE
response analysis, namely: (1) structure level, (2) ele-
ment level, (3) integration point level (or section level),
and (4) material level.

In PBEE, structural reliability analysis methods
have been employed to estimate the probability of
occurrence of various failure events in both structural
and SFSI systems (i.e., the failure probability). Dur-
ing an earthquake, the structural/SFSI system usu-
ally enters its nonlinear behavior before exceeding a
limit-state condition defining failure. Typically, the
nonlinear dynamic response of a structural system

cannot be computed in closed-form, particularly when
the complex interaction with the foundation and the
soil needs to be taken into account. In this case, FE
analysis is used to predict the SFSI system nonlin-
ear dynamic response. Modern FE reliability methods
are obtained by merging advanced reliability methods
and state-of-the-art FE modeling. In this paper, several
reliability analysis methods based on the Design Point
(DP) search are considered to solve both time-invariant
and time-variant reliability problems for SFSI systems,
including First- and Second-Order Reliability Method
(FORM and SORM), Importance Sampling (IS)
method, Orthogonal Plane Sampling (OPS) method,
and Mean Out-Crossing Rate (MOCR) analysis based
on FORM approximation and on OPS approximation.

This paper considers as benchmark examples both
two- and three-dimensional models of an SFSI sys-
tems consisting of a reinforced concrete frame on
layered clay soil. Realistic nonlinear constitutive mod-
els are employed for concrete, reinforcement steel and
soil materials. FE response sensitivity results are pre-
sented and used to evaluate the relative importance of
the various material modeling parameters in affecting
the system response. Time-invariant and time-variant
reliability analyses are performed for the benchmark
structure and results obtained from different FE relia-
bility methods are compared in terms of accuracy and
computational cost. The use of novel hybrid reliabil-
ity method, the DP-RS-Sim method, is also illustrated
for the time-variant reliability analysis relative to an
idealized nonlinear structural model.
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Stochastic bridge-vehicle interaction problem with
Gaussian uncertainties
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ABSTRACT

Bridge condition assessment is very popular amongst
researchers in recent years, and assessment under
operation load is the centre of research in practice.
Vehicular axle load is one of the important factors
influencing the durability and safety of the bridge
structure. When a vehicle passes over a bridge deck,
an impact or dynamic amplification factor will be
induced which needs to be considered in the response
analysis for the assessment.

The dynamic response of a bridge structure sub-
ject to moving vehicular loads has been studied for
decades.Various bridge-vehicle interaction models are
proposed by researchers. The deterministic approach
for the analysis can be approximately classified into
two kinds: modal superposition technique (Zhu & Law
2003) and finite element method (Henchi et al. 1998),
with the latter capable of handling a more complex
structure. Although most of the methods consider the
road roughness as an uncertain factor in the bridge-
vehicle interaction problem, yet it is conventionally
treated in a deterministic manner, i.e. the road rough-
ness is considered as deterministic samples of irregular
profile according to its power spectral density defined
in the ISO standard. The bridge-vehicle system often
exhibits an inherent randomness. The conventional
deterministic analysis generally represents only an
“approximation” of the actual reality due to unavoid-
able uncertainties in the structural properties as well
as in the loading processes. Stochastic analysis should
be performed instead for the bridge-vehicle interac-
tion problem. Though the topic of dynamic responses
of bridge structure under random moving forces has
been researched by many engineers (Lin 2006, Seeta-
pan & Chucheepsakul 2006), there is seldom research
work (Fryba et al. 2003) done on the dynamic analy-
sis of bridge-vehicle interaction problem with random
excitation forces applied on the bridge structure which
also contains random system parameters. This study
is more realistic than the deterministic approach and
it itself very important for the subsequent reliability
analysis in the structural safety assessment.

A new method for the dynamic analysis of the
bridge-vehicle interaction problem considering uncer-
tainties is developed in this paper. The bridge is
modeled as a simply supported Bernoulli-Euler beam
with Gaussian random elastic modulus and mass den-
sity of material with moving forces on top. These
forces have time varying mean values and a coefficient
of variation at each time instance and are consid-
ered as Gaussian random. The mathematic model of
the bridge-vehicle system is established using the
spectral stochastic finite element method (Ghanem &
Spanos 1991). The random Karhunen-Loéve compo-
nents of the responses can be obtained directly from
the Karhunen-Loéve components of the random forces
using the Newmark-βmethod. The response statis-
tics are subsequently derived. Numerical simulation is
given to verify the proposed stochastic approach using
Monte Carlo simulation with good agreements.
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Estimation of uncertain parameters using static pushover methods
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Following recent guidelines (e.g. FEMA-350) seismic
performance uncertainty is an essential ingredient for
Performance-based earthquake engineering (PBEE).
Uncertainty refers to both aleatory uncertainty, associ-
ated with the random record-to-record variability, and
also to epistemic uncertainty primarily introduced by
modeling assumptions or errors. A methodology for
the performance-based estimation of the dispersion
introduced by parameter uncertainties is developed.
The methodology proposed provides an inexpensive
alternative to the use of tabulated values, or to perform-
ing a series of time-consuming nonlinear response
history analyses to obtain parameter uncertainty. As
a testbed, the well-known 9-story LA9 2D steel frame
is employed using beam-hinges with uncertain back-
bone properties. The properties of the backbone are

fully described by six parameters, which are con-
sidered as random variables with given mean and
standard deviation values. Using point-estimate meth-
ods, first-order-second-moment techniques and latin
hypercube sampling with Monte Carlo simulation, the
pushover curve is shown to be a powerful tool that can
help accurately estimate the uncertainty in the seismic
performance. Coupled with the SPO2IDA tool, such
estimates can be applied at the level of the results of
nonlinear dynamic analysis, allowing the evaluation
of seismic capacity uncertainty even close to global
dynamic instability. In summary, the method presented
can inexpensively supply the uncertainty in the seismic
performance of first-mode dominated buildings, offer-
ing an estimator of the accuracy of typical performance
calculations.
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ABSTRACT

Structures, (e.g., windmills, lighthouse and towers) are
usually subjected to harsh environmental conditions
such as high winds, severe sea states, etc. The response
of such structures under extreme loading conditions
is of prime importance in order to assess the per-
formance of structures on/after such extreme weather
condition. Such structures are highly non-linear and
made up of many structural components. The indi-
vidual structural components are modelled as jointed
beam or plate elements. Now in traditional analysis
of structural systems, it is usually assumed that the
material and geometrical properties of the system in
question are constant. Although such an assumption
have been a basis for many practical problems, it is
evident that there always exists some amount of ran-
domness in systems properties (e.g. mass density, cross
sectional properties, moduli of elasticity).

In this paper, we calculate the extreme statistical
response of a simply supported beam (modelled as
Euler-Bernoulli one) under stochastic loads and spa-
tially varying random material properties. The loading
on the beam is a concentrated force which follows a

trajectory as the response of a linear oscillator under
white noise. TheYoung’s modulus and mass density of
the beam is assumed to follow a log-normal probabil-
ity distribution. The beam response (under initial and
boundary conditions) is obtained using central differ-
ence method for an ensemble of samples. An extreme
value method is used in obtaining statistical extremes
using time-series obtained through Monte Carlo sim-
ulations. The key quantity in such statistical extremes
is the mean upcrossing rates which can be numerically
obtained by counting the number of upcrossings. The
present approach is restricted to cases where the Gum-
bel distribution is the appropriate asymptotic extreme
value distribution. We then use optimized linear fit and
extrapolation on a double logarithmic scale for predic-
tion of the mean upcrossing rates and thus extreme
response statistics. Numerical analysis shows good
accuracy for the method when applied to structural
components.
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Sensitivity analysis of the tightening of the body-bonnet flange
joint in a globe valve by using a non intrusive method
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J.P. Mathieu
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A Globe valve is a type of valve used for isolating a
piping part inside a circuitry. It generally consists of a
movable element and a stationary seat which are rela-
tively moved in order to create flow shutoff.The bonnet
is connected to the body and provides the containment
of the fluid that is being controlled. The aim of this
study is to perform a sensitivity analysis of the effect of
tensioning heterogeneities between studs of the body-
bonnet flanged joint on the local pressure-tightness
repartition between the sealing surfaces.

Sensitivity of a model aims at quantifying the rela-
tive importance of each input parameter [1]. Different
methods of analysis are available such as the per-
turbation method, simulation methods and stochastic
response surfaces ( also called non intrusive finite
element methods [2]). The latter is chosen hereand
applied together with the Sobol’ indices. Stochastic
response surfaces allow to expand the response of
a system, whose input parameters are random vari-
ables, onto a specific polynomial basis, which is
called the polynomial chaos. Using the non intru-
sive approach, the expansion coefficients are obtained
by evaluating the response of the system for selected

values of the input parameters, then applying an ana-
lytical post-processing of the corresponding output.
In this study a regression method is chosen to eval-
uate the expansion coefficients of the response: the
error between the exact response (obtained with the
evaluation of the model) and the approached response
(evaluated with the polynomial approximation) is min-
imized. Using this expansion of the response onto the
polynomial chaos, a sensitivity analysis is easily acces-
sible with analytical computations from the expansion
coefficients.

In this study, the tightness of the valve is modeled
with the finite element code Code_Aster. Different
type of tightening of the stud are compared.
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A novel hybrid method for the simulation of non-homogeneous
non-Gaussian stochastic processes and fields
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ABSTRACT

The numerical simulation of non-Gaussian stochastic
processes and fields has recently received consider-
able attention in the field of computational stochastic
mechanics. However, most of the existing work on
non-Gaussian processes and fields has been devoted
to the stationary/homogeneous case. Limited work is
available for samples with temporally or spatially vary-
ing marginal probability density function (PDF) and/or
spectral density function (SDF) (e.g. Ferrante et al.
2005). This kind of stochastic processes and fields
is very useful e.g. for the simulation of the material
properties and microstructure of functionally graded
composites or the accurate representation of initial
geometric imperfections in shell buckling studies (Fer-
rante et al. 2005, Papadopoulos & Papadrakakis 2005).
The standard translation process concept (Grigoriu
1998) has been extended to the non-stationary case by
Ferrante et al. (2005) where it is shown that the upper
bound of the target covariance function can be less
than 1 and thus the issue of possible incompatibility
between the marginal PDF and the correlation struc-
ture of a translation process becomes more important
in this case.

Recently, an enhanced hybrid method has been
proposed for the simulation of homogeneous non-
Gaussian stochastic fields with prescribed target
marginal distribution and SDF (Lagaros et al. 2005).
This approach is based on the translation field con-
cept, but uses an extended empirical non-Gaussian to
non-Gaussian mapping for the generation of a non-
Gaussian field having the prescribed characteristics.
In this way, the possible incompatibility between the
marginal distribution and the correlation structure of a
translation field is surpassed and an algorithm cover-
ing a wider range of non-Gaussian fields is produced.
The function fitting ability of Neural Networks (NN)

is employed to approximate the power spectrum of the
underlying Gaussian field and the target non-Gaussian
distribution and SDF are matched with remarkable
accuracy even in the case of narrow-banded fields with
very large skewness.

In this work, the enhanced hybrid method is
extended to the non-homogeneous case i.e. the sim-
ulation of non-homogeneous non-Gaussian stochastic
processes and fields with prescribed marginal distri-
bution and temporally or spatially varying SDF. The
updated algorithm makes use of the spectral represen-
tation method coupled with evolutionary spectra the-
ory in order to generate sample functions of the under-
lying Gaussian stochastic field. The computational
efficiency and various features of the algorithm are
demonstrated with the simulation of a stochastic field
following a highly skewed lognormal distribution.
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A spectral stochastic finite element method for modal
analysis of structures with uncertain material properties
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ABSTRACT

The problem of handling model uncertainty in the
framework of dynamic structural analysis techniques
has been a major concern of the literature in the past
15 years (Schueller (2001)). At the origin of this inter-
est lies the unavoidable uncertainty with which the
designer has to cope at the model definition stage. In
this context, it appears that the handling of the uncer-
tainty in structural models is a natural and necessary
extension of present structural analysis techniques.

This paper presents a new technique for the modal
analysis of structures with random material parame-
ters. This technique is applied to the calculation of
statistics of the dynamic characteristics (e.g. eigenval-
ues) of mechanical structures. The proposed technique
is an extension of the Spectral Stochastic Finite Ele-
ment Method (SSFEM) (Ghanem & Spanos (1991)).
The spectral SFEM is based on a Karhunen-Loève
expansion of the random fields involved in the stochas-
tic description of the uncertain model. The truncation
of the expansion generates a finite set of orthonor-
malised random variables the size of which corre-
sponds to the dimension of the stochastic part of the
analysis. The required stochastic response is projected
on the polynomial chaos obtained with the random
variables of the Karhunen-Loève basis. An explicit
expression of the random response, analogous to a
response surface, is finally obtained and enables the
estimation of the statistical moments of the response
indicator.

The proposed method is applied to a simple
mechanical system composed of rods with random
material parameters and the results compared to Monte
Carlo simulations. The obtained results reported in
Table 1 show good convergence of this approach
when increasing the number of terms of the KL
decomposition and the polynomial order.

As the frequency of the random fluctuations of the
material properties increases, it is clear that additional
terms are required in the Karhunen-Loève represen-
tation, and the size of the associated chaos expansion
grows significantly.

In conclusion, it seems that, for systems whose
parameters exhibit high variability, the SSFEM
approach provide a suitable representation of the

Table 1. Influence of M and p on the standard deviation of
the first eigenvalue (b = 50 m).

M P P σ(SSFEM) ×103 Relative error

1 5 6 197.1 3.30 %
2 5 21 203.17 0.32 %
3 3 20 199.31 2.22 %
4 3 70 201.55 1.12 %

Figure 1. Relative error of CV of the first eigenvalue versus
polynomial order for differents values of CV (E).

variability of the system eigenvalues as illustrated in
figure 1. Clearly, the higher the standard deviation of
the stochastic processes and the shorter the correla-
tion length, the more terms in the polynomial chaos
are needed to compute the statistics of the response
with accuracy. The problem of the influence of the
random variables on the probability distribution func-
tion (PDF), required in simulation techniques is also
addressed.

REFERENCES

Ghanem, R.G. & Spanos, P.D. 1991. Stochastic finite ele-
ments: a spectral approach, Springer, Berlin.

Schueller, G.I. 2001. Computational stochastic mechanics:
recent advances, Computers & Structures 79: 2225–2234.

665

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-c84&iName=master.img-000.jpg&w=191&h=155


Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

SFE analysis of a timber frame undergoing a seismic load sensitivity
analysis of a nail plate joint

J. Humbert, J. Baroth & L. Daudeville
Joseph Fourier University, Grenoble, France

C. Faye
FCBA Bordeaux, Bordeaux, France

M. Yasumura
Shizuoka University, Shizuoka, Japan

L. Davenne
ENS Cachan, Cachan, France

ABSTRACT

This paper presents a Stochastic Finite Element (SFE)
analysis of a nail plate joint used in prefabricated tim-
ber roof-trusses. This work is part of a larger study
aiming at achieving a sensitivity analysis on a full
roof-truss undergoing a seismic load.

Following previous works (Baroth 2007, Humbert
2008) the paper introduce a FE model of a nail plate
joint.The bidimensional behavior law is a nonlinear FE
spring with hysteresis (Figure 1) derived from a uni-
dimensional law (Richard 2003) by extending it in the
plane of the plates to deal with the non isotropic behav-
ior observed during experimental tests. Wood contact
is also taken into account. The law is validated on both
monotonic and cyclic test results and input parame-
ters’ mean and standard deviation are derived from
those tests.

Two non-intrusive SFE methods (SFEM) are then
used to compute statistical moments of the maximum
strength F of the joint and its cumulated dissipated
energy Ed under cyclic loading in order to quantify
the influence of the parameters of the FE model. One
is based on Lagrange polynomials (Baroth 2007) using
4 collocation points while the second uses the Stroud-
3 formulas (Bressolette 2007). Results from the later
are not shown here, being rather irrelevant.

Figure 1. Proposed hysteresis law for nail plate joints.

Table 1. Influence of uncertainties on the maximal force F
of the nail plate joint, using the Lagrange method.

Cv (X) σ (F) Cv(F)
X σ (X) µ (X) % kN %

K0 (MN/mm) 109.1 30.3 27.8 0.04 0.14
P0 (kN) 25.5 3.4 13.4 3.4 12.6
K1 (kN/mm) 809 207 25.5 0.37 1.39
Dy (mm) 0.4 0.2 50.0 0.04 0.14
Pc (kN) 2.10 0.47 22.4 0.04 0.14

Table 1 shows the influence on the coefficient
of variation of the maximal strength F considering
uncertainties on chosen parameters of the law modeled
with lognormal random variables (r.v.): initial stiffness
K0, tangent stiffness K1 at peak and associated force P0
at null displacement, yield displacement Dy, and force
at null displacement for cyclic loops Pc. The mean of F
remains constant, equal to µ(F) = 27.02 kN. Relevant
parameters for F are thus the P0 force and in a minor
extent the slope of the tangent K1 at peak. Other param-
eters do not influence the strength in a significant
way. Similar results during each traction cycle are then
presented for the dissipated energy Ed, which is influ-
enced significantly by P0, K0 for small displacements,
and Pc for displacements over Dy when damage occurs.
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CDF of the extreme value of nonstationary processes

A.I. Daniliu
Romanian Association for Earthquake Engineering, Botosani, Romania

ABSTRACT

The prediction of the extreme value of stochastic pro-
cesses is a central topic in the designing in some
engineering fields such as earthquake engineering,
ocean engineering, wind engineering.An exact expres-
sion for the probability law of the extreme value
has not been derived. The main objective of the
present paper is to derive an approximate closed
form for the cumulative probability function of the
extreme value of stochastic nonstationary processes.
The generalized extreme value distribution method,
the exceedances over threshold method and Bayesian
approach from extreme value theory are tried in order
to obtain mathematical formulas. Let X (t) denote a
nonstationary stochastic process with real values and
continuous paths and let Xm = max (X (t), 0 ≤ t ≤ T )
be the largest value of X (t) during an interval of
length T . Divide the whole interval [0, T ] in an arbi-
trary way into n small subintervals [τi−1, τi) by the
points of division and choose the intermediate points
τi−1 ≤ ti ≤ τi. The analysis of a nonstationary process
with time-varying parameters would be approximately
developed by using sequences of dependent random
variables {X (ti)}. The extreme value distribution is
obtained as

where f (x1, . . . , xn) is the multivariate joint proba-
bility distribution function of the random variables
{X (ti)}. In the exceedances over threshold method and
Bayesian techniques the concept of random time Tm
of extreme value is introduced to take into account

the time trend of the nonstationary process. The sin-
gle random event Xm ≤ x is assimilated to the union
of the mutually exclusive, collectively exhaustive

joint events
n∪

i=1
(X (Tm) ≤ x, Tm ∈ [τi−1, τi)). Each sam-

ple point of the global maximum value is a local
maximum Xp of a particular time history. Firstly
the distribution of local maxima f (x; t) occurring
during the infinitesimal time interval (t, t + dt) and
within (x, x + dx) is determined. Every joint event
(X (Tm) ≤ x, Tm ∈ (t, t + dt)) is equivalent with the joint
event (X (t) ≤ x, Tp ∈ (t, t + dt), X (t) ≥ u) where u is
a fixed threshold. The exceedances over threshold
method is based on utilizing all peak events of a given
time series exceeding a specified threshold. The CDF
of the global maximum is derived as

Bayesian solution is based on the following estimate

FXm (x|Tm ∈ (t, t + dt)) being the conditional probabil-
ity that X (Tm) ≤ x given Tm ∈ (t, t + dt) and fTm (t|X )
denote the posterior density of the parameter Tm given
past data X . The results are not entirely equivalent due
to different initial hypotheses.
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Insurer’s solvency under catastrophic seismic risk

K. Goda
Department of Earth Sciences, University of Western Ontario, London, Ontario, Canada

H.P. Hong
Department of Civil & Environmental Engineering, University of Western Ontario, London, Ontario, Canada

ABSTRACT

Catastrophic earthquake risk imposes tremendous
financial stress on insurers who underwrite earthquake
insurance policies in a seismic region. To investigate
insurer’s solvency under catastrophic seismic risk, a
stochastic model of an insurer’s net worth under both
non-catastrophic and catastrophic risks is developed.
The non-catastrophic risks are represented by a dif-
fusion process with an upward drift (Powers & Ren,
2003), whereas the catastrophic risks are modeled
as a jump process by using the seismic risk model
for spatially distributed structures (Goda & Hong,
2009), which takes spatially correlated seismic exci-
tations into account. The developed stochastic model
is applied to an actual building inventory consisting
of 1574 wood-frame buildings located in Richmond,
British Columbia. The relationships between ruin
probability and insurer’s asset characteristics, such as
the initial asset, size of non-catastrophic businesses,
and safety loading factor for earthquake insurance cov-
erage, are investigated by considering three correlation
cases: no correlation, partial correlation, and full cor-
relation, where the partial correlation case represents
a realistic situation.

Figure 1. Probability distribution of the insurer’s seismic
loss for three correlation cases.

Figure 2. 10-year probability of ruin as a function of the
insurer’s initial asset W0 for the asset growth rate α equal to
1 million CAD and the safety loading factor θ equal to 1.0
by considering three correlation cases.

Analysis results indicate that the spatial correla-
tion of seismic demand affects insurer’s earthquake
risk exposure significantly in the upper tail region,
as shown in Figure 1, and that ruin probability for
given insurance policy arrangements can be lowered
by increasing the insurer’s initial asset, as shown in
Figure 2. However, the results also suggest that manip-
ulation of the initial asset and the safety loading factor
for earthquake insurance policies alone may not be
sufficient to achieve a diversified insurance portfolio,
depending on the required stability constraint. In such
cases, the use of risk transfer instruments such as rein-
surance is desirable; an extended study on this aspect
will be carried out in the future.
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Efficient monte carlo approach for Lévy processes and its application
to risk analyses

Hiroaki Tanaka
Department of Applied Analysis and Complex Dynamical Systems, Kyoto University, Kyoto, Japan

ABSTRACT

In this study, we develop an efficient Monte Carlo
simulation scheme for estimating statistical quanti-
ties associated with stochastic systems driven by a
class of Lévy processes. We suppose a stochastic sys-
tem described by the Itô random differential equations
driven by Lévy processes, which can be a mathemati-
cal model of structural systems as well as economical
systems representing wealth of a company. Then, the
probability that the system state falls into a given sub-
set, which represents probability of system failure or
probability of default of a company, is formulated
by the use of a functional integral form through the
solution of the Itô equation.

Then, introducing a new probability measure, we
give a Monte Carlo simulation scheme for estimat-
ing the probability of default or failure, where we
newly propose a probability measure transformation
technique available for Lévy processes. To this end,
we propose a systematic method based upon the well-
known Lévy decomposition (Lévy 1937) to approxi-
mate a class of Lévy processes, where a Lévy process
is generally decomposed into an independent sum of
a Wiener process and a compound Poisson process.
The class of Lévy processes discussed in this study
includes gamma processes and variance gamma (VG)
processes, which have been frequently used in many
fields such as mathematical finance.

Next, using the probability measure transformation
method for Wiener processes as well as compound
Poisson Processes developed so far (Tanaka 1998,
2002), we give an analytical expression for the Radon-
Nikodym derivative, where the Girsanov transfor-
mation (Girsanov 1960) and Delbaen-Haezendonck’s
transformation (Delbaen & Haezendonck 1989) are
applied. Further, we newly propose a method to obtain
an optimal probability measure realizing effective
variance reduction, in which an upper bound of the
variance in the Monte Carlo procedure is minimized.

Finally, we give a numerical example in risk analy-
ses for examining our proposed simulation scheme.
Here we suppose a well-used wealth model driven

Figure 1. Estimated probability of default comparing with
a large scale crude Monte Carlo simulation.

by a VG process. Figure 1 shows estimated proba-
bility of default of the wealth for several values of
a volatility, which expresses a magnitude of fluctu-
ations of the wealth. Solid circles are results by our
proposed method with 104 samples, whereas results
by the crude Monte Carlo method with 107 are also
shown to check the accuracy. The results show that
the proposed scheme can give good estimations for
extremely small probability of default.
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How many containers to inspect to deter terrorist attacks

N. Haphuriwat & V.M. Bier
Department of Industrial and Systems Engineering, University of Wisconsin-Madison, Madison, WI, USA

ABSTRACT

In this paper, we investigate how many containers
would need to be screened in order to deter attackers
from attempting to smuggle weapons into a defending
country in container freight.We hypothesize that with a
sufficiently high probability of being detected, attack-
ers might be deterred from smuggling attempts. Thus,

our goal is to identify the optimal proportion of con-
tainers to inspect in order to minimize the defender’s
expected loss, using game theory to reflect the fact that
attackers are simultaneously trying to maximize their
expected rewards. Moreover, our model recognizes
that the container-screening policy must simultane-
ously protect against different types of threats (such
as nuclear bombs, dirty bombs, and assault rifles).
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Seismic fragility estimates for reinforced concrete bridges in M-R-α space

J. Zhong, P. Gardoni & D.V. Rosowsky
Texas A&M University, College Station, TX, USA

ABSTRACT

Typically, the seismic fragility of bridges is estimated
conditioning on intensity measures, such as the spec-
tral acceleration, Sa, peak ground displacement, PGD,
peak ground velocity, PGV, and peak ground accel-
eration, PGA. Although these intensity measures have
been used broadly in fragility estimation and seismic
design, they have two limitations. First, their proba-
bility distributions, which are needed to convolve the
fragility to estimate the probability of failure, are not
easily available. Second, these engineering-oriented
intensity measures are not easily understandable by
the owners and the public. This can become a hurdle
in communicating the outcomes of seismic risk anal-
ysis to the public, the policy- and decision-makers.
Thus, more intuitive and easily quantifiable intensity
measures are needed for the vulnerability assessment
of bridges in seismic regions.

In response to these needs, two alternative seismic
measures have been proposed to characterize the seis-
mic demand on a structure: the moment magnitude at
the source, M , and the source-to-site distance, R (e.g.,
McGuire & Shedlock 1981, U.S. DOE 1996; U.S. NRC
1997; Bazzurro & Cornell 1999). Most of these stud-
ies focus on the probabilistic seismic hazard analysis
to compute the hazard level as a function of M and R.
Little effort has been made to use M and R in develop-
ing fragility estimates. Among these studies, Kafari &
Grigoriu (2007) suggested using M and Rto develop
fragility estimates. However, the fragility estimates are
for a simple single-degree-of-freedom (SDF) system
and do not account the for the azimuth angle, α, which
is found in this paper to be an important variable.

This paper proposes a new methodology to esti-
mate the seismic fragility of reinforced concrete (RC)

bridges. The proposed fragility estimates are devel-
oped conditioning on more intuitive and easily quan-
tifiable intensity measures: the moment magnitude, M ,
the epicentral distance, R, and the azimuth angle, α,
i.e., in the M -R-α space. In the proposed approach,
M captures the amount of slip and energy radiated
by the seismic waves of an earthquake, R quantifies
the distance that seismic waves travel before hitting
a structure, and α introduces the effects of rupture
directivity on the seismic demands on a structure.

As an illustrative example, the seismic fragility esti-
mates for an example RC bridge with 11 two-column
bents are assessed both at the column and bent levels.
It is found that the seismic fragility estimates increase
with M and decreased with R and α.
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Structural reliability theory in the wider safety context

R.E. Melchers
Centre for Infrastructure Performance and Reliability, The University of Newcastle, Australia

ABSTRACT

This paper considers the role of structural reliability
theory in the wider context of (i) achieving struc-
tural safety in practice and (ii) as part of safety
assessment for engineering and other projects more
generally, including its relationship to achievement
of adequate safety in the community generally. It
notes that the rules for the design of structures have
advanced from ‘Factor of Safety’ to more rational pro-
cedures and these now include the widespread use
of structural reliability theory for calibrating design
codes. While this is an admirable achievement from
a structural engineering viewpoint, and can be con-
sidered as a ‘stand-alone’ matter, increasingly there

is an expectation that safety matters in structural
engineering must be seen also in a wider perspec-
tive, that is in the context of societal expectations
for structural engineering. As a result there remain
a number of issues for clarification, including how
the structural probability measures relate to observa-
tions about failures of actual structures. Some of these
concerns can be addressed through the adoption of
a more clearly defined decision-theoretic framework
adapted to structural engineering safety issues. The
components for such a framework have recently been
outlined and are reviewed herein. It is argued also that
structural engineering safety and reliability measures
must be compatible with procedures adopted by other
potentially hazardous industries.
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Efficient hit-or-miss Monte Carlo method for structural reliability evaluation

S.A. Matsuho
Anan National College of Technology, Anan, Tokushima, Japan

ABSTRACT

A hit-or-miss Monte Carlo (MC) method is ineffi-
cient, but has advantages of easiness of application,
wide applicability, analytical rationality and so on.
Then, this paper considers two methods to improve
the computational efficiency of the hit-or-miss MC
method for the structural reliability evaluation. One
method of them intensively samples limit state events
with low frequency on computer, and is called an
Uncommon-events-sampling (UES) method. Another
method assigns the generated pseudorandom numbers
to basic variables according to their relationship with
which the failure state easily. This method is called an
Assigning-pseudorandom-numbers (APN) method.

In a numerical example, structural reliability of a
steel truss bridge shown in Figure 1 designed based on
Japanese current code (Japan Road Association 1996)
is analyzed by using the proposed MC methods. In a
case of considering strength R and load S only as ran-
dom variables, it is hard to evaluate reliability of the
truss structure by using the crude MC method, because
not only its R and S but also dimensions of members
are necessary for expression of the limit state func-
tion of its member’s buckling. In computation, traffic
load model based on statistical observed data on traf-
fic stream of Hanshin (Osaka-Kobe area) Expressway
in Japan is used.

This abstract shows results of the conventional hit-
or-miss MC method and the proposed APN method.
Tables 1 and 2 show estimated results of the probability
Pf by using the conventional hit-or-miss MC method
and the proposedAPN method, respectively.The tables
contain results that are computed in cases of determin-
istic strength and uncertain strength. In these tables, P̂f
is an estimated value, and ‘CV’ denotes a coefficient

Figure 1. Main truss (Tachibana 2000).

Table 1. System P̂f estimated by conventional hit-or-
miss MC.

Number of
Case tries P̂f CV of P̂f

(1) Uncertain 1000 3.00e-03 5.77e-01
strength 10000 2.30e-03 2.08e-01

100000 2.69e-03 6.09e-02
1000000 2.54e-03 1.98e-02
10000000 2.54e-03 6.26e-03

(2) Deterministic 1000 1.00e-03 1.00e+00
strength 10000 1.90e-03 2.29e-01

100000 2.14e-03 6.83e-02
1000000 2.01e-03 2.23e-02
10000000 2.04e-03 7.00e-03

Table 2. System P̂f estimated by the proposedAPN method.

Number of
Case tries P̂f CV of P̂f

(1) Uncertain 100 1.04e-02 3.09e-01
strength 1000 2.95e-03 1.84e-01

10000 2.33e-03 6.55e-02
100000 2.81e-03 1.88e-02
1000000 2.56e-03 6.24e-03

(2) Deterministic 100 1.04e-02 3.09e-01
strength 1000 1.47e-03 2.60e-01

10000 1.78e-03 7.48e-02
100000 2.31e-03 2.08e-02
1000000 2.06e-03 6.97e-03

of variation of its estimation. From Tables 1 and 2, we
can see that the coefficients of variation of estimation
in Table 2 are smaller than ones in Table 1. Moreover,
in this example, it is shown that efficiency of the pro-
posedAPN method to the conventional hit-or-miss MC
method is about 10.
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Neural network based technique for on-line bridge diagnostics

S. Beskhyroun, S. Mikami, T. Oshima, Y. Miyamori & T. Yamazaki
Kitami Institute of Technology, Kitami, Japan

ABSTRACT

All load-carrying structures continuously accumulate
damage which is usually caused by degradation and
deterioration of structural components and connec-
tions during their service life. Hence, the need for
rapid assessment of the state of critical and conven-
tional civil structures such as bridges, control centers,
airports, hospitals among many is essential because
undetected damage may lead to structural failure and
the loss of human lives. Due to these needs, struc-
tural health monitoring (SHM) technology for damage
assessment in civil structures has been increasingly
receiving great attention in recent years (Ewins 1985).

In this paper, a new damage identification algorithm
based on artificial neural network (ANN) is presented.
Several research papers (Efstathiadesa et al. 2007)
have utilized ANN for damage detection and most of
these papers used finite element models for training
the network. However, it is extremely difficult to create
accurate FEM for complex structures and an inaccu-
rate FEM can degrade or even lead to incorrect result
in damage detection. The proposed algorithm is used
to detect damage and locate its position using only
the structure response data without the need for any
modal identification or numerical models.The method
is applied to the experimental data extracted from an
out of service railway steel bridge after inducing some
defects to its members. The damage was introduced
to the bridge through the release of some bolts from
two stiffeners located on the web of the main girder
of the bridge. The obtained results indicate that the
current approach can identify the location of small
damage effectively. The proposed approach has also
shown very good capability of identifying the changes
in structure’s response produced by damage from those
resulted from noise or measurement errors.

One important issue in SHM is obtaining appro-
priate structural response data. In most cases, one
would typically excite the structure with a hammer
or shaker, and measure the responses. However, for

many structures, using these tools to induce response
for SHM purposes may be infeasible or forbidden. For
example, the traffic over the bridge must be interrupted
in case of using dynamic shakers. Hammers cannot
be used for inaccessible members and are time con-
suming. Moreover, these tools are not convenient for
continuous on-line SHM. Many research papers have
presented ambient excitation (e.g., microtremor, wind,
traffic, etc.) as an inexpensive excitation force that
can be used for continuous health monitoring. How-
ever, ambient vibrations are very random in nature
and it is extremely difficult to obtain two equal
excitation forces as many damage identification algo-
rithms require. Additional challenge arise from the
fact that damage is typically a local phenomenon and
may not significantly influence the lower-frequency
global response of structures that is normally mea-
sured during vibration tests. In order to overcome these
problems, the use of multi-layer piezoelectric actua-
tors (Oshima et al. 2002) as a local excitation force
for continuous health monitoring of steel bridges is
investigated in this paper. Finally, the paper explains
the applicability of the proposed method, combined
with the use of piezoelectric actuators, for an online
monitoring system of steel bridges.
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Monitoring of prestressed concrete bridge resonated with truck vibration
arisen from the road roughness

S. Fukada & Y. Kajikawa
Kanazawa University, Kanazawa, Japan

T. Muroi & Y. Momiyama
West Nippon Expressway Engineering Kansai Co., Ltd., Osaka, Japan

ABSTRACT

Object prestressed concrete bridge with 37.5 m span
had vibrated greatly, only when the test truck had
ran at the 2nd slow lane. The authors clarified that
the suspension spring vibration of the test truck had
been arisen from the road roughness with long spatial
period nearby the expansion joint of the 2nd slow lane
(Fukada et al. 2008). Then monitoring was carried out
for a year in order to investigate the dynamic stress of
the bridge and the total weight of the running ordinary
trucks on the bridge.

This study proposed the new method to evaluate
the total weight of running trucks on the bridge. This
method measured the vertical displacement of the rota-
tion angles at the shoes. The diurnal maximum total
weight of the trucks for a year is shown in Figure 1.
31st August is recorded maximum weight of 1940 kN,
and also 1st January is recorded minimum weight
of 415 kN. The average of the diurnal maximum is
996 kN.

Figure 2 shows diurnal maximum dynamic stress at
each lane for a year. The diurnal maximum dynamic
stress in each lane and that of average are 3.0 N/mm2

and 2.0 N/mm2 respectively.
From the points of view in the design, the tensile

stress of the girder by the design live-load using TT-
43 load is 6.6 N/mm2. The diurnal maximum dynamic
stress (3.0 N/mm2) is the half of the tensile stress by
the design live-load.

Figure 1. Diurnal maximum total weight of the trucks.

Figure 2. Diurnal maximum dynamic stress.

Figure 3. Relation of total weight of trucks and DIF.

Figure 3 shows the relation of the total weight of
the trucks and DIF-1.0 at 2nd slow lane by the long
term monitoring. It is confirmed that the DIF-1.0 is
decreasing as the total weight of the trucks increase.
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ABSTRACT

The paper considers a problem of stochastic opti-
mal control of a single-degree-of-freedom (SODF)
dynamic system, subjected to narrow band random
excitation. The problem is handled by the dynamic
programming approach. The dynamic programming
approach [Bellman, 1957] is one of the possible meth-
ods, which serves for solving problems of stochastic
optimal control [Fleming & Rishel, 1975].The method
reduces a stochastic optimal control problem to a
problem of finding a solution to the deterministic par-
tial differential equation – Hamilton-Jacobi-Bellman
(HJB) equation. Thus, the challenge is to solve the
Cauchy problem for nonlinear, degenerate equation of
parabolic type within the whole state-space.This prob-
lem turns out to be far from simple, and a very limited
number of solutions available today prove this.

It should be noted that problems of stochastic opti-
mal control of dynamic systems stays apart from other
optimal control problems. The reason for that is obvi-
ous – the governing equation of motion of any dynamic
system, written in a state-space form, does not contain
noise in all of the equations. This features leads to
the fact that the corresponding HJB equation becomes
degenerate. The theorem of existence and uniqueness
of a solution in the classical sense for a degenerate
parabolic equation, which is yet to be proven. How-
ever, certain promises has already been brought by
[Lio and Ley, 2006], who has recently proven exis-
tence and uniqueness of a solution to such an equation
in the viscosity sense.

The only problem of stochastic optimal control that
has an exact solution is a Linear Quadratic (LQ) prob-
lem. Obviously the assumption of an unbounded in
magnitude control force, made in LQ problem, seems
unreasonable and unfeasible in many practical applica-
tions. Thus, consideration of a bounded in magnitude
control force appears to be well justified. In this paper

the author considers bounded in magnitude control
law, which make the considered problem closer to real
practical applications.

The paper considers a narrow band excitation,
which is modeled as a filtered Gaussian white noise.
Thus, the resulting system of governing equation of
motion consists of four stochastic differential equa-
tions. The primary goal of the optimal control is
to minimize mean system response energy. The cor-
responding HJB equation is four dimensional with
respect to space. The paper uses the newly proposed
hybrid solution method for finding a solution to the
corresponding HJB equation. The method consists of
two steps: first, an exact analytical solution to the
corresponding HJB equation found within a certain
outer domain. It has been proved that this solution pro-
vides an asymptotic behavior of the Bellman function
[Bratus et. al., 2006]. Secondly, the obtained analytical
solution is used as a boundary condition to solve the
corresponding HJB equation within the inner domain,
thereby constructing the solution within the entire
state-space domain. It is one of the unique cases when
a solution to the 4D HJB equation was possible to
obtain.
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INTRODUCTION

Vibration measurement of structures is a promising
method for structural identification and safety mon-
itoring in infrastructure’s management. Many novel
methods have been proposed for vibration monitoring
based on innovative information and communication
technologies for these years. Cost effectiveness and
adequate performance are required to such monitor-
ing system. Recent inexpensive semiconductor sensor
and computer network may meet such requirements.

In this study, low-cost non-contact vibration moni-
toring system is developed by using household digital
video camera as shown in Photo 1. A low-cost house-
hold CCD camera is used for sensor device. The CCD
camera connected to a computer takes movement of
target mark and digital image processing program cal-
culates displacement of target in real-time (Plat 1991).
A telescope can be attached to camera lens for improv-
ing resolution of measurement if the target object
is remote. The monitoring system saves calculated
displacement in the computer and sends to another
computer via TCP/IP connection (Miyamori 2003).

The vibration-measuring experiment to pedestrian
bridge is performed to evaluate the performance of the
system. Conventional monitoring system with strain
gage-type accelerometers is also used to evaluate the
performance of proposed monitoring system. From
experimental results, time history displacement wave
and predominant vibration frequencies of lower vibra-
tion mode of the bridge are equivalent to measured
data of conventional vibration monitoring system.

The displacement monitoring system is then applied
to On/Off semi-active structural control. Control sys-
tem is designed to restrain vibration response of tower
structure. A 2.1 m height laboratory model is used for
experiment. This experimental model has a control
device composed of stiffener, oil damper and electro-
magnetic connection. The control device is connected
to the structure body as amplitude of lower mode
vibration increases and structural stiffness increases,
and vice versa. In this control system, 2 computers

Photo 1. Displacement measuring system.

are employed; one is a computer of the displacement
monitoring system, the other works as a semi-active
controller. The semi-active controller switches the
state of electromagnet based on the displacement at the
top of tower model sent from the monitoring system.

A semi-active structural control test is also per-
formed using this structural control method with this
non-contact vibration monitoring system. Vibration
response of structure is re-strained by semi-active con-
trol. Time delay due to image processing and data
communication does not reduce control performance.

The proposed system therefore has applicability for
structural monitoring system. And the system has also
possibility for control system of smart structures.
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ABSTRACT

In last few years, a large number of methods and/or
techniques have been proposed in the field of aeronau-
tics, civil and mechanical engineering for the purpose
of damage identification. However, many of them are
not suitable for the practical application of real life
structures due to many reasons [1]. Varying environ-
mental and operational conditions have been consid-
ered as the important barriers to develop a reliable and
continuous structural health monitoring (SHM) sys-
tem. Researchers have paid their attention to overcome
these barriers and several damage detection methods
have been proposed in this research arena. However,
a general and widely accepted methodology or strat-
egy is yet to develop especially in the field of civil
SHM. In this paper, a new SHM strategy based on the
data sensed by long-gage fiber Bragg grating (FBG)
sensors is presented. Since confirmation of the pres-
ence of any damage is the primary goal of any SHM
project, this study is limited on the identification of the
structural damage. The damage detection technique is
presented graphically in Figure 1. In a recent work, the
applicability of the proposed method has been verified
using the laboratory experimental test data [2]. In this
approach modal macro strain (MMS) [3] is extracted
from the measurement over a period of time. Next,
the extracted features of a target location are plotted
against that of a reference location and to find the
regression line. The slope of the regression line will
change and shift to a new position as soon as the target
location receives damage. The presence of the dam-
age can be identified from the changes of the slope i.e.
shifting of the best fit line to a new position as shown
in figure 1.

The interesting features of the proposed strategy
is that the varying operational and environmental
conditions are automatically included in the damage
identification process as well as the large volume of
monitored data to be gathered can easily be handled.
This study discusses the results obtained by the appli-
cation of real time monitored data from a high-way

Figure 1. Graphical representation of the proposed damage
identification technique.

bridge in Japan which has been instrumented with
long-gage FBG sensors. From the visual inspection
it was found that the monitored bridge is in the
healthy condition and no artificial damage has been
introduced. This paper focuses on the novelty and
robustness of the proposed SHM strategy to deal with
the varying operational and environmental conditions
as well as the large volume of monitored data.
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ABSTRACT

Detecting impact damages in real-time is an impor-
tant concern for keeping up structural integrity of
aerospace composite structures since impact damages
may cause extreme degradation of material strength
like compression after impact. The information of
impact force should be a considerably significant indi-
cator in an estimation of structural damages. The
authors proposed (2007) an experimental identifica-
tion method of impact force acting on CFRP plates
where the relation between impact force history and
corresponding strain responses in CFRP structures
were determined through the impact test using impulse
hammer.

Another issue in a structural health monitoring
based on the identification of impact force is damage
estimation. In designing composite structures, damage
tolerance is one of the considerable issues.A numerical
approach using a finite element model with adap-
tive cohesive elements (Ref. 2) can predict both the
onset and propagation of delamination with consider-
ing matrix damages by avoiding numerical instability,
which can clarify the complicated fracture mechanism
of composite laminates.

In this paper, an identification method of impact
force location and history is developed based on the
experimental transfer matrix and it is verified by
performing the impact test of a stiffened compos-
ite panel and then in the drop-weight impact test of
laminated plates. The former test is performed within

Figure 1. Destructive impact force history identification
result.

Figure 2. Results of contact force and damage prediction.

the nondestructive energy level. On the other hand, in
the drop-weight impact test damages are observed by
the ultrasonic C-scan inspection.The identification for
the destructive impact force in the drop-weight impact
test is performed using the transfer matrix of intact
structure (Fig. 1). Subsequently, we apply the numer-
ical method using adaptive cohesive elements to the
drop-weight impact problem for 32-plied composite
laminated plates. The validity of the present numerical
method is verified through the comparisons measured
and calculated damages (Fig. 2).
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Absolute accelerogram and record selection criteria for
nonlinear seismic analysis of structures
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ABSTRACT

Nonlinear time-history analysis using real and syn-
thetic earthquake records (accelerograms) as input
action is the most physically consistent and versatile
tool for seismic analysis of structures not readily des-
ignable by the conventional equivalent static (spectral)
method. Applications include combined structures
with non-trivial and composite mechanisms of non-
linear response; existing structures undergoing review
due to increased seismic requirements; systems of
active vibration isolation; and many others.

The principal problem with all models of seismic
action is the absence of a criterion for their selection
from the pool of available records. There is no assur-
ance that favourable results of a given analysis do not
owe to selection of an “accommodating” accelerogram
and that another record of the same intensity will not
overturn them.

This problem is addressed scarcely in literature.The
engineers are referred to building codes, with their
methodologies based on equivalent static method, and
required to assure that the results of the time-history
analysis closely agree with these largely oversimpli-
fied methods. This defeats the purpose of the refined
nonlinear time-history analysis.

It is desirable to verify reliability of time-history
analyses by a method of their own kind. If they can
be demonstrated to provide the safety margin required
by the code, it would allow their wider use in design
practice, benefiting from their versatility, physical
consistency and proper consideration of various modes
of nonlinear response.

The present paper proposes a new approach to
this problem by introducing two new concepts: abso-
lute accelerogram and reduced absolute accelerogram.
The response of the structure to selected earthquake
records is compared with its response to a specially
constructed “absolute” accelerogram, which is defined
as the most unfavourable loading among all possi-
ble programs of loading not exceeding the specified
peak ground acceleration (PGA). It is an objectively

Figure 1. Profile of the absolute accelerogram.

existing, unique time history for any given structure.
The absolute accelerogram depends only on defor-
mation and strength properties of the structure itself,
which can be reliably evaluated, and does not depend
on the largely uncertain seismic situation on the site.
The general profile of the absolute accelerogram is
shown on Figure 1.

Compared to real seismic actions, the action of the
absolute accelerogram on structures is more conser-
vative. To address this problem, a reduced absolute
accelerogram is introduced, which has its magni-
tudes of reactions lowered by a prescribed number
of times compared to the absolute accelerogram. The
ratio of reduction is chosen in conformance with
code-stipulated spectral curves, which assures that
the reliability of this method meets the requirements
of the code. The proposed method of construction
of the reduced absolute accelerogram is by fre-
quency modulation of the input action from resonance
state.

Comparison of the rate of structural reaction
increase under the action of the reduced absolute
accelerogram and selected real or synthesized earth-
quake records indicates whether the chosen recording
is representative for this structure, and allows deter-
mining the actually attained margin of safety. Analysis
examples are considered that illustrate this concept.
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Critical seismic load inputs for MDOF inelastic structures
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ABSTRACT

The assessment of the seismic performance of build-
ings under strong ground motions is an important
problem in earthquake engineering. The objective of
the structural engineer is to design buildings that are
safe against possible future earthquakes and are eco-
nomic at the same time. To achieve this goal, the
following criteria should be fulfilled: (1) robust defi-
nition of earthquake ground motions for the site, (2)
accurate mathematical model for the material behav-
ior, and (3) reliable structural damage descriptors that
describe accurately possible structural damage under
seismic loads. The accurate definition of design earth-
quake loads is the first step towards achieving this
goal. Earthquake loads are specified in terms of the
site response spectra, the time history of the ground
acceleration or using the random vibration theory. The
inadequate performance of buildings during recent
earthquakes, however, has motivated researchers to
revise existing methods and to develop new methods
for seismic-resistant design of structures.

This paper develops a framework for specify-
ing design earthquake loads for seismic design of
multi-degree-of-freedom inelastic buildings using the
method of critical excitations. This method relies on
the high uncertainty associated with the occurrence of
earthquakes and their characteristics (e.g., time, loca-
tion, magnitude, duration, frequency content, ampli-
tude, etc.), and, also on the safety requirements
of important and lifeline structures (e.g., nuclear
plants, storage tanks, industrial installations, etc.).
An overview on modeling critical earthquakes for
nonlinear structures can be found in (Abbas 2006,
Takewaki 2006).

In this paper, the earthquake acceleration is
expressed as a Fourier series modulated by an envelope

function. The coefficients of the series representa-
tion are calculated such that the structure inelas-
tic response is maximized subjected to predefined
constraints. The constraints contain bounds on the
total energy of the earthquake signal, peak values of
ground acceleration, velocity and displacement, and
upper and lower limits on the Fourier spectra of the
ground acceleration. The structure force-displacement
relation is taken to be governed by a hysteretic
bilinear law. The resulting inverse dynamic problem
is tackled using nonlinear optimization techniques
through sequential quadratic optimization method.
Issues related to various forms of energy dissipated by
the inelastic structure are explored. The formulation
is demonstrated for a two-story inelastic braced frame
structure.

It is shown that critical earthquake loads for the
inelastic structure differ from those for the elastic
structure. The time variation of the structure defor-
mation differs from that of the elastic system. Unlike
the elastic system, the inelastic system dissipates
energy through yielding and damping. The study, also,
examines the modeling of damping using nonlinear
hysteretic model. The effect of the damping ratio,
and, also in the strain-hardening ratio on the derived
critical acceleration and associated optimal inelastic
deformation are also studied.
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Effects of uncertainties in structural properties on the uniform
hazard spectra used in the performance based seismic design
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ABSTRACT

Over the last few years, non linear dynamic analysis
has been frequently the topic of re-search by several
groups aiming to the development of simplified meth-
ods to predict structural performance under extreme
seismic action in an explicit way. However, the seis-
mic demands used in these simplified methods are not
consistently defined in as much as they are prescribed
by spectral ordinates based on rate of exceedance
of a given seismic intensity, dis-regarding any con-
nection with structural performance. This situation is
evident in current per-formance based seismic design
methodologies which consider as design objectives,
pairs of performance levels and seismic design levels
defined this way (SEAOC, 1995). Researchers such as
Bazzuro and Cornell (1994a and 1994b) and Shome
(1999) have tried to correct this drawback by con-
sidering indexes related to structural performance in
the definition of seismic design levels. However, the
procedures investigated by these authors do not con-
sider the va-riability of structural properties (mechan-
ical and dynamical) and their impact on seismic
performance.

As real structural properties, in general, differ from
those assumed in evaluation and design, this paper
presents a formulation to define, in a probabilistic way,
seismic demands which consider the effects of this
variability on the seismic performance of reinforced
concrete structures. It is shown that the structural prop-
erties whose dispersion produces a significant effect
on the definition of the seismic demands are the vibra-
tion period, the lateral strength and the post-yielding

to initial stiffness ratio. The proposed procedure con-
siders, for this sake, the statistics of the response of
a single degree of freedom system used as reference
obtained through Monte Carlo simulation using a set
of synthetic accelerograms obtained for a particular
site in the lake bed zone of Mexico City through a
novel empirical Green function method with two cor-
ner frequencies to represent the source.To quantify the
relative influence of each of these uncertain variables
on the seismic demands, their effect is evaluated by
considering each of them separately and all together.
The results obtained are compared with the current
design spectrum in the Mexico City building code
for a life safety performance level characterized by
a ductility of four as performance index.

It is concluded that the proposed procedure repre-
sents a significant improvement of those proposed in
documents such as Vision 2000, and a useful tool for
research and further developments on the performance
based seismic evaluation and design of existing and
new structures.
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ABSTRACT

Development of Advanced Methods for Seismic
Probabilistic Safety Assessments

The German Guideline on Safety Reviews (to be
carried out on a regular basis) for nuclear power
plants requires a seismic probabilistic safety assess-
ment (SPSA) to be performed, if the intensity of
the design earthquake at the site is greater than VI
(MSK)(BMU 2005, FAK 2005). The corresponding
technical reference document on PSA methods recom-
mends an approach based on safety margin factors and
provides general guidance on this subject. The SPSA
procedure consists of three major steps: (1) the seis-
mic hazard analysis, (2) the determination of failure
probabilities of structures, systems and components
(SSC), and (3) the development of seismically induced
event trees with subsequent calculation of core damage
frequencies. Up to now, the technical reference docu-
ment has not yet reached the same maturity for seismic
events as for plant internal events. This is especially
true for the screening procedure (part of the second
step) and the third step of the SPSA procedure.

For it is hardly possible to analyze all SSC of a
nuclear power plant with respect to their seismic vul-
nerability, the quantity of SSC to be analyzed in detail
has to be limited by a suitable screening procedure.
This screening procedure should, on the one hand,
reduce the number of SCC to be analyzed. Neverthe-
less, on the other hand, it has to ensure, that all relevant
SSC are considered.

The screening procedure for the SPSA under devel-
opment in Germany is principally based on location-
oriented screening methods as applied within the PSA
of plant internal fires. To identify those SSC, which
might become important during or immediately after
an earthquake, one starts with a comprehensive list of
all SSC. These SSC are classified according to var-
ious criteria (location, type, dependencies on other

SCC etc.). Based on this classification plant areas are
selected for a walkdown. To ensure that all relevant
aspects of the installation conditions are gathered a
checklist is used for this plant walkdown. The anal-
ysis of the walkdown insights allows for the final
determination of the SSC to be analyzed in detail.

Although there is a wide variety of possible event
sequences in case of an earthquake, SPSA experi-
ence shows that it is reasonable to focus on a limited
set of dominant sequences. These sequences can be
deduced from the event trees of the PSA for internal
events, but the special site-specific characteristics of
earthquakes like the possible range of seismic input
motions, potential secondary effects (fires, etc.) and
seismic interdependencies, have to be included in the
modeling of the event sequences.

For all SSC selected in the screening procedure
seismically induced failures have to be considered in
addition to the usual stochastic failures in the pro-
cess of calculating unavailabilities. The probability of
a seismically induced failure of a SSC depends on the
peak ground acceleration, i.e. failure curves are to be
used instead of point values (including uncertainties)
to calculate the core damage frequency in case of an
earthquake.
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1 INTRODUCTION

Some general features of codes are referred to. The
constraints to codes for practice, determined by the
need of limitation of sophistication, are mentioned too.
The main topics dealt with in the paper are presented.

2 CONSIDERATIONS ON THE SPECIFICATION
OF SEISMIC ACTION FOR DESIGN

The framework of dealing with representations of
seismic action is referred to: representation related
to an individual event and representation related to
sequences of occurrence cases, and also the conceptual
difference of dealing with past events, versus dealing
with future, expected, events.

Alternative usual representations of motion for
one event: design spectra, design accelerograms and
stochastic, are referred to. The approach advocated is
postulation of stochastic models and generation on this
basis of design accelerograms. Some basic relations
concerning random motions are given.

The need to deal with nD representations of seis-
mic hazard is emphasized. Alternative definitions of
spaces of accelerograms are referred to. Basic rela-
tions on seismic hazard, comparatively for 1D and nD
representations, are given.

3 OBJECTIVES, OR STRATEGIES, OF
ENGINEERING ANALYSES

The use of design accelerograms in engineering analy-
ses is assumed. The alternative objectives or strategies
considered for analysis are:

S.1: random computational experiment;
S.2: examination of sensitivity of output with

respect to the variation of some (global, or macro-
scopic) input parameters;

S.3: analysis of seismic vulnerability;

S.4: full analysis of risk of exceedance of various
limit states (in dependence of the duration of exposure,
or of service).

The lack of consideration of these aspects in cur-
rent codes is emphasized and a solution for gradual
implementation is suggested.

4 IMPLEMENTATION OF THE CAPACITY
DESIGN STRATEGY

The need of being consistent in the use in practice
of the capacity design philosophy is referred to. The
specific aspects in relation to which the consistency of
codes should be improved are:

a) the need of 3D application of the capacity design
principle;

b) consideration of structure and ground as a whole;
c) consideration of the system of nominally struc-

tural and nominally non-structural components as
a whole in relation to capacity design.

These aspects are discussed, consistency of
approach is advocated and some references to relevant
studies are presented.

5 SOME COMMENTS ON CODES FOR
PRACTICE

The need to consider in codes of interaction between
neighboring structures, of consistency in capacity
design and of probabilistic concepts is discussed.

6 FINAL CONSIDERATIONS

The orientation of the paper is summarized. Dealing in
codes with approaches perhaps not yet ripe for prac-
tice, but of conceptual and educational im- portance,
is advocated.
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A study on a simple estimation method of seismic reliability indices against
residual deformation for quay walls

T. Nagao
National Institute for Land and Infrastructure Management, Yokosuka, Japan

ABSTRACT

The technical standards for port and harbor facilities
in Japan were revised in 2007 and the reliability-based
design method was introduced. The target re-liability
indices and partial fac-tors for breakwaters are shown
in the new technical standards. However, with quay
walls of gravity type and sheet pile type, the determin-
istic design metohds are still applied in the new tech-
naical standards. Residual deformation during earth-
quake is the controlling damage mode for quay walls
and residual deformation of quay walls is obtained
by a nonlinear earthquake response analysis by the
2-dimensional finite element method, that makes prob-
abilistic verification corresponding to deformation
difficult by analytical techniques. The Monte Carlo
simulation technique is considered an effective method
of evaluating damage probabil-ity. However, because
evaluation of probability by a Monte Carlo simula-
tion requires a large number of trials, performing a
Monte Carlo simulation by nonlinear earthquake anal-
ysis using 2-dimensional finite element method is
considered unrealistic from the viewpoint of applica-
tion to practical design work, as this method requires
a computation time of about 1 hour or so for each trial.

Adoption of the first-order second moment method
is a conceivable solution to this problem. In this
method, the earthquake response analysis is per-
formed only several times, a simple evaluation of the

derivative of the performance function is made based
on the results, and a simple evaluation of the reliability
index is made.

The present research focuses on residual deforma-
tion of quay walls, and attempts an evaluation of the
probability that deformation will exceed the allow-
able value by the first-order second moment method,
considering deviations in the S wave velocity of the
ground. It was shown that the first-order second
moment method is highly applicable to the problem. In
particular, when the residual deformation is small, the
intercept of a linear regression equation for the initial
natural period of the ground and residual de-formation
takes a value close to zero. From the viewpoint of
reducing the computational load in practical design
work, a method of using only the calculated results
for one point rather than three points in estimations
of the reliability index was studied. A method which
assumes that a linear re-gression equation of the natu-
ral period of the ground and the residual deformation
passes through the ori-gin shows comparatively good
agreement with the 3-point approximation method in
the range where the reliability index is 1.0-3.0. How-
ever, in the region where deformation is 20cm or less,
this method tends to overestimate the reliability index.
There-fore, a simple estimation method which gives
con-servative results for reliability indices in the range
of 1.0-3.0 was proposed.
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Application of the path integration method to reliability problems of
dynamic systems

D.V. Iourtchenko
Department of Mathematical Sciences, SPBSPU, S.-Petersburg, Russia

A. Naess & O. Batsevych
Centre for Ships and Ocean Structures & Department of Mathematical Sciences
Norwegian University of Science and Technology, Trondheim, Norway

ABSTRACT

The paper presents a first passage type reliability anal-
ysis of nonlinear stochastic single-degree-of-freedom
dynamic systems. The path integration method is used
to obtain the reliability function and the first passage
time.

Reliability and safety are major concerns in design-
ing and developing modern mechanical systems. A
system’s reliability may be considered as the proba-
bility that no system failure occurs within a given time
interval. Often the reliability problem is associated
with finding the probability that a system’s response
stays within a prescribed domain, an outcrossing of
which leads to immediate failure. A problem of this
type is called the first passage problem [Lin & Cai,
1995]. A number of different methods has been pro-
posed to evaluate the first passage time, starting from
pioneering works by [Roberts 1976, 1978]. Recently,
a new tail-equivalent linearization method has been
developed in [Fujimura and Kiureghian, 2007], which
may be used for reliability estimates for single as well
as multiple-degree-of-freedom (MDOF) systems for
stationary inputs

Special attention should be paid to the reliabil-
ity of systems, which appears as a result of some
design or optimization procedures. Indeed, the pur-
pose of these procedures is to satisfy certain criteria,
often not related to the system’s reliability. In fact,
their implementation may lead to a deterioration of the
system’s reliability. For instance, consider a stochas-
tic optimal-control problem which aims to reduce the
mean response energy of a single-degree-of-freedom
(SDOF) undamped, linear oscillator, subjected to a
zero-mean external Gaussian white noise, by means
of a bounded in magnitude control force. It has been
demonstrated in that an optimal control law for a
steady-state response is represented by a dry friction
law. On the other hand, it has been shown by asymptotic
analysis in that a stochastic system with dry friction is
less reliable than that of a system with linear damping.

This paper is devoted to a reliability investigation
of dynamic systems by application of the numerical

path integration (PI) method. The application of the
PI method for reliability problems is a relatively
novel approach, especially for strongly nonlinear sys-
tems. The authors have used the PI method earlier
for these systems to estimate the stationary response
probability density function of the state space vari-
ables [Iourtchenko et. al. 2006]. Later an investigation
revealed certain difficulties in dealing with strongly
nonlinear systems. Thus, certain development of the
PI method is required to accommodate the consid-
ered problems [Iourtchenko et. al. 2008]. The PI code
is validated by comparing some results to results of
Monte Carlo simulations as well as results, obtained
for an equivalent linear system. Moreover, a reliabil-
ity of a first order system subjected to multiplicative
and additive noises is considered. For this system
we are interested in investigation of an influence of
higher order moments’ instability on the system’s first
passage time.
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Simulation of strongly non-Gaussian multi-variate random fields

P. Bocchini
University of Bologna, Bologna, Italy

G. Deodatis
Columbia University, New York, NY, USA

ABSTRACT

The physical quantities involved in the Monte Carlo
Simulation of problems in mechanics are often
described by a number of correlated variables. For
instance, the ultimate strength and ultimate elongation
of a cable wire and the various mechanical proper-
ties of soils are correlated to a certain degree. Other
times, it is useful to substitute an n-dimensional ran-
dom field (or wave, meaning that one dimension is
in the time domain, and the others are in the space
domain) by a set of correlated (n - 1)-dimensional
fields/processes/waves. For instance, the wind speed
acting on a structure is a random wave that is usu-
ally modeled as a set of correlated random processes,
each of them corresponding to a particular point.
In both cases, an algorithm for the simulation of
multi-variate (and in general non-Gaussian) random
processes/fields is required.

Many authors have proposed methodologies for the
simulation of Gaussian vector fields and processes,
while only a few have considered also the case of non-
Gaussian multi-variate fields/processes. This paper
presents an extension of the basic ideas involved in the
algorithm proposed by Bocchini and Deodatis (2008)
for simulation of uni-variate, strongly non-Gaussian
random fields/processes into the case of simula-
tion of homogeneous, one-dimensional, multi-variate
(1D-mV) strongly non-Gaussian random fields.

The algorithm belongs to a class of simulation algo-
rithms based on the spectral representation method
(Shinozuka and Jan, 1972) and on the translation
field theory (Grigoriu, 1995). Therefore, it identi-
fies “underlying Gaussian coherences” or “underly-
ing Gaussian cross-spectra” – as well as “underlying
Gaussian auto-spectra” – so that the resulting non-
Gaussian vector field, after the translation non-linear

mapping, matches the prescribed marginal probability
distribution of each component, as well as the target
non-Gaussian Cross-Spectral Density Matrix (CSDM).
This task is performed by means of an iterative “trial
and error” scheme. The proposed approach avoids
drawbacks of previous spectral-representation-based
versions of the algorithm that had some difficulties
matching the prescribed cross-correlation functions,
especially in cases of high coherence. The coupling
effect among the various components of the vector
process determined by the multi-variate Spectral Rep-
resentation Method is negligible for the purposes of
identification of the underlying CSDM. Thus, its ele-
ments are analyzed independently, with considerable
savings of computational time. Even if the underly-
ing Gaussian cross-spectra are assumed to be real in
this work, the algorithm is perfectly capable of consid-
ering also the more general case of (complex) target
non-Gaussian cross-spectra.

In the numerical examples that are provided, the
proposed algorithm has shown high accuracy and
high efficiency, especially when a very large num-
ber of samples is required (as is the case in typical
applications of Monte Carlo Simulation).
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On the derivation of the Fokker-Plank equations by using of
fractional calculus

Giulio Cottone & Mario Di Paola
Università degli Studi di Palermo, Palermo, Italy

Francesco Marino
Università degli Studi Mediterranea di Reggio Calabria, Reggio Calabria, Italy

1 INTRODUCTION

Non Linear systems driven by normal or, more gener-
ally non-normal white noise processes arise in many
problems of engineering interest, such as random
vibration theory, earthquake engineering, reliability
analysis, to cite just few. Such systems are usually han-
dled by the celebrated Itô stochastic calculus, which
mainly consent to study the evolution of the statis-
tics of the response to the system. For instance, the
probability density (PDF) of the response might be
recovered by means of the so called Fokker-Planck
(FP) equation and the characteristic function (CF) evo-
lution is ruled by the Spectral Fokker-Planck (SFP)
equation. In case of normal and Poisson white noise
excitation there is a spread agreement in literature on
the FP and SFP equations, the same cannot be said
for stable Lévy excitation. Jespersen et al, 1999 and
Metzler & Klafter, 2000 obtained, by means of the
so called continuous time random walk (CTRW), the
equations ruling the evolution of the PDF. In such
equations the Riesz fractional derivative of the PDF
appears. Samorodnitsky& Grigoriu, 2003 studied the
same system obtaining different behavior for the tails
of the stationary PDF.

In this paper a different procedure for deriving the
FP equation, based on the fractional calculus is pro-
posed, for Gaussian, Poissonian and stable white noise
excitation, getting the Metzler et al’ results. The math-
ematical tool used is the fractional calculus. In recent
papers (Cottone & Di Paola, 2008a) and (Cottone et
al, 2008b), it has been shown that every PDF or every

CF of a random variable X can be represented by a
series whose coefficients are the Riemann-Liouville
fractional derivatives of the CF evaluated in 0 of order
γ ∈ C. Moreover it has been shown that these frac-
tional derivatives are the complex moments of the
type E

[
(∓iX )−γ

]
. Then in this paper, such complex

moment representation of the CF is used in order to
derive the SPFK equation of non-linear systems. By
means of the same arguments the Kolmogorov-Feller
and the Einstein-Smoluchowsky equations are also
derived.
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Moment equations and modified closure approximations for a non-linear
oscillator under renewal impulse process excitations

M. Tellier
Arup SA, Johannesburg, South Africa

R. Iwankiewicz
Hamburg University of Technology, Hamburg, Germany

ABSTRACT

Linear models are usually accurate to reproduce the
dynamic behavior of structures under small amplitude
vibrations. The use of non-linear models, however,
becomes fundamental in modeling natural impact
loads such as a strong ground motion acceleration due
to earthquake (Lin, 1967), loading caused by wind,
the motion of vehicles on rough ground. The struc-
tural response to natural hazard loads as those listed
above, may exhibit strongly non-linear characteristics.
The simplest model of such excitations is a Poisson
train of impulses (Roberts and Spanos, 1990).

The assumption inherent in the Poisson law, that the
probability of an event remains constant, is seldom true
when actual trains of impulses are considered. Resort-
ing to Erlang renewal driven processes in modeling the
impulsive loading phenomena, allows accounting for
more realistic distribution of the interarrival times.

The equation governing a non-linear, non-hysteretic
oscillator under a random train of impulses can be
written as

Where f(.) is a function of instantaneous values of dis-
placement and velocity and the stochastic excitation
is a random train of impulses whose arrival times are
driven by an Erlang renewal process Rν(t).

The original train of impulses may be replaced by a
Poisson driven one with the aid of auxiliary variables
(Nielsen, Iwankiewicz and Skjaerbaek, 1995, Tellier
and Iwankiewicz, 2005).

The original non-Markov problem is converted into
a diffusive one.

With the aid of the generalized Ito’s differential rule,
the equations governing the evolutions of moments of
the augmented state vector can be derived.

If the non-linearities are polynomial functions of
displacement and velocity, the equations for moments

form an infinite hierarchy. The unknown moments can
be evaluated only approximately.

If the non-linearities are other than polynomial, the
expectation of the non-linear transformations of the
state variables cannot be directly expressed in terms
of moments.

A novel closure scheme is here developed that
takes into account the specific physical properties of
the impulsive load process (Iwankiewicz, Nielsen and
Christensen, 1990; Iwankiewicz and Nielsen, 1999).
The joint probability density of the augmented state
vector is expressed as sum of contributions condi-
tioned on the ‘on’ and ‘off’ states of the auxiliary
variables.

A comparison between analytical and simulation
results shows that the closure scheme devised works
well for highly non-Gaussian impulsive excitation
processes.
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Corrosion damage prediction updating based on visual survey information

Q. Suo & M.G. Stewart
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ABSTACT

As concrete cover, concrete strength, surface chloride
concentration and other material, environmental and
dimensional properties, which influence the corrosion
process, are not the same across the whole struc-
ture, random field theory can be used to model these
basic variables over time and space. Existing mod-
els based on stochastic and random field modelling
are used for predicting the likelihood and extent of
corrosion-induced cracking. These models are modi-
fied to include updating of predictions based on visual
inspection data, as routine visual inspection can iden-
tify the changes that have occurred since previous
inspections. The variability of predictions can be min-
imized and confidence of results would be improved
if incorporating new information into the prediction.
Bayesian Theorem provides a rational method for
incorporating existing information or judgments into
predictions of future outcomes.

If n inspections are conducted at times t1, t2, . . . ,tn,
where xi% of surface with crack width w(ti) exceeding
wi mm is observed at time ti (i = 1, 2, . . . , n) then the
inspection scenario H can be expressed as

where dcrack(ti) is the cracking proportion of a concrete
surface, w(ti) is the crack width at the time ti and wi is
the threshold value of crack width.

Actual U.S. inspection results for corrosion dam-
age to RC bridge decks (2D random field) exposed
to de-icing salts environment are used to illustrate the
capabilities of the method, see Table 1. A 70 m long
and 3.6 m wide right-hand bridge deck being divided
into 250 elements is used as the illustrative example.

Monte-Carlo simulation analysis is used to infer the
prior and updated mean and standard deviation of sur-
face cracking damage. The prior and updated mean of
dcrack(t) is shown is Figure 1.

The results show that the occurrence of surface
cracking damage changes future corrosion damage
predictions with more accuracy and less variability.
The future corrosion damage trends are mainly deter-
mined by the existing damage on the deck which can be

Table 1. Inspection survey results (Williamson et al. 2008).

0.5 w/c bridge decks

Structure t1 % damaged t2 % damaged
no. (year) at t1 (year) at t2

S1 1-1804 34 3.2 37 5.2
S2 1-6101 34 0.0 37 0.0
S3 9-2801 33 1.6 36 3.2
S4 9-6042 34 1.2 37 1.2

Figure 1. Prior and posterior mean of cracking proportion.

revealed during one or more the visual inspections.The
developed models can provide help in planning main-
tenance and management strategies for RC structures
which are subject to corrosion.
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Reliability-based optimal design of prestressed concrete girders under
chloride pitting corrosion

V.S. Nguyen & J.S. Kong
School of Civil, Environmental and Architecture Engineering, Korea University, South Korea.

ABSTRACT

Prestress concrete (PC) box girder bridge is widely
applied for infrastructure system in many countries.
During service time, the performance of structure with
considering the environmental effect is necessary to
evaluate and analysis in the design process. For solving
reliability based design optimization (RBDO) problem
in bridge engineering, many of researchers developed
the computer programs to perform the optimization.
However, these methods are complicated and not con-
venient for linking two computer programs between
general-purpose optimization software ADS and reli-
ability analysis program. This paper presents a method
to solve RBDO of prestress concrete box girder bridges
using a computer program which integrates the Matlab
optimization toolbox and a reliability analysis subrou-
tine. Moreover, the effect of environmental agents is
considered in terms of modeling the pitting corrosion
phenomena which occur on the post-tensioned tendon
during the structural lifetime.

An simply supported PC box girder bridge is consid-
ered with span length L=50 m, subjected to self-weight
dead load and three lane live load HL93 follows
AASHTO LRFD code. The results of design variables
are shown in Table 1 which X1 to X3 are the tendon,
shear and torsion reinforcement area, X4 to X9 are the
geometry dimensions of cross section. The graph of

Table 1. Results of PC box girder bridge RBDO.

Design
variables Unit Value R. index Value

X1 cm2 392.78 β1 3.1
X2 cm2/m 27.76 β2 2.5
X3 cm2/m 5.22 β3 3.4
X4 m 2.98 β4 3.8
X5 m 6.63 β5 4.5
X6 m 3.48 β6 4.4
X7 m 0.22 β7 6.3
X8 m 0.41 β8 4.4
X9 m 0.22 β9 5.4
Total Cost: – 32047 β10 4.4

Figure 1. Optimum total cost versus reliability index for
ultimate and service limit state.

association effect of reliability index for ultimate limit
state and service limit state on the optimum total cost
is shown in Figure 1. It can be seen that target relia-
bility indices in the range βser : 2–3.2 and βult : 4.4–4.8
may lead to the optimal cost for prestressed concrete
structures. These results are in good agreement with
the range of target reliability indices suggested in the
Euro code and the JCSS code. Moreover, the pro-
posed method to solve RBDO of PC box girder bridge
by using optimization toolbox and code development
is simple, flexible, practical and appropriate with the
bridge engineering design and other field.
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Effects of uncertainty on performance of pavement rehabilitation
using the dowel bar retrofit technique

Yogini S. Deshpande, Yue Li, Jacob E. Hiller & Yuejun Yin
Michigan Technological University, Houghton, MI, USA

ABSTRACT

Dowel bar retrofitting (DBR) is a pavement rehabil-
itation technique commonly adopted to increase the
service life of pavements in the United StatesAmerica.
This method involves either preventative or corrective
maintenance of structural cracks or joints in jointed
concrete pavement structures. By saw cutting slots
and removing old concrete from these slots, dowel
bars can be retrofitted into existing pavements. This
allows for the reduction of deflections as wheel loads
approach these discontinuities in the pavement slab,
thereby reducing faulting between slabs and increasing
ride quality for the driver. This rehabilitation method
also significantly reduces the bending stresses in each
slab, thereby increasing the fatigue life of a concrete
pavement.

One major flaw of DBR is related to construction
practices of this method. This involves placement of
dowels and the concrete fill of the dowel slots, but
also of the concrete material selection and mixing pro-
cess. While properly placed DBR sites have performed
admirably over the years (Pierce 1994), poor material
and construction practices tend to either immediately
reduce load transfer or lend themselves to a breakdown
of the concrete slot fill and bond between this material
and the older concrete slab (Deshpande 2006). When
this happens, the dowels are not allowed to bear against
the other slab, thereby reducing their ability to transfer
load.

Using finite element analysis software for concrete
pavements (ISLAB2000), the material and construc-
tion practices of DBR were modeled as a dowel-
concrete interaction (DCI) factor, which was first
proposed by Friberg (1940). This method models the
dowels on a set of springs so that a stiff spring models
a well-embedded dowel bar, while a less-stiff set of
springs would indicate dowel looseness or poor bond
between the concrete slot mix and the old concrete
slab. A wide range of input parameters were selected
to develop a series of curves to relate the load trans-
fer efficiency determined from deflections (LTEδ) to
this DCI factor for several geometries, material prop-
erties, and concrete slab support conditions. From this

analysis, a relationship between LTEδ, DCI, and the
stress-based load transfer (LTEσ) were developed. The
use of LTEσ allows a pavement designer or analyst
the ability to determine what effect the load transfer
mechanism has on reducing bending stress in the slab
to increase the fatigue life.

Analysis of three DBR sites in Michigan (Hiller
and Buch 2004) was performed using field test results
based on load transfer efficiency of the rehabilitated
pavement joint. Best-fit probability distributions and
an ANOVA analysis was conducted on these three
sites to determine if the materials and construction
practices of these three sites were significantly dif-
ferent in terms of the calculated DCI values, which
nullifies differences in slab geometries and support
conditions between these sites. Correlation coeffi-
cients were also calculated between the measured
LTEδ and DCI values to find if these sites were sig-
nificantly different. Through these analyses, it was
observed that the performance efficiency of the DBR
technique largely depended upon environmental fac-
tors and construction practices adopted at each specific
site.
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Fracture mechanics and reliability based inspection planning
for ship structures

Nian-Zhong Chen & Ge Wang
American Bureau of Shipping, Houston, TX, USA

ABSTRACT

Fracture mechanics based reliability assessment and
inspection planning for ship structures have been con-
tinually receiving much attention since 1980s. How-
ever, in general little concern from ship industries
has been shown on framing fracture mechanics based
rules or guidance for establishing a standard relia-
bility assessment procedure and the corresponding
inspection plan for ship structures. This paper tried to
present an approach towards practical application for
establishing a fracture mechanics and reliability based
inspection plan for ship structures.

The developed approach is an integration of fracture
mechanics, structural reliability analysis, Bayesian
approach, rules and standards from industries and it
in general serves the purpose of the practical appli-
cations on establishment of a reasonable inspection
plan for ship structures. In this approach, the long-term
stress range acting on a flaw is assumed to be fitted
by a two-parameter Weibull distribution and the corre-
sponding parameters are determined from the rules of
American Bureau of Shipping (ABS). The remaining
life of structure is predicted by Paris Law based on the
British Standard 7910 and a through-thickness failure
criterion. The corresponding limit state functions are
established with an appropriate stochastic modeling
considering initial size of flaw, modeling uncertainty,
thickness of plate, material parameters, stress concen-
tration factor, stress range and probability of detection
(POD). A first order reliability method coupled with a
finite difference method is used to predict the time-
variant reliability of the limit state functions. The
updated reliability after inspection is computed by the
Bayesian approach taking into account the curve of
POD. An inspection plan is then set up on the basis
of the comparison between the calculated reliability
and target reliability index. An example is conducted
to demonstrate the capacities of the approach and the
code developed.

Fracture mechanics based limit state functions are
normally not in a closed form. Monte-Carlo simula-
tion or importance sampling techniques were usually
adopted in most of previous studies. In this paper, a
new solution with use of a finite difference method
incorporated into a first order reliability method
for reliability estimation of such implicit limit state
functions was developed. This solution not only sig-
nificantly speeds the computation but also provides
sufficient numerical accuracy.
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Finite-element modeling via a cohesive-zone approach of
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ABSTRACT

Two-dimensional nonlinear finite-element analysis of
reinforced concrete (RC) beams retrofitted with fiber
reinforced polymers (FRP) have been carried out up
to failure in order to correctly model the interaction
between FRP and concrete substrate, which in general
can influence the overall performance of a standard
RC element.

An isotropic elasto-plastic model for concrete has
been used to account for the biaxial-stress state with
accuracy. In order to model the bond-slip interaction
between the steel reinforcing bars and concrete, and
therefore the tension-stiffening effect, use has been
made of a cohesive-zone model approach, through a
linear-elastic-damage model; the same model has been
adopted to account for the possible debonding of the
FRP sheet. The investigation of the effects of possible
debonding of FRP has been enriched by an experimen-
tal campaign on a series of RC beams both with and
without external FRP reinforcement.

The experimental data have been compared with
numerical results in order to validate the modeling
methodology, to numerically evaluate some parame-
ters that cannot be experimentally measured (e.g., the
interface-stress profile and the whole strain and stress
field in the concrete), and to achieve a deeper under-
standing of the complex failure modes of the externally
reinforced beams.

The effectiveness of the proposed methodology of
analysis is confirmed by the ability of the model
to numerically reproduce the experimental tests with
good accuracy.

Figure 1. Sketch of tested RC beams.

Table 1. Geometrical properties of the beams.

Beams L1 L2 B H A’s As FRP sheet

cm cm cm cm cm2 cm2

A1-A2 100 60 15 30 157.1 304.7 no
A3-A4 100 60 15 30 157.1 304.7 no
A5-A6 80 70 15 25 157.1 304.7 no
A7-A8 80 70 15 25 157.1 304.7 no
B1-B2 100 60 15 30 157.1 304.7 yes
B3-B4 100 60 15 30 157.1 304.7 yes
B5-B6 80 70 15 25 157.1 304.7 yes
B7-B8 80 70 15 25 157.1 304.7 yes
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ABSTRACT

Unlike conventional road bridges, railroad bridges are
located in series on a railroad line, which are unable to
reduce the operating lanes or construct detour lanes or
lines when emergency situations such as natural disas-
ters, train accidents occur during operations. In other
words, it may be stated that a problem of a railroad
bridge on a route can affect the entire route.

So far, most researches on LCC effective mainte-
nance of bridges have been mainly associated with
LCC analysis of a specific bridge to improve main-
tenance scenario at project level. However, due to the
characteristics of the railroad bridges as stated above,
a network level maintenance strategies are required
prior to commence the project level maintenance for
the life cycle effective maintenance and optimal life
cycle performance (LCP) of bridges in the network.

In this study, the reliability index is used to repre-
sent the performance of a bridge element or system
and the effect of repair and rehabilitation. Since a rail-
road network involves more than hundreds of bridges,
Monte Carlo Simulation (MCS) is introduced to eval-
uate life cycle maintenance costs and performance of
lots of elements of each bridge in a line or network at
project level.

In order to maintain railroad bridges functionally
and effectively at network level, the importance of
bridges with a ratio of passengers and freight passing
through is defined. It gives priority of the budget allo-
cation to more important bridges. And deterioration
weighting factor is considered to allocate higher repair
and rehabilitation cost reasonably to more deteriorated
elements of bridges on railroad line.

Finally, for optimal cost allocation at network level,
Linear programming (LP) is adopted. Linear objective
function can be derived to maximize the system per-
formance of network by summing up the performance
increase of critical elements of each bridge. It may

be constructed by multiplying the factors mentioned
above with the improved performance (�βij) which
represents the effect of repair and rehabilitation and
then summing up each result.

The budget limit can be equated with the sum of
budget allocation (Cij) for each repair and rehabilita-
tion activities of all the bridges in a network. Also, to
ensure bridge performance results in inequality con-
straints that satisfy required target system reliability of
each bridge. Accordingly, a linear programming(LP)
problem can be formulated to obtain an optimal or a
near optimal solution for improving the performance
(�βij) of each bridge with optimal repair and rehabil-
itation activities at network level. LP gives solution
easily and effectively as long as it can be expressed as
a linear equation form. Also, it can be used very effec-
tively to establish optimal maintenance plan or strategy
at network level with numerous bridges such as rail-
road system. And then, optimal maintenance scenario
at network level can be derived through harmonious
interaction between project and network level.

In order to verify the construction of optimized
maintenance scenarios and the application of budget
allocation, the proposed methods are applied to a vir-
tual railroad line, and it is found to be applicable to the
real problems for optimal railroad bridge maintenance
and management.
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A stochastic finite element method for non-Gaussian random fields

C. Proppe
Institut für Technische Mechanik, Universität Karlsruhe, Karlsruhe, Germany

ABSTRACT

Reliability analysis for problems involving random
parameter fields very often necessitates the solution
of stochastic elliptic boundary value problems. In the
context of the stochastic finite element (FE) method,
approximate solutions of the stochastic boundary
value problem can be viewed as local stochastic
response surfaces that depend on three quantities: the
discretization level of the input random field, dis-
cretization parameter for the physical domain and
discretization parameter for the stochastic domain.
Thus, a stochastic response surface can be viewed as
a member of a three parameter family of metamodels.

For non-Gaussian random parameter fields, dis-
cretization by polynomial chaos expansions has been
frequently employed. However, recent findings by
Field & Grigoriu (2004) suggest, that polynomial
chaos expansions might be inaccurate for the approx-
imation of higher order moments and the probability
distribution of the non-Gaussian random field, which
might preclude its use for reliability studies.

Therefore, for non-Gaussian fields that can be rep-
resented as nonlinear transformations of Gaussian
fields, the truncated Karhunen-Loève expansion of
the non-Gaussian field is introduced in the stochastic
FE formulation. The relationship between the non-
Gaussian random variables of the Karhunen-Loève
expansion and a set of Gaussian random variables is
explicitly computed. The eigenfunctions of the covari-
ance kernel of the non-Gaussian field are evaluated
numerically.

Although sparse grid interpolation could be also
directly applied to the Gaussian random variables of
the Karhunen-Loève representation for the underlying
Gaussian random field, the application of the inter-
polation to the non-Gaussian random variables is a
more direct alternative and the computation of the non-
Gaussian random variables from the Gaussian random
variables is relatively inexpensive.

Introducing the approximations into the varia-
tional formulation of the boundary value problem
and employing local approximations in the stochastic
domain yields together with a collocation scheme an
algebraic problem for the interpolation coefficients of
the approximate solution at the nodes of the FE mesh.
In order to avoid the curse of dimensionality, sim-
ulation techniques and stochastic response surfaces
have to be combined: stochastic response surfaces will
direct the simulations and simulations will adapt the
three global parameters of the metamodel.

The developed procedure integrates seamlessly into
non intrusive algorithms, allowing to couple reliability
estimation procedures with existing FE solvers.
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ABSTRACT

Polynomial chaos (PC) expansions allow one to rep-
resent explicitly the random response of a mechanical
system whose input parameters are modelled by ran-
dom variables. The PC coefficients may be efficiently
computed using a non intrusive regression scheme
Berveiller et al., 2006. However, the required num-
ber of model evaluations (i.e. the computational cost)
increases with the PC size, which itself dramatically
increases with the number of input variables when the
common truncation scheme of the PC expansion is
applied (i.e. retain all the multivariate polynomials of
total degree not greater than a prescribed p).

To circumvent this problem, a truncation strat-
egy based on the use of q-norms with 0 < q < 1 is
proposed. It is motivated by the so-called sparsity-
of-effects principle (Montgomery, 2004), which states
that most models are principally governed by main
effects and low-order interactions. The related trun-
cated PC expansions contain a low number of likely
important terms compared to the full representation.
An anisotropic version is devised in order to further
reduce the metamodel complexity. It is aimed at select-
ing those input random variables with large sensitivity
indices such as the Sobol’indices Sobol’, 1993; Sudret,
2008.

Using these truncation strategies, an adaptive algo-
rithm is proposed in order to retain progressively a
small number of significant PC coefficients, leading
to a sparse PC representation. Beside the adaptivity in
terms of PC basis, the experimental design is system-
atically complemented such that the various regres-
sion problems are well-posed (Blatman and Sudret
2008. This may be achieved using sequential sampling
techniques, e.g. quasi-random numbers (Niederreiter,
1992).

The method is illustrated by the reliability analysis
of a frame structure sketched in Figure 1, featuring
21 correlated input random variables. It is shown that
the proposed methodology leads to a reduction of the

Figure 1. Frame structure

number of finite element runs by a factor 8 compared
to traditional full PC expansions.
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Advanced computational method for reliability analysis of
concrete-faced rockfill dam

Qing-Xi Wu & Ming-Zhu Yang
Department of Engineering Mechanics., Hohai University, Nanjing, China
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ABSTRACT

Concrete-faced Rockfill Dam (CFRD) has the ad-
vantages of less engineering workload, short cons-
truction period, low cost, convenient construction and
safe operation. It becomes one of the most chosen dam
types, and has the trend of large-scale popularization.
The rockfill materials have compli-cated physical and
mechanical properties. The parameters (such as elastic
modulus, friction angles, etc.) have strong dispersed
characteristics, and the variability is large in differ-
ent zones. The load on the faced rock-fill dam (such
as water pressure, seepage pressure, deadweight, etc.)
also has some uncertainties. Factors mentioned above
give rise to the uncertainties of stress and deformation
of CFRD. Therefore, analyzing reliability of CFRD
and measuring structural reliability using reliability
index is correct and reasonable.

Because of the complexities of the structure of
CFRD and the nature of rockfill, it is very difficult
to carry through the reliability analysis on this kind
of structures. Presently, the satisfactory results can-
not be obtained using the conventional methods in
struc-tural reliability analysis for large-scale, nonlin-
ear structures. Advanced computational method was
adopted to calculate the reliability of CFRD and the
corresponding calculation formula were derived. The
method has the following characteristics: (1) Orig-
inal 3D nonlinear finite element code can be used
directly; (2) Nonlinear response surface function was
adopted to substitute the actual complicated limit state
function, and the reliability computation can be done
briefly, efficiently with better precision. According to
a real-life engineering example, the calculation and
analyses of anti-crack reliability of the face slab were
conducted and better results were obtained.
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High resolution micrograph synthesis: A parametric texture
model and a particle filter
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ABSTRACT

This paper presents a method for synthesizing high res-
olution micrographs from low resolution ones using a
parametric texture model and a particle filter. Param-
eters of the model are computed as a set of joint
statistics of the coefficients of a complex wavelet trans-
form. As a first step, the parameters of the model are
obtained by decomposing a small number of sample
images and computing the joint statistics of the decom-
posed subbands. Figure 1 shows the low resolution
micrograph. High resolution microscopic images are
available at locations A and B. High resolution micro-
graph synthesis is demonstrated by simulating a high
resolution micrograph at location C using high resolu-
tion microscopic images at locations A and B and the
low resolution image at location C.

Figure 1. Low resolution, low magnification digital image
of cast alluminium alloy W319, for which high resolution
images are available at points A and B.

Figure 2. a). Low resolution, magnified digital image at
location C. b). Synthesized image at location c). Experimental
high resolution image at location C.

The synthesis algorithm generates a random micro-
graph satisfying the parameters of the texture model by
recursively updating the parameters of the input image.
Density based Monte Carlo filter is used at each step to
update the generated micrograph, using a coarse scale
image at that location as an observation. The process
is continued until a pre-selected convergence criterion
is met. Synthesized images are compared with exper-
imental image. Figure 2 shows low resolution image,
synthesized high resolution image and experimental
high resolution image.
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Multiscale modeling for stochastic forest dynamic
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ABSTRACT

Our understanding of the effect of varying distur-bance
regimes and their interactions on forest succes-sional
trajectories is limited. However, we know that neigh-
borhood effects, such as seed dispersal, light availabil-
ity, and nutrient feedbacks to the soil, all play a role in
tree dynamics.These coupled characteristics are defin-
ing properties of a complex adaptive system; i.e. the
ability to self-organize via local nonlinear interactions
and to adjust to external perturbations. Computer sim-
ulations are extremely useful for the study of evolving
complex systems especially when the accessible obser-
vations are scarce. Yet, consider-ing each individual
tree interactions can be computa-tionally prohibitive
so we need a trade off between detailed mechanis-
tic description and reduced com-plexity. Inspired by
the multiscale methods often em-ployed in molecular
dynamics simulations, the design of a coarse-grained
forest model approximated from a detailed description
of the tree interactions produces an effective approach.
Our fine scale forest model is described in terms of
a Markov Marked Point Process (MPP) as expressed
in ?. This model presents several advantages; not
only does it offer expandable mecha-nistic properties

through mark additions that feedback into the local
interactions, but it also has well-defined statistical
properties that can be derived from the en-ergy of the
system. As for the coarsening step, we adopted the
coarse-graining technique developed in ? and adapted
it to the theory of MPPs. Unlike other methods that pre-
serve only the slow fluctuations, this process derives a
noise model (thus preserving the mi-croscopic fluctu-
ations due to the particle interactions) while rescaling
the model by increasing the size of the simulation
element. The complexity reduction due to the grid
coarsening, significantly reduces the required simu-
lation time, thereby permitting long-term predic-tions
over large forested regions.
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Reliability evaluation of a pile foundation system in strength and
serviceability limit states
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ABSTRACT

A new efficient and accurate hybrid reliability method
is proposed to estimate risk of an axially loaded pile
considering realistic pile-soil interaction effect. The
soil around the pile is represented by a series of springs.
The springs can be characterized by either linear elas-
tic modulus of soil or nonlinear t-z and q-z curves of
soil. The system is expected to represent a realistic and
efficient load-transfer mechanism. The dual system is
then deterministically analyzed using the finite dif-
ference method (FDM). Uncertainties associated with
load conditions, material and sectional properties of
the pile and soil properties are explicitly considered.
Uncertainty in soil properties in a layer can be incor-
porated into the algorithm by considering the stiffness
of linear soil springs as random variables when the soil
is considered to behave linearly. For the nonlinear soil
behavior, the uncertainty in the soil properties is con-
sidered by treating fs and qp of nonlinear load-transfer
curves as random variables, as conceptually shown in
Figure 1. qp and fs are the unit tip resistance and the
unit friction resistance strengths (kN/cm2) of the soil,
respectively.

Since the behavior of such a system is extremely
complicated, for the reliability evaluation, a hybrid
approach is used by integrating the response surface

Figure 1. Uncertainty in a fs-z (t-z) load transfer curve.

method (RSM), the FDM, the first-order reliability
method (FORM), and an iterative linear interpolation
scheme. Since the efficiency of the response surface-
based algorithm depends on the intelligent identifi-
cation of the failure region, the proposed method is
integrated with the FORM to locate the failure region.
The reliability of the pile-soil system is estimated for
both serviceability and strength limit states. Three
limit states to be specifically considered are: (1) insuf-
ficient soil resistance, (2) excessive settlement of the
pile/soil system, and (3) compressive strength failure
of the pile.

A concrete pile is considered in the numerical exam-
ple and the soil profile is considered to be layered.
Applicability, accuracy, and efficiency of the proposed
reliability algorithm are demonstrated with the help
of a realistic example. The results as summarized in
Table 1. The accuracy of the method is established by
comparing the results with Monte Carlo simulation
(MCS). The method is observed to be very efficient
since it requires very few deterministic analyses com-
pared to MCS. For the example considered in this
study, the serviceability limit state is found to be the
most critical and the uncertainty in the soil parameters
is very sensitive to the reliability estimation. Accurate
estimation of soil properties is very important for the
prediction of the behavior of an axially loaded pile-soil
system. A considerable amount of resources should be
allocated to predict the soil parameters and the service-
ability limit states should not be overlooked in practical
design of foundations.

Table 1. Reliability analysis results for vertical settlement.

Limit state Vertical settlement

MCS Pf 0.003902 (β ≈ 2.660)
NOS 500,000

No. of R.V. 6 Random variables
Proposed method Scheme 1 2

β 2.633 2.646
≈ Pf 0.004232 0.003989
Error −8.5 % −2.2%
TNSP 54 103
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Updating uncertainties in shear strengths with multivariate test data

Jianye Ching
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Kok-Kwang Phoon
National University of Singapore, Singapore

ABSTRACT

The text in this paper is for visual purpose only. No
rights can be taken from this.

Quantifications of uncertainties in soil shear
strengths, including undrained shear strength of clay,
are essential for geotechnical reliability-based design.
Although it is simple to reduce the uncertainties by
correlation when the information is one dimensional,
it seems challenging to reduce the uncertainties by
using multivariate information through correlations.
This research proposes a systematic way of achieving
multivariate correlations on undrained shear strengths.
A set of simplified equations are obtained through
Bayesian analysis for the purpose of reducing uncer-
tainties: the inputs to the equations are the results
of in-situ or laboratory tests, and the outputs are the
updated mean values and coefficients of variation
(c.o.v.) of the undrained shear strengths. The analysis
results show that the uncertainties in undrained shear
strengths can be effectively reduced by incorporating
multivariate information.

The undrained shear strength (Su) considered in
this paper is the undrained shear strength determined
by CIUC (isotropically consolidated undrained com-
pression) tests. For the model of Su of clayey soils,
the adopted test indices are limited to the follow-
ing: (a) overconsolidation ratio (OCR); (b) energy-
ratio corrected SPT-N value (N60); (c) adjusted CPT
reading q′′

T = q′′
T -sv0, where sv0 is the total vertical

stress, and qT is the CPT reading corrected with
respect to the pore pressure behind the cone. The
updated mean and variance of the logarithm of the
undrained shear strengths conditioning on various
combination of multivariate test data are listed in the
following:

Conditioning on OCR:

Conditioning on N60:

Conditioning on qT′′:

Conditioning on OCR, N60:

Conditioning on OCR, qT′′:

Conditioning on N60 and qT′′:

Conditioning on OCR, N60, qT′′:

The above results provide estimates for the first
two moments of ln(Su). Let us denote the estimated
mean value and standard deviation of ln(Su) by m and
s, respectively, then the mean value and c.o.v. of Su
are exp(m + s2/2) and [exp(s2) − 1]0.5, respectively,
by assuming lognormality.
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ABSTRACT

Evaluating the reliability of a slope is a challenging
task because the possible slip surface is not known
beforehand. Approximate methods via the first-order
reliability method (FORM) provide efficient ways of
evaluating failure probability of the “most probable”
failure surface.The tradeoff is that the failure probabil-
ity estimates may be biased towards the unconservative
side. The Monte Carlo simulation (MCS) is a viable
unbiased way of estimating the failure probability of a
slope, but MCS is inefficient for problems with small
failure probabilities. This study proposes a novel way
based on the importance sampling technique of esti-
mating slope reliability that is unbiased and yet is much
more efficient than MCS. In particular, the critical
issue of the specification of the importance sampling
probability density function will be addressed in detail.

Several numerical examples are investigated to
verify the proposed novel approach, including the fol-
lowing slope in two clayey soil layers underlain by a
hard soil layer (shown in Figure 1). Furthermore, the
simplified Bishop method of slices is taken as the slope
stability method for this example.

Figure 2 shows the actual failure region F deter-
mined by the exhaustive analysis. It is clear that there
are two failure modes from the geometry of the actu-
ally failure region. Unfortunately, the FORM method
is only able to identify one mode. More interestingly,
the distances to the origin of the limit state functions
for the two modes are similar, indicating the failure
probabilities of the two failure modes are comparable.

Figure 1. The slope considered in the second example. The
grey lines are the admissible representative slip surfaces.

It is interesting to see that both failure modes are cap-
tured by the triangles. Those samples are plotted in
Figure 2. It is clear that a large portion of the samples
are failure samples. The MCS method is also taken to
estimate the failure probability. These results are listed
in Table 1 together with the FORM results. It is clear
that the FORM method significantly underestimates
the failure probability although it is computationally
cheap. Both the IS and MCS methods provide unbi-
ased estimates for the failure probability, but the IS
method is obviously more efficient. Furthermore, the
main novelty in this study is to utilize the OMS to
determine suitable locations of the importance sam-
pling probability density function (IS PDF) so that the
IS PDF is much closer to the failure region.

Figure 2. The MCS (N = 10000) and IS (N = 100) samples
in the standard Gaussian space (Example 2).

Table 1. The analysis results from various methods for
Example.

Method MCS IS FORM

Number of sample N 10000 100
Computer runtime (minutes) 2137 12 1
Estimated failure probability 0.0052 0.0038 0.0016
Estimator c.o.v. (%) 13.8% 20.9%
Required N to achieve 4761 109

c.o.v. = 20%
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Reliability analysis of differential settlements
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ABSTRACT

A Bayesian methodology is used to develop an unbi-
ased model that accurately predicts the differential
settlements and account for all the prevailing uncer-
tainties. The model is constructed by updating a
probabilistic compression model developed by Jung
et al. (2008) using new field data.The model developed
by Jung et al. was based on a model form devel-
oped by Biscontin et al. (2007), which reflects the
engineering understanding of the phenomena. As an
application, the set of unknown model parameters is
calibrated using data from a well-documented case
history in Venice, Italy. The database includes soil
properties and the field settlements obtained from a
full-scale test embankment constructed near Venice.
A Bayesian approach is used for the model assess-
ment accounting for both a prior knowledge based on
the first set of data and additional data that became
available at a later time. The developed model is
unbiased and accounts for the inherent uncertain-
ties. The developed probabilistic model is used to
assess the conditional probability (fragility) of exceed-
ing a specified differential settlement threshold for a
given vertical pressure. Predictive fragilities are devel-
oped with special attention given to the treatment and
quantification of aleatory and epistemic uncertainties.
Sensitivity and importance measures are carried out
to identify to which parameter(s) and random vari-
able(s) are key for the reliability of the differential
settlement. The developed estimates provide a sound
basis for decision about the need to design for differ-
ential settlements and the type of intervention most
suitable.

The probabilistic model for soil compression is
updated to improve the accuracy of the existing model
by removing a potential bias incorporating the prevail-
ing uncertainties. The proposed probabilistic model

is then used in a formulation to assess the compu-
tation of the differential settlement for foundations.
The differential settlement predictions based on the
probabilistic model compare well with monitored data.
Fragility estimates are developed in this study along
with sensitivity and importance measures.

Fragility estimates for the differential settlement
applied to Treporti Test Site (TTS) in Italy show that
the probability of exceedance decrease as the specified
threshold settlement increases at a given the vertical
pressure.

The sensitivity measures indicate that mean of the
slope of K0-LCC regime, model parameter control-
ling the curvature, and the reference void ratio for the
K0-LCC of the granular phase have larger effects on
fragility while mean of the reference void ratio for
the K0-LCC of the clay-water phase and the model
standard deviation have smaller effects over the ver-
tical pressure increase and the specified threshold
settlement.

Importance measures are also computed for the
random variables in the limit state function of the
fragility estimates. The similar trends can be made for
the importance measures. In addition, these measures
indicate that the slope of K0-LCC regime is the most
important random variable then the reference void
ratio for the K0-LCC of the granular phase becomes
the most important random variable.
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ABSTRACT

To predict the far future behavior at near field of
high level radioactive waste repository, the numerical
simulation is very helpful. There are, however, many
uncertainties for results of the numerical simulation.
In this paper, the effect of uncertainty of boundary con-
ditions and fundamental mechanical properties i.e.,
elastic modulus and Poisson’s ratio, on the mechanical
behavior of near field of the repository was examined.
The method used to examine the error propagation was
the first order second moment method. The mechani-
cal models were the elastic and the damage expansion
models. The reliability of the maximum principal
stress, maximum shear stress at crown of tunnel and the
minimum principal stress at spring line was examined
for one million years.

As a result, the followings were obtained:

1) For the maximum principal stress at crown, the elas-
tic modulus and Poisson’s ratio had a large effect on
the variance in the elastic and the damage expansion
models.

2) For the minimum principal stress at spring line, the
elastic modulus had an effect on the variance in
both models. In the damage expansion model, the
Poisson’s ratio had a large influence.

3) For the maximum shear stress at crown, the bound-
ary condition had a larger effect than the elastic
properties in both models.

4) The reliability index of maximum stress gradually
decreased, that of maximum principal stress gradu-
ally increased and that of minimum principal stress
was small through a long period. This tendency was
similar for both models as shown in Figures 1 and 2.

5) For damage variable and permeability at crown,
the horizontal stress on the boundary had a large
influence.

While the uncertainty of the prediction is depen-
dent on the mechanical model, it was found from
above results that estimation of boundary conditions
was relatively important to examine the stability and
permeability change around the repository tunnel as
well as the examination of uncertainty of mechanical

Figure 1. Reliability index in elastic case.

Figure 2. Reliability index in damage model.

properties. Besides, since the reliability of the mini-
mum principal stress was expected to be low, careful
consideration is needed for the prediction of tension
failure and expansion of crack aperture at the spring
line.
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ABSTRACT

This study presents the reliability analysis of perfor-
mance of reinforced retaining walls. Relative to overall
stability, the deformation is of concern considering the
performance of reinforced retaining wall. Instead of
the factor of safety for the limit state stability, the ser-
viceability of reinforced wall is of interested in this
study. In terms of serviceability, the wall face displace-
ment is the target. Numerical models are developed to
simulate the behavior of two well documented walls.
The numerical code is justified by the comparable
simulation results and measured data. A preliminary
parametric analysis is performed to identify the signif-
icant parameters affecting the wall face displacement
of a geosynthetic reinforced wall. It shows the friction
angle, bulk density, and elastic modulus of back-
fill soil, along with elastic modulus of geosynthetic
reinforced material are the most significant factors.
A series of parametric analysis is then conducted
in a probabilistic framework to assess how the wall
face displacement responds to these four significant
parameters. The numerical simulation is performed in
conjunction with Monte Carlo simulation technique to
complete the probabilistic parametric analysis. First, a
random number between 0 and 1 is generated by using
Matlab. This random number is assigned as the cumu-
lative distribution function (CDF). With the assumed
probabilistic distributions of a random variable, the
sampled value which corresponding to the randomly
generated CDF is calculated. This sample value is
input into FLAC program to simulate the resultant
wall behaviors to finish one realization. The proce-
dure of realization is repeated for multiple times while
the analysis results of each realization are collected
and input into Matlab for building up the probabilistic
distributions of resultant wall behaviors. The statisti-
cal characteristics of the randomvariables are listed in
Table 1. These random variables are assumed to be
normal distributed. 1000 FLAC realizations are con-
ducted in the Monte Carlo simulation. The results of
1000 realizations of maximum facing displacement
induced by loadings for wall #1 are shown in Figure 1.
The simulation results show that the maximum facing
displacement increases with an increase of the applied
loadings, while it diverges as the loading becomes

Table 1. Statistical characteristics of random variables used
in this study.

Random variable Mean value Cov

Soil friction angle 40◦ 10%
Elastic modulus number of soil 1150 20%
Soil density 1700 kg/m3 5%
Reinforcement stiffness 24 Mpa for wall #1 15%

12 Mpa for wall #2

Figure 1. 1000 simulated maximum facing displacement
induced by loadings for model wall #1.

large. The relationship between mean value of max-
imum facing displacement (y, [mm]) and the loading
(Q, [kPa]) applied on wall top can be fitted as

The coefficient of variation in y is between 12%
(for Q = 0) and 16% (for Q = 160 kPa). It increases
with an increase of the loading. This relationship is
useful to the probabilistic assessment of performance
of geosynthetic reinforced retaining wall. It is noted
that the relationship presented in Figure 1 and in
Equation (1) is specific to the model wall #1 in this
study.
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ABSTRACT

Many brick masonry buildings were built during the
Meiji period in Japan (by the end of the 19th century),
becoming a common technology of construction. Dur-
ing the great Kanto earthquake, which occurred in the
year 1923, many brick masonry buildings collapsed
dramatically, mainly due to the lack of appropriate
reinforcement. Due to the poor seismic performance,
this type of construction was abandoned and was
replaced by reinforced concrete technology.Therefore,
only few masonry constructions remain at present, and
have became historical constructions.

Some of these buildings are located at the north
east part of Japan, specifically in Akita prefecture,
and most of them have been declared local cultural
heritages. One of them is located at Ani village, which
was constructed in 1879 to serve as residence for a
German engineer that worked in a local mining com-
pany. In recent years, many regions, cities or towns
in Japan have been very active in showing their own
particularities; especially in historical and local cul-
ture aspects and some masonry buildings are being
included in their local activity programs. However, it is
necessary to consider the restoration and conservation
of these buildings.

For this purpose, the assessment of seismic behavior
and its vulnerability as well, are needed. The study of
these types of buildings in Japan is essential due to that
there are not specific regulations for masonry build-
ings and that only few researches have been performed
in this field.

Under this context, the seismic vulnerability of the
target building is assessed in this research. As an ini-
tial step to evaluate the seismic vulnerability of these
historical buildings, the dynamic characteristics of the
target building have been undertaken. For this purpose,
microtremor measurements in the building were car-
ried out in this research. For the analytical modeling,
mechanical parameters of masonry brick units were
estimated by a series of laboratory test on some stock
brick units available near the building under study.

Figure 1. Target building (Ani Ijinkan).

The calibration of the mechanical parameters of
masonry brick walls in the analytical modeling
was performed based on the results obtained from
microtremor measurements. The dynamic character-
istics obtained from the analytical modeling of target
structure shows intricate modes of vibration, which
reflect the multiple predominant peaks observed in the
transfer functions of microtremor measurements. The
multiple predominant frequencies obtained for a cer-
tain frequency range are consequence of the effect of
brick walls. The procedure has permitted the identifi-
cation of the probable mode of failure of the concerned
structure.
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Seismic resisting mechanism and formulation of traditional timber
joints in Japan
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ABSTRACT

There are many traditional timber structures, such as
temples, shrines and town houses in Japan. Their ratio-
nal seismic evaluation is the most important in order
to mitigate probable damages caused by great earth-
quakes in the near future. However, the evaluation
method has not been established so far because their
structural systems and resisting mechanism are much
different from modern structures. Also, their seismic
resistances are supposed to be insufficient in many
cases. Therefore, establishing the evaluation method
and seismic reinforcement are urgently needed.

The major structural elements of traditional timber
structures are moment resisting frames with semi-rigid
joints, mud walls and column rocking restoring forces
of thick columns. Among them, moment resistance of
the frame with semi-rigid joints is the most important.
The structural mechanism of semi-rigid joints is rota-
tional embedment and friction at the contact interfaces
inside the joint.

In order to evaluate the semi-rigid joints, we estab-
lished the formulation of the embedment mechanism
using Pasternak model (abbreviated to PM). The
PM is an improved and refined model of a contin-
uum compared with the conventional Winkler model.
It consists of a shear layer on the Winkler model
mechanically, which originated from Pasternak. It
can express the surface displacement distributions
and strain profiles subjected to partially compressive
loads adequately. We, therefore, applied the PM to
the elasto-plastic embedment behavior of wood joints,
considering the orthotropic properties and the strain
softening/hardening.

The densification, or strain hardening more than
50% strains, takes place in the local area beneath the
contact interfaces of the joints perpendicular to the
grain, and expands to the bottom gradually as the
load increases. As a result, the joints show very high
ductility.

Based on such facts, we made clear the elasto-
plastic embedment mechanism of the semi-rigid joints
and formulated their behaviors, introducing stiffness
functions which consist of two factors; the increasing
factor which means the ratio of the stiffness to that

Figure 1. Flowchart for setting I, II and III

of the net contact surface and the decreasing factor
governed by elasto-plastic characteristics.

The full scale experiments of the frames with
semi-rigid joints were carried out and the results are
compared with the proposed formulations and dis-
cussed. The proposed formulations are shown to be
in good agreement with the results if the parameters
are assumed appropriately.

Based on their results, we try to evaluate the
elasto-plastic restoring force characteristics of the tra-
ditional timber frames with semi-rigid joints taking
both the positive and negative P-� effects into account
consistently.

Moreover, we discuss the possibilities of collapse
failure considering the variability of the restoring force
characteristics which are strongly affected by annual
ring angles of cross sections of Nuki members.

As a result, it is recommended that the restoring
forces characteristics should be at least so strong as
positive gradient in order to prevent a frame from
collapse failure.
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ABSTRACT

Capacity design is a design method that induces a
plastic hinge to a member for simple rehabilitation,
ensuring its adequate ductility and a capacity hierar-
chy with other members. By allowing one part of the
structure to be damaged and keeping the other parts
under elastic behavior, a structure can absorb the seis-
mic energy as well as facilitating rehabilitation after
severe earthquakes.

In the seismic design of reinforced concrete (RC)
bridge pier and pile foundation system, there exist
uncertainties in estimating not only ground motions
but also the behavior of RC bridge system.To carry out
the capacity design considering these uncertainties, it
is necessary to use reliability theory to satisfy the fol-
lowing three conditions. First is the hierarchy between
the flexural and the shear capacity that will ensure the
ductile failure mode of the members. Second is the
condition of the capacity hierarchy between members
that will exactly induce the plastic hinge to the appro-
priate member. Last is the condition that will ensure
that the probability of failure is under the allowable
value. In this study, a design method to satisfy these
conditions has been proposed, and a feasibility study
has been carried out.

The following conclusions have been reached in this
study.

1)A design method with three types of partial safety
factors (γI , γII , γIII ) has been proposed. Three factors
are determined based on reliability analysis as shown
in Figure 1. These are to ensure that (i) all the mem-
bers under the desirable failure mode are achieved by
γI , (ii) the damage due to earthquake is induced to
only the victim member by γII , and (iii) the probabil-
ity of failure under an allowable value is achieved by
γIII . Using the proposed method, the capacity design,
which allowed the designed structures to absorb the
seismic energy under severe ground motions, as well
as to facilitate rehabilitation after the earthquake, can
be achieved.

2) An application of the proposed method to the
design of bridge pier and pile foundation systems has

Figure 1. Flowchart for setting I, II and III.

proven that by using reliability evaluation based on
push-over and dynamic response analysis, the partial
safety factors γI , γII , and γIII can be determined so
that the concept of capacity design is realized. Also,
the relationships between the partial safety factors and
the target reliability indexes were presented.
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A proposal on the determination of partial safety factors for steel piers
using seismic hazard maps

Y. Kajita & H. Otsuka
Kyushu University, Fukuoka, Japan

ABSTRACT

The limit state design method is the design method
based on the structural reliability theory.The structural
reliability theory is divided into three stages (Level I,
II, III). It is complex to conduct the calculation of the
probability in a real bridge design. So, it is helpful to
design the structures by using an easy-to-use method
when thinking about the practical use of the limit state
design method. Then, the partial safety factors design
method that used the structural reliability theory of
level I was proposed in 1980’s. The partial safety fac-
tors design method will be one of the standard methods
because this design method is introduced in ISO2394
(ISO, 1998).

In this paper, a determination method of partial
safety factors is presented.The concept of the determi-
nation method is very similar to the one of the Shiraki’s
method. The characteristic of our method is to prepare
several partial safety factors around the ones obtained
from AFOSM method in advance (Robert, 1999). The
usability of this proposal method is checked by design-
ing a steel pier to withstand local buckling against
a severe ground motion. In addition, the probability
distribution of the peak acceleration on the ground sur-
face was calculated by using the previous data of the
hypocenter and the attenuation relationship (Hongjun,
1999). In this study, only the earthquake force is treated
as an amount of the probability. So, the combination
of various loads (for instance, dead load, live load, and
earthquake force, etc.) is not referred.

Fig. 1 shows the comparison of the probability den-
sity function of the reliability index between AFOSM
method and the proposed method. In the case of
AFOSM method, the resistant factor and the load fac-
tor are 0.97 and 3.56, respectively. On the other hand, in
the case of the proposed method, the optimum resistant
factor and load factor are 0.40 and 3.30 respectively.
It is found from Fig. 1 that the mean value of reliabil-
ity index in the case of the proposed method is larger
than the target reliability index (βT = 2.2). So, if our
proposed method is used, the number of the bridges
which satisfied safety increases.

Figure 1. PDF of reliability index (comparison of AFOSM
and proposed method).
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Effects of uncertainty on accumulated damage estimation
due to aftershocks

Y. Kimura, K. Kawno & N. Kubo
Kagoshima University, Kagoshima, Japan

Y. Nakamura
Nihonkouei, Tukuba, Japan

An available evaluation on aftershocks plays important
roles on the performance based design method to seis-
mic motions. In this present study, it is examined about
the uncertainty effects on the damage index which is
evaluated with combining the ductility factor with the
hysteretic energy for the severe damage level of the
structure for the SSI system. While there are a little
bit influences of the damage index due to after shocks,
it is shown that the uncertainty on the maximum seis-
mic acceleration plays important roles on the damage
index evaluation.The strength demand spectrum based
on the ductility factor is one of the most useful meth-
ods which can be treated with nonlinear effects on
the structure subjected to seismic forces (Iemura et al
(1998)).From the design of view, it is suggested that it
is very essential to develop an efficient method on the
performance based design method to seismic motions.

It is known that the large scale earthquake is brought
about considerable effects on the response due to after-
shocks. Since the damage of structure may be closely
related to the input seismic energy, it is essential to
evaluate accumulated energy on the structure due to
aftershocks. Therefore, in order to perform the reli-
able performance based design, it is important for
the nonlinear response situation to clarify the damage
evaluations both the main shock and the aftershock.
Taking into accounts an increase of the damage of
structure by the aftershock, it is important to clarify
the accumulated damage on the performance based
design due to earthquake. The appropriate estimation
of the deterioration due to aftershock is carried out
by accumulated damages depending on the nonlinear
response situation due to aftershocks.

In this present study, effects on the damage index
due to aftershocks are examined. It is indicated that the
damage index which is estimated with combining the
ductility factor with the hysteretic energy is closely
related with accumulated damage estimation of the
structure due to aftershocks. The damage index com-
bined the maximum displacement with the hysteretic
energy is useful to evaluate the damage situation for
the SSI system. The estimation of the damage index is
considerable affected by the ground condition and the
dynamic characteristics of input seismic motion. It is
suggested that an increase of input intensity ratio for
aftershock to main shock leads to increase of accumu-
lated damage of the structure. Therefore, it is shown
that the fragility on the assigned damage index plays
important roles on the available estimation on damage
situations due to aftershocks.
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Use of digital aerial camera images to detect damage to an expressway
following an earthquake

Yoshihisa Maruyama & Fumio Yamazaki
Department of Urban Environment Systems, Chiba University, Chiba, Japan

ABSTRACT

Remotely sensed data obtained from satellites and
airborne platforms are useful in providing an under-
standing of the distribution of damage due to natu-
ral disasters (Yamazaki 2001). Expressways play an
important role in providing access for restoration work
in damaged areas, and it is necessary to keep the
duration of functional loss to a minimum.

In this study, digital aerial camera images are used
to detect expressway damage caused during the 2004
Mid-Niigata earthquake. Firstly, a conventional pixel-
based classification was conducted for both the analog
and digital image for comparison purposes. Secondly,
the procedure proposed by this study was performed
in order to detect expressway damages. The results
of image processing using analog (Maruyama et al.
2006) and digital aerial photographs were compared.A
new methodology for detecting damages using digital
aerial photographs is presented. The accuracy of the
damage estimation and the effectiveness of our method
are discussed with comparison to actual damage data.

According to the comparison between the result
obtained from analog aerial photo and that from digi-
tal aerial image, the median filter was not used in the
image processing of the digital aerial image, instead,

Figure 1. Flowchart of proposed method for detection of
ex-pressway damage using digital aerial images.

Figure 2. Comparison of the results of (a) image processing
of the digital aerial image and (b) visual damage inspection.
Damage to the expressway is shown in red.

the errors adjacent to the centerlines and in individual
pixels were removed following the two rules set by this
study. Following the flowchart in Fig. 1, the damages
of expressway were estimated automatically (Fig. 2).

Figure 2 compares the result of image processing
with that of visual damage inspection.Almost all dam-
aged sections of the expressway were properly detected
through the series of image processing outlined in this
study.
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Modeling uncertainty in seismic response analysis of steel frames buildings
with perimeter moment and interior gravity frames

A. Reyes-Salazar & E. Bojórquez
Facultad de Ingeniería, Universidad Autónoma de Sinaloa, Culiacán, Sinaloa, México

D. López-López
Departamento de Ingeniería Civil, Instituto Tecnológico de Sonora, Obregón, Sonora, México

D. De Leon-Escobedo
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A. Haldar
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ABSTRACT

Modeling uncertainty in the nonlinear seismic
response analysis of a structure could be as impor-
tant as other sources of uncertainty in the load and
resistance-related parameters.The issue is comprehen-
sively studied with the help of an arrangement com-
monly used for steel structures in seismically active
regions. For steel buildings, the use of moment resist-
ing steel frames (MRSF) has been popular because
they provide maximum flexibility for space utilization
and because of their high ductility capacity. However,
the characteristics of the basic structural system con-
sisting of MRSF have significantly changed over the
years. From the mid 60s to the mid 70s, most con-
nections in steel buildings were assumed to be fully
restrained (FR). In the recent past, the use of FR con-
nections were reduced considerably because they were
expensive and to eliminate weak-axis connections. FR
connections are used only on two frame lines in each
direction, usually at the perimeter, and gravity frames
are used at the interior (IGF). An important issue that
deserves our attention is that perimeter MRSF are
usually designed as plane frames to resist the total
lateral seismic loading, ignoring the presence of IGF.
Due to the action of the rigid floor diaphragm, the
IGF, however, will undergo the same lateral deforma-
tion as the MRSF. The contribution of the columns
in IGF to the lateral resistance of the building could
be significant, particularly for buildings with rela-
tively few FRC. Moreover, modeling the buildings as
plane frames may not represent the actual behavior
of the structure since the participation of some ele-
ments are not considered and the contribution of some
vibration modes are ignored. Another simplification
made in the design of steel buildings with perime-
ter MRSF and IGF is related to the stiffness of the
beam-to-column connection. Conventional analysis
and design of steel frames is based on the assumption
that beam-to-column connections are either FR or

perfectly pinned (PP). Despite these classifications,
almost all steel connections used in real frames are
essentially semi-rigid (SR) with different rigidities.
There is some evidence that some connections, even
though considered pinned, can transmit up to 30%
of the plastic moment capacity of the beams they
are connecting to. The above discussions clearly indi-
cate that there are several sources of uncertainty in
the seismic response analysis. Effects of modeling
uncertainty are emphasized in the paper. The issues
related to structural idealization of steel buildings with
perimeter MRSF and IGF presented in this paper are:
a) the accuracy of modeling the three-dimensional
buildings as plane frames for seismic analysis, b) the
effect of the stiffness of the connections of the IGF
on the structural response, and c) the level of contri-
bution of the IGF to the lateral resistance. Some steel
structures that satisfied all the current seismic require-
ments proposed in the SAC project are used for this
purpose. To quantify the uncertainties, these model
structures are excited by twenty recorded earthquake
time histories in time domain. The numerical study
indicates that modeling the building as planes frames
may result in larger interstory shears and displace-
ments and resultant stresses indicating that the design
may be conservative. The design is more conservative
in terms of resultant stresses. The contribution of IGF
to the lateral structural resistance could be significant
and the uncertainty in the responses cannot be ignored.
The level of uncertainty increases and becomes very
high when the stiffness of IGF is considered more
appropriately. Based on the results of this study, it can
be concluded that the three-dimensional model should
be used in seismic analysis, that the IGF should be
considered as part of the lateral resistance system, and
that the stiffness of the connections should be included
in the design of the IGF. Otherwise, the capacity of
gravity frames will be overestimated while that of the
MRSF will be underestimated.
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Soil-structure interaction stochastic modelling

D. Novák, L. Miča, B. Teplý & M. Vořechovský
Brno University of Technology, Brno, Czech Republic

J. Bucěk, R. Rusina & I. Němec
FEM consulting, Ltd, Brno, Czech Republic

ABSTRACT

Soil-structure interaction modelling belongs to the
category of difficult and complex treatment of struc-
tural behaviour where the efficiency of computational
model is influenced by many factors. Dominating
factors are firstly the level of computational model
sophistication itself, second uncertainties related to
input data (mainly soil properties). Objective mod-
elling is possible using advanced models of subsoil;
such modelling needs the finite element method and
usually remains at the deterministic level. The effi-
cient surface model and program SOILIN (Bucek et al.
1992) were practically verified in building industry by
many projects and are currently implemented in soft-
ware systems NEXIS 32 (2001), SCIA ENGINEER
(2008) and RFEM (2006).

The paper describes achievements in utilization of
efficient methods for statistical, sensitivity and relia-
bility analyses of soil-structure interaction. The simu-
lation of random variables was performed by Latin
hypercube sampling using FReET software (Novák
at al. 2008). The aim is a complex probabilistic treat-
ment of SOILIN software: statistical, sensitivity and
reliability (failure probability calculation) analyses.

The utilization of software tools is demonstrated
using example of soil-structure interaction: concrete

Figure 1. Model of foundation plate and geological drill
holes.

Figure 2. Histogram of the maximum plate design moment.

foundation slab for steel petrol tank (Fig. 1). Vari-
ability of input data was restricted to geo-mechanical
variables. Virtual statistical simulation was performed
using 2000 samples. Each simulation consisted of 50
random variables (parameters for each drill and layer).
Resulted histograms with the most suitable PDFs and
percentiles 0.05, 0.95 and 0.01 and 0.99 are shown in
Figure 2 and comparison with deterministic value is
provided, too.
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On-line method of reliability analysis of pipelines with growing defects

L.V. Poluyan, A.V. Bushinskaya, M.G. Malyukova & S.A. Timashev
Science and Engineering Center “Reliability and Safety of Large Systems and Machines”,
Ural Branch Russian Academy of Sciences, Ekaterinburg, Russia

ABSTRACT

The results of a holistic study dedicated to developing
an Internet-based reliability and remaining life assess-
ment for on-shore main pipelines with growing defects
are presented. The reliability analysis is carried out
using five types of failure pressure models. Two types
of limit state functions are used. The limit state func-
tions (LSF) are comprised of nine parameters that are
considered as random variables. These RVs describe
the pipe and defect geometry, rate of axial and longi-
tudinal corrosion, strength properties of the pipe wall
material, operating pressure. The main reliability anal-
ysis is conducted using the Gram-Charlier-Edgeworth
(GCE) method of expansion of the limit state func-
tion, which can be considered as a generalization of
the FOSM and the Taylor series expansion methods,
as it is capable of using arbitrary probability density
functions (PDF) and takes into account the third and
the fourth central moments of the non-Gaussian PDFs.
Five types of PDFs are used in the analysis. The Monte

Carlo simulation method was used for verifying the
results obtained by the G-C-E method. The reliability
of each cross-section of the pipe containing a defect is
calculated, as well as the reliability of a pipeline seg-
ment or the pipeline as a whole. Sensitivity of pipeline
reliability to the above nine parameters and their sta-
tistical characteristics (PDFs), which describe pipeline
and defect geometry, corrosion rates, pipe wall mate-
rial properties and operation mode is investigated. The
expected number and volume of repairs are calcu-
lated using some values for the ultimate permissible
pipeline failure probability. Comparative study on the
computer time needed for calculation of reliability by
the G-C-E and the M-C methods is conducted in rela-
tion to their applicability for remote Internet usage.
A brief description of the Internet-based software that
implements the described above technology is given.
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Reliability based inspection and maintenance of pipelines with
Markov type corrosion defects growth
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Science and Engineering Center “Reliability and Safety of Large Systems and Machines”, Ural Branch Russian
Academy of Sciences, Ekaterinburg, Russia

ABSTRACT

The paper describes a Markov model of corrosion
growth of pipe wall defects and its implementation for
assessing the conditional probability of pipeline fail-
ure and optimizing pipeline repair and maintenance.
This pure growth Markov model is of the continu-
ous time, discrete states type. This model is used in
conjunction with the geometrical limit state function
(LSF) to assess the conditional probability of failure
of pressurized pipelines when the main concern is loss
of containment. It is shown how to build an empiri-
cal Markov model for the length, depth and width of
defects, using field data gathered by In-line inspection
(ILI) or direct assessment (DA) or by using a combi-
nation of a differential equation (DE) that describes
defect parameter growth with the Monte Carlo simu-
lation method. As a result of implementation of this
approach the probability for the defect parameters

being in a given state (analog of a histogram) and
the transition intensities (from state to state) are easily
derived for any given moment of time. This approach
automatically gives an assessment of the probability
of failure of a pipeline segment, as it is derived using
the data from a specific pipeline length. This model
also allows accounting for the pipeline failure pres-
sure LSF. On the basis of this model an algorithm is
constructed for optimizing the time of the next inspec-
tion/repair. This methodology is implemented to a
specific operating pipeline which was several times
inspected by a MFL inspection tool. The expected
number and volume of repairs depend on the value
of the ultimate permissible pipeline failure probability.
Sensitivity of pipeline conditional failure rate and opti-
mal repair time to actual growth rate is investigated. A
brief description of the software that implements the
described above technology is given.
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Robustness evaluation of timber structures

P.H. Kirkegaard & J.D. Sørensen
Department of Civil Engineering, Aalborg University, Denmark

ABSTRACT

Robustness of structutral systems has obtained a
renewed interest due to a much more frequent use
of advanced types of structures with limited redun-
dancy and serious consequences in case of failure.
The interst has also been facilitated due to recently
severe structural failures such as that at Ronan Point
in 1968 and the World Trade Centre towers in 2001.
In order to minimise the likelihood of such dispro-
portionated structural failures many modern building
codes consider the need for robustness in structures
and provides strategies and methods to obtain robust-
ness. The requirement for robustness is specified in
most buildings codes in a way like the general require-
ments in the two Eurocodes EN 1990 Eurocode 0:
Basis of Structural Design and EN 1991-1-7 Eurocode
1: Part 1–7 Accidental Actions. However, no specific
criteria are given which can be used to quantify the
level of robustness of a structure which could have a
benefit for design and analysis of structures.

The present paper considers robustness evaluation
of timber structures. A Norwegian sports arena with a
structural system of glulam frames is considered. The
robustness evaluation is based on the framework for
robustness analysis introduced in the Danish Code of
Practice for the Safety of Structures and a probabilistic
modelling of the timber material proposed in the Prob-

abilistic Model Code (PMC) of the Joint Committee
on Structural Safety (JCSS). Due to the framework in
the Danish Code the timber structure has to be eval-
uated with respect to the following criteria where at
least one shall be fulfilled: a) demonstrating that those
parts of the structure essential for the safety only have
little sensitivity with respect to unintentional loads and
defects, or b) demonstrating a load case with ‘removal
of a limited part of the structure’ in order to document
that an extensive failure of the structure will not occur
if a limited part of the structure fails, or c) demon-
strating sufficient safety of key elements, such that
the entire structure with one or more key elements has
the same reliability as a structure where robustness
is documented by b). By using First-Order Reliability
Methods (FORM) the structural reliability of the struc-
ture is estimated at element as well as system level.The
requirement to the safety of the structure is expressed
in terms of an accepted minimum reliability index, i.e.
a target reliability index, proposed by the Joint Com-
mittee on Structural Safety (JCSS). In order to simulate
‘removal of a limited part of the structure’ different
assumed damage scenarios are considered. The results
show that the requirements for robustness of the Nor-
wegian structure are highly related on the modelling
of the snow load used on the structure when ‘removal
of a limited part of the structure’ is considered.
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Statistical correlation of steel members for system reliability analysis

H. Idota & L. Guan
Nagoya Institute of Technology, Nagoya, Japan

K. Yamazaki
Takenaka Corporation, Inzai, Japan

ABSTRACT

Statistical correlation of random variables is one of
the most important factors for system reliability anal-
ysis, especially because the joint probability function
is significantly affected by the correlation coeffi-
cients of random variables. For the reliability of frame
structures, it is necessary to determine the statisti-
cal correlation matrix of member strength to evaluate
the ultimate strength of the frames. Although many
studies have examined the effects of statistical cor-
relation on system reliability (e.g., Melchers 1983),
few have collected statistical data on the correlations
for actual building structures. So, the correlation coef-
ficients have been forced to have some assumptions
under engineering judgments.

The purpose of this paper is to propose information
of the statistical correlation on steel member strength
by surveying actual steel buildings. First, to iden-
tify individual lots of steel materials, lot-maps for the
actual buildings are presented by tracking the inspec-
tion certificates of all members throughout construc-
tion.The lot-map is a layout plan of the structural mem-
bers manufactured from steel material with the same
rolling process.The sample of lot-map is shown in Fig-
ure. 1. Next, the correlation coefficients of the yield
strength are analyzed based on the tensile test results
for specimens extracted from the same lots. In addi-
tion, the statistical proper-ties of the ultimate strength
of steel moment-resisting frames are examined based
on the results of the Monte Carlo simulations using the
lot-maps. Fi-nally, the paper proposes practical scenar-
ios that can evaluate the effects of statistical correlation
in steel members without using lot-maps.

The results obtained in this paper are presented as
follows:

1) The lot-maps for a steel building structure are
presented by tracking the inspection certificates
throughout construction.

2) The statistical properties of the ultimate strength of
steel moment-resisting frames are examined based
on the results of Monte-Carlo simulations using
lot-maps.

Figure 1. Lot-maps of beam members.

3) Two practical scenarios are proposed to esti-
mate the statistical correlations between member
strength for calculating the statistics of the ultimate
strength of frame structures.
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Experimental and numerical studies on evaluation of natural vibration
characteristics of 73 year-olds Asahi bridge

M. Komuro
Muroran Institute of Technology, Muroran, Japan

H. Nishi & T. Sato
Civil Engineering Research Institute for Cold Region, Sapporo, Japan

N. Kishi
Muroran Institute of Technology, Muroran, Japan

ABSTRACT

In order to accumulate the basic data for natural vibra-
tion characteristics of Asahi bridge (see, Photo.1)
which was constructed in 1932, forced vibration test
and microtremor measurement were conducted. Here,
the natural vibration frequencies and modes of the
bridge obtained from the test results were compared
with the numerical results obtained from 3D-FE anal-
ysis for the dimensions at the beginning in common
use to investigate damage levels of the bridge.

Photo 1. Bird’s eye view of Asahi Bridge.

Table 1. Comparison of natural vibration frequencies
between experimental and numerical results.

Vibration mode Natural vibration frequency (Hz)

FV MM FEM

(a) Flexural vibration mode

Sym. 1 2.63 2.68 2.60
2 2.95 2.95 2.99
3 4.80 4.75 4.70

Anti-sym. 1 2.07 2.12 2.09
2 3.17 – 3.20

(b) Torsional vibration mode

Sym. 1 3.63 3.61 4.39
2 3.73 3.73 4.52

Anti-sym. 1 3.14 – 3.79
2 4.24 4.22 5.02

FV: Forced vibration, MM: Microtremor measurement

Table 1 lists the comparison of the natural vibration
frequencies among three results obtained from forced
vibration test, microtremor measurement, and numer-
ical analysis. From this table, the maximum error of
natural vibration frequency between both tests was
less than 3 %. Therefore, natural vibration frequen-
cies of the bridge are properly evaluated by conducting
both tests. And the maximum error between numerical
results and forced vibration results is less than 2 % for
the flexural vibration mode.

Figure 1 shows the comparison among the exper-
imental and numerical results for typical vibration
modes specified in this study. It is confirmed that mode
shapes in the side span of the symmetrical 2nd flexu-
ral vibration (see, Fig. 1b) are a little different among
them. However, another mode shapes are almost same
to each other.

From this study, following results were obtained: 1)
natural vibration frequencies and modes of the bridge
can be better evaluated by conducting forced vibration
test and microtremor measurement; and 2) since natu-
ral vibration frequencies and modes obtained from the
experimental results are similar to those obtained from
the numerical analysis, damage of the bridge may be
negligible practically, even though 73 years has passed
since the beginning in common use.

Figure 1. Comparison of the mode shapes between numer-
ical results and experimental results.
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Estimation of bridge vibration characteristics for verification of
environmental effects to structural frequencies

B.A. Jawaid, T. Okumatsu, T. Okabayashi, M.R. Ali & T. Shimozuma
Nagasaki University, Nagasaki, Japan

ABSTRACT

Variety approaches have been established for structural
health diagnosis with emerged software and hard-
ware based measurement technologies. Among them
vibration monitoring is a tool for long-term structural
health monitoring with not only structural mainte-
nance but also crisis management. Along with these
methods, ambient vibration has been hired for input
data representing structural characteristics properly
with advantages of measurement simplicity, cost effec-
tiveness, and its suitability. However, there are still
leaving much to do such as effects of environmental
factors to subject structures. In this paper, we dis-
cuss about 1) structural identification methods and
its accuracy, 2) developed monitoring system and its
application to existing structures, and 3) evaluation
of environmental effects against dynamic characteris-
tics of subject structure. We focus on environmental
effects among the above, and state the tendency of
environmental effects from the measurement data and

Figure 1. Kabashima bridge.

Table 1. Details of Kabashima bridge

Bridge type Steel Langer girder bridge

Length 227m(152m)
Width 7.5m
Construction date 1986

identified structural eigen-frequencies. As for site
monitoring, oversea-bridge, located in Nagasaki pre-
fecture, is selected as subject structure. Figure 1 shows
the bridge front view and the detail of the bridge is
shown in Table 1.

We have been conducted experiments and the
bridge’s ambient vibration has been recorded with
accelerometers. Five accelerometers were installed on
the bridge to obtain vertical acceleration simultane-
ously. Two accelerometers were installed at the middle
of bridge span for recording the torsional vibration
data. Measured data of the three different environmen-
tal cases evaluated by each method (ERA, ERA/DC,
OMS and BCF). Although each one showed almost
same accuracy but ERA/DC method was found better
for its higher speed of calculation. Due to this and the
space limitations for the paper we have only included
the graphical results of (frequency, modal damping
and mode shapes) for ERA/ DC method and accuracy
evaluation results for all the method in this paper.

Realization theories of structural identification
methods were hired to estimate the bridge dynamic
characteristics. For obtaining structural dynamic char-
acteristics, coefficient matrices were computed from
ambient vibration measurement data and eigenvalues
of the corresponding data were analyzed.

By the measurement and analysis, it was revealed
that there are subtle changes in estimated frequencies
accuracy and mean values. We found that strong windy
condition had better accuracy in frequency estimation,
where moving vehicle effects frequency estimation
accuracy and induces higher vibration modes.
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A statistical relative measurement index for damage locating and
robustness-to-noise assessment

A.P. Adewuyi & Z.S. Wu
Department of Urban & Civil Engineering, Ibaraki University, Hitachi, Japan

ABSTRACT

Progressive deterioration of civil infrastructure begins
once they are built and subjected to continuous normal
loading, occasional overloading, adverse environmen-
tal conditions and/or extreme natural events such as
earthquakes. During the past few decades, a significant
amount of research has been conducted in the area of
nondestructive damage detection via changes in modal
responses of a structure. Extensive review on advances
in vibration-based damage identification (VBDI) is
reported by Doebling et al. (1996). The extension
of VBDI techniques to civil infrastructure is cur-
rently increasingly receiving wider attention among
researchers, infrastructure owners and management
agencies.

Accurate measurement and close monitoring of
vibration characteristics are very critical for early
detection of damage in structures. However, despite
the numerous achievements made so far, the search
for more reliable strategies for both damage localiza-
tion and quantification in large-scale civil structures
is still in progress due to inevitable variability in
measurement data as a result of measurement error
and environmental factors. So, the ability to correctly
distinguish changes in the modal properties caused
by damage from those arising from measurement
noise and other environmental conditions is an essen-
tial issue requesting serious attention for successful
civil structural health monitoring (SHM). Obtaining
comprehensive information throughinnovative sens-
ing system without losing structural integrity in a
similar manner to the operation of human nervous
systemthroughout the whole body is essential for suc-
cessful implementation of SHM programs (Li and Wu,
2007).

Therefore, the process of vibration-based SHM
can be fundamentally considered as that of statisti-
cal pattern recognition. Summary of various statistical
analysis approaches for structural identification based
on dynamic measurements can be found in Sohn et al.
(2003).

This paper presents a statistical non-baseline VBDI
algorithm meant to assess the stability of the measure-
ment data, detect and locate damage in civil structures,
where variability in dynamic measurements due to
electrical noise and environmental influence is often
inevitable. The statistical relative measurement index
(SRMI) method exploits the regression analysis of
peak values of the magnitudes of frequency response
function (FRF) of target sensors relative to the ref-
erence wherein the statistical features are employed
for data reliability assessment and damage localiza-
tion. Moreover, the ability to effectively manage and
make sense of enormous amounts of data collected
under continuous monitoring process for an effective
diagnostic and/or prognostic system is an added advan-
tage. Through experimental modal analysis of a beam
with different structural conditions under succession
of random excitations of arbitrary magnitudes at dif-
ferent locations, the robustness of measurements from
accelerometers, traditional foil strain gauges and long
gauge fiber Bragg grating (FBG) strain sensors to
noise is comparatively evaluated.The ability to present
the results in an easy-to-interpret graphical format
makes SRMI suitable for civil SHM. The ascendancy
of long-gauge FBG sensors over the traditional sen-
sors is established for effective damage localization.
The limitation of SRMI technique with acceleration
response data is also discussed.
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Acceleration-based real-time displacement monitoring method for civil
structures

N. Nakata
Johns Hopkins University, Baltimore, MD, USA

ABSTRACT

Dynamic displacement is an important response
parameter for assessment of structures. However, mea-
surement of structural displacements using displace-
ment sensors is difficult in fields due to a requirement
of stationary reference frames. This study presents a
method for monitoring real-time dynamic structural
displacements using acceleration measurements. The
proposed method is based on an experimental model
of acceleration-displacement relationships in the fre-
quency domain that incorporates dynamic characteris-
tics of accelerometers.The model is obtained in a form

of a rational polynomial approximation function, and
can be easily implemented in digital signal processors.
The proposed method is investigated in compari-
son with a numerical double integration method, and
experimental verifications are conducted for a story-
drift of a building structure under dynamic loadings.
Experimental results show that if signal-to-noise ratios
in the acceleration measurements are relatively high,
the proposed acceleration-based displacement mon-
itoring method provides accurate real-time dynamic
displacements of structures.
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Comparison between coupled local minimizers method and differential
evolution algorithm in dynamic damage detections
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ABSTRACT

In several areas of civil and mechanical engineering,
the maintenance and retrofitting of existing struc-
tures requires the diagnostic identification of damages.
To this purpose, dynamic testing techniques have
received great attention in the engineering community
in last three decades. The changes in modal parame-
ters (frequencies and mode shapes) are used to identify
damages or local flexibilities of the structure [Teughels
et al, 2002].

In a damage detection problem, an updating pro-
cedure of the Finite Element model of the structure
(model updating) is required, where the unknown
model properties are modified in order to obtain
numerical predictions as close as possible to a set of
measured data, e.g., the modal properties obtained by
the dynamic tests. Therefore, an optimization problem
must be solved where the objective function to be min-
imized is defined by the distance between the modal
parameters obtained from the experimental tests and
those given by a numerical model of the structure. Nev-
ertheless, the objective function is often non-smooth
or even discontinuous and may contain multiple local
minima, so that very efficient optimization methods
are required.

In the present paper, global optimization tech-
niques are used to perform the model updating of a
damaged structure. In particular, the Coupled Local
Minimizers (CLM ) method and the Differential Evo-
lution (DE) Algorithm are used to detect position
and depth of a localized damage, and their numeri-
cal performances are compared. The CLM method is
a very efficient global gradient-based method origi-
nally proposed by Suykens [2001]. The method adopts
a number of search points and couples multiple local
optimization runs in order to create interaction and
information exchange between them. The DE method
is a parallel direct search method where N different
vectors collecting the parameters of the system are
used in the minimization process [Storn and Price,
1997].The vector population is chosen randomly at the

beginning and by adding weighted differences between
vectors obtained from the previous population in the
subsequent steps.

In the present paper, the performances of the CLM
method and the DE algorithm for the damage assess-
ment of a cracked beam through FE model updating
are compared. The presence of cracks in a structural
member introduces local flexibilities, so modifying
its dynamic behaviour. The changes of dynamic char-
acteristics (frequencies and mode shapes) can be
measured and subsequently used for damage detection.

The comparison is performed with reference to two
benchmark problems: two simply-supported beams
under flexural vibrations, with one crack and two
cracks to be detected (two and four identification
parameters, respectively). The challenge is to find, by
FE model updating, the crack location and width (the
latter being related to the flexural spring stiffness used
to model the crack). The effectiveness of the two algo-
rithms to find the set of optimization parameters has
been compared by performing a statistical analysis of
the optimization results.

Very good results are obtained by both algorithms.
Better performances in term of speed rate and pre-
cision are obtained by CLM when number of iden-
tified parameters is limited. On the other hand, DE
shows good efficiency when the number of unknown
parameters increases.
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Optimal decision making for structural health monitoring
under uncertainty

S. Kim & D.M. Frangopol
Lehigh University, Bethlehem, PA, USA

ABSTRACT

The lifetime performance of structures is affected by
deterioration processes under uncertainty. Due to var-
ious uncertainties, civil structure managers can not
assess and/or predict the structural performance accu-
rately. Structural health monitoring (SHM) can be
used as an effective tool to reduce the uncertainty
related to assessment and/or prediction of structural
performance. Through acquisition of additional rele-
vant information from SHM, updating the monitoring
strategy will lead to lower life-cycle cost (Frangopol
and Messervey 2007).

In this paper, an approach for cost-effective moni-
toring planning is proposed by using decision analysis.
The maximum expected monetary value associated
with total monitoring cost is used as a decision crite-
rion (see Figure 1). The decision tree is formulated by
including availability of monitoring data for prediction

Figure 1. Expected monetary value per day versus
ratio of monitoring duration to prediction duration for
CostLoss = $100/day

and the expected monitoring cost. Based on this deci-
sion tree, the decision analysis can be performed. The
theory of statistics of extremes is applied to formulate
the availability of monitoring data. The availability of
monitoring data for prediction is defined as the prob-
ability that monitoring data will be usable over the
prediction duration. In order to quantify the potential
loss statistically, a loss function is introduced.The pro-
posed approach is applied to the monitored data of an
existing bridge.
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Earthquakes occurrence time prediction and renewal processes

E. Garavaglia
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ABSTRACT

During the last decades most countries have developed
individual programs of seismic hazard assessment
(SHA), aimed at establishing or updating the national
seismic codes. Essentially they can be divided into
Poisson and non-Poisson models. Poisson models are
widely used in engineering seismic hazard analysis,
but they may not be appropriate for large earthquakes
in the fault-specific case, because any Poisson process
is inherently memory less. But some times the Poisson
hypothesis cannot be rejected.

The aim of this paper is the modeling of earthquake
processes characterized by short and long interoc-
currence times between events of the same class of
magnitude in a way which is more consistent with the
underlying physics. The interoccurrence times process
will be modeled as renewal process with a step of mem-
ory which keeps track of the last event occurring prior
or at time t.The renewal process can be considered the
simplest of the Markovian processes, it is sufficiently
able to capture the main behavior of the earthquakes:
the renewal, and maintains simplicity in analysis also
respect the multi states Markovian processes.

By historical catalogue is often evident as interoc-
currence times between earthquakes of large magni-
tude and associated to the same homogeny seismoge-
netic zone show different behaviors (i.e. a family of
shorter interoccurrence times and a family of longer
ones), the modeling of it with a mixture distribution
able to capture both the behaviors seems to be a good
compromise. In this paper a mixture of Exponential
and Weibull distributions is proposed and discussed.
The estimation of the four parameters present in the
mixture is a difficult matter that can compromise the
whole modeling. In the paper the choice of distribution
used and the parameters optimization are discussed
and commented.

The degree of uncertainty, epistemic and statis-
tic, contained in the models is an open question and

debated since a lot of years. Without pretension to
enter in this debate, the elementary model here pro-
posed could be a first step to incorporate events both
quasi-periodic and near each to other.

The credibility of the method proposed will be
here investigated fallows the approach proposed by
Grandori in (Grandori et al., 1998 and successive)
where two different models are put in competition and
an indicator, called credibility, has been adopted to
compare the competing models and identify the win-
ner. Here the mixture model will be put in competition
with the Poisson model, and the results obtained are
suitable.

The application of the procedure proposed is made
on two Italian seismic regions with a degree of homo-
geneity in earthquake generation: Friuli and Umbria-
Marche. In these zones the interoccurrence times
behavior changes if changes the magnitude’s threshold
for which the prediction will be done.

The procedure proposed, applied on the Italian con-
text has been able to capture both Poissonian and
non-Poissonian behaviors in the interoccurrence sets
analyzed.

The robustness of the method proposed is
approached here in a preliminary form, applying the
credibility procedure also “a posteriori”.
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Comparison of seismic hazard map with maximum seismic intensity map
based on historical document
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ABSTRACT

Two kinds of maps, which describe the seismic potency
in Japan, are compared with each other. One is the
maximum seismic intensity map based on historical
documents. The map is constructed with the intensity
distributions of actual past earthquakes, but distribu-
tions were not observed systematically. The effective
observation period of the map, which is important
for understanding the hazard, would be shorter than
the actual one. Another one is the hazard map based
on the probabilistic hazard analysis. Many hazard
maps have been constructed and presented, while they
were not verified as a whole map. In this paper, for
evaluating the effectiveness of the maximum seismic
intensity map and for verifying the hazard map, the
comparison was conducted by evaluating the likeli-
hood function of the hazard map for the maximum
seismic intensity map.

The hazard maps, which describe the distribution of
exceedance probabilities of PGV, are constructed with
the method of Headquarters for Earthquake Research
Promotion of Japan (2005).

The maximum seismic intensity map is constructed
for before 1885 and for after 1885, respectively,
because systematical seismic observation started after
1885 in Japan. The map for before 1885 was con-
structed based on Usami (1999), and the map for
after 1885 was constructed with Japan Meteorological
Agency (JMA) records. Both maps describe seismic
intensities with JMA seismic intensity scales, such as
V, VI and VII.

Although systematical observation started after
1885, JMA seismic intensity scales were still judged by
human sense until 1995. After 1995, the JMA seismic
intensity was defined and associated to JMA seis-
mic intensity scales, and instrumental seismic intensity
recordings started. So, it is not sure that JMA scales
observed before 1995 correspond well with the JMA
definition. For verifying the correspondence, likeli-
hood functions for the maximum intensity map for
after 1885 were evaluated. As a result, boundary for

Figure 1. Effect of attenuation variation on the likelihood
ac-cording to earthquake type.

scale VII corresponds well with the JMA definition,
while boundaries for scales VI and V are overesti-
mated. These boundaries were adopted for estimating
the effective observation period of the map for before
1885.The results show that the effective period is about
150∼300 years, while its actual period is about 1300
years. It was confirmed that the effective observation
period of the map is much shorter than the actual
one. Moreover, for examining the difference of the
effect of ground motion attenuation variation between
earthquake types, the map construction and likelihood
evaluations were conducted for each earthquake type:
inland earthquakes and offshore earthquakes. Figure 1
shows that likelihood functions for inland earthquakes
increase with the attenuation variation while those for
offshore earthquakes decrease. It was detected that,
for constructing the hazard map, some consideration
should be given on the difference of the attenuation
variation between earthquake types.
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New efficient simulation technique for fully non-stationary stochastic
earthquake ground motion model

M. Barbato
Department of Civil & Environmental Engineering, Louisiana State University at Baton Rouge,
Baton Rouge, LA, USA

J.P. Conte
Department of Structural Engineering, University of California at San Diego, La Jolla,
CA, USA

ABSTRACT

Stochastic processes are commonly used in many engi-
neering fields to model loadings such as earthquake
ground motion, wind turbulence, and ocean wave exci-
tation. A large amount of research has been devoted
to the development of analytical models and numer-
ical simulation techniques for stochastic processes
adequate to represent loadings driven by nature vari-
ability. In earthquake engineering, the non-stationarity
in time and in frequency content has been recognized
as an essential ingredient to realistically capture the
loading effects on the structural response (Yeh and
Wen 1990). Therefore, great attention has been given
to non-stationary earthquake ground motion models,
with the aim of accurate and computationally efficient
representation of these loadings (Der Kiureghian and
Crempien 1989, Conte et al. 1992).

At the same time, Monte Carlo Simulation (MCS)
has been widely used for directly solving (often
together with variance reduction techniques) and/or
checking approximate solutions of random vibration
and system stochasticity problems (Shinozuka and
Wen 1972). MCS is a general and robust method for
solving probabilistic problems for which a determin-
istic solution is known, but usually is computationally
very expensive. A crucial step in MCS is the genera-
tion of sample functions of the stochastic processes
or random fields involved in the problem. Accu-
rate and efficient sample generation is of paramount
importance for a successful application of the MCS
technique. A general method for sample generation of
stochastic processes or random fields is the Spectral
Representation Method (SRM) (Shinozuka and Jan
1972).

In this paper, a new efficient simulation method-
ology is presented for a fully non-stationary earth-
quake ground motion stochastic process which has
found wide application in earthquake engineering
studies (Conte and Peng 1997).This new methodology,

based on a “physical” interpretation of the considered
stochastic process, is compared with the more general
SRM in terms of accuracy and efficiency.The compar-
ison between the newly proposed simulation method
and the SRM is made based on an earthquake ground
motion model obtained fitting the SEGMM param-
eters to a historical earthquake. The relative CPU
time required for simulating the earthquake ground
motion is used as measure of computational efficiency.
Accuracy is evaluated by comparing the simulation
estimates with the closed-form solutions of statistics
of the SEGMM.

From the presented comparison, the newly pro-
posed simulation method for the specific SEGMM
considered is found to be more accurate, efficient,
flexible and easy to use than the SRM. While the
SRM is a general method for stochastic process simu-
lation, the proposed method is specifically developed
for and exploits the properties of the considered fully
non-stationary SEGMM.
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A procedure for probabilistic seismic hazard analysis which allows to
account for Poisson or non-Poissonian models

S. Silvestri, T. Trombetti & G. Gasparini
Department DISTART, University of Bologna, Bologna, Italy

ABSTRACT

In the Performance-Based Seismic Design frame-
work (Moehle & Deierlein 2004), the development of
an appropriate Probabilistic Seismic Hazard Analysis
which allows to statistically characterize the seismic
input at the site of an engineering project becomes
of crucial importance. The objective of the hazard
analysis is to compute, for a given site over a given
observation time t, the probability P[IM ≥ im] of
exceeding any particular value (im) of a specified
Intensity Measure (IM ).

This paper presents an approach (assumptions +
procedure) for Probabilistic Seismic Hazard Analy-
sis, which is alternative to the widely known Cornell’s
approach (1968) and is developed on the basis of the
following concept: the seismic hazard can be rep-
resented in terms of an Intensity Measure, which,
through specific attenuation laws, is expressed, as a
function g of magnitude MS and site-epicentre dis-
tance R. The magnitude of the event, which may
occur over a given observation time t, and the dis-
tance being random variables characterised respec-
tively by probability density functions fMS (ms) and
fR(r). From basic probability theory (Ang & Tang
2007), fIM (im), over a given observation time t, can
then be obtained once IM = g(MS, R), fMS (ms) and
fR(r) are known. IM = g(MS, R) is clearly the atten-
uation law (or ground motion prediction law) at
hand. fMS (ms) can be freely chosen according to the
selected occurrence model (which may be either the
widely-used Poisson process or any other more general
Non-Poissonian model). fR(r) can be easily derived
according to the type/geometry of the seismic source
zones (line sources or area sources of various shapes).

The procedure has been fully developed with refer-
ence to more than one and generically shaped seismic
zones.

The peculiarity of this procedure, which leads to the
determination of probability functions of a selected
ground motion parameter due to the seismic action at
a specific site over a given observation time, resides
in that (i) the occurrence of seismic events may be
schematized either with the widely-used Poisson pro-
cess or with more general Non-Poissonian models,
and (ii) it allows a clear separation between differ-
ent (aleatory and epistemic) sources of randomness
(Abrahmason 2006).
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ABSTRACT

The probabilistic identification of the reference input
is fundamental for any sound engineering design. This
is particularly true in the case of seismic engineering
due to the intrinsic difficulties in the identification
of the earthquake input, as well as due the different
performances expected for the structure under such
inputs.

Within a Performance Based Seismic Design frame-
work (SEAOC Vision 2000, 1995), the choice of the
reference design seismic input (commonly referred
to as “earthquake bins”) is deeply rooted upon their
probabilistic identification. Typically, the earthquake
bins are identified by means of earthquake “inten-
sity measures” (IM s). IMs consisting of a scalar or
vector-valued combination of selected ground motion
parameters (GMPs) associated to a given probability.
In recent years, many research works (Giovenale et
al. 2004, Trombetti et al. 2007) have focused on the
identification of the optimal IM for earthquake bin
creation.

This paper focuses on the identification of groups
of uniform hazard (acceleration) time-histories for
Performance Based Seismic Design applications. In
detail, on the basis of a peculiar Probabilistic Seismic
Hazard Analysis, the characteristics that a group of
earthquake inputs must possess in order to be associ-
ated to a given exceedance probability are obtained.
The proposed procedure takes advantage of the infor-
mation carried by the “epsilon” parameter, and is
rooted on a separate treatment of the aleatory vari-
ability and the epistemic uncertainty considered in the
hazard analysis. The analytical developments allow to
identify a condition for the spectral ordinates (“spec-
tral cloud”, Fig. 1) of the acceleration time histories,
which is valid for a number of structural periods
at once, and to quantify (in terms of coefficient of
variation of the spectral ordinates) the randomness
associated to the epistemic uncertainty (error in the
spectral acceleration prediction law).

The statistical characterisation of the spectral cloud
(which can be assimilated to a lognormal random pro-
cess) as here proposed allows to: (1) treat separately
and independently the epistemic uncertainty due to the
error of the attenuation model from all other time- and

Figure 1. Spectral cloud.

space-related sources of aleatory variability; (2) iden-
tify earthquake inputs which retain their significance
independently from the period range considered; (3)
obtain groups of design earthquake inputs which can
be used for different structures and for structures with
substantial variations in vibration periods; and (4) link
the identification of the seismic hazard strictly to the
site, without involving the structure.
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An innovative concept on designing low-rise beachfront building
capable of reducing earthquake and tsunami damage impacts

I.-K. Chang & N. Liu
College of Architecture, University of Oklahoma, Norman, OK, USA

ABSTRACT

In spite of advances that have been made in search for
new and stronger materials, and effective construction
methods during the recent decades, failures of conven-
tional low-rise residential and commercial buildings,
loss of lives, and widespread economy impacts caused
by earthquake, tsunami or flood, tornado or hurricane
and wildfire remain a great threat to the mankind.

This paper presents an innovative building design
concept that integrates the architecture and the struc-
ture in harmony, and applies a method, named “ASID-
3DS” that uses “Defusing, and/or Decoupling and/or
Dynamic Solutions” for earthquake, tsunami (flood),
hurricane (tornado), and wildfire protection designs.
The application of the “ASID-3DS method is strate-
gically dependent upon the form, the function, the

site and the loads of the building. A hypothetical low-
rise beachfront building is conceptually designed. A
sequence of relevant architectural and structural inte-
gration designs are presented for the illustration of
the ASID-3DS application for the earthquake/tsunami
dual protection designs.

The ASID-3DS is presented to draw the attentions
of the practicing architects and engineers, as well as,
architectural and engineering students. It is believed
that any conceptual architecture design conceived with
the ASID-3DS integration will surely strengthen the
chances of saving lives and minimizing economic loss
brought by earthquakes and tsunamis.
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An approximate technique for the probability density function of
the response of a linear oscillator to Erlang renewal random impulse
processes

M. Vasta
University of Chieti-Pescara, Pescara, Italy

ABSTRACT

The analysis of the response of linear and non lin-
ear dynamical system to random impulsive process
is an important topic in mechanical and civil engi-
neering. It is well known that if a dynamical system
is subjected to a Poisson impulse process, the state
vector of the system is a non-diffusive, Poisson-
driven, Markov process. Its joint probability density
function satisfies an integro-differential generalized
Fokker-Planck-Kolmogorov equation, also known as
Kolmogorov-Feller equation. If however, the driving
counting process is other than Poisson, for example a
renewal process, then as the increments are not inde-
pendent, the state vector is not a Markov process. For
some classes of impulse processes the problem may
be converted into a Markov one, as for the Erlang
renewal impulse processes. Conversion of the orig-
inal non-Markov problem into a Markov one is then
done at the expense of introducing auxiliary state vari-
ables, which are discrete-valued stochastic processes
governed by stochastic differential equations driven by
a Poisson process.

In this paper an approximate solution of a general
integro-differential forward Chapman-Kolmogorov
equation ruling the joint probability density function
of the state variables and of the Markov state jump pro-
cess is considered. The equations ruling the response
probability density function are a coupled set of one
partial integro-differential equation and k − 1 partial

differential equations. The equations are solved using
an approximate technique devised by considering the
evolution of the state variables during small time inter-
vals. The governing integro-differential equations are
first converted into partial differential equations and
next the method of characteristics is used to find the
explicit solution to these equations.Transient marginal
probability density functions of the response of a linear
oscillator are evaluated from numerically determined
joint probability density distribution functions. The
validity of the approximate technique is verified by
comparing the Markov state probabilities obtained
from the joint probability density-distribution func-
tions with those obtained directly from the governing
equations for Markov state probabilities.
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On the class of impulse processes generated by two Erlang
renewal processes

R. Iwankiewicz & M. Tellier
Hamburg University of Technology, Hamburg, Germany
Arup SA, Johannesburg, South Africa

ABSTRACT

The considered class of random impulse processes
is obtained by selecting impulses from the train of
impulses driven by an Erlang renewal process. This
is done by compounding the random magnitudes of
the impulses in the Erlang renewal train with the
values of an additional, purely jump, zero-one val-
ued stochastic process which is represented by the
following replacement

where the arrival times ti are driven by an Erlang
renewal process Rν(t) with parameters ν, k and Z(ti)
is a value at ti− of the zero-one stochastic vari-
able Z(t) governed by (Iwankiewicz 2003; Tellier &
Iwankiewicz 2005; Tellier 2007).

where Rµ(t) is another Erlang renewal process, with
parameters µ, l, independent of Rν(t).

The replacement (1) implies the equivalence, with
probability 1, of the increments: dR(t) = Z(t)dRν(t).

If Rν(t) is an Erlang process, then dRν(t) = ρ(Nν(t))
dNν(t), where ρν(t) = ρ(Nν(t)) is a jump, zero-one val-
ued, stochastic process expressed in terms of some
Poisson-driven auxiliary stochastic processes. For the
Erlang process with k = 2 the function ρ(Nν(t)) is
governed directly by the stochastic equation

In order to characterize the generated impulse process,
the general expressions for the probability density
functions of the first and of the second waiting time

are derived from the basic principles. based on the
fact that the generating processes are Erlang.The mean
arrival rate h(t) of the impulses driven by an underlying
counting process R(t) is defined as

It is evaluated from the equations (2) and (3) with the
aid of the Itô’s generalized differential rule. Under the
assumption that the underlying process is a renewal
process, the mean arrival rate of the impulses is
regarded as the renewal density of the hypothetical
renewal process and the corresponding probability
density function of the inter-arrival times is obtained.
For the Erlang processes with integer parameters
k = 1, 2 and l = 1, 2 it is verified that the probabil-
ity density function of the second waiting time is a
convolution of the probability density function of the
first waiting time and of the hypothetical probabil-
ity density function of the inter-arrival times, hence
the underlying counting process is a renewal process
indeed.
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Non-linear systems under Levy white noise handled
by path integration method
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ABSTRACT

Some real phenomena observed in physics, seismol-
ogy, electrical engineering, economics and in some
other research fields show evident non-Gaussianity
either in heavy tails distribution or in the impulsive
nature of the recorded samples. According to this
new need, the Itô stochastic differential calculus has
been extended to Poissonian white noises too (Snyder
1975), providing the equation governing the evolution
of the probability density, known as Kolmogorov-
Feller equation (Iwankiewicz & Nielsen 1999, Pirrotta
2007). The need for non-Gaussian models, to describe
the fluctuations exhibited by non-Gaussian phenom-
ena, has also raised the interest in the so-called α-stable
Lévy processes (Grigoriu 2000, Di Paola et al.2007).
Linear and non-linear systems driven by external α-
stable Lévy white noise processes (formal time deriva-
tive of the Lévy motion processes labeled as Lα(t)
have been treated, in the past, either in terms of PDF
Einstein-Smoluchowsky (ES) equation or in terms of
CF (Chechkin & Gonchar 2000, Chechkin et al.2002).
However closed-form expressions for the probability
density function of dynamical systems driven by all
these white noises have been obtained only for very
restricted classes. This is the reason for the interest
towards numerical methods.

Among the numerical methods for evaluating the
PDF the so-called Path Integral Solution (PIS) is an
effective tool for evaluating the response in terms of
probability density at each time instant, for evaluat-
ing moments of various order, energy response PDF,
first passage time for strongly non-linear systems. The
PIS method mainly consists in evaluating the PDF at
a given time instant while a PDF at an earlier close
time instant (short time steps) is obtained by solving a
convolution integral.

The starting point is the Chapman-Kolmogorov
equation, in which the kernel is the transition prob-
ability density function. In this way the PDF of the
response at the time (t + τ) may be evaluated when
the PDF at an earlier close time instant (t) is already
known.The crucial point is to define the kernel accord-
ing to the system under investigation. In the case of
normal white noise, if τ is small, even if the system
is non-linear, the transition PDF is almost Gaus-
sian (short-time Gaussian approximation). It follows
that the kernel of the integral form is Gaussian and
this simplifies the analysis (Barone et al 2008). Path
integration method was also applied to dynamics sys-
tems driven by Poisson impulse processes (Koyluoglu,
Nielsen & Iwankiewicz 1995, Di Paola & Santoro
2008) and by non-Poisson, renewal impulse processes
(Iwankiewicz & Nielsen 1996).

The aim of this paper is to investigate the consis-
tency of the Path Integration (PI) method proposed ear-
lier by Naess & Johansen (1991, 1993) for non-linear
systems driven by α-stable white noise. It is shown
that at the limit for τ → 0 the Einstein-Smoluchowsky
(ES) equation is fully restored. Once the consistency
of the PI is demonstrated for the half oscillator, then
the extension of the ES equation for MDOF system is
found starting from the PI method.
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Accuracy of the narrow-band approximation of stationary wide-band
Gaussian processes for extreme value and fatigue analysis
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ABSTRACT

Accurate estimates of extreme values of wide-band
Gaussian processes depend on the tail distribution,
while fatigue damage prediction relies on cycle count-
ing of the effective stress ranges. It is well-known that
the narrow-band approximation gives conservative
results for both analyses.

The purpose of this paper is to illustrate the accuracy
(overestimation) and the applicability of this approx-
imation based on comparison with the time-domain
results. Extreme value statistics and mean fatigue dam-
age estimated by the rainflow method (Matsuishi &
Endo, 1968) are used for comparison.TheVanmarcke’s
bandwidth parameter is used to characterize a wide-
band spectrum. In total, the 4200 different spectra
analyzed by Gao and Moan (2008) are considered.

Figures 1 and 2 show the ratios of the narrow-band
approximation to the time-domain result as a function
of bandwidth parameter for three-hour extreme values
and fatigue damage, respectively. For fatigue analysis,
the slope parameter m of the SN curve is taken as 3.

In general, the overestimation of the narrow-band
method and its variation increase with an increasing
bandwidth parameter. For extreme value analysis, the
narrow-band method produces very accurate results,
which agrees well with the conclusion made by Moe
and Niedzwecki (2005). However, it becomes more
conservative for extremely large bandwidth param-
eters due to the limited number of peaks in the
duration of consideration for these processes. For
fatigue analysis, the narrow-band approximation is
practically acceptable when the bandwidth parameter
is less than 0.5, while fatigue damage might be sig-
nificantly overestimated for the bandwidth parameters
larger than 0.8.

However, a spectrum with a very large band-
width parameter might not be practically relevant.
The maximum obtained bandwidth parameter of lin-
ear wave-induced responses considered herein is about
0.59 and the narrow-band method gives only 5% and
20% overestimation for extreme values and fatigue
damage, respectively. It indicates that the narrow-
band method is a simple and good approximation for
practical use.

Figure 1. Ratio of the narrow-band approximation of 3-hour
extreme values to the time-domain result.

Figure 2. Ratio of the narrow-band approximation of
fatigue damage (m = 3) to the rainflow result (where RFC
denotes the rainflow result)
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Attempt for expansion of bridge lives by Osaka Municipal Government

E. Watanabe
Kyoto University, Kyoto, Japan

T. Yokota & Y. Komatsu
Public Works Bureau, Osaka Municipal Government, Osaka, Japan

H. Furuta
Department of Informatics, Kansai University, Takatsuki, Japan

ABSTRACT

The City of Osaka is known as a Capital of Water.
As dated on April 1, 2006, Osaka Municipal Govern-
ment is taking care of totally 763 bridges with the total
bridge length of 47.7 km and total deck area of 72.3 ha.
Since Osaka City has been developed near the estu-
ary of rivers such as River Yodo and River Yamato,
the number of streams and moats is great and conse-
quently citizens’ life and the development of the city
depend greatly on the bridges. From this reason and
the total number of bridges, Osaka City has been called
“City of Eight Hundred and Eight Bridges” and is
endowed with many historic bridges (City of Osaka
Public Eng.).

The City of Osaka is managing various bridges
such as large-scaled, roadway, viaduct over railway
and small but important living bridges. These bridges
are supporting the social activities of citizens and
some of them are landmarks of the city. The major-
ity of the Osaka City bridges were built during the
stages of the first city planning and the opening of
the World Exposition of Osaka, about 70 and 35 years
ago, respectively. Particularly, in the coming 30 years
about 100 bridges will be over the age of 100 years and
the demand for the renewal or reconstruction of these
bridges becomes stronger and thus the city has been
concerned about the soaring cost for the maintenance
or the renewal.

In view of such budget cut approximately to 40%
of the maximum in the past due to economic aggrava-
tion of the city, it is becoming difficult to maintain
bridges in the traditional method of replacing old
bridges with new ones. With these as the background,
the maintenance of bridges and the management of
road network should avoid concentration of renewal
of bridges within a short period of time. Undoubt-
edly, the preventive maintenance is much desirable
than the essential maintenance corresponding to the
more serious deteriorating state and costly repair work.

For preventive maintenance, the deterioration pro-
cess, the future condition state of bridges must be

Figure 1. Expected annual reduction of bridge expenditure
by preventive maintenance in JY billion.

precisely predicted. The Osaka Municipal Office
has started to operate the Bridge Management Sys-
tem (OBMS) since 2005. OBMS executes the opti-
mum planning for the preventive bridge maintenance
through the periodical inspection, efficient data acqui-
sition and the priority rule taking into the historic and
civic importance.

According to a trial calculation, as shown in Fig-
ure 1, the total budget in coming 30 years can be
reduced from JY 210 billion to JY 110 billion (average
annual budget from JY 7 billion to 3.7 billion) if the
preventive maintenance is executed on the aforemen-
tioned 100 old bridges but with the renewal of only 15
bridges as compared with the renewal of every one of
100 old bridges (Yokota et. al 2008).
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ABSTRACT

The design of durable concrete structures is usu-
ally based on simple criteria associated with pre-
scribed environmental conditions. Such criteria intro-
duce threshold values for concrete cover, water-cement
ratio, amount and type of cement, among others, to
limit the effects of local damage due to carbonation of
concrete and corrosion of reinforcement. However, the
lifetime performance of concrete structures exposed
to aggressive agents may significantly depend on the
structural geometry and reinforcement layout. For this
reason, a rational approach to optimum design of
durable structures should lead to find design solutions
able to comply with the desired performance not only
at the initial time of construction, but also during the
expected lifetime by considering the effects induced
by unavoidable sources of damage under uncertainty.

Based on these premises, life-cycle approaches
to structural optimization of deteriorating systems
have been proposed to highlight the fundamental role
played by the time-variant performance in the optimal
maintenance planning and selection of the optimum
structural design (see for example Frangopol et al.
1997, 2002; Kong and Frangopol 2003; Azzarello
et al. 2007; Frangopol and Liu 2007; Biondini and
Zani 2008). In this paper the life-cycle approach to
structural optimization is applied in a probabilistic
context to the minimum reinforcement design of con-
crete cross-sections subjected to diffusive attacks from
environmental aggressive agents, like sulfate and chlo-
ride, which may lead to deterioration of concrete and
corrosion of reinforcement. The time evolution of the
structural performance is evaluated by using a gen-
eral procedure proposed in previous works for concrete
structures in aggressive environments (Biondini et al.
2004, 2006).

The lifetime probabilistic optimization is formu-
lated to minimize the amount of steel reinforcement
under a time-variant design constraint on the lifetime
structural reliability. The problem is solved by com-
bining a discrete gradient-based optimization method
with a Monte Carlo simulation. The role played by a
lifetime approach to structural optimization is shown
by comparing the optimal solutions obtained with a

classical time-invariant formulation, which considers
the initial undamaged state only, and the proposed
lifetime formulation, where the time evolution of the
structural performance is taken into account. The
obtained results show that in a lifetime oriented design
the minimum feasible area of reinforcement is not
associated with the maximum depth of the steel bars
over the concrete cross-section, as it is expected in
a classical time-invariant approach, but the location
of each single bar with respect to the location of
the aggressive agent can play a crucial role in the
definition of the optimum structural design.
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ABSTRACT

The structural reliability of deteriorating systems
changes over time and, generally, proper maintenance
interventions are required to reach suitable levels of
life-cycle performance (Frangopol et al. 1997). How-
ever, proper design strategies could also contribute to
achieve the desired life-cycle reliability without main-
tenance, or with reduced maintenance activities. In
any case, since the structural performance is affected
by several sources of uncertainty, the assessment of
the life-cycle reliability must be based on a suit-
able damage modeling and on a probabilistic analysis
able to model the main features of the time-variant
deterioration process (Biondini et al. 2004, 2006).

To investigate the role of the design and mainte-
nance on the life-cycle reliability of aging structures, a
probabilistic procedure based on a semi-Markov mod-
eling of the deterioration process is adopted (Howard
1971). This procedure is used to evaluate the life-cycle
reliability by considering the effects of selective main-
tenance, characterized by repair interventions applied
only to elements heavily deteriorated and/or charac-
terized by a low safety margin. In fact, for complex
structural systems it is crucial to decide which ele-
ments require maintenance and to investigate scenarios
where repairing involves the deteriorated members
only. A selective maintenance requires suitable life-
cycle performance indicators to effectively select the
members that actually need to be repaired. To this aim,
the following condition index µ is defined (Biondini
et al. 2008):

where δ is a damage index varying in the range [0,1], R
is the strength of the considered element, and S is the
corresponding loading demand. The index µ = µ(t)
can be evaluated for each element at each time instant
t of the structural lifetime. In this way, based on a
proper threshold µmin, the condition µ(t) < µmin can be

used to identify members heavily deteriorated and/or
characterized by a low safety margin. Since µ is a
random variable, the above mentioned condition has
to be applied in probabilistic terms.

The proposed procedure is applied to compare the
life-cycle reliability and life-cycle cost effectiveness of
statically determinate and indeterminate truss systems
by considering the effects of selective maintenance.
The results prove that, when properly dimensioned,
the life-cycle cost of statically indeterminate systems
can be lower than the cost of statically determinate
systems. On the contrary, the benefit of statically inde-
terminate over statically determinate systems can be
reversed if a selective maintenance is applied. How-
ever, the positive effect of the selective maintenance
can be reduced when the maintenance cost become
important. Finally, the crucial role of a proper calibra-
tion of the damage model is pointed out. To this aim,
the proposed procedure could be integrated with the
results of inspection and monitoring activities.
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Seismic motion incoherency effects on Soil-Structure Interaction (SSI)
response of nuclear power plant buildings

Dan M. Ghiocel
Ghiocel Predictive Technologies, Inc., NY, USA

ABSTRACT

The paper discusses key aspects of stochastic modeling
of seismic motion incoherency and its implementa-
tion in the context of current engineering practice. The
paper briefly describes the theoretical basis of stochas-
tic and deterministic incoherent SSI approaches. It
should be noted that these incoherent SSI approaches
were validated by recent EPRI studies (Short, Hardy,
Mertz and Johnson, 2007) and accepted by US NRC
for the application to seismic analysis of the new
nuclear power plant structures within the United
States. The paper illustrates the effects of stochastic
ground motion incoherency on seismic SSI responses
for a typical nuclear reactor building with no mass
eccentricity and a nuclear complex building with
significant mass eccentricities founded on a rock site.

Different plane-wave coherency models are consid-
ered: i) the Luco-Wong coherency model and, ii) the
Abrahamson incoherency models.

The paper illustrates the effects of stochastic ground
motion incoherency on seismic SSI responses of a typ-
ical axisymmetric nuclear reactor building and nuclear
complex building with significant mass eccentrici-
ties. To incorporate the stochastic motion incoherency
effects on SSI response we used both stochastic and
deterministic approaches.

Figure 1. Incoherent vs. Coherent ISRS (5% Damping
Ratio).

The SSI results are compared for coherent and
incoherent seismic inputs to illustrate the effects of
motion incoherency on SSI response. The SSI cou-
pling responses of structures are primarily examined
to illustrate the additional rocking and torsional motion
effects due to the motion incoherency.

The SSI results are considered in terms of both
the acceleration response spectra and the structural
forces/stresses.

The illustrated SSI examples show that incoherency
effects are significant in the high-frequency ranges.As
a result of this, the incoherency effects affect less sig-
nificantly the low-frequency, overall seismic structural
responses, namely the structural shear and moments,
but much more significantly the high-frequency vibra-
tion modes and the in-structure response spectra
(ISRS) as shown in Figure 1.

The qualitative effects of motion incoherency
effects are: i) for horizontal components a reduction
in excitation translation along the input direction con-
comitantly with an increase in torsional excitation and
a slight reduction in foundation rocking excitation,
and, ii) for vertical component a reduction in exci-
tation translation in vertical direction concomitantly
with an increase of rocking excitation.
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On the response variability of beams with large stochastic variations of
system parameters

M. Miranda & G. Deodatis
Department of Civil Engineering and Engineering Mechanics, Columbia University, NY, USA

ABSTRACT

A common problem in stochastic structural mechanics
is the lack of empirical information available to vali-
date the probabilistic models that are assumed for the
uncertain system parameters. Consequently, extensive
sensitivity studies with respect to these parameters are
typically required. This may lead to prohibitive com-
putational costs and, possibly, to a loss of insight on
their relative effect.

In order to address the critical issues mentioned
above, the concept of Variability Response Func-
tion (VRF) has been proposed in the past as a
means of systematically capturing the effect of
the second-moment characteristics of the uncertain
parameters—specifically, the effect of the spectral
density function—on the response variability of struc-
tural systems (Shinozuka 1987; Papadopoulos and
Deodatis 2006). The existence of the VRF has been
mathematically established only for cases of statically
determinate structural systems, and for indeterminate
systems with small parameter variations by means of
first-order Taylor approximations. In both cases, the
VRF is a deterministic function that is independent of
the probability distribution and of the spectral charac-
teristics of the uncertain parameters. The existence of
the VRF for general structural systems (i.e. statically
indeterminate systems with large parameter varia-
tions) has been recently conjectured on the basis of
numerical evidence, but was found to be dependent to a
certain degree on parameter variability (Papadopoulos
and Deodatis 2006).

In this paper, a Monte Carlo-based methodology
is proposed as a generalization of the VRF concept
that is applicable to both determinate and indetermi-
nate structures with large stochastic variation in their
parameters, without the need of a conjecture (Miranda
and Deodatis 2008). Generalized VRFs (GVRFs) are
computed numerically using carefully chosen cases

of non-Gaussian random fields modeling the uncer-
tain system parameters, selected so as to have a wide
range of different probability distributions and spectral
characteristics. The GVRFs result from the solution of
a system of linear equations combining information
on the spectral characteristics and probability distri-
butions of the set of chosen non-Gaussian random
fields (matrix of coefficients), and Monte Carlo simu-
lations also based on the characteristics of these fields
(right-hand-side vector). Numerical evidence indi-
cates that the GVRFs established with the proposed
methodology—although surprisingly close to the clas-
sical VRFs—are neither unique nor independent of
the probabilistic description of the uncertain system
parameters. The deviations from the classical case
are found to be slightly sensitive to the non-Gaussian
probability distribution, but minimally dependent on
the spectral characteristics of the parameters. Tak-
ing advantage of this finding, a Fast Monte Carlo
methodology is also presented, which approximates
very well the GVRFs, while significantly reducing the
computational expense involved in their calculation.
A numerical example is presented comparing the two
proposed methodologies.
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Identification of random geometry for stochastic finite element analysis

G. Stefanou & A. Nouy
GeM – Research Institute in Civil Engineering and Mechanics, UMR CNRS 6183, University of Nantes,
Centrale Nantes, Nantes, France

ABSTRACT

In structural analysis, the incorporation of uncertain-
ties inherent in the model seems today essential if
one seeks to obtain “reliable” numerical predictions.
This necessity led in particular to a rapid development
of many ad hoc numerical methods such as stochas-
tic finite elements (Ghanem & Spanos 1991), which
provide highly accurate numerical predictions. Uncer-
tainties in material properties or loading are quite
well mastered within the context of these techniques.
Recently, some numerical strategies have also been
proposed in order to deal with geometrical uncer-
tainties (Xiu & Tartakovsky 2006, Nouy et al. 2008).
Within a stochastic analysis, these methods only con-
stitute the numerical modeling step. Upstream, the
probabilistic model has to be supplied with relevant
data, which generally requires experimental cam-
paigns to identify randomness of the model. The
identification of a probabilistic model is a very critical
point. Indeed, it first requires many samples, consti-
tuting a significant set of random outcomes, but also
robust identification techniques of random variables
or fields. Experimental campaigns or in site measure-
ments are often very expensive, a fact that drastically
limits the number of available samples and thus the
quality of the probabilistic identification.

In this paper, we propose an efficient methodol-
ogy in order to identify randomness in the geometry
of structures. This method starts from a collection of
images, representing different outcomes of the random
shape to identify. The basic point is to represent the
random geometry in an implicit manner with the level-
set technique (Sethian 1999). This technique consists
in representing the boundary of a shape with a level-
set function, which is the signed distance function to
the boundary. This technique is well known and mas-
tered in the context of shape recovery from images.
In our context, the random geometry can be charac-
terized by a random level-set function, an outcome of
which represents an outcome of the random boundary
of the shape to be recovered. The problem of ran-
dom geometry identification is then equivalent to the
identification of a random level-set function, which is
a random field. Quite general techniques have been

proposed for the identification of random fields (e.g.
Desceliers et al. 2006). These techniques are based on
a representation of the random field on a polynomial
chaos basis. Here, we follow this idea and try to iden-
tify a polynomial chaos representation of the random
level-set. In particular, we propose efficient numerical
strategies in order to identify the coefficients of the
decomposition.

The main advantage of the overall methodology is
to provide a non-intrusive identification procedure of
random geometry in a form suitable for numerical sim-
ulation within the eXtended Stochastic Finite Element
Method (Nouy et al. 2008). A numerical example will
illustrate the overall methodology, from image samples
to numerical simulation.
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Risk evaluation and reliability-based design of earth-fill dams for overflow
due to heavy rains

S. Nishimura & S. Mori
Graduate school of Environmental Science, Okayama University, Japan

ABSTRACT

There are many earth-fill dams for farm ponds in
Japan, particularly in the Setouchi, which is the area
surrounding the Inland Sea of Japan. Some of them
are getting old and decrepit, and have been weak-
ened. Every year, a number of them is damaged by
heavy rains and earthquakes, and in a few worst cases,
the dams are completely ruined. To mitigate such
disasters, improvement works are conducted on the
most decrepit earth-fill dams. Since there is a recent
demand for low-cost improvements, the development
of a design method for optimum improvement works
at a low cost is the final objective of this research. A
reliability-based design method is introduced here in
response to this demand.

In this research, the risk of earth-fills for heavy
rains is evaluated. The rainfall intensity is dealt with
as a probabilistic parameter, and the statistical model
of the annual maximum rainfall intensity is deter-
mined. Based on the statistical model, the probability
of overflow is calculated. If the water of the reser-
voir overflows on the earth-fill, it is assumed for the
embankment to be ruined here. Based on the estimated
probability of failure, the risk of the downstream area
of the earth-fill dams is evaluated. Furthermore, the
case that the capacity of the water reservoir is increased
and the spillway is improved to mitigate the risk of
the overflow, is considered, and the expected total cost
including the improvement work cost, is estimated.
The effect of the improvement is judged based on the
total cost. The detail is as the following.

The probability of overflow is defined by following
equation.

in which hd is the design overflow head on the spillway
bed, and hp is the maximum overflow head.

Then, the expected total cost is given by the follow-
ing equation.

in which CT is expected total cost, n is the frequency
of the overflows within the lifetime span t (years), PfC
is the probability of overflow corresponding to the cur-
rent state of the embankment,PfI is the probability of
overflow corresponding to the improved state of the
embankment, C0 is improvement cost, and Cf is the
failure cost due to flooding.

In this research, the improvement of the spillway is
considered, and the improvement make the discharging
ability of spillway increased drastically. In Equation
(??), the improvement cost C0 is zero for the current
state of the embankment, and it is assumed that when
the embankments are broken due to overflow, they are
restored to the same level of the improved state of
the embankment. The cost CD is the difference of the
costs between the current and the improved states of
the embankment as given by the following equation.

in which CTC and CTI present the expected total costs
of the current and improved states. The value of CD
indicates the effect of the improvement work for the
spillway.

In an actual example, the difference of the expected
total costs between current and improved states, CD,
is 28 million JPY. Therefore, the improvement of the
spillway is judged to be effective for the overflow
failure. If the rainfall intensity becomes 125% of the
current rainfall, the value of CD becomes 28 times
of the current rainfall case, namely, the improvement
becomes extremely effective.
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Reliability analysis of unsaturated soil slopes using subset simulation

A. Santoso, K.K. Phoon & S.T. Quek
Department of Civil Engineering, National University of Singapore, Singapore

ABSTRACT

It is important to consider the change in soil matric
suction due to rainfall infiltration as it may eventu-
ally lead to slope failure. The change in soil matric
suction is governed by the soil water characteristic
curve (SWCC). Uncertainty of SWCC due to inher-
ent soil variability, measurement errors or modeling
assumptions has been recognized. When this uncer-
tainty is considered, the conventional factor of safety
is no longer sufficient to assess slope stability. A more
realistic indicator is the probability of slope failure,
which can be estimated using reliability analysis. Due
to the physical complexity of unsaturated slope sta-
bility problems, simple reliability methods may not
be applicable. A recently proposed general simulation
technique, namely subset simulation, is adopted in this

study. The variability of SWCC is propagated to the
hydraulic conductivity curve using a model suggested
by van Genuchten (1980) and Mualem (1976). The
change in matric suction due to rainfall infiltration
is computed using a finite element transient seepage
analysis. The impact of the variability of SWCC on the
factor of safety and the probability of failure is stud-
ied using infinite slope examples. It will be shown that
subset simulation can estimate the probability of slope
failure more efficiently than standard Monte Carlo
simulation.
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A new reliability-based design approach on limit-state factor

Jianye Ching
National Taiwan University, Taipei, Taiwan

ABSTRACT

Recently, reliability-based design approaches emerge
as a more reasonable and rigorous way of handling
uncertainties. In particular, design approaches based
on load and resistance factors (LRFD methods) are
increasingly popular. However, for geotechnical prob-
lems, it is sometimes not trivial to discriminate loads
from resistances. The implementation of LRFD meth-
ods seems problematic for these cases. In this paper, a
completely different view is taken for reliability-based
design. It is shown that sophisticated reliability-based
design can be achieved with a single factor, called the
limit-state factor. Moreover, the new approach does
not require discrimination between loads and resis-
tances but only requires the knowledge of the limit
state function. Even more attractively, simple Monte
Carlo simulations are sufficient to calibrate the limit-
state factor. Several numerical examples are used to
verify the proposed approach, including the follow-
ing example considers a shallow foundation (shown in
Figure 1). The results show that the proposed approach
is quite promising.

The only limit state considered here is the ultimate
bearing capacity:

The estimated η∗ vs. P∗
F relationship is shown in

Figure 2. The same examining approach adopted in
Example 1 is taken to verify this relationship. Figure 3
show the comparison of the allowable reliability-based
design regions SR and the limit-state design regions SL.

Figure 1. The cross section of the shallow foundation.

Figure 2. The estimated η∗ vs. P∗
F relationship for the limit

state.

Figure 3. The examining results for the limit state.

It can be seen that the two sets match each other very
well. This indicates that the resulting limit-state design
is indeed very close to the reliability-based design.
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Reliability assessment of monitoring well networks in stratified groundwater
flow systems

K. Inoue, M. Tabata & T. Tanaka
Graduate School of Agricultural Science, Kobe University, Japan

G.J.M. Uffink
Faculty of Civil Engineering & Geosciences, Delft University of Technology, The Netherlands

ABSTRACT

Common goals of monitoring groundwater quality
include detecting and mapping contaminants migrat-
ing from landfills, hazardous waste sites, or agricul-
tural fields The objective of this paper is to analyze
the reliability of groundwater monitoring systems at
hazardous waste sites by examining thoroughly the
influence of several parameters that play an important
role in monitoring network and to assess the relation
between the detection loss of contaminants and the cost
associated with the monitoring network of concern.

Model domain is assumed to be a vertical two-
dimensional aquifer with candidate observation points
within a monitoring well. In this study, perfectly
stratified aquifers with variation of hydraulic conduc-
tivity of parabolic, linear and step function formations
are considered where the arithmetic mean value of
hydraulic conductivity K is considered to be 20 m/day
whereas the variance of the natural logarithm of the
isotropic hydraulic conductivity ln(K) is assigned
several values between 0 and 2.

Results obtained from numerical experiments using
random walk particle tracking linked with random
sampling technique showed the dependence of the reli-
ability of monitoring systems on several parameters
such as dispersivity of the medium, heterogeneity of
the medium, detection threshold and number and loca-
tion of the observation points. It was indicated that
subsurface heterogeneity is an important factor that
affects the reliability of the contaminant and the shape
of the plume.

This study revealed that increasing the probabil-
ity of detection requires that either more monitoring
wells be used or that the wells be located relatively
close to the source as shown in Figure 1. Moreover,
locating a monitoring network closer to the contami-
nant source is suited to early detection of a potential
contaminant release and to reduce the risk of detec-
tion loss. On the other hand, in addition to the risk, it
was demonstrated that evaluation of cost is essential
for decision-making to install monitoring system. As
shown in Figure 2, risk and cost substantially varies

Figure 1. Relation between the location of well and detec-
tion probability under the parabolic spatial variation of
hydraulic conductivity.

Figure 2. Results of risk-cost as a function of monitoring
system location for different variances, monitoring points,
and detection limits under the porous formations of step
function type.

according to the number and location of observa-
tion points. Hence, risk and cost assessment plays an
important role in the stage of aquifer management or
initial detection of groundwater contamination.
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Effect of uncertainty in soil properties on seismic settlement
of earth structure

A. Wakai
Gunma University, Kiryu, Japan

S. Nishimura
Okayama University, Okayama, Japan

S. Tani
National Institute for Rural Engineering, Tsukuba, Japan

ABSTRACT

In the seismic design of embankment, it is usually
assumed that the soil in the embankment is homoge-
neous. However, such a simple homogeneous analysis
with uniform material may often provide us an inap-
propriate prediction, which is much different from the
actual phenomena. The predicted result is strongly
affected by the statistical uncertainty of each material
parameter and their spatial variation in the embank-
ment. It indicates that the mean values always could not
be adopted as the representative of the heterogeneous
soil properties in the embankment.

In this study, the residual settlement of a heteroge-
neous embankment, induced by a strong earthquake,

Figure 1. Conceptual figure of application for design based on reliability concept.

is analyzed in the parametric studies with the dynamic
elasto-plastic finite element analysis.The Monte Carlo
simulation, based on a huge number of trials for
randomly varying soil parameters, is performed to
investigate the sensitivity of the uncertainty in material
properties in the embankment. Such a simple proba-
bilistic approach is more reliable for a complicated
problem with strong material nonlinearity, because a
conventional finite element code can be used in each
trial calculation.

Based on the conclusions obtained from the Monte
Carlo simulation performed in this study, we may
develop a more rational seismic design procedure
based on the reliability in the future. Its conceptual
figure is shown as bellows.
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Optimal multi-objective seismic design of a highway bridge by
selective use of nonlinear static and dynamic analyses

D. Vamvatsikos
Department of Civil & Environmental Engineering, University of Cyprus, Nicosia, Cyprus

ABSTRACT

A methodology is introduced for the optimal multi-
criteria performance-based seismic design of highway
bridges by selectively employing nonlinear static and
dynamic analysis to emulate full Incremental Dynamic
Analysis (IDA). IDA is a novel analysis method that
can thoroughly estimate the seismic demands and
limit-state capacities of structures under seismic loads
by subjecting a structure to a suite of ground motion
records that are suitably scaled to several levels of
intensity (Vamvatsikos & Cornell 2002). By combin-
ing the results with probabilistic seismic hazard anal-
ysis the mean annual frequencies of exceeding each
limit-state are estimated. However, IDA is computer-
intensive and it easily becomes prohibitively expensive
for optimization purposes.

Simplified methodologies have recently emerged
that are able to accurately approximate the results of
IDA at a fraction of its cost (Vamvatsikos & Cornell
2005). Such methods can be employed in an optimiza-
tion framework to rapidly evaluate the potential of
candidate designs to lie close to the opti-mum. Thus,
we can discard most candidate designs and form an
elite set suitable for full-scale IDA evaluation. IDA-
level accuracy is retained but the computational load
is significantly decreased. Moreover, the user may tune
the optimization towards either speed or accuracy by
decreasing or increasing, respectively, the size of the
elite set.

This unique analysis capability is applied on a typ-
ical two-span, single-column bent high-way bridge
using the NSGA-II algorithm for multi-criteria opti-
mization (Deb et al. 2000) that can accurately evaluate
alternate designs to select the ones that satisfy mul-
tiple criteria in a Pareto sense. The criteria selected
are the material cost and the mean annual frequency
of exceeding the Global Instability limit-state. Addi-
tionally, design constraints are placed on the return
periods of the Immediately Operational, Operational,
Life-Safe and Collapse Prevention limit-states (Porter
2002). The intent is to satisfy some standard oper-
ational and safety requirements while minimizing
simultaneously the bridge cost and the frequency of

Figure 1. The bridge to be designed.

collapse, allowing the engineer to choose the best
tradeoff. The final result is a sophisticated tool for
optimal design that achieves a compromise between
the speed of nonlinear static methods and the accuracy
of nonlinear dynamic methods to generate Pareto-
optimal designs for structures under seismic loading.
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The seismic fragility assessment of the feed water tanks plant using robust
prediction concept of structural response

P. Varpasuo
Fortum Nuclear Services Ltd, Espoo, Finland

ABSTRACT

Robustness in the prediction of structural response
is an essential requirement for probabilistic fragility
assessment. The fragility of a component is defined
as the conditional probability of its failure given a
value of the response parameter, such as displacement,
strain, stress or stress resultant. The first step in gener-
ating fragility is to develop a clear definition of what
constitutes the failure of a component. It may be neces-
sary to consider several modes of failure, and fragility
is required for each mode. To assess the structural per-
formance, it is important that robust predictions are
made that treat all the uncertainties, from modeling
applicable loads to modeling the structural behavior.

For large tanks such as the feed water tank, a fail-
ure of the support system or a plastic collapse of the
pressure boundary is considered to be the dominant
failure mode. Structures can be considered to fail func-
tionally when the inelastic deformations under seismic
loads are estimated to be sufficient to potentially inter-
fere with the operability of equipment attached to
the structure or fractured sufficiently for equipment
attachments to fail. The event and fault trees should
appropriately reflect these failure conditions.

The fragility of large components is directly devel-
oped from the seismic response analysis results. The
component fragility for a particular failure mode is
expressed in terms of the ground-acceleration capac-
ityA. The fragility is therefore the probability at which
the random variable A is less than or equal to a spec-
ified value, a. The ground-acceleration capacity is, in
turn, modeled as

In Eq. (1) A is the median ground-acceleration
capacity, εR is variable representing the inherent ran-
domness about A, and εU is a random variable rep-
resenting the uncertainty in the median value. It is
assumed that both εR and εU are log-normally dis-
tributed with logarithmic standard deviations βR and
βU , respectively.
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Modeling of phase spectrum of earthquake motion using the concept of
group delay time

Tadanobu Sato
Section of Disaster Management and Social Service, Kobegakuin University, Kobe, Japan

Tomohiro Kawanishi & Yoshitaka Murono
Railway Technical Research Institute, Earthquake & Structural Engineering, Kunitachi, Tokyo, Japan

Wataru Isaka & Hitoshi Furuta
Department of Informatic, Kansai University, Takatsuki, Osaka, Japan

ABSTRACT

To simulate realistic earthquake motions, we need not
only amplitude spectrum but also phase spectrum.
To investigate the non-stationary characteristics of
earthquake motion, its phase characteristics should be
modeled properly. The concept of group delay time is
used to develop a simulation model of phase spectrum
of earthquake motion.The mean and variance of group
delay time are assumed to be expressed as functions
of the earthquake magnitude, traveling path and local
effects. We have already derived the regression coeffi-
cients of the mean and standard deviation of the group
delay time of earthquake motion (Sato et. al. 2000, Sato
et. al.2003), but the equations used in the former stud-
ies were similar to the attenuation equations of the peak
acceleration, velocity and displacement of earthquake
motion. These regression equations do not compat-
ible with the physical process of wave propagation
phenomenon.

In this paper we proposed new regression equation
of group delay time based on the physical consider-
ation. When the earthquake motion is expressed by
a convolution of the source time function, the time
function of traveling path and the time function of
local effect, the phase spectrum of earthquake motion
is given as the sum of phase spectrum of these three
functions. The group delay time of earthquake motion
is also expressed as the sum of group delay time of
three functions because the group delay time is the
first order derivative of phase spectrum with respect
to the frequency. The functions used for the regression
analyses here are a linear combination of hypocen-
ter distance, parameter expressing local effect and
exponential function of earthquake magnitude.

To calculate mean and variance of group delay time
we deconvolute the time history of earthquake motion
into several band passed time histories using Meyer
(1967) wavelet. Assuming ergodic characteristic of

group delay time process in the each band frequency
domain we calculate mean and variance of group delay
time from band passed time history. Almost ten fre-
quency band of Meyer’s wavelet is selected to cover
the frequency range of earthquake engineering inter-
est. Using these data we determine the parameter of
regression equation of mean and variance of group
delay time.

The stochastic characteristic of group delay time is
also investigated using observed earthquake motion.
We provide a reasonably acceptable background for
the assumption of Gaussian process of group delay
in the frequency domain to simulate a sample group
delay time.

Finally, we demonstrate the efficiency of our model
by simulating sample earthquake motions compatible
with a response spectrum (Annnaka et.al., 1982).
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ABSTRACT

This paper presents a new method to simulate a phase
spectrum of earthquake motion by using the concept of
group delay time and stochastic differential equation.
It is known that the phase spectrum is an important
characteristic of earthquake motion. Although ampli-
tude and phase spectra are essential to simulate an
earthquake motion there have been very few research
efforts conducted on the modeling of phase spectrum
comparing with the modeling of amplitude spectrum.

In the first part, we introduce a method to calculate
group delay time, which is a function of frequency,
from observed earthquake motions. Using dataset of
observed earthquake motions we develop a database
of group delay time to be used for regression analy-
sis of parameters controlling a stochastic differential
equation defined in the second part of this paper.

In the second part we assume that the stochastic
characteristic of group delay time is expressed by a
stochastic differential equation of which mean and
square processes are defined by ordinary differential
equations. The coefficients of stochastic differential
equation can be expressed by the coefficients of its
mean and square process. Because these coefficients
are function of frequency we assume ergodic charac-
teristic of group delay time in frequency domain. Then
an algorithm is developed to identify the coefficient
functions that controlling the stochastic differential
equation. For simplicity, the coefficient functions are
assumed to be expressed by power series of fre-
quency. Two identification schemes such as least
square method and Levenberg-Marquardt method are
used to identify coefficients of the power series. After
storing these power series coefficients into parameter
dataset we developed regression equations for these
coefficients as function of earthquake magnitude,
epicenter distance and local effects.

In the third part, the Milstein approximation scheme
is used to solve the stochastic differential equation
of group delay time. After we check the stochastic
characteristics of simulated sample group delay times
comparing with those of observed earthquake motions
we demonstrate efficiency of developed method to
simulate group delay time of earthquake motion. A
sample phase spectrum is obtained by integrating
a sample group delay time with respect to the fre-
quency. The efficiency of the simulation model of
group delay time is also demonstrated by simulat-
ing design earthquake motion compatible with design
response spectra.
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Physical theory model to simulate cyclic behavior of braces
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ABSTRACT

During an earthquake, the seismic energy is mainly
dissipated within the braces in steel braced frames.
Thus, the overall performance of such frames depends
largely on the hysteretic behavior of the braces. The
hysteretic behavior of steel braces involves complex
physical phenomena such as; yielding in tension,
progressive lengthening called growth effect, inelas-
tic buckling in compression as well as deterioration
of the buckling capacity due to Bauschinger effect
and the residual kink within the brace. It is impor-
tant to have an accurate analytical model of this
complex hysteretic behavior to correctly predict the
seismic response of steel braced frames particularly
for performance-based design purposes.

Many experimental and analytical studies have been
conducted on the hysteretic behavior of steel braces
The experimental studies provided a wide range of
data which have been used by many researchers to
develop analytical models to simulate the hysteretic
behavior of braces under severe cyclic load reversals.
The developed analytical models can be categorized
in three groups; finite element, phenomenological
and physical theory models. Finite element models
are computationally quite expensive. In contrast, phe-
nomenological models, which are based on simplified
hysteretic rules that mimic the experimental cyclic
axial force-deformation relationship of braces, are
computationally more efficient than finite element
models. Nonetheless, their range of application is lim-
ited to braces having experimental data. On the other
hand, physical theory models combine the advantages
of both finite element and phenomenological mod-
els. Therefore, these models are more suitable for the
analytical formulation of axial force-deformation hys-
teretic behavior of steel braces. However, most of the
existing physical theory models are either limited by
several specific empirical coefficients available only
for certain brace types for the simulation of the growth
and Bauschinger effects or fail to accurately simulate
such effects for various brace types. Thus a simple
physical theory model that addresses all the limitations
stated above is required.

In this study, a simple, yet an efficient physical the-
ory model that can be used to simulate the inelastic

Figure 1. Comparison of experimental and analytical axial
force versus axial and transverse direction hysteresis loops
of W-Section braces (KL/r = 120).

cyclic axial force-axial deformation and axial force–
transverse deformation relationships of steel braces is
developed. The model consists of a brace idealized as
a pin ended member with a plastic hinge located at its
mid-length. Input parameters of the model are based
only on the properties of the brace. and is broadly
applicable to steel braces with various section types
and slenderness ratios. It is observed that the analyt-
ically obtained axial force versus axial displacement
as well as axial force versus transverse displacement
hysteresis loops compare reasonably well with the
experimental ones as demonstrated in Figure 1 below.
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ABSTRACT

Steel structures are designed for ductility, where the
earthquake energy is dissipated in plastic hinges.
Under this design philosophy, when a conventional
steel structure such as moment resisting frame (MRF)
or chevron braced frame (CBF) is subjected to a strong
earthquake, yielding of the plasticized zones and the
resulting large permanent displacements may induce
nearly irreparable damage to the structure.Thus, it may
be required to rebuild the essential structural members
of the structure following a strong earthquake.

MRF and CBF are commonly used in the construc-
tion of steel buildings. The MRF has large ductility
capacity compared to other frame types. However, it
requires large member sizes to keep the lateral drifts
within code-mandated limits. Even then, the flexibility
of the MRF may result in large drift-induced nonstruc-
tural and structural damage under seismic loading.
Consequently, costly post-earthquake rehabilitation of
the structure may be required. On the other hand, CBF
possesses high elastic stiffness to prevent large drifts.
Material saving could also be achieved as the frame
members are subjected to less bending effect due to
the presence of the braces. However, its ability to dis-
sipate energy solely depends on the unstable hysteretic
behavior of the braces due to buckling effects produc-
ing loss of lateral stiffness and strength of the frame.
This in turn, results in soft-story formations, instability
and hence damage to the frame members.

In light of the above discussion, it is clear that in
addition to the advantages of each frame type, there are
numerous disadvantages. Furthermore, both frames
are prone to substantial structural damage during a
strong earthquake. Consequently, a novel frame sys-
tem is needed to ensure satisfactory post-earthquake
performance of steel buildings under service loads
with minimal rehabilitation cost.

In this research, the seismic performance of an
efficient energy dissipating eccentrically braced steel
frame (EEDBF) in relation to that of MRF and CBF is
studied. The frame is intended to combine the advan-
tages of MRF and CBF and eliminate most of the

disadvantages pertinent to these frames. Seismic anal-
yses of the three frames are conducted to assess the
performance of the EEDBF compared to that of MRF
and CBF.

The analyses of the frames revealed that MRF gen-
erally yield large inter-story drifts compared to the
other frames. On the other hand CBF displays a good
response for low to moderate intensity earthquakes
and for lower number of stories. Nonetheless, for high
intensity earthquakes and for larger number of stories,
a sudden deterioration in the strength and stiffness of
the frame is observed. Furthermore, the behavior of
the CBF is found to be highly dependent on the brace
contribution to the overall strength of the frame, the
slenderness of the braces and the frequency character-
istics of the ground motion. On the other hand, EEDBF
displays a more stable behavior over a wide range
of structural and ground motion properties. It also
exhibits a more even distribution of earthquake input
energy over the height of the frame and generally yields
lower drifts as compared to the other frames studied.
Moreover, the behavior of the EEDBF is independent
of the brace properties. Thus, EEDBF combines the
advantages of both CBF and MRF and therefore, dis-
plays an overall more desirable behavior as compared
to the other frames. Damage analyses of the frames
also revealed that the EEDBF generally exhibits less
damage and larger reserve lateral deformation capac-
ity compared to the other frames. Thus, in the event of
an earthquake, it is anticipated that the yielding of the
SE in the EEDBF will prevent buckling of the braces
and minimize damage to the structural components of
the frame. The damaged SE can be easily replaced for
a relatively small cost. This may result in a minimal
post earthquake rehabilitation cost compared to the
other frames.
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Application of optimal system reliability concepts to risk prediction of rock
slopes

M.P. Enright & A. Ghosh
Southwest Research Institute, San Antonio, TX, USA

ABSTRACT

The need for reliability assessment of rock slopes is
becoming increasingly recognized in the geotechni-
cal community, particularly where significant losses
are possible in terms of safety and economic risk. As
design codes and standards are gradually upgraded
to include quantitative reliability requirements, the
demand for probabilistic risk quantification method-
ologies continues to increase. As part of this effort,
more accurate reliability estimation methods are
needed to bridge the gap between complex determin-
istic models and sophisticated uncertainty quantifica-
tion methods to provide a realistic assessment of these
potentially high-consequence engineering projects.

A system reliability approach can be used to assess
the reliability of rock slopes in which a sliding rock
mass is modeled as a number of interconnected blocks.
The computation time associated with reliability pre-
diction of general systems may require significant
computations, particularly if correlation among mem-
bers and postfailure material behavior are considered.
Although the time required for deterministic computa-
tions has been dramatically reduced by the availability
of highly efficient computers, it is still a significant
issue for simulation-based risk assessment of systems
with relatively small failure probabilities.

A method has recently been developed for
sampling-based system reliability predictions that
identifies the number of Monte Carlo samples needed
for individual members and failure modes. It is an
extension of a technique developed previously for
mutually exclusive failure modes. It consists of opti-
mal allocation of Monte Carlo samples to individual
members based on initial estimates of the associated
failure probabilities. The optimal solution is deter-
mined by minimizing the variance of the system. This
method has the potential to substantially reduce the
total number of simulations required for a specified
accuracy level.

In this paper, the optimal methodology is applied
to the efficient risk prediction of rock slopes modeled
as structural systems. An algorithm is presented for
allocating samples to block failures based on estimates
of the individual block failure probabilities.The results

Figure 1. System probability of failure probability den-
sities associated with uniform and optimal sampling for
representative rock slope.

can be applied to efficient risk prediction of general
rock slopes.
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The use of variance decomposition in dimension reduction for stochastic
structural systems

Sanjay Arwade & Mohammadreza Moradi
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ABSTRACT

In considering the response of structural systems to
environmental loads it is possible to treat the struc-
ture as filter with random parameters that transforms
a load into a response. The load may itself also con-
tain uncertainties. One challenge in the treatment
of uncertain structural systems is the typically large
number of random parameters in the system. A tech-
nique for rapidly identifying a subset of the random
system parameters that are particularly important in
determining system response would aid in efficient
evauluation of structural reliability. Existing method
for indentifying such parameter subsets include sen-
sitivity analysis and principal components analysis.
Here the SobolÕ decomposition is implemented as a
method for identifying the important subset of sys-
tem random parameters. The Sobol decomposition
expresses a function of many random variables as the
summation of a series of functions of all permutations
of the set of random variables, and, most importantly,
decomposes the total system variance in partial vari-
ances quantifying the contribution of each individual
random variable and all permutations of the random

variables. By setting a threshold value for the fraction
of the total variance that should be captured one can
use the SobolÕ partial variances to identify a subset
of the random variables that drive a specified frac-
tion of the total response uncertainty. This approach to
using the Sobol decomposition leads to the possibil-
ity of reducing the dimension of the space of random
parameters in which the system resides. Using the
Sobol functions an approximation to the original func-
tion can be obtained. Some issues that arise in using
the Sobol decomposition in this way are the rate of
convergence of the reduced order representation and
accurate estimation of the partial variances. In the
absense of an analytic form for the response the partial
variances must be estimated by Monte Carlo Simula-
tion in a high dimensional parameter space.This above
approach to dimension reduction and approximation of
systems with many random parameters is applied to the
problem of the collapse load of structural frames with
random material strength and stiffness. It is shown that
convergence of the estimates of the partial variances
is fast, and that an approximation to the true response
function can be obtained with the inclusion of only a
relatively small subset of the system parameters.
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Efficient reliability analysis of general systems by sequential compounding
using Dunnett-Sobel correlation model
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ABSTRACT

For risk management of an engineering system, it is
essential to evaluate the likelihood of its failure effi-
ciently and accurately. Suppose the probability of a
system event is given by the following multivariate
normal integral:

where Esys is the system event; � denotes the domain
of the system event defined in the space of multi-
variate standard normal random variables Z; σn(.) is
the joint probability density function of Z; and R
is the correlation coefficient matrix. Evaluation of
the multifold integration in Equation 1 is challeng-
ing especially when the definition of the system event
is complex; the system has a large number of compo-
nents; and/or the component events have significant
statistical dependence.

To overcome these challenges, this paper proposes
a new multi-scale system reliability analysis method,
which is applicable to any general systems includ-
ing series, parallel, cut-set and link-set systems. The
method sequentially compounds the components in a
sub-parallel or sub-series system into a single equiva-
lent component. During the compounding process, the
reliability index of the compound event and the cor-
relation coefficient between the new compound event
and the other events are updated by use of the Dunnett-
Sobel correlation model (Dunnett & Sobel 1955). A
heuristic procedure is also proposed to overcome the
constraint of the Dunnett-Sobel model, which will be
validated through extensive parametric studies in the
future.

The accuracy of the proposed method is demon-
strated through various numerical examples in com-
parison with other existing methods. For example,
Figure 1 shows the probability of a parallel system with
ten components having equal reliability index but all
different correlations. The proposed method shows a
good agreement with the Monte Carlo simulation with
108 samples compared with the product of conditional

Figure 1. Comparison of the proposed method, the MSR
method and the PCM method for parallel systems consisting
of 10 components with unequal correlation coefficients.

marginal method (Pandey 1998) and the matrix-based
system reliability method (Kang & Song 2008).

The proposed method enables efficient computa-
tion of the multivariate normal integral in Equation
1 because it does not involve sampling or multi-fold
numerical integrations.Another important merit of the
proposed approach is that one can find the correla-
tion coefficients between sub-systems accurately, e.g.
correlation between cut sets or link sets, which may
provide important insights on the statistical correlation
between failure modes.
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Accidental eccentricity effect on structural reliability
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ABSTRACT

The text in this paper is for visual purpose only. No
rights can be taken from this.

Building codes, such as the Uniform Building Code
(ICBO 1991), has introduced the concept of acci-
dental eccentricity, for estimating the uncertainty in
system mass, stiffness and so on. Accidental eccen-
tricity can therefore be considered an important factor
affecting structural reliability. However, limited efforts
have been made to investigate the effects of acciden-
tal eccentricity on structural reliability (e.g. Wang and
Foliente 2002). To address the issue, this study inves-
tigated the effects of accidental torsion in seismic
reliability assessment. The analyzed structures are a
6-story and a 20-story regular steel office buildings
(Wei 2006). The eccentricity in a floor plan was sim-
ulated by shifting the mass form the centroid by 5%
of the dimension normal to earthquake shaking. The
eccentricity along building heights was replicated by
Latin hypercube sampling. That allowed considering
a more realistic distribution of live load mass and the
accidental torsion. The effect of ignoring accidental
torsion and the use of code accidental eccentricity were
also assessed.

The fragilities for immediate occupancy and life
safety were evaluated using 0.7% and 2.5% interstory
drift limits (θ) (FEMA 2000). Two limit-state proba-
bilities are considered of great importance. One is the
10% failure probability for exceeding the limit state
of immediate occupancy. The other is the 50% failure
probability for exceeding the limit state of life safety.
These two limit-state PGAs were assessed and com-
pared in detail. Analysis results show that accidental
torsion may play a minor role in seismic reliabil-
ity assessment. However, the fragilities for low-rise
buildings and at small drift limits may be underesti-
mated if ignoring the accidental torsion effects. On
the other hand, the code recommendation of 5% mass
eccentricity at all floors may provide conservative esti-
mates. More-over, the trend will increase in high-rise
buildings at small drift limits.

Table 1. Limit-state PGAs for 6- and 20-story buildings.

6-story building NONE EC REC

θ>= 0.7% PGA (g) 0.171 0.144 0.157
Pf = 10% Normalization 1.089 0.966 1.000

θ>= 2.5% PGA (g) 0.625 0.585 0.620
Pf = 50% Normalization 1.008 0.944 1.000

20-story building NONE EC REC

θ>= 0.7% PGA (g) 0.310 0.243 0.298
Pf = 10% Normalization 1.040 0.815 1.000

θ>= 2.5% PGA (g) 1.343 1.393 1.429
Pf = 50% Normalization 0.940 0.975 1.000

Note: there are three eccentricity cases. NONE: without
eccentricity; EC: with 5% mass eccentricity at all floors (i.e.
code recommendation for accidental torsion); REC: with 5%
mass eccentricity at arbitrary floors (i.e. the accidental torsion
induced by an unfavorable live load mass distribution).
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Seismic reliability assessment of water supply systems
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ABSTRACT

Reliability assessment of water networks is a com-
plex process because many issues have to be taken
into consideration. These include possible variations
in demands, reliability of individual components and
their locations, fire flow requirements and their loca-
tions to mention but a few. Further complications arise
from the fact that it is difficult to consider useful
performance measures for the network under heavy
seismic damage with different damage states.

Markov et al. (1994) developed a special algorithm
for the hydraulic analysis of the seismically damaged
network and calculated serviceability measures for
the auxiliary water supply system in San Francisco.
Hwang et al. (1998) performed a hydraulic simulation
analysis to assess the serviceability of the water sup-
ply system in the city of Memphis. The serviceability
of a system was determined from the connectivity and
flow analysis of a seismically damaged network which
was established from the Monte Carlo simulation.
Shi (2006) and Wang (2006) developed a hydraulic
network model for earthquake simulation of water
network operated by the Los Angeles Department of
Water and Power. The model accounted for flows and
pressures in a heavily damaged system and provided a
method for simulating pipeline leakage and breakage.

We have developed a representative hydraulic
model which is able to evaluate the performance of
water supply systems considering hydraulic analysis
and modeling both breakage and leakage as well as
accounting for various leakage scenarios in pipeline
systems (Javanbarg & Takada 2007). In the method,
two reliability measure were considered presenting
seismic performance of each node within the system;
availability index which is the ratio of the output avail-
able water pressure in damaged network to the required
pressure at each demand node within the undamaged
network, and serviceability index which is the ratio of
the output available water flow demand in damaged
network to the required water flow demand at each
demand node within the undamaged network. In this
study we have applied the proposed model to seismic

Figure 1. Simulated water suspension pattern by both power
interruption and pipeline failure impacts at 6:00 AM.

performance assessment of Osaka City water network
(Fig. 1).
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Reliability analysis of infrastructure and lifeline networks using OBDD
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ABSTRACT

The increased complexity of the real-life networks
such as infrastructure and lifeline networks requires
new analytical methods to evaluate their behavior. In
the last decades, Binary Decision Diagrams (BDD) has
provided an extraordinary efficient method to repre-
sent and manipulate Boolean functions. Akers (1978)
proposed BDD as a powerful representation of truth
tables with an easy implementation. Since his work,
there has been a tremendous amount of literature
in which BDD has been utilized for different appli-
cations. Bryant (1986) applied the BDD concept to
Boolean function manipulation. Rauzy (1993), Coud-
ert & Madre (1994) and Sinnamon & Andrews (1997)
applied BDD to reliability analysis of fault trees. In this
study, we apply the Ordered Binary Decision Diagram
(BDD) to network reliability analysis of infrastructure
networks to achieve the exact terminal-pair reliability.

The effectiveness of this approach has been demon-
strated by performing experiment on several lifeline
networks. The Boston major highways network has
been considered as the first case study. Taleb-Agha
(1977) analyzed the seismic reliability of this life-
line system using series systems in parallel (SSP)
network. The same network was also modeled by Sel-
cuk and Yucemen (1999) with the aid of a shortest
path algorithm using breadth first search (BFS) of
graph. Another case study has been considered from
Ching and Hsu (2007) who developed a novel source-
destination (O-D) connectivity reliability method for
lifeline networks. As the last case study, we have
applied OBDD to reliability analysis of the Kobe city
water network (Javanbarg &Takada, 2007).The results
of nodal reliability using OBDD are compared with the
results of both deterministic and probabilistic models
(Javanbarg & Takada 2007) as presented in Figure 1.
It has been found that, OBDD is able to evaluate the
exact terminal-pair reliability for a real-life network
which is defined as probability that the nodes in the
network can communicate to each other, taking into
account the possible failures of network links.

Figure 1. Comparison between the OBDD reliability results
and results of the case study from Javanbarg &Takada (2007).
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On risk and reliability – Contributions to engineering and future challenges

A.H.-S. Ang
University of California, Irvine, CA, USA

EXTENDED ABSTRACT

The historical development of the reliability approach
to engineering, with emphasis on the applications to
design of civil structures and infrastructures is briefly
reviewed.

The main objective of the reliability approach is
the modeling and analysis of uncertainties – both
the aleatory type and the epistemic type. In light of
unavoidable uncertainties in all aspects of engineering,
the design variables and parameters need to be mod-
eled as random variables and thus require probability
and statistical concepts and methods.

The theoretical basis of this approach was first
introduced by Freudenthal in the 1940s; although con-
ceptually and theoretically sound and more rational
than the traditional safety-factor method for defining
the safety and reliability of an engineering system,
the implementation of the approach by practicing
design professionals was met with considerable skep-
ticism and consternation. Additional developments to
overcome the major obstacles in implementing the
approach were, therefore, required. These obstacles
included the reluctance of the structural designers in
accepting the notion that there might be a finite (albeit
small) probability of failure in the design of a structure.

The additional developments in the last three-four
decades included the introduction of the concept of the
reliability index or safety index. The reliability index
is related to the probability of failure; for a speci-
fied set of probability distributions, this relationship
is unique. Therefore, for a given value of the relia-
bility index, there is a corresponding probability of
failure; however, its use as the measure of safety or
reliability avoids any explicit reference to a failure
probability, even though such a probability implic-
itly exists. The introduction of the reliability index
served to spur the adoption of the reliability approach
in the safety assessment and reliability-based design
of structures and infrastructures, including codified
designs of buildings, bridges, ship, marine and off-
shore structures, applications in geotechnical systems,
as well as applications in seismic and other hazard
analyses.

The central issue underlying the importance of
the reliability approach is the need for a rational

basis for modeling and analysis of uncertainty. In this
regard, uncertainties may be broadly classified into
two types – the aleatory and the epistemic types.
The aleatory type is data-based which is the natu-
ral variability or randomness of nature, whereas the
epistemic type is knowledge-based and arises because
of our inability to perfectly model reality. In either
case, probability and statistics are the proper tools
for its modeling and analysis. The aleatory type can
be assessed largely on the basis of observed data; on
the other hand the epistemic type would need to be
assessed with engineering judgments. By separating
uncertainties into these two distinct types, there is sig-
nificant practical advantages – namely, that it allows
risk-averseness (on the part of the decision maker)
in the formulation of risk-based decisions. Including,
for example, the specification of a risk-averse target
reliability index for safe design of major structures.

Other major applications of the reliability approach
include specifically the following:

• Reliability against fatigue failure of structural and
machine components.

• Formulation of risk-based life-cycle cost designs of
buildings and bridges.

• Formulation of reliability-based maintenance strate-
gies for structures and infrastructures including
network of bridges.

A number of related and significant developments
are summarized, including innovative computational
techniques such as adaptive and smart Monte Carlo
simulations, random field and stochastic finite ele-
ment models, and the recently developed probability
density evolution method for numerical evaluation of
dynamic reliability.

Finally, some of the future challenges are identified
and suggested for further developments, including the
following:

• Innovative basis for determining the target reliabil-
ity for design or retrofit.

• Innovative analytical or numerical (non-Monte
Carlo) methods assessing the reliability of complex
structural systems.

• Risk-related problems associated with the impact
of climate change, or climate cycles, including
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increased vulnerability of infrastructures to rising
sea level due to global warming.

• Reliability of an integrated critical infrastructure
including the interaction and inter-dependence of
several systems within an overall system that is
essential for maintaining the safety and function-
ality of a metropolitan area, a geographical region,
or an entire country.

• Effective and practical methods for estimating
uncertainties, particularly of the epistemic type, will
continue to present an important challenge.

The reliability community must continue to per-
suade, assist and encourage the practicing profession-
als to adopt the reliability approach in the development
of criteria for design and maintenance of engineer-
ing structures and systems, and introduce quantitative
risk-based information in engineering management
and decision-making.
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Increasingly catastrophic disasters due to global warming

Yoshiaki Kawata
Department of Civil and Environmental Engineering, Kyoto University, Japan

ABSTRACT

What do we need most in a sustainable society under
the effect of global warming? I think an appropriate
perspective is that we should insure that we do not
lose something important to our society. For exam-
ple, while people are searching for a plan to come out
of the current financial crisis that was triggered by
the subprime loan issue, there is practically no discus-
sion on “what we should not lose during this crisis.”
This perspective is pervasive despite the fact that the
very foundation of our economy, which is to “produce
products and sell them at reasonable prices,” is at risk.

The magnitude of human loss due to a large-scale
disaster is a major problem. However, another major
problem is that a large-scale disaster could completely
destroy something important to our society. A large-
scale disaster is even more frightening because it could
affect us emotionally, rather than simply affecting
physical structures and material possessions. A disas-
ter threatens the continuity of society. Despite this fact,
people tend not to address or implement measures that
reduce or prevent disasters because these measures do
not provide a monetary gain. Rather, these measures
are only taken seriously immediately after a major
damage, and are soon forgotten once the normality
of society returns.

The objectives of this paper to make clear the effect
of global warming on storm disasters and to propose
how to reduce their damage. With the combination of
large scale hazards and vulnerable modern society, the
damage will be huge resulting in compound disasters
and fused disasters never before experienced in mod-
ern urban area. We have defined disasters and in the
future our smart (integrated) countermeasures will be
focused on disaster reduction through an integrated
approach.

7

  

http://www.crcnetbase.com/action/showImage?doi=10.1201/9781439847657-p2&iName=master.img-000.jpg&w=190&h=136


  



Keynote Lectures



  



Safety, Reliability and Risk of Structures, Infrastructures and
Engineering Systems – Furuta, Frangopol & Shinozuka (eds)

© 2010 Taylor & Francis Group, London, ISBN 978-0-415-47557-0

Seismic risk assessment and management of infrastructure
systems: Review and new perspectives

A. Der Kiureghian
University of California, Berkeley, CA, USA

ABSTRACT

Civil infrastructure systems, such as transportation,
utility, and communication networks, and public facil-
ities for critical services such as health care, security
and safety, are backbones of modern societies. Their
resilience in face of natural and man-made hazards is
vital for the well-being of communities. Earthquakes
are a dominant hazard to these systems in many parts
of the world. Therefore, the assessment and mitigation
of seismic risk for these systems is of vital importance.

The seismic risk of infrastructure systems poses
several unique issues, which are not present in the
seismic risk assessment of ordinary buildings. These
include:

a) Because of their geographically distributed nature,
infrastructure systems are potentially subject to a
variety of earthquake-related hazards, including
ground shaking, fault rupture, liquefaction, and
slope instability. Furthermore, the earthquake may
lead to other hazards, such as fire and flooding,
which may also affect the system components.
Hence, a multi-hazard risk assessment approach is
necessary for infrastructure systems.

b) The rate of occurrence of earthquakes affecting
infrastructures extending over large areas, such as
a transportation or power network, can be much
larger than the corresponding rate for buildings
or systems situated on individual sites. Hence,
proper levels of system resilience and redundancy
must be provided to assure adequate safety and
functionality of the infrastructure.

c) For a given earthquake, the intensities of ground
motions affecting the components of a geographi-
cally distributed system in general are spatially cor-
related. Depending on the system configuration,
this correlation may have an adverse effect, if the
system is highly redundant, or a beneficial effect, if
the system lacks redundancy. Therefore, for proper
assessment of the seismic risk for infrastructure
systems, the ground motion must be considered as
a random field with a spatial correlation structure.

d) As alluded to in the previous item, for proper
assessment of the seismic risk to an infrastructure,

a systems approach to performance assessment
must be employed. This requires specification of
the system performance in terms of component
performances and the system configuration. The
system performance may require disciplinary anal-
ysis, such as mass balance analysis for a water
distribution system, or power flow analysis for a
power system.

e) Often the performance of an infrastructure system
is dependent on the performance of other infras-
tructures. For example, the functioning of a water
distribution system may depend on the function-
ing of the power system to empower pumps and
other critical components. Since an earthquake may
affect both systems, these dependencies must be
properly modeled in order to correctly assess the
seismic risk.

Depending on the intended application, the require-
ments for infrastructure seismic risk assessment can
be different. For example, in the planning, design, or
retrofit of an infrastructure system, the objective might
be to determine the required system configuration and
component capacities to assure adequate reliability of
the system. This may require analysis of the system
for scenario earthquakes, or for all earthquakes hap-
pening randomly over a specified period of time. For
long-term management of the infrastructure system,
one may additionally require consideration of various
alternatives for inspection, maintenance and repair of
the system components so as to minimize the total
life-cycle cost. Such an analysis requires cost models
for various states of the system and its components,
as well as the costs associated with various inspec-
tion, maintenance and repair alternatives. Another
important application of seismic risk assessment is
for post-earthquake decision-making for emergency
response and recovery actions. In this application, one
is particularly interested in updating the state of the
system as information is received about the nature of
the earthquake (e.g., the magnitude, location), from
sensors (e.g., ground motion recording instruments),
or from observation of the states of system com-
ponents. In the chaotic post-earthquake conditions,
this information often is imprecise and evolves in
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time; therefore, a near-real time probabilistic updat-
ing scheme is desirable. The updated information may
then be used to make decisions on such matters as
dispatching of emergency response crews, closing of
facilities, evacuation of people and rapid delivery of
recovery actions.

During the past decade, much research has been
conducted on seismic risk assessment of infrastructure
systems; see the list of references and the references
therein. Investigators have used a variety of compu-
tational methods to assess the infrastructure seismic
risk, including Monte Carlo simulation, linear pro-
gramming, matrix-based computations, FORM and
SORM, GIS, and Bayesian networks. A variety of
modeling techniques have been employed, including
network and graph theoretic models, multi-scale mod-
els, Bayesian network, and various forms of fragility
functions and surfaces. Furthermore, a number of
measures for system performance involving network
connectivity or flow have been formulated. Although
much progress has been made, these works have
addressed only a portion of the issues (a)-(e) described
above. The field is still wide open for creative
work and many challenging problems remain to be
solved.

This paper will provide a review of some of the
key works in the area of infrastructure seismic risk
assessment and management. It will provide an assess-
ment of the advantages and disadvantages of different
methods and models, and also provide a perspective
towards some of the main challenges that remain to be
addressed.
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ABSTRACT

Our knowledge to model, analyze, design, maintain,
monitor, manage, predict and optimize the life-cycle
performance of structures and infrastructures under
uncertainty is continually growing. However, in many
countries, including the United States, the civil infras-
tructure is no longer within desired levels of perfor-
mance and safety. Stable economic growth and social
development of most countries are intimately depen-
dent upon the reliable and durable performance of their
structures and infrastructures. Natural hazards, aging,
and functionality fluctuations can inflict detrimental
effects on the performance of structural systems dur-
ing their life-cycles. Even the inherently conservative
initial design of structural systems may not protect
a structure from these threats. Natural phenomena
such as earthquakes, hurricanes and floods can create
structural disasters. Aging and/or increased struc-
tural performance demand may significantly affect
the vulnerability of constructed facilities. Environ-
mental stressors are the primary factors that drive the
aging process. The effect of structural aging is perhaps
most widely apparent in bridge deterioration, exacer-
bated by increase in traffic over time, but also impacts
other civil infrastructure systems such as buildings
and nuclear power plants (Ellingwood and Mori 1993,
Ellingwood 1998, 2005).

The accurate modeling of structures and the loading
conditions to which they are expected to be exposed
during their life-cycle as well as their possible dete-
rioration mechanisms are major issues of structural
and engineering mechanics, respectively (Schuëller
1998). Uncertainty in the modeling of structures and
randomness in loading phenomena require the use of
probabilistic methods in life-cycle analysis. Explicitly
distinguishing the two types of uncertainty, namely the
aleatory and epistemic, is crucial for the proper han-
dling of a probabilistic analysis approach (Ang and
Tang 2007). Whereas randomness (or aleatory uncer-
tainty) cannot be reduced, improvement in knowledge
or in the accuracy of predictive models will reduce the
epistemic uncertainty (Ang and De Leon 2005).

Ultimately, optimal decisions are to be made
that ensure maintaining or improving reliability of

Figure 1. Schematic representation of life-cycle integrated
management framework.

structural systems under multiple objectives and var-
ious constraints. This can only be achieved through
proper integrated risk management planning in a
life-cycle comprehensive framework.

Figure 1 shows a schematic representation of a
life-cycle integrated management framework exam-
ple. In this framework, tools for structural performance
assessment and prediction, structural health moni-
toring (SHM), integration of new information (from
SHM and/or inspection), and optimization of strate-
gies (inspection, maintenance, monitoring, repair, and
replacement) are required.

Life-cycle performance assessment is the backbone
of the process which, as shown in Figure 2, requires
current evaluation and future prediction. Uncertainty
is an integral component in all aspects of this or any
life-cycle management framework (Frangopol and Liu
2007).

Decisions regarding civil infrastructure systems
should be supported by an integrated reliability-based
life-cycle multi-objective optimization framework by
considering, among other factors, the likelihood of
successful performance and the total expected cost
accrued over the entire life-cycle with or without SHM
(see Figure 3).
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Figure 2. Life-cycle performance profile under uncertainty.

Figure 3. Trade-off solutions between two conflicting
objectives with or without SHM, and optimal Pareto front.

The primary objective of this paper is to highlight
recent accomplishments in the life-cycle performance
assessment, maintenance, monitoring, management
and optimization of structural systems under uncer-
tainty. Challenges are also identified.
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The audacity of change: A transition to the non-stationary and
non-linear era

A. Kareem
NatHaz Modelling Laboratory, University of Notre Dame, IN, USA

SYNOPSIS

Historically, typical structures have been designed to
resist external loads under the tacit assumption of
stationarity and Gaussianity, with the exception of spe-
cial cases. A lack of an appropriate computational
thinking paradigm in this context has precluded the
attention these effects deserve, while customary prac-
tice prevails, as it draws from well established schemes
based on the Fourier transform and the theory of
Gaussian processes. Recent recognition of the need
to capture the non-stationary and non-Gaussian fea-
tures, based on the realization that most environmental
load effects typically bear these features, has led to
many advances in these areas that have matured to
the stage that they are ready to be embraced by the
design community. Areas where there is a need to
account for non-stationary features include: transient
wind conditions experienced in thunderstorms by air-
crafts aloft and structures near ground exposed to gust
fronts, which may lead to an overshoot in pressures,
significantly enhancing demand; transient patterns
of ground motion in near-field earthquakes imbued
in both amplitude and frequency modulations; rogue
waves encountered by ships and offshore platforms in
open seas and tsunami waves encountered by coastal
construction; and a host of other examples. Simi-
larly, in the case of non-linear systems the loads and
their effects may significantly depart from Gaussian-
ity, which may result in a response that may not bear
any resemblance to the linear/Gaussian response and
its extremes may far exceed the Gaussian estimates.
Examples, though not exhaustive, include: response of
offshore platform systems exposed to nonlinear wave
surface profiles that interact nonlinearly introducing
splashing and slamming loads and giving birth to
new frequency contents, which could potentially excite

modes otherwise dormant; aerodynamics of long-span
bridges exposed to turbulence that exhibit hysteretic
behavior with respect to the wind angle of attack;
performance of wind turbines under turbulence.

While the contributions of the Fourier transform to
signal processing cannot be denied, the fact that data is
often characterized by localized or time-varying fea-
tures, obscured by the infinite bases of the Fourier
transform, prompted a departure from this classical
approach towards a time-frequency analysis frame-
work. In the analysis of civil and mechanical systems,
the wavelet transform, rooted in a strong mathematical
basis, has gained widespread popularity.

In the nonlinear/non-Gaussian domain, a number
of recent advances have promoted the use of a num-
ber of schemes that range from translational models
(static transformation) to rheological models, includ-
ing? neural networks andVolterra series (akin toTaylor
series with memory). The translational processes, in
conjunction with Hermite polynomials, have recently
gained widespread popularity for the modeling and
simulation of non-linear phenomena. Though these
models/simulations can faithfully capture the higher-
order moments of the process, they lack the ability
to reproduce respective higher-order spectral distribu-
tions. The application of Volterra series modeling to
nonlinear dynamical systems is also becoming more
attractive as means of establishing higher order ker-
nels and heir subsequent manipulation is becoming
mathematically more tractable as one benefits from
its memory features that translational models lack.

The paper highlights recent advances in these areas
with applications and introduces the next frontiers to
facilitate a much needed change in our way of think-
ing about and addressing these problems in research,
applications and education to ensure the safety and
integrity of the built environment.
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Probability density evolution equations: History, development and
applications
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School of Civil Engineering, Tongji University, Shanghai, China

ABSTRACT

The history, development and applications of probabil-
ity density evolution equations in stochastic dynamics
are presented.

It has long been awared that in engineering dis-
ciplines such as civil, mechanical and aerospace and
aeronautic engineering, to rationally characterize and
deal with the randomness involved in the excitations
and system properties is of paramount important. For
instances, in civil engineering large degree of random-
ness is involved not only in the extreme dynamic exci-
tations such as the earthquake, strong wind, explosion
and the sea wave, but also in the material or geomet-
ric properties. Such backgrounds lead to stochastic
dynamics, in which one of the most important while
challenging problem is how to tackle the systems with
coupling of nonlinearity and randomness, which is still
open even after around half a century’s of endeavors.

Examining the history of the stochastic dynamics
since the pioneering work of Eistein and Langevin a
century ago will find that there are two parallel tra-
ditions: the phenomelogocal tradition along the way
of Eistein, Fokker, Planck and Kolmogorov and the
physical tradition along the way of Langevin and Itô,
although in some aspects these two traditions are not
so thoroughly separate and exhibit some mixture. This
understanding threw new light on the problem. Actu-
ally, the sources and propagations of randomness are
embedded in physics and thus the thought of physical
stochastic systems should be adopted. In this point of
view, the intrinsic relationship between the stochastic
systems and the deterministic systems can be revealed
upon a unified physical basis (Li, 2006; Li & Chen,
2009).

In view of the new insight, the physical meaning
of the principle of preservation of probability is clari-
fied. This principle can be understood from the points
of view of the space description and the random event
description, respectively (Li & Chen, 2008; 2009), see
Figure 1.

In these points of view it is clearly exposed that
the essentials of transit of probability density results
from the embedded physical mechanism, while the lat-
ter are usually described in or can be transformed to
state equations. Hence, incorporation of the principle

Figure 1. The principle of preservatino of probability.

of preservation of probability and the state equation
will result in probability density evolution equations.
Actually, note that the physical system can be described
in a coupled or uncoupled way, then combinations of
different descriptions of the principle of preservation
of probability and different (coupled or uncoupled)
descriptions of the state equation will yield differ-
ent types of probability density evolution equations.
Investigations show that the traditional probability
density evolution equations including the Liouville,
the Dostupov-Pugachev and the FPK equation can all
be successfully re-derived along this line.

Consider an n-DOF nonlinear system

Here � are the basic random variables chacterizing
the randomness in the initial condition, the excitation
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and the system properties, which is treated in a unified
way.

Note that if the randomness in the system properties
is not considered while the excitation Ẍg(t) is mod-
eled as a white noise, Equation 1 can be transformed
to an Itô or Stratonovich’s SDE, which is a coupled
stochastic state equation. Incorporated it into the prin-
ciple of preservation of probability from the state space
description, a 2n-dimensional FPK equation can be
derived (Chen & Li, 2008)

Σ ΣΣ Σ Σ∂
∂ ∂

∂ ∂
∂

where pY(y, t) is shortened by pY, Y = (Ẋ, X)T is the
state vector.

Likewise, the Liouville and the Dostupov-Pugachev
equation can be derived. Because the randomness is
treated in different ways from the phenomelogobical
point of view, we are led to different probability density
evolution equations, of which all are in such a high
dimension that the solution is almost impossible except
some special simple cases.

What is most important is that, besides the above
well-known tratidional probability density evolution
equations, when the principle of preservation of prob-
ability is incorporated with the uncoupled description
of the dynamical system, we result in a new family
of generalized density evolution equation (GDEE).
Denote the physical quantities of interest as Z(t) =
(Z1(t), Z2(t), · · · , Zm(t))T, here m is the number of
physical quantities, then the GDEE is

Σ∂ ∂
∂∂

θ
θ θΘ Θ

where Żj(θ, t)’s are the velocities of the physical
process for a specified θ.

The GDEE is in obvious contrast to the equations
including the Liouville, the D-P and the FPK equa-
tion, particularly in the fact that: (1) the GDEE holds
for both linear and nonlinear systems with randomness
involved separately or simultaneously in the initial
conditions, excitations and system property parame-
ters, in other words, the randomness involved is treated
in a unified way; and (2) the dimension of GDEE
is completely independent to the dimension of the
original dynamical system n. Specifically, in the case
m = 1, which is of most importance from the practi-
cal viewpoint, a one-dimensional GDEE is reached.
Technically, due to these great advantages the GDEE
is applicable to general multi-dimensional nonlinear
stochastic dynamical systems without essential diffi-
culties compared to linear or simple systems (Li &
Chen, 2004; 2006).

Further, starting with the above thought, new
approaches arise for the reliability evaluation (Chen &
Li, 2007a). By imposing an absorbing condition on the
GDEE or constructing an virtual stochastic process

associated with the extreme value, two classes of new
approaches based on the GDEE for dynamic relia-
bility can be developed, showing inherent advantages
over the existing approaches (Li & Chen, 2005; Chen
& Li, 2005; 2007b). In addition, this can also be
extended to system reliability evalution without essen-
tial difficulties (Li et al, 2007). The above approaches
avoid the essential difficulties in traditional theory for
dynamical relability and system reliability.

Implementation procedure and algorithm through
incorporating the deterministic dynamic analysis and
probability density evolution analysis (Li & Chen,
2007; Chen et al, 2007), which is of course the embod-
iment of the intrinsic relationship between the deter-
ministic systems and stochastic systems as revealed
in the methodology, are discussed. The applications
to some large-scale complex practical engineering
structural systems are illustrated, showing that the pro-
posed methodology is promising. Problems open are
outlined.
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Robert E. Melchers
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ABSTRACT

This paper describes some aspects of the processes
involved in the development of high-quality proba-
bilistic models for corrosion loss and for maximum pit
depth for steels exposed to marine environments. Such
models increasingly are required for advanced infras-
tructure life-cycle management to predict likely future
levels of deterioration and for the setting of rational
inspection regimes. Most models currently available
are empirical. They have high levels of uncertainty.
The models described herein are based on appropri-
ate levels of representation of underlying corrosion
science fundamentals, including the recognition of
the important role of microbiological activity and
model calibration using a probabilistic approach to
data interpretation.This requires careful interpretation
of existing literature data and has required obtain-
ing new data to elucidate particular aspects. A brief
overview of this work is given with emphasis on the

modeling of maximum pit depth using extreme value
distributions. Reinterpretation of existing pit depth
data was found to be necessary for consistency with
new observations of pit depth development in actual in-
situ tests (as distinct from laboratory observations).As
a result, the new model provides maximum pit depth
as a function of time based on understanding of the
underlying pitting process with time. It has shown also
that long-term pit depth is most appropriately repre-
sented by the Frechet extreme value distribution since
this is consistent with the underlying corrosion and
bacterial processes. This new interpretation of data
provides estimates of pit depth uncertainty as a func-
tion of exposure time. It is shown that this can be
applied even for existing data sources that were not
designed to elucidate probabilistic estimates of uncer-
tainty. The conventional application of the Gumbel
extreme value distribution can lead to serious errors
in long-term extreme pit depth predictions.
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ABSTRACT

Ocean structures intended for exploitation of
petroleum and renewable wave and wind energy, for
transport as well as for food production are pre-
dominantly welded steel structures. Crack-type weld
defects are inevitably present in such structures and
grow due to cyclic loading and dynamic response
amplification, especially in welded joints with high
stress concentration in dynamically sensitive struc-
tures. Experiences (Moan 2005) show that they may
lead to significant operational costs and occasionally
to catastrophic accidents. Such adverse consequences
are normally limited by adequate design and inspec-
tion and repair procedures. The first design codes for
offshore structures appeared around 1970 and included
fatigue requirements, which were later refined, espe-
cially after the fatigue induced total loss of the semi-
submersible platform Alexander L. Kielland in 1980.
Main inspections are made every 4th–5th year. Yet,
more detailed approaches are needed to account for
particular features of the different types of ocean struc-
tures as well as the uncertainties associated with the
predicted behaviour and inspection methods.

Significant developments of structural reliability
methodology in general and on Bayesian updating
techniques in particular have taken place since the
1980s.

While the initial efforts in structural reliability were
related to civil and aeronautical structures, some devel-
opments in system reliability and Bayesian updating
methods, were directly motivated by needs in the
offshore industry

The offshore industry early recognized the need to
account for uncertainties in load effects and resistances

in design procedures and applied structural reliability
analysis to calibrate Ultimate Limit State code require-
ments for fixed platforms and later for other types of
platforms. Practical application of reliability methods
was also introduced to deal with the uncertainties in
strength degradation and the quality of inspection in
establishing design and inspection criteria for fixed
platforms, and later for other types of platforms, with
due account of the interrelation between design and
inspection procedures. Yet, the inspection plans made
at the design stage, need to be updated depending
upon the findings in connection with condition assess-
ments during fabrication and operation; and espe-
cially in connection with service life extension of the
structure.

This paper deals with recent developments, vali-
dations and applications of reliability-based design,
inspection, maintenance and repair procedures of
ocean structures, with particular emphasis on design
for robustness as well as inspection and repair pro-
cedures to limit the occurrence of fatigue failures or
fracture. The focus herein is on developments and
applications after the review (Moan 1994).
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Performance reliability of port facilities
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ABSTRACT

Major ports are important nodes of transportation net-
works and can play a crucial role in regional, national
and international economics. They provide shipping
and distribution of goods, and other services related
to the transport of cargoes via water. In many coun-
tries, trade through ports represent a most dominant
mode of transportation compared to other modes such
as land and air. For these reasons, the downtime of the
port facilities due to natural disasters such as earth-
quake or typhoon, or manmade disasters as represented
by the case of the 2002 labor strike in California
(Oakland, Los Angeles, and Long Beach) results in
severe economic consequences. However, past experi-
ence demonstrated that port facilities tends to be highly
susceptible to severe damage due to earthquake. Sig-
nificant damage was observed not only in the case
of a strong earthquake such as the 1995 Hyogoken
– Nanbu (Kobe) earthquake, but also under moder-
ate earthquakes as well. This is primarily due to the
weak foundation and backfill soils that are common
in the waterfront environment. Furthermore, the lique-
faction phenomena in the loose, saturated sand beneath
port structures present serious causes of damage of
the ports facilities. In case of the 1995 Kobe Earth-
quake, loss due to direct physical damage to the Kobe
Port facilities is estimated to be $5.5 billion (1995
value).Also, economic loss exceeded $6 billion within
the first 9 months of post-earthquake disruption of
port function after the earthquake. More importantly,
currently, even though the port facilities have been
restored after more than 10 years since the event, the
total container volume at the Kobe Port is less than the
level at 1994, and it currently ranks #35 in the world
ranking down from #5 just before the earthquake event.
This indicates that the Kobe Port’s operation was not
sustainable under an earthquake of the Kobe earth-
quake intensity from the business competition point
of view, as demonstrated by a significant decline of
its world ranking after the earthquake. This provides
an interesting set of data that can be used to study
the nature of sustainability of the port and also other
infrastructure systems from a global business point of
view.

The main purpose of this presentation is to review
a methodology for the evaluation of the seismic effect
on the performance of port facilities.The consideration
for the performance includes not only robustness and
resilience, but also sustainability of the port facility,
and hence it involves broader concerns on socio-
economic issues related to the system. The method-
ology is based on the simulation based engineering
and science approach. In this approach, a model of
seismic vulnerability of the port facility is developed
taking the associated uncertainty of various type into
consideration in the form of fragility curves. Typical
example of this is the fragility curves for a wharf.
These fragility curves can be developed by the seis-
mic response analysis as a function of PGA or any
alternative measure of the base- rock ground motion
intensity on the consensus based designation of differ-
ent levels of damage influencing corresponding levels
of performance of the wharf allowing the ships to dock.
The seismic response analysis mentioned above repre-
sents a Monte Calro simulation of the facility response,
and the response analysis is repeatedly carried out for
each of a large number of probabilistic scenario earth-
quakes. These scenario earthquakes are developed to
be consistent with the well established regional seis-
mic hazard. These fragility curves can then be used to
make probabilistic prediction of the damage states and
associated direct losses of the port facilities under the
seismic hazard in the form of a risk curve.

This presentation uses the Kobe Port as a test bed
and carryout the simulation analysis as suggested
above. Two highlights are noted. First, the derivation
of fragility curves for the typical wharf structure in the
Kobe Port is made on the basis of PIANC’s damage and
wharf performance designation. And second is the use
of a random field modeling of the backfill soil prop-
erty in order to generate by simulation unusually large
sea-ward permanent displacement of the Wharf under
liquefaction and associated lateral spread of backfill
soils.
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1 INTRODUCTION

There are two types of uncertainty that could affect the
creditability of a geotechnical analysis, i.e., (1) uncer-
tainty in model input parameters, and (2) uncertainty
associated with the geotechnical model itself. Once
these uncertainties are characterized, their effects on
a design can be quantified through application of
reliability theories. Many previous researches have
studied how to characterize uncertainties in geotechni-
cal model input parameters. On the other hand, model
uncertainty characterization is generally considered as
not easy and less work has been done in this respect.As
a result, model uncertainty is often not considered in
many of present geotechnical reliability analyses due
to the lack of knowledge. The focus of this paper is
therefore on how to characterize the model uncertainty
using observed performance data.

2 BAYESIAN THEORIES FOR MODEL
UNCERTAINTY CHARACTERIZATION

In principle, model uncertainty can be characterized
via a systematic comparison between predicted and
actual performances of similar geotechnical systems.
The difficulty in determining model uncertainty arises
from the fact that in calculating the predicted per-
formances, the model input parameters are often not
exactly known. Moreover, the actual performances
may also be uncertain. Therefore, when model uncer-
tainty characterization is attempted it is often found
that model uncertainty is mixed with uncertainty in
model input parameters and uncertainty in the actual
performances.

A Bayesian formulation to characterize geotechni-
cal model uncertainty when model input parameters
are uncertain and the observed system response is
subjected to error is described in this paper. Fig.
1 shows the relationship among uncertain variables
considered in this Bayesian formulation. In this fig-
ure, θi, yi, �i, and di denote the uncertain model
input parameters, actual performance, observational
uncertainty, and observed performance of the ith
geotechnical system, respectively; µε and σε denote

Figure 1. Relationship among variables for model uncer-
tainty characterization.

the mean and standard deviation of the model cor-
rection factor ε, which is a variable used to represent
the effect of model uncertainty; and n denotes the
number of geotechnical systems. It is clear from this
figure that the effects of model uncertainty, uncer-
tainty in model input parameters, and observational
uncertainty on the disparity between model predic-
tions and observed performances are different. While
the uncertain model input parameters and the observa-
tional uncertainty associated with a system only affect
the disparity between model prediction and observed
performance for that system, the model uncertainty
is the common but usually unknown factor affecting
the disparity between model predictions and observed
performances of all systems.

Based on the relationship among variables shown
in Fig. 1, model uncertainty parameters µε and σε

can be updated simultaneously with uncertain model
input parameters θi (i = 1, 2, . . ., n) as well as observa-
tional uncertainty variables �i (i = 1, 2, . . ., n) using
the observed performance data di (i = 1, 2, . . ., n) from
multiple systems. The joint posterior distribution of
these uncertain variables summarizes the knowledge
about all uncertain variables, including µε and σε.
Markov chain Monte Carlo (MCMC) simulation (e.g.,
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Gelman et al. 2004) can be employed to calculate the
posterior distributions of the uncertain variables. The
Bayesian formulation described above can consider
multiple ways to model the model uncertainty utilizing
various types of observed data.

Although model uncertainty characterization as
described above is versatile, it may be computation-
ally intensive when the number of variables involved
is large. To facilitate professional application, a sim-
plified formulation for model uncertainty character-
ization has also been sought. This is achieved by
analytically eliminating uncertain model input param-
eters and observational uncertainty variables from the
original Bayesian formulation in an approximate way.
Although uncertain model input parameters and obser-
vational uncertainty variables do not appear in the sim-
plified Bayesian formulation, their effects can still be
considered in the model uncertainty characterization
process. Compared with the original Bayesian formu-
lation, the number of variables to be updated is greatly
reduced. This in turn greatly reduces the calculation
work for model uncertainty characterization.

3 APPLICATION EXAMPLES

The theories described in this paper provide a quan-
titative basis for assessing the effects of quality and
type of observed data on model uncertainty char-
acterization. Three examples are used to illustrate
the above Bayesian theories for model uncertainty
characterization, i.e., (1) an example on studying the
model uncertainty of the Morgenstern-Price’s method
(Morgenstern-Price 1965) for slope stability analysis
using centrifuge data, (2) an example about determin-
ing the model uncertainty of a pile capacity model with
field pile load test data, and (3) an example for charac-
terizing the model uncertainty of a liquefaction poten-
tial evaluation model based on field performance data.

In the slope example the effect of test uncertainty
on model uncertainty characterization is quantified.
Model uncertainty characterization under different
levels of test uncertainty reveals that that there is a tol-
erable test uncertainty within which the characterized
model uncertainty is not sensitive to test uncertainty.
However, beyond that tolerable test uncertainty, further
increase in test uncertainty would impair the ability
of the centrifuge tests to identify model uncertainty.
The slope example also illustrates the dependence
of characterized model uncertainty on the quality
of the information available for model uncertainty
characterization.

In determining the model uncertainty of pile capac-
ity models, it is common that some piles used for
calibration were not loaded to failure. For a pile not

loaded to failure, its actual capacity is only known to
be larger than the maximum load applied in the load
test. Traditionally, it is often assumed that the capac-
ity of a pile not loaded to failure is the maximum load
applied in the load test.This is called the assumption of
ignoring data censoring in this paper. The information
of whether the pile has failed during pile load test can
be incorporated in model uncertainty characterization
process using the theories described in this paper. It is
found that if data censoring is ignored, both the mean
and the standard deviation of the model correction fac-
tor are underestimated. The mean is underestimated
because ignoring data censoring underestimates the
capacity of a pile not loaded to failure. The stan-
dard deviation is underestimated because ignoring data
censoring assumes explicit knowledge of pile capac-
ity, thus implying more accurate information than
deserved. Hence, it would be more effective in char-
acterizing model uncertainty. Nevertheless, since the
assumption of ignoring data censoring does not reflect
the real state of the piles that did not fail, the results
from this convenient assumption are only apparent and
are not realistic.

In the liquefaction model example, the model pro-
posed in Juang et al. (2003) for calculating the factor
of safety of soil against liquefaction during seismic
loading based on cone penetration test (CPT) data is
investigated. This example illustrates the conceptual
difference between whether or not the model uncer-
tainty is considered in a probabilistic analysis. When
model uncertainty is not considered, the limit state
boundary separating the safe domain from the fail-
ure domain is a single deterministic surface. When
model uncertainty is considered, the location of the
boundary is uncertain, and a spectrum of boundaries
is drawn instead to separate the safe domain from the
failure domain. The boundary spectrum is character-
ized by the probability density function of the model
correction factor. If model uncertainty is neglected,
the level of uncertainty in the reliability analysis will
be underestimated, making the prediction apparently
more informative.
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