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PREFACE

The proposed workshop “Security and Reliability of Damaged Structures
and Defective Materials” was programmed to treat the effect of damage and
defects of different origins in structures and in materials, starting with crack
as the most significant form of defects.

The problem of disaster failures of structures is still current, in spite of
an important achievement in the forecast and prevention of failures. Let us
mention just the bridge over Mississippi river in Minneapolis, which recently
collapsed on 1 August 2007. It is to remind that this bridge was completed
in 1967, when the achievements of Fracture Mechanics were well known
and available.

Many unexpected failures occurred in the past. The analysis of such
failures had been basically performed by experiments. Serious analysis
started with the ship “Schenectady” fractured into two parts on 16 January
1943. Significant number of experiments had been performed during following
years in investigating this case, the cause being found as the combined effect
of nil-ductility-transition (NDT) temperature and presence of stress raisers.
This was the initial stimulus to find a theoretical explanation. Fracture
Mechanics (initially called Crack Mechanics) offered the answer about 10
years later, in the middle of 1970s. In the early stage only Linear Elastic
Fracture Mechanics (LEFM) was available, able to explain only elastic beha-
vior and brittle fracture by a fundamental crack parameter, the stress intensity
factor K, and its critical value, plane-strain fracture toughness K;.. The help
of K. in forecasting and predicting of failures is important, but not sufficient.
The next step was to define Elastic-Plastic Fracture Mechanics (EPFM), with
crack parameters as crack-opening-displacement (COD) and J integral,
enabling to also deal with cracks in plastic range. The great achievement
followed by extension of the same principle to other loading and environ-
ment condition, i.e. variable loading (fatigue), elevated temperature effect
(creep) and aggressive environment (corrosion), and also their simultaneous
effects. Anyhow, in all these situations the material is considered as homo-
geneous and isotropic, which is far from its actual behavior. The first problem
of that kind in actual structures, mainly when they are manufactured from
steel by welding, is the behavior of welded joints, heterogeneous in micro-
structure and in properties, on one hand, and sensitive to crack occurrence,
on the other. For that the most developed procedures for structural integrity
assessment, such as PD 6493 (published in 1996), “Guidelines on some
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methods for the derivation of acceptance levels for defects in fusion welded
joints” or SINTAP (Structural Integrity Assessment Procedure), accomplished
recently, also include the problem of weld material heterogeneity.

This retrospective of development in crack analysis is given here with
the aim to show that the problem of cracks in materials and structures has
been continuously considered. Of course, the problem of crack, theoretically
introduced by Griffith in early 1920s, had been reconsidered by Irwin and
many other scientists in the 1950s and 1960s, but there is a general impres-
sion that it is not yet closed. New materials require a new or at least modified
approach. Typical cases are pipelines and pressure vessels made of plastics
and composites, which potential fracture can cause contamination of environ-
ment. Other cases are reinforced concrete and other composite materials.
The failure modes, crack initiation and propagation behavior in composite
structures can substantially differ from that classically treated in structures.
Are the parameters defined by Fracture Mechanics applicable for these mate-
rials and structures, and how to do that, if applicable? Further development
is required to forecasting and preventing failure in anisotropic materials and
other new generation materials.

However, the list of crack problems is not yet closed. Continuous
scientific research and investigation enabled developing nano-materials and
micro- and nano-structures. They already are considered as convenient for
operational control of several structures such as process equipment, auto-
motive industry or airplanes. The failure of such structure in computer net-
working and electronic communications can cause disaster and must be
taken into consideration. Although problems are different from LEFM, there
is at present tendency to adopt or directly apply parameters as stress intensity
factor or J integral. It is probably possible to do this formally, but under-
standing of obtained results should be required. The scale effect must be
analyzed, as it was done at the beginning of fracture mechanics development,
but also now as structures at a nano-scale are a reality. The crack develop-
ment is considered in fact as the separation on atomic level, but it is not
easy to transfer the same analysis at micro- and nano-scale, as it is necessary
for micro- and nano-structures. Another question is: how to treat imperfec-
tions in nano-materials, as atomic distance is a very important parameter?
And, at last, what is the meaning of a crack in nano-structures?

In any case, the crack problem as substantial for security of structures at
macro, meso, micro and nano levels is very complex and its solution is far
from being closed.

PROFESSORS G. PLUVINAGE AND ALEKSANDAR SEDMAK
NATO ARW Co-directors
March 2009
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EXPERIMENTAL AND NUMERICAL ASPECTS OF STRUCTURE
INTEGRITY

PETAR AGATONOVIC
Pappelweg 11, 85244 Rohrmoos, Germany

Abstract The paper presents an approach in solving the problem of fracture
mechanics treatment of surface cracks, which are a typical source for the
structural failure. Difficulties associated with predicting structural integrity
is that the surface cracks are three dimensional, whereas fracture mechanics
methods using characterization parameters as K., Ji,, COD are derived from
two-dimensional assumptions. The method proposed for the solution is based
on consideration of the elasto-plastic stress—strain behavior independent on
the collapse conditions. For the investigation and development of the method,
systematic numerical and experimental investigations have been performed.
The main goal of the verification part of the tests’ program was to justify
the proposed method and to demonstrate the transferability of data, i.e. use
of measurements taken from simple test specimens for a prediction of failure
in large and/or complex structural components. The agreement between the
prediction and test results using proposed procedure is very good. It has
been shown that the proposed method gives more accurate prediction of
verification test results and is less conservative than the current methods. In
all cases where unnecessary conservatism is undesirable this method is more
advantageous.

Keywords: Safety assessment, residual strength, surface crack, elasto-plastic fracture
mechanics

1. Introduction

Systematic approach as a tool for easier, quicker, more innovative and more
competitive development has developed over the last few decades into a
well established strategic tool in solving engineering problems. It focused
attention on the need for an integrated process of evaluating and solving

G. Pluvinage and A. Sedmak (eds.), Security and Reliability of Damaged Structures 1
and Defective Materials,
© Springer Science + Business Media B.V. 2009
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problems based on scientific and engineering effort. Within of the integrated
approach the main aspects of numerical and experimental investigations are
focused on their planning and execution so that they support each other in a
most efficient way.

Consequently, the paper presents an approach based on management of
evidences systematically considering results of literature recherché, numerical
calculation, material performances and testing of labor specimens and com-
ponents within of the integrated evaluation concept in solving the problem
of fracture mechanics treatment of surface cracks.

Failures of engineering structural components and structures have been
mostly traced to surface cracks. This can be shown on latest sad example.
On 3 June 1998, the ICE 884 Munich-to-Hamburg train derailed near
Eschede, north of Hannover, at a speed of 200 km/h. Most of the trains
crashed into the pillar of a concrete bridge over the track, the remains of
two cars were buried under the ruins of the bridge. The accident caused 100
deaths and 88 injuries.

The accident was caused by a broken wheel tyre on the third axle of the
first middle car. On the ICE I, it was chosen to install new wheels of the
type Bochum 84”, manufactured by VSG, with a layer of rubber between
the body and the tyre. Such wheels are common for light rail vehicles, but
not for high speed trains. An undiscovered surface crack on the inside of the
tyre (Figure 1) became longer under the fatigue loading of the rotation and
caused the tyre to break in the end — something which never occurred
before with this wheel type.

Figure I. Fracture surface of broken ICE train wheel tire.’
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The wheels of the /CE 1 middle cars were originally of the “monobloc”
type — made of one piece of steel with no separate tyre. However, these
wheels became unround with time and caused vibrations which the steel
springs of the bogies transmitted into the car body. The new rim, dubbed a
“wheel-tire” design, consisted of a wheel body surrounded by a 20 mm thick
rubber damper and then a relatively thin metal wear rim. The new design
was not tested at high speed before it was commissioned and brought into
service, but proved successful at resolving the issue of vibration at cruising
speeds. The wheel “Bochum 84" was designed for speeds of up to 284 km/h.

There are other large number of similar design examples, concerning
such components as engine crankshafts, turbine disks and blades, pressure
vessels, tanks, pipes and similar. Generally, for practical application surface
cracks with their limited dimensions dominate real structures. Especially for
a surface crack containing structure that is thin, the limit collapse of a
ligament is usually the main cause of structure rupture. This means, in spite
of small dimensions, although approaching so-called collapse conditions
the critical section is influenced (reduced) by the crack presence.

A further difficulty associated with predicting structural integrity is that
the surface cracks are three dimensional, whereas fracture mechanics methods
using characterization parameters as Kj., Ji., COD are derived from two-
dimensional assumptions. Therefore, there is a relative uncertainty concerning
the application of a critical value K;. to predict failure of surface-cracked
components. Because of this, the K;. has been proposed, determined on
surface crack specimens and limited to the LEFM application. However, for
the material characterization purposes in general, the specimen dimensions
must in all direction be sufficiently large to isolate the crack tip stress
distribution from the borders of the specimen. Otherwise, the measured
critical values would not solely be a characterization of the material, but
would also depend on the size and geometry employed in the test or in
actual structure. These dependencies, caused by the yielding conditions,
represent a main problem in fracture mechanics, being still not entirely
resolved — that of transferability of results from laboratory testing to real
assessment case especially if non-linear effects are prominent.

Study of the formula relating to the critical load of the surface crack
ligament is, therefore, an important project in the area of elasto-plastic fracture
assessment.

Investigations presented here are mostly based on space structure
experience. Accordingly, the problem of lightweight, thin wall structure
appears as dominating subject and particularly limits the verification of the
applicability of the results to the relevant circumstances examined **°.
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2. Energy concern for fracture

Modern fracture mechanics traces its beginning back to Griffith, who in
1920 used a simple energy balance to predict the onset of fracture in brittle
materials. Thus, fracture is associated with the consumption of energy. The
crack will grow when the energy available for crack extension is greater
than or equal to the work required for crack growth (i.e. material resistance).
The conventional Linear Elastic Fracture Mechanics (LEFM) uses single
parameter to represent material resistance (R) against failure, as Kic. K, COD
and J,, being developed based on the Irwin solution for strain energy’ release
rate (G), necessary for crack extension. These methods assume the crack
tip volume wholly confined with the elastic deformations, so that the above
defined parameters are interdependent and exchangeable. With other words,
corresponding critical values should be a material characteristic and inde-
pendent on size or geometry, but this is true only for pure elasticity. The
increase in fracture resistance under elasto-plastic and stabile crack exten-
sion conditions shows that the distinct limiting parameters of the material
are not valid in this case and the solution based on their application could
lead to large scatter.

The failure criterion for plane strain fracture K;. > K, is supposed to give
a conservative failure load prediction since the fracture toughness in plane
strain (K}.) is less than the true fracture toughness of the material. However,
for many materials and loading conditions, and or specimen geometry, the
assessment based on this simple solution could be very pessimistic and can
lead to unnecessary replacement and shut-downs, with larger cost and incon-
veniency. In the real structure a sudden failure, as assumed in LEFM regime,
occurred by fast unstable crack propagation, this means in a most dangerous
way, is a rare event. More often, the breakdown of the structure is accom-
panied with plastic deformations and slow crack growth accompanied with
increase in material fracture resistance, characterized as ductile failure.

Accordingly, an important aspect of the behavior of structural metals is
that crack-tip yielding precedes fracture. Therefore, the analysis of failure
in structural components depends on two inputs, the fracture behavior and
the deformation behavior, and they, furthermore, both depend on the con-
straint conditions in the section with the crack. However, all of the previous
work on constraint has emphasized the fracture events itself and not the
deformation process (represented by the stress and strain state in the com-
ponents), responsible for the continuous constraint conditions changes.

Nevertheless, the Griffith model, with some modifications, is still applied
today. However, this model is only applicable to materials that fail in a com-
pletely brittle manner. When the plastic deformations are restricted, due to
the high constraint, the resistance increase could not act and the material
fails at critical stress intensity K¢, corresponding to plane strain conditions.
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The physical mechanisms involved in the volume energy necessary to
cause crack extension or failure are illustrated in Figure 2. In a most usual
case the failure is preceded by the significant plastic deformation. After the
onset of plasticity the total energy spent, shown by the surface under the
curved line, is partly dissipated mostly by plastic deformation. The remain
stored or recoverable part of energy becomes visible only after unloading. It
corresponds to the triangle UPS (*). The dissipated portion, or plasticity
energy, (dW/dV)p is varying depending on actual conditions controlling
plastic deformations. Note that, in the case of crack extension the unloading
path slope is different to the initial one. Unloading from a point P leads to a
permanent strain g, that remains in the specimen. Furthermore, re-loading
traced the curve which is coincident with the unloading path PU and the
new yield stress is the same as the stress from which we unloaded (P). This

2 T
[4b]

-—

({2]

(b

=3

| -

P

0 -

° True strain

Figure 2. Schematic of fracture energy evaluation.
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increase in yield stress as loading proceeds is known as work or strain hard-
ening of material. The yield stress increase also shows that the development
of plastic strains is always accompanied with changes in microstructure of
material. To this end, dislocations are the discrete entities that carry plastic
deformation (measured by “Burgers vector”). As a result, all material para-
meters change including also the fracture mechanics parameters. For ductile
fracture in metals, plastic zone size increases with crack growth and hence
R-curve rises.

At failure, assumed in F, only the recoverable energy is available and,
therefore, relevant as the measure of the failure resistance. It is directly
related to the J-integral (G, etc..). This is the reason that the failure energy
under these conditions is not easy to determine.

Under the elasto-plastic regime stress fields at the proximity of the crack
tip can be divided into hydrostatic and shear components. Behind strain
hardening, one of the most important features concerning plastic deformation
in metals, that influence fracture behavior, is the observation that the hydro-
static pressure on an element of material does not cause any plastic strain.
Yielding of the material and the crack-tip blunting that plastic load conditions
can produce are governed by the shear component of the stress field. Tensile
hydrostatic stresses contribute directly to the opening-mode tensile stresses,
but do not influence yielding and crack-tip blunting. Higher crack tip stresses
occur when the material near the crack tip is highly “constrained”, such as
under plane strain conditions, where no contraction in the direction parallel
to the crack line is allowed. It follows that fracture toughness will be directly
influenced by an increase in the hydrostatic component of the crack-tip
stress field, because of reduced crack-tip blunting, which increases the crack-
tip strain concentration. Accordingly, crack-tip constraint is the term used
to describe conditions influencing the performance of the hydrostatic
component of the crack-tip stress field, which exhibits strong effect on
apparent fracture toughness, in dependence on flaw depth and geometry,
material properties and loading conditions.

On the other hand, the reduction in constraint results in a free plastic
deformations and a large reduction in the tensile and hydrostatic stress
ahead of the crack. Consequently, Figure 3 shows that thinner specimens
produces higher R-curve than thicker ones and that bending loads produce
lower R-curves than tension, because greater thickness and bending mode
loading result in higher constraints near the crack tip.’
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Figure 4 illustrate application of the R-curve for the assessment of
stable and unstable behavior for a structure with an initial crack of length a.

Tension

Thin

Jord
Jord

Thick
Bending

Crack Growth, Aa Crack Growth, Aa

Figure 3. Effect of thickness and loading mode on R-curve.®

Instablility

Crack size

Figure 4. Driving force analysis for instability.



8 P. AGATONOVIC

The driving force is represented by a series of G = f(a) curves (repre-
senting driving force) for increasing (F; to F4) constant load levels. Up to
the load F», the crack does not grow from its initial value because G < R
(material’s resistance). For materials, which have a rising R-curve, when
the load reaches F; the crack grows a small amount, but further crack growth
at this load is impossible, as the driving force is less than the material resist-
ance. When the load reaches F, the structure becomes unstable because the
rate of increase in G with crack extension starts to exceed the material’s
resistance. Therefore, instability occurs behind the point of tangency between
the driving force and the R curve.

3. Proposed elasto-plastic surface crack solution

Although some of the aspects of the behavior under elasto-plastic con-
ditions discussed in this chapter are complex, they still do not consider all
features of the surfaces crack problem. The analytical fracture mechanics
solutions assume two-dimensional conditions and the simple representation
of overall conditions by unique driving force parameter (K, J, or CTOD).
This means the analyses do not account for the distribution of the driving
force along the crack front, which varies considerably along the contours of
surface flaws.

On the other hand, in spite of the complex local deformation behavior,
due to the redistribution, an adaptation take place and, for practical fracture
control methods, the requirements concerning theoretical soundness of the
solution could be negotiated. With other words, it is not practical to strive
toward precise analytical solutions, anyway based on assumptions limiting
the accuracy, because such solutions may require unnecessary large calcu-
lation time. Accordingly, practicable, robust solutions that are based on
simplified estimation, if possible, may be more appropriate. However, robust-
ness in this contest, does not implies ability to provide usable results on
the basis of less reliable input but the simplicity based on unified solution
applicable in the broad range, covering different kinds of the failure, and
difference in geometry.

Because the failure is energy controlled, for a proper evaluation,
consideration is necessary of two parameters representing under general
conditions the stored energy leading to the failure and the deformation
behavior, i.e. stress and strain in the critical (net) section with the crack.

The adequate method has been developed and firstly used for ARIANE 5
structure evaluation'”.
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The well-known LEFM solution for J-Integral

_K*
E

J 6]
can be written as the product between two K-solutions: one for stress and
another for strain:

J=K,K, (where K, =§) 2)

The similarity to the Neuber solution for the case of stress concentration
cannot be prized coincidental.

Constitutive laws based on classical plasticity generally define total
strain as the sum of its elastic and inelastic components, with independent
constitutive relationships describing each.

E =&y + gpl (3)
Therefore
KZ
O
J:Ka(ng, +K8p1)=—E +KJ-K8p1 =Jel+Jpl 4

As usual, the actual strain is evaluated according to the stress—strain
curve of the material. For this purpose use of well known Ramberg—Osgood
approximation is typical

_ n
O = B.Spl (5)
Thus, for given stress
o . 1/n
E=—+|— 3’
z ( B] (3

In addition, the presence of a crack reduces the cross section in the
structure. Net-section yielding refers to the point when the plastic zone
spreads throughout the net cross section. With deep cracks, gross section
yielding probably could not occur and become insignificant for this situa-
tion. Therefore, in case of limited dimensions, as for example for the plate
with surface crack, relevant strain evaluation is only appropriate if the net
section is considered, similar to the notch factor consideration in fatigue.
Elastic-plastic fracture analyses such as the EFRI and R-6 methods assume
net-section yielding in the structure.
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To allow this, the linear elastic solution for K, should be scaled by the
net per remote area ratio:

A T.a
K, =0, TN ?.F (6)
AN w.a
K, =(€el+€pl),, 71/?'1‘“ 7
with, for the plate
Ay :A—%.a.c (8)

When ¢, is negligible, the solution (4) reduces to the simple LEFM
case. This means, the overall procedure results in a continuous linear—non-
linear solutions’ array for the fracture caused by the crack, independent of
the fracture mechanics criteria limitations or collapse. Complicated collapse
analysis is not necessary. The evaluation is based on net-section stress, i.e.
section with the crack.

Using the relationships for the J-integral (4), the crack driving forces
(CDF) can be calculated and corresponding method applied for growing
crack, so that also standard crack resistance method may be used’. The
procedure requires, for the material consideration, the actual engineering
stress—strain curve and fracture toughness value and, for the consideration
of the crack effect, the LEFM crack stress-intensity solution for given
geometry.

Due to the net-section dependence on the crack size, for the evaluation
of the critical crack size for given stress level using Eq. (7) the iteration is
necessary.

4. Numerical verification of proposed solution

At the beginning of the investigation of the proposed procedure, for the
purposes of verification and to examine conditions for the reliable data
transfer from small specimens to the real structures i.e., to close possible
gaps appearing due to the difference in the geometry and the loading con-
ditions of the laboratory specimens and larger structures, a series of numerical
calculations has been performed. For each specimen simulation, a referred
cylinder segment, with the diameter that corresponds to the test pressure
vessel foreseen for the verification testing, has been calculated. This allows
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a direct comparison of identical wall thickness and crack geometry para-
meters, by varying only the loading conditions and the curvature effect of
the cylinder. Detail description of the used calculation procedure and
software is given."” Here only results interesting for further investigation
will be presented.

In Figure 5 a typical change of a plastic part of the J-integral for dif-
ferent levels of the section stress is shown. It is obvious that the distribution
along of the crack contour change depending on the load level. This con-
firms that the prediction of the fracture by a simple scaling of the LEFM
solution can lead to inadequate results.

The constraint effect, which is based on hydrostatic portion of the
global stress state can be evaluated based on the ration of the hydrostatic
pressure and equivalent stress (von Mises) or h = o,/c. Typical results
shown in Figure 6 demonstrate the complexities of constraint. Near to the
surface deformation is free and h takes minimal values. However, inside of
the crack, as expected, there is fast increase in all values and with the load
increase the maximum values for cylinder appears already after 20°. At the
same time, the crack tip constraint relaxes at the point of maximum depth,
which is close to the back wall surface. Because of this, the local highest
true driving force and the apparent maximum could be at two different
locations.

3 ‘
2611 o Depth position Ii.
2o || O Surface position :,'

[ o
2 S0
\E_ 1.8 S
K S5

500 1000 1500
Remote stress in MPa

Figure 5. Change of the plastic portion of J-integral with load increase.
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Figure 6. Constraint effect distribution based on h ratio.

In spite of the complex local behavior along of the surface crack con-
tour, the stress redistribution may take place initiated by the local crack
instability growth and for the fracture behavior; the significance of stress
redistribution effects may be meaningful.

To the end, probably the most important results, for the goals of this
investigation, are shown in Figure 7. The agreement between the FE-results
and the solution based on proposed stress—strain approximation (2) at the
place of crack contour with the maximum J values is excellent. Therefore,
based on this very good agreement with the FE results concerning J-integral

evaluation, the stress—strain approximation appears to be not only a very
simple but also accurate method for the assessment of the plasticity effects
and the prediction of the failure behavior of structures with the surface

crack under non-linear conditions.
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Figure 7. Comparison between FE-Results and approximation.

5. Experimental evaluation

Finally, for the investigation and verification of the method, systematic
experimental tests have been carried out. Possible variation in the behavior,
based on material differences is considered using two typical very different
space structure materials: high strength low alloy steel D6AC and low strength
aluminium alloy AL 2219 T62. To ensure proper verification, test matrix,
which includes the variation of crack size and shape has been established.

5.1. SPECIMEN TESTING

Testing of the surface crack specimens requires careful preparation of the
artificial defect. To this end, as a crack starter a semi circular notch is machined
by spark erosion and all specimens were fatigue loaded to produce sharp
crack. However, using tension loading leads to semi circular fatigue cracks
(a/c = 1). Therefore, in order to get a/c < 1 the specimen must be additionally
fatigue loaded in a four point bend fixture.
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As known, representation of results considering typically only one crack
dimension, is not conform with the analytical relationship for elliptical
crack where the crack size is represented both by the crack dimensions and
crack shape factor Q. Considering the ARIANE 5 experience it has been found
that the useful and simple normalization can be achieved using “effective”
crack size derived from crack area. The representation based on crack area
has practical advantages:

e Crack size is represented by a value which directly corresponds to the
NDI signal.

o The imperfection of the crack shape compared to the theoretical elliptical
form can also be considered.

Analysis confirmed that between both normalization, one based on a/Q
ratio and another on area, the differences in the most important a/c range
(0.2 to 1) are within 10%.

The results of investigation for D6AC specimens are shown in Figure 8.
According to the results, there is the trend for larger sections (based on
thickness) to produce higher failure stresses. This effect can be only partly

1600
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Figure 8. Residual strength evaluation based on net section stress (Test D6AC).
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compensated if instead of the remote stress the net section stress (this
means section reduced by the area of the crack) is used. Figure 9 shows that
percentile difference in results for different thickness is very small. Never-
theless, this kind of size effect must be considered based on experimental
results.

5.2. COMPONENT TESTING

The effort to create the procedure adequate for the assessment of the inte-
grity of the defect-containing components and structures was completed by
the verification testing. The objectives of the verification part of the test pro-
gramme was to justify the proposed method and to demonstrate the transfer-
ability of data, i.e. use of measurements taken from simple test specimens
for a prediction of failure in large and/or complex structural components.
To this end, the geometry and the loading conditions for testing should be
representative to the structures containing surface defects (thin wall pressure
vessels).

The used forms of the test pressure vessels based on available preforms
were different for two materials (Figure 9). It has been found by numerical
calculation (MARC) that the form of the specimen must be very accurately
defined to control the loading in the areas outside of the cracked wall
(welding and cylinder cover). The selected geometries fulfilled very success-
fully all requirements for reliable testing and can also be recommended for
future testing.
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In all test coupons, surface defect starters have been introduced in the
centre position on the outside of the vessel wall at three equidistant posi-
tions at circumference. The introduction of more than one crack has been
successfully proved in test programme. In this way more than one usable
result has been achieved, even though the final fracture was always initiated
from only one of the defects. However, data concerning crack growth and
the significance of the defect size variation could be investigated addi-
tionally. The crack starters are cut using spark erosion. Before burst testing,
the initial artificial crack has been fatigued to produce natural crack
sharpness. The instrumentation of the specimen included the measurement
of the load controlling parameter, surface crack extension measurements
and the strain measurements. The crack extension at the surface was
measured during the tests’ duration at both sides of the crack using special
crack extension sensors. All data from testing has been stored on disks.

The fracture appearance of all burst vessels is similar. Figure 10 shows
one of the steel barrels with the wall thickness 8 mm after test. Dynamic
crack is retarded at covers at both sides at the place of the significant increase
in wall thickness. More detailed picture (Figure 11) shows the position and
the appearance of defect leading to the fracture.

Burst aluminum vessels with 3 mm wall thickness are shown in Figure 12.
Again cracks arrest at the section with increased thickness. In case of 3 mm
wall vessels the general figure is the same.

5.3. ANALYSIS AND DISCUSSION OF RESULTS

Predictions were based on the plane strain fracture toughness K;. and the
engineering stress—strain curve for the pressure vessel and surface crack
specimens. The necessary critical fracture toughness values were derived
from test results. At lower stress level the results approach the value 140
MPa\m for steel material and 60 MPaVm for the aluminium alloy. For all
calculation engineering stress—strain curve has been used. Figure 13 shows
the results for D6AC materials. As can be seen, the agreement for steel
material is nearly perfect.

For comparison purposes the same results has been also predicted based
on R6 method (Open points in Figure 13). The lower accuracy, which
appears on the safe side, is in most application cases capable to fulfill the
safety requirements.
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Figure 10. Outlook of the typical vessel fracture mode.
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Figure 11. Detail outlook of the initial crack.

Figure 12. Outlook of the fracture mode of Al-specimens (3 mm wall thickness).
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Figure 13. Results of prediction for D6AC considering plate and vessel results.

Accuracy of the prediction, based on proposed method, can also be
demonstrated based on prediction of strain at fracture which was evaluated
on plate specimen based on strain gage measurements (Figure 14). Under
the yielding conditions the stress change is low compared to the strain
change and, therefore, the accuracy of the evaluation can be better con-
trolled based on strain measurements.

The prediction for the Al2219 material (Figure 15) suffers from the
larger scatter of the specimen results. Again, the prediction for verification
pressure vessel coupons is very good. However, the predictions for plate
specimens approaching material strength are increasingly conservative. It
appears that for the deviation, stress—strain properties of the material might
be responsible. This could be explained, for example, by the material (Al
2219) softening during crack starter fatigue or by different sizes of tensile
test specimen and specimen with the crack. The sensitivity of the aluminium
alloys in this respect is well known.
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Figure 14. Prediction of net section strain at fracture compared with the measurements.

Non-conservatism of the prediction for specimens with thin wall (3 mm)
is also, based on similar results with the plate specimens with the steel
materials in some way expected. There is the trend to lower toughness
values for thin wall vessels (3 mm). This is in full agreement with the
general findings and with the plate tests for the steel material. On the other
hand, in both cases the dimension of the ligaments of the surface crack was
very low (lower than 0.5 mm). Similar results has been achieved in the case
of two plate specimens with surface crack approaching back wall their
results in Figure 15 are on the same line defining deviation of 10% against
prefect prediction. For the decision in this respect additional testing would
be necessary. Nevertheless, the predictions are still very good and generally
within of the margin of 10%.

It is shown again that the size effect is a very important consideration
within fracture mechanics. The effect is, however, reduced to the wall thick-
ness only. The global size of the structure is, based on comparison of the
plate and pressure vessel results, not significant. Because the results of the
verification tests were in full agreement with the component-like test results,
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Figure 15. Final Prediction (Al2219).

the transferability of specimen with surface crack results to large structures
is fully justified for the considered pressure vessel geometry. This is also in
agreement with the numerical results, as shown before.

Finally, important possible extensions of the method for the evaluation
of FAD (Fracture Assessment Diagram) should be mentioned. FAD is
the interaction curve between the proximities to LEFM failure and plastic
yielding which include the factors influencing the fracture behavior of
structural components:

e Geometry and size of the component
e Properties of the material based on stress—strain and toughness behavior
e Location, type, shape and size of crack
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Comparison with the R-6 Option 2 solution for the same steel materials
(Figure 16) shows significant differences in the direction of less conservative
use of material in the area of elsto-plasticity. This is full agreement with the
experimental results (compare Figure 13) and can be recommended for
further use.

6. Conclusions

The main subject of the presented work was the use of combined numerical
and experimental investigation on adequate specimens and components
with the surface crack for the development and verification of new fracture
mechanics methods for reliable evaluation of the residual strength of
components.

Numerical FE-investigations for the case of surface cracks showed that
the effect of plasticity is twofold: an increase of the J integral due to the
plasticity and a loss of the plane strain constraint at the free surface. This
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Figure 16. Comparison of FAD diagrams based on proposed method and R-6/Option 2.

leads to the redistribution of the J-integral compared to the linear K-solution.
As a consequence, linear elastic solutions cannot be simply scaled to a
yielding situation and a failure criterion, based on this could not be sufficient.

For the purposes of residual strength calculation, however, the redistri-
bution within of the surface crack contour allows accurate and sufficient
crack severity evaluation based on crack area. Using this kind of crack repre-
sentation and considering elasto-plasticity effect, based on approximation
of the stress and strains in the net section area, very accurate results have
been achieved. It has been shown that the stress—strain approximation gives
more accurate prediction of verification test results and is less conservative
than the current methods.

In summary, the proposed accurate structure integrity assessment method
provides the technology for future designs to obtain an optimization in
weight while not incurring higher risk and cost. The presented very robust
new analysis method (applicable in all range from LIEFM to net section
yielding conditions) should significantly contribute to the state-of-the-art
EPFM methodology. Being directly applied to the design of the lightweight



24

P. AGATONOVIC

structures it wills easy the effort of the design engineer to develop the
successful and reliable hardware and keep in place with other advancing
technologies.
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FATIGUE FAILURE RISK ASSESSMENT IN LOAD CARRYING
COMPONENTS

ING. DRAGOS D. CIOCLOV
Consultant, CEC. Saarbriicken, Germany

Abstract A methodology is presented for integrating probabilistic fracture
mechanics (PFM) with quantitative non-destructive inspection (NDI) for the
purpose of failure risk assessment in load-carrying elements, mainly, under
cycling loading. The definition of the failure risk in structural components
is made in the context of the general approach of structural reliability with
highlights on the sources of uncertainties and variability encountered in the
analysis. The quality of NDI is accounted by the probability of detection
(POD), as function of the flaw size. The main focus in the presentation is
placed on the fatigue failure risk assessment in conjunction with the quality
and timing of the envisaged NDI. The management of failure risk in aero-
space technology is exemplified in the framework of established philosophies
known as fail-safe and damage tolerance approach. Fail-safe or total life
(TL) approach is outlined by the probabilistic assessment of the fatigue life
of landing gears components under realistic loading spectra encountered by
a combat aircraft. A parametric analysis of the interplay between the iso-
probable fatigue life and deterministic safety factors, as applied to the mean
life, is outlined. Damage-tolerance (DT) approach to structural safety, having
at the core fracture mechanics technology, is presented in the framework of
probabilistic paradigm with its inter-relation with variability and uncertainty
associated with non-destructive inspection practice. On the base of Monte
Carlo computer simulation, a rationale have been developed encompassing
the fatigue crack growth (FCG) both under short- and long-crack regime,
thus addressing the entire fatigue life. For this purpose, the concepts of
“initial fictitious crack” size and “equivalent initial flaw” size are discussed
for the purpose of the implementation in the FCG analysis. By computer
simulation, it is exemplified the FCG in an aluminum alloy of class 2024 T,
for a coupon with central hole. The scatter of the total fatigue life and the
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crack size at a given life in the simulation follows from the probabilistic
input of material strength characteristics (ultimate tensile strength, yield
point and fracture toughness) as well as from probabilistic FCG parameters
entering a Paris—Klensil type relationship. Further, by fitting the simulated
data into continuous statistical distributions enabled to model the key dis-
tributions involved in the fatigue failure risk assessment. Finally, the pro-
bability of failure, at a specific timing during the fatigue life, is estimated
by Monte Carlo massive simulation of the final failure on the base of
Failure Analysis Diagram (FAD) approach. It is demonstrated the benefit of
applying a non-destructive inspection technique qualified by a specific pro-
bability of detection (POD) dependence on the crack size. Quantitatively, the
decrease of failure risk is evinced in terms of failure probability. Computer
re-sampling simulation known as “bootstrap” technique has been applied
for constructing confidence intervals on POD vs. crack size in order to use
in the risk analysis safe bounds of POD vs. crack size which, otherwise, are
established, merely, on expert bases. It is also discussed the integration of
quantitative NDI with probabilistic fracture mechanics, from the perspective
of assessing a better timing and capability ranking of non-destructive
inspection procedures.

Keywords: Failure risk, probabilistic fracture mechanics, uncertainty, quantitative
NDI, POD, probability of failure, Monte Carlo simulation, fatigue crack growth,
equivalent initial flaw, fatigue life distribution, fatigue crack size distribution,
failure assessment diagram, bootstrap method, aluminum alloy

1. Failure risk concept and its assessment

Operational reliability is, in many industrial fields, a key issue on the ever-
challenging international markets. Not long ago, quantitative assessing of
operational reliability was restrained only to certain privileged industrial
fields, such as nuclear and aerospace industries. Nowadays, operational
reliability concerns large industrial companies as well as small enterprises.

The broad concept of operational reliability is primarily connected to the
question of what defines the failure risk, in a way that enables to evaluate it
quantitatively for the purpose of forthcoming decisions.
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One possible definition of risk is:
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Risk frequency assessment may be made by statistical inference on past
events (a posteriori analysis) or by probabilistic prediction (a priori ana-
lysis). The assessment of severity is a matter of economic, social, environment
or political nature.

The general context of failure risk in load-carrying structures and
machine elements with various contributions, concurrently implied in its
assessment, are summarized in Figure 1. Factors which decide the accept-
able failure risk level pertain to the specificity of the product, as related
to the engineering design and manufacture, operational circumstances,
together with in-service inspection (ISI), and maintenance policy. The safety
philosophy of the society in conjunction with the past experience (i.e. proved
sound engineering incorporating lessons drawn from past-accidents) is
the general framework of the failure risk assessment and the process of
decision-making.
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Figure 1. The context and concurrent contributions implied in the quantitative failure risk
assessment.
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2. On the approach to failure risk assessment

2.1. A-POSTERIORI EXPERIENCE

The past experience represents, since the maturing of technical activity of
the mankind,' the most obvious background for new developments. Usually,
the quantitative perception of the failure risk is achieved in terms of failure
frequencies or failure rates defined as the number of failures (#) in an unit
of time (#/time) for the entire set of products under consideration or nor-
malized to the entire number of items (#/time X nb. items).

Failures due to design, manufacturing or unknown causes imply high
rates of failure and rupture. These types of accidents are not related with
physical degradation mechanisms of materials, hence, there is only a weak
correlation with ISI strategy but correlates with ISI strategy and practice.
Service data analysis has shown no correlation between design stresses (safety
factors) and failure probability assessed on post-factum considerations.

When standard statistics inference is applied to past-experience of
failure and rupture data, the point values correspond to maximum likelihood
estimates. However, there are some problems with estimating failure or rup-
ture rates in terms of point estimates frequencies. For instance, only upper
bounds on the frequencies can be obtained if zero failure or rupture events
are observed. These problems, arising from frequency-based inference, can
be circumvented by the application of Bayes statistics. This rationale treats
failure and rupture in terms of uncertainty distributions inferred from the
state of knowledge a-priori to the collection of data and derive, on this
basis, the likelihood function related to a-posteriori observed data (e.g. Box
and Tiao 1973, Gelman et al. 1995).

2.2. PROSPECTIVE APPROACH

The scientific background of failure risk assessment encompasses and syn-
thesizes essential procedures such as:

Non-destructive inspection (NDI) techniques
Fracture mechanics (FM)

Mathematical theory of reliability

Theory of probability and applied statistics
Computerized methods for data processing

Damage tolerance concepts, as “fitness for purpose”

' Hammurabi Code (Codex Hammurabi) 1758 B.C. (average) gives the first known
written reference on building safety and legal consequences in the case of failure of a newly
constructed building (e.g. The Code of Hammurabi, translated by L.W. King, 2007, Yale
University).
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e Human reliability quantitative assessment related to specified tasks
e Failure consequences on human life, economy, social or natural
environment

Industrial inspection with non-destructive techniques has the objective
to detect and locate defects during manufacturing and, further, during
operation. It plays an ever-increasing role in the early, fast and reliable
detection of failure potential in order to maintain the productivity and ope-
ration reliability of plants. In addition, industrial inspection is a major factor
of economic protection by excluding, by all means failures that, neverthe-
less, nowadays, typically implies total costs at the level of approximately
4% of GDP in industrialized countries, as well as virtually unpredictable
cost associated with the whole range of possible negative consequences on
human life and natural environment.

The modern approach to failure risk resulted from the material damage
or rupture has been matured in a distinct field of engineering science known
as Fracture Mechanics. Combined with quantitative assessment of NDI it
offers a powerful tool for mechanical failures prediction, far beyond the
classical approach based only on safety factors.

As far as mechanical products are the result of conscious engineering
and matured technology, the sources of failure risk reside, mainly, in uncer-
tainty and variability (Cioclov and Kroning 1998, Cioclov 2002a, 2003).

Objective uncertainties are involved in manufacturing and during the
operation of load-carrying structures. Variability in material properties and
loading circumstances is also encountered, as results of the stochastic nature
of underlying physical phenomena and natural actions. Uncertainty is the
assessor’s lack of knowledge about physical laws and parameters which
characterize physical and technical systems. Uncertainty is reducible by
further experiments and study. Variability is the effect of chance and is
function of system. Variability is objective since it resides in the nature of
the involved physical mechanisms related, in our case, with the material
strength. The encountered random loading pattern and environment actions
are, equally, sources of variability. Basically, variability is not reducible by
either study or further testing and measurements. Variability may be reduced
only by changing the system. Uncertainty and variability (U&V) act con-
jointly to erode our ability to predict the future behavior of a system.
Quantitative characterization of U&V is at the base of failure risk assess-
ment. The most common methods available for this purpose are: the pro-
bability theory, applied statistics, fuzzy logic, neural networks, and elicitation
procedures. In the present study only methods pertaining to the theory of
probability and applied statistics will be considered.
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It should, however, be emphasized that no matter how advanced are the
theoretical backgrounds and the computation algorithms or how sound is
the experimental support of failure risk assessment methodology, the inevit-
able involvement of U&V brings into play the purely non-algorithmic experts
opinions (see Figure 1).

3. Fatigue failure risk assessment and management

3.1. FRACTURE CONTROL AND FAILURE RISK MANAGEMENT

Fracture control and failure risk management is a systematic approach aiming
to prevent failure by fracture during operation. The extent of fracture control
depends on: criticality of components in a load-carrying structure, the
extent of the damage that might be incurred to the structure by the failure of
one or several components, the economic consequences of the failure and
the impact on society and environment, to cite the most salient issues. Fracture
management strategy includes:

e Testing on specimens, joints and components under conditions of static,
cyclic and dynamic loading at ambient and operating temperature (creep,
thermal fatigue, alone or in combination) environmental actions (corrosion,
neutron irradiation, hydrogen embrittlement, etc.).

¢ Inspection procedures

e Repair/replacement management

An example of systematic fracture control and failure risk management,
from design, through manufacture and in operation is offered by aerospace
industry where fatigue damage structure is one of the main concerns.

3.2. FAILURE RISK MANAGEMENT IN AEROSPACE INDUSTRY

There are two lines of thinking in approaching fracture control and risk of
failure assessment in load-carrying components operating under cyclic load-
ings which induce cumulative fatigue damage of the material. One, is based
on the total fatigue life assessment based on empirical test data organized
in a representation: applied cyclic stress as function of number of applied
cycles, a(N ), the Wohler curves. This is known as total life (TL) or safe-

life approach to fatigue behavior evaluation. The alternate way of approach
resorts to fracture mechanics methodology for assessing, explicitly, the pro-
pagation of the dominant crack leading to fracture. Because this methodology
is constructed with the aim to explicitly quantify the fatigue damage of the
component in terms of crack-size growth during operation it is termed as
damage tolerance (DT) method. A former variant of this methodology,
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applied to aircraft structures, is known under the denomination of “fail-
safe” approach. Let’s give an outline of these two basic philosophies of
approaching failure risk under material fatigue circumstances (e.g. UASF
(1984) and Welch et al. (2006) for application to fuel tanks of F-16 combat
aircraft fleet)

3.3. TOTAL-LIFE APPROACH (E.g. Cioclov 1975, 1998b)

TL method applies to structuresof single load path, within structures with
load-carrying components arranged in series. This way of thinking stems
from the early fatigue tests performed by Wohler in the mid of the nine-
teenth century. In a series-organized multi-component structure, the failure
of one component implies the failure of the entire structure. In aircraft
industry the application of TL method is practically limited to landing gears
although elements of TL approach are sometimes inserted into DT assess-
ments. According to TL method, fatigue life calculation is performed for
every component in a load carrying structure with components in series
arrangement. The fatigue life assessment rationale attempts to reflect the
material response to external cyclic loading by a cumulative fatigue damage
rule. The material response to cyclic loading is evaluated on the base of
experimental, & — N, Woehler endurance curves, usually evaluated under
constant amplitude cyclic loading on standard specimens or “coupons”
which reflects the dominant feature of the component (e.g. thin-walled rect-
angular coupons of Al-alloys with a central hole simulating a rivet hole in
an aircraft fuselage — see further Figure 13).

Figure 2 illustrates, in principles, the TL approach to the assessment of
the fatigue life in service of a component from landing gear assembly.

Probabilistic nature of the fatigue damage is accounted for on the base
of experimental scatter of the fatigue life at various loading levels which
enables to fit probabilistic distributions of the fatigue life at a constant level
of cyclic loading intensity (amplitude or maximum stress) or, alternately,
the fatigue strength (expressed in stress amplitude or maximum stress) dis-
tribution at a specified fatigue life. On the base of these two complementary
distributions the iso-probable endurance curves, P, are used, further, in a
cumulative fatigue damage rule in order to assess the endurance — at
P probability of occurrence — under the specific pattern of loading intensity
variation from cycle-to-cycle (e.g. Cioclov 1975, 1999).

Applied loading action, essentially of random nature, is synthesize in
loading spectra and the associated probability distributions of instantaneous
loading intensity of occurrence, p(a). The loading synthesis is based on

the recordings during operation on similar products or prototypes in the
product development stage.
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Figure 2. Schematics of safe-life life approach to landing gears. (a) Sketch of nose landing
gear assembly (after Schmidt et al. 1999); (b) schematics of the random loading stress-
spectrum in a critical cross-section, as in the wheel pivot, and interaction loading-fatigue life
in Wohler durability curves representation.

The interaction, cyclic loading vs. material response, is modeled by
a cumulative fatigue damage rule which quantifies the damage per cycle by
a phenomenologic damage parameter D. In the simplest formulation
(Palmgren-Langer-Miner) it is hypothesize that fatigue damage cumulates
linearly during the fatigue life, /V, at a constant rate (damage per cycle) of
D =1/N . Obviously, in the initial undamaged state we have D =0 and, at
fracture, under constant amplitude loading the limit state, D =1, corresponds.
It follows that under irregular, i, , loading cycles between i loading levels

of constant amplitudes, &

i » to which i fatigue lives correspond, /V; (on
the Woéhler curve), the condition of fracture occurrence is:
N, n
b S (2)
2N0.]

ai

where: NV, is the fatigue life under irregular cyclic loading. When irregular
cyclic random loading, stationary around a mean stress,d,, , is systemized
in loading spectra of probability density of the loading intensity, p(aa ), as

shown in Figure 2b, then the integral form of linear cumulative fatigue
damage rule enables to solve Eq. (2) in terms of the fatigue life under
irregular cyclic loading, /V, :
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In practice, the computation of the fatigue life under irregular loading is
validated by full-scale fatigue tests.

The operational (allowable) fatigue life is established by amending the
computed fatigue life by a safety factor, usually between 3 and 10. The
higher value of safety factors applied to fatigue life in comparison with
those practiced to establish allowable loads reflects the wider statistical
scatter around mean value associated with the fatigue life.

A probabilistic TL (safe-life) approach to the estimation of failure risk
of landing gear components, as results of fatigue damage accumulation, has
been developed by the author (Cioclov 1999). Figure 3 exemplifies the
estimation of failure risk of a landing gear component (pivot) as results of
fatigue damage accumulation (Cioclov 1999, Iordache and Cioclov 2002).

In this exercise, the operational random variable loading, forces and
moments, monitored experimentally, have been reduced to stresses in the
critical cross-sections of the analyzed components. Stress spectra are
organized in deterministic blocks of constant amplitude stresses. For a spe-
cific cross-section, the constant amplitude loading stress spectrum consists
of five blocks. Each block corresponds to the main stages of operation:

Endurance curves

A —SpecimendMellian (P = 0.50)

B — Specimenat probability levelP=10"%
C — Component — Pivot, P=10

Damage simulation rule: Miner- linear

w FATIGUE DAMAGE SIMULATION; LANCER - Landing geas Prof.0.D.Ciocloy

et | Thamage [Dm]isvaznualhm nll%adgn]g Eyclu LS :ﬁlm Pivot at Rod Joint [cros+-sect 2); X Varlant; ¥
-specimens I B-spec. :nnnnner\l (10°-5] 2 T =
FHS Smaz/UTS 1| Eieketiioond |
- "\ ] Landing Taxding Ersfing Toving
Simulated fatigue life of wheel pivot for various probabilities \ W A l e qﬂ%:l ]
of failure. Influence of small variations of aireraft weight | \
uence ¢ eig| L N - Alegk[2 |
6 A \ R-Whijmm] ODjmm] Djmm]
Aireraft Probability Standard Number of Safety Y Bl , L
weight P Deviation Mlights Factor \ N Phot L
|
4 Y Sy Tt R hn-‘sr?vmsu
Nominal mean Mean 0 21970 1.000 C - seRp a7 m ¥ el o,
weight -
! EXITE) 7460 2918 Wﬁﬂ ma
10° 4.266% 6314 3444 L
- — [t Blean Pl zm 1636 42 o
10 4.7590 5.480 3.900 RMS [MPa): Zm 3 ,m,a
Fp— ) ) am o sl |\|4u T oo
nominal mean " i
weight 1o 3719 4410 1818 TSNP YPOPa) Pl SDev W ;
10° 42668 3790 EET O W [o_Jfe Jpasr | S
NolCyelosk Sz sune[o7 Larding & Toing loxdache 2000 rsking  Turing
0" 4.7590 3310 3,755 Hi(Cycles} mnnnnm 8 g
|
Cloclov 1. Internal Report CC/1999) Tordache M. & Clocloy D Loading spectra |3 5152 53 54|55 s6 s7|SP 5u Redo|sdv [s0ii [ il | Load [ End
and fatigne damage evahation AEROSTAR, Bacau 2002

Figure 3. Safe-life method for reliability assessment as applied to landing gears of LANCER
aircraft (Cioclov 1999, lordache and Cioclov 2002). Table gives probability based safety
factors.
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touch-down contact and ground rolling at landing, taxiing, braking, towing
and ground rolling at take-off. Due account has been given to the mean
stress levels in every operational stage. Computation strategy consisted in
computer simulation of block-by-block fatigue damage accumulation accord-
ing to the linear Miner rule applied to constant amplitude endurance (Wohler)
curves of the landing gears components, expressed in number of flights.
Ultimately, the computational simulation yields the endurance of the
component.

The constant amplitude endurance curves of the components have been
derived on the base of endurance curve assessed experimentally on standard
specimens. In order to account on the real geometry of the component,
endurance curves have been amended for size and notch effects according
to well established models (e.g. Cioclov 1975). Probabilistic aspects result-
ing from estimated variability in the material strength (UTS, YP) and fatigue
characteristics (fatigue limit) have been implemented in the simulation
algorithms. Figure 3 illustrates the iso-probable endurance curves A and B

determined on standard smooth specimens, for median and P =10 pro-
bability of occurrence, respectively. The iso-probable endurance curve of

the wheel pivot component, for the probability of occurrence of P =107 is
represented by the curve C in Figure 3. Details on the analytical form of
iso-probable endurance curves can be found elsewhere (Cioclov 1975,
1998b).

The total median value of pivot endurance under assumed operational
loading spectrum has been estimated at 21.770 flights. At an acceptable
probability of failure occurrence, say, 10", the maximum number of flights
must be lower than 6.314 flights which correspond to a safety factor related
to the median endurance of 3.444.

It should be emphasized that the outlined probabilistic TL methodology
based on cycle-by-cycle fatigue damage accumulation simulation evinces,
explicitly, the correlation between the failure risk, expressed by the pro-
bability of failure event occurrence, and the usual engineering safety factor
applied to median value of the fatigue life.

3.4. FATIGUE DAMAGE TOLERANCE APPROACH

Fracture control and failure risk management in aerospace structures, when
the initiation and growth of fatigue crack during operation is not excluded,
is systemized in a strategy denominated as damage tolerance approach. DT
aims to prove that catastrophic failure of a structure of particular design,
owing to fatigue crack growth (FCG), is avoided throughout the operational
life. If fatigue cracks subsist in a load carrying component and their growth
cannot be avoided, the structure must be capable to sustain the damage
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without catastrophic failure in emergency circumstances or until the next
prescribed inspection, when repairs or replacements are made. For this pur-
pose of analysis fracture mechanics methods are applied.

In DT approach the pre-existence of an initial crack or a flaw of crack
acuity is implied. Defects of crack-nature may be introduced in a structural
component either during manufacturing or in operation. In the latter case,
cracks may be induced at unavoidable notches, corrosion pits or micro-
structural defects in components which, nevertheless, are validated as defect-
free at inspections. Initial crack-like defects are not uncommon in welded
structures being related with joints geometry, welding procedure and exe-
cution circumstances (e.g. welding position, environment, workmanship
skill, etc.)

Forcefully, common sense dictate that a pristine load-carrying com-
ponent, with smooth geometry design which has passed all inspections during
manufacturing processes is, supposedly, defect free. However, for FCG
assessment by fracture mechanics methods some sort of initial crack size
must be considered. The various interpretations of the initial crack size, a
key issue in DT methodology, will be taken up in more details in Section 5.
For now being, in order to expose the principles of DT approach, it suffices
to consider that an initial crack, of known size and location, pre-exists in the
structural component under analysis.

The objectives of DT analysis are to determine the effect of the presence
of cracks on the structural strength and assess if during the period between
inspections for crack detection, the cracks growth remains within tolerable
limits, i.e. do not provoke failure. Formalized prescriptions of DT approach
to airplanes design have been published by UASF (1984) as Damage
Tolerant Design Handbook.

Figure 4 illustrates the steps in applying DT procedure to a load-carrying
element (Broeck 1986, 1993).

First step consists in assessing the critical crack size,a,., on the base of

the knowledge (by testing or fracture mechanics modeling) of static residual
strength of the component, as function of crack size, P (a). If the com-

res

. A safety factor, j, is set to P,

ponent is crack-free, then its strength is P, it

ult

in order to specify the maximum permissible load in service, P, , i.e.,
P

ult

= jP,... Typically, j =3 for stationary load-carrying structures and
Jj =1.5 for aircraft structures. If it is admitted that a crack subsists in the

component and the minimum acceptable residual strength, P__, is set, via

res >

the safety factor g < j,at P, = gP, . Then, the critical crack size, a_,,

res max cr

can be ascertained on the base of P, (a) relationship as shown in Figure 4a.

res
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Figure 4. The steps in applying DT rationale (Broeck 1993). (a) Assessing critical residual
strength and associated critical crack size, a.; (b) assessing the time, H, for fatigue crack
growth from the initial crack size, a, to critical crack size, a.. (c) strength-loading inter-
action in terms of applied cyclic stresses; (d) assessment of inspection intervals.

The critical crack size, a,_,, is an “ultimate defense” against failure con-

cr?
ceived to incorporate, by the intermediate of the safety factor, g, unknowns
and uncertainties which are not apprehensible by analysis or other a priori
knowledge. Safety factors jand g assure the conveyance of the past expe-

rience accumulated in structural design. j is a conservative safety factor

and in the past five or six decades remained, virtually, unchanged proving
to be realistic in the context of ever increasing operational loading, on the
one hand, but acting on aircraft of refined design and manufacturing
methods. More design-specific safety factor, g, is related with the interplay
between the strength, deformation capability of the material and maximum
loading which is expected to be encountered in service.

To assess the time H for the dominant fatigue crack to growth from the
initial size @, to the critical size a_ (Figure 4b), material-specific fatigue

crack propagation rules are used (e.g. Paris, Forman, Walker rules, etc.). In
the present state of art, the parameters entering in the analytical form of
fatigue crack growth rules are derived on the base of fatigue testing on
specimens containing pre-existent cracks. In practical computation, stress
rather than force representation is preferred (Figure 4c¢).
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Figure 5. Setting damage tolerance inspection intervals in service. (After Broeck 1993).

If initial crack size,a,, is identified with the minimum crack size

detectable with the NDI technique in use then H is the available time for
the application of NDI (Figure 4d). Before the fatigue crack attains the size,
a,, crack detection is not possible with the considered NDI technique. The

aim of the outlined strategy, merely, to establish inspection intervals in
relationship with the capability of the NDI technique to detect small cracks
and to introduce safety provisions for the circumstance when a crack is
missed during inspection than to assess the total life. Figure 5 portrays how
applies a DT-based NDI strategy.

Obviously, an inspection interval ought be smaller than, H. Hence, the

available time for NDI is H /i . The factor i has a typical value of 2 which

implies that if a defect is missed in a scheduled NDI session, it remains,
nevertheless, one possibility in the next session to detect the defect before it
reaches the critical size. If a defect is found, replacement or repair at the
initial quality of the component is made and the FCG curve, from this
moment on, is considered to correspond to undamaged material. The new
position on time axis in Figure 5 is shifted to the left with the amount of
time elapsed until crack detection.

To implement DT strategy in practice, in a larger context of design and
operation, supplementary supporting engineering methods are available (see
UASEF 1984, Schmidt et al. 1998). Besides fracture control of FCG by con-
joint consideration of fracture mechanics and quantitative non-destructive
inspection one can also cite:

1. Redundancy by design. It means: introducing additional load paths with
elements designed to carry the load in the case of failure along the main
load path; specific design to confer capability to arrest fatigue crack
propagation.
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2. Hazard analysis to identify potentially critical items prone to crack
initiation, growth and fracture.

3. Design to enable and facilitate NDI.

4. Failure risk assessment in quantitative terms (failure probabilities).

On the deterministic DT methodology, as described above, probabilistic
pattern related with material strength and FCG statistical variability, and
probabilistic uncertainties assessment arising from the application of NDI
can be superposed. It is achieved by integrating probabilistic fracture
mechanics and probabilistic models of NDI reliability, the latter having at
the core the concept of probability of detection (POD). This novel develop-
ment in DT methodology will be fully presented in the following sections.

Finally, it should be emphasized that in the outlined rationale, it remains
open to interpretation the central issue of how to define and assess,
quantitatively, the initial crack size under the circumstance when there is no
physical basis to accept the pre-existence in the structural element of initial
flaws of a crack nature.

4. Probabilistic paradigm in mechanical failure risk assessment

Probabilistic aspects are encountered, virtually, in all steps of failure risk
assessment in load-carrying structures. The source resides in the variability
of materials properties and cyclic loading intensity, together with various
uncertainties which cannot be avoided in the process of design, manufacturing
and operation. In refining both TL and DT approaches to structural reliability
two probabilistic aspects are of relevance: one related with the process of
FCQG, the other related with NDI process. An outline of these aspects will be
given in this section.

4.1. PROBABILISTIC DESCRIPTION OF THE FATIGUE CRACK GROWTH

It is now accepted that the observed scatter of the experimental data on
fatigue crack growth evinces two components: one type of scatter, the
“collective scatter” is observed across the sample of specimens; the other
type of scatter, the “individual scatter” is due to the randomness observed
during the FCG within an individual specimen. The former scatter is related
with the variability of material properties at macroscopic scale. It may be
described by a multi-dimensional random variable (vector). The latter type
of scatter is conveniently described, in first approximation, by a random
process with independent increments. It is worth to mention that, from
engineering standpoint, the knowledge of collective scatter, rather than



FATIGUE FAILURE RISK ASSESSMENT 39

individual scatter, is of more significance since it relates with the fatigue
behavior of a set of items, such as an aircraft fleet or the set of load-carrying
elements of the same.

Both approaches imply the use of an explicit FCG rule validated, in the
present state of art, on purely empirical bases or semi-empirical mechanistic
models.

FCG assessment by models stemming from primary physical mechanisms
of the evolution of fatigue damage is still lacking. The basic mechanisms of
fatigue damage occur at mesoscale where the material behavior is governed
by dislocations dynamics. The entire assessment construct relies, nowadays,
on coupled multi-scale simulation with the means of massive parallel
computing. Multi-scale simulation encompasses wide size- and time-scales
in conjunction with hierarchical physical theories ranging from the first
quantum mechanics principles, through molecular dynamics, coupled with
continuum mechanics, up to macroscopic level. Such an approach becomes
possible by the tremendous development of computing power in the peta-
flop domain. On this line, mutations in nowadays engineering thinking are
to be expected, even in the near future. Research projects have been recently
envisaged to develop predictive, experimentally verified advanced computa-
tion capabilities for materials fatigue damage evolution mased on fundamental
materials physics at nano- and microscale with the aim at development of
dislocations dynamics based multi-scale models of fatigue crack nucleation
and cracks growth in the early stage (Ghoniem 2006, Brinckmann and
Giessen 2003, Brinckmann and Siegmund 2008). A general review of the
state-of-art in this novel field of materials science research can be found in
a recent publication of the author (Cioclov 2008).

The concepts and methods presented in this study remain, however, in
the realm of advanced but well established continuum mechanics engineering.
Particularly, the FCG will be assessed by a Paris—Klensil type equation
(Paris et al. 1961, Klensil and Lucas 1972) which is one of the most
frequently used in engineering practice. This rule will be developed into a
probabilistic model and used, consistently, in the description of scatter and
uncertainties in FCG. Obviously, many other existing models of FCG, apart
of Paris—Klensil one, can be probabilistically adapted.

As outlined, one way of approach to probabilistic description of the
FCG is based on the association of random variables (RV) to a FCG rule,
which is defined, usually, in a deterministic average sense. The procedure
of randomization of the empirical parameters of a FCG rule, which also
makes easy the application of the Monte Carlo technique, falls into this
category. On this way, one can model successfully the collective scatter
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encountered in the FCG (e.g. Lidiard 1979, Varanasi and Whittaker 1976,
Engeswik 1981, Shaw and LeMay 1981, Yang et al. 1983, Ditlevsen and
Olsen 1986, Annis 2003, Cioclov 2002-2004, Cioclov et al. 2003). How-
ever, it is worth to mention the main limitations of this approach. First,
randomization technique has developed, to date, only for the parameters of

the Paris-Klensil type FCG rule’: C, m and less AK, . Secondly, the para-

meters of the fitted distribution for these parameters have no clear-cut physical
meaning and no link with material micro-structural properties has been
attempted, so far. Thirdly, though probabilistic models offer a fair prediction
of the scatter encountered in the FCG process they do not provide an insight
into the nature of fatigue damage process in order to enable further
generalizations (see Ghonem and Dore 1987). However, probabilistic FCG
models have gained popularity among practitioners and many applications
in fatigue reliability management have been developed on these bases.

Another way of approach is to associate deterministic FCG rules, which
describes the mean or median trend of FCG, with a time-dependent random
process defined by a probabilistic distribution of unity mean value and an
auto-covariance function which describes probabilistic dependence between
two point realizations along the random process path. In principle, by this
approach, both the collective and the individual scatter displayed in the
FCG can be addressed. On this line of thinking, one can cite the works of
Ghonem and Provan (1980), Lin et al. (1984), Ghonem and Dore (1985),
Sobczyk (1986), Ortiz and Kiremidjian (1988), Ihara and Misawa (1988),
Tang and Spencer (1989), Tsurui et al. (1989) and Wu and Ni (2003).

With the advent of massive automatic computing power, the direct
application of Monte Carlo random simulation technique enables to model
directly both the collective and individual scatter in the process of the
fatigue crack growth. Monte Carlo modeling of FCG is implemented into
pFATRISK® methodology which will be further described together with
relevant engineering fatigue case studies (Section 6).

Much theoretical material on probabilistic fatigue crack growth modeling,
with references to test data, can be found in the monographs of Bolotin
(1965), Bogdanoff and Kozin (1985) and Sobczyk and Spencer (1992).

A less studied aspect of fatigue cracks statistics in DT approach is that
related with the initial crack size and the various expedients referred under
the collective heading of “equivalent initial flaw”. This issue will be taken
up in more details in Section 5.

2 FCG rule: da/dn = C(AKm —AK" ) , with AK,AK ,C,m the range of applied cyclic
stress intensity factor, the inferior threshold range, and two empirical parameters, respectively.
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4.2. PROBABILISTIC DESCRIPTION OF QUANTITATIVE
NON-DESTRUCTIVE INSPECTION

Quantitative non-destructive inspection (QNDI) encompasses flaws detection
and their quantitative evaluation, together with assessing uncertainties and
variability (U&V) associated with a specific NDI technique in terms of
probability of detection ( POD).

NDI systems are driven to their extreme capability to find small flaws.
To the edge of extreme capability of NDI, not all small flaws may be
detected. Because of U&V, NDI capability (here meant as reliability of the
flaws detection process) is characterized in terms of POD as function of the
flaw size, a. POD(a) function is defined as the proportion of all flaws of

size, a, which will be detected by a given NDI system and associated pres-
cribed procedures. Probability of non-detection ( PND) is simply the pro-
babilistic complementary of POD, i.e. PND =1 — POD.

Probability of detection can be estimated only by statistically planned
non-destructive testing (NDT) experiments on specimens containing flaws
of known size. A large experimental effort has been made in this field in the
past decades and extended literature is available on this subject (e.g. Berens
and Hovey 1981, Berens 1988, Nichols and Crutzen 1988). Such experi-
ments have enabled to derive various models of POD variation as against
the flaw size, a. For the purpose of failure risk analysis, as incorporated into
pFATRISK® methodology, following POD models will be considered:

o Asymptotic-exponential (Marshall 1982)

POD(a)= A {1 - exp(—iﬂ @)
al
o Asymptotic-exponential with lower threshold
(a—a,)
POD(a)=A;1—-exp| ——2— (5)
(al - ao)

e Log-logistic or log-odds (Berens 1988)

Aexp(a,+a,In(a)

POD(a) = ©6)
1+exp(a, +a, In(a)
o Asymptotic of power-law type (Cioclov 1998a)
A In(a,/a,)/In(a/a,)
POD(a)=A (j) @)
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Parameters 4, A, a, and a, in Egs. (4) to (7) are fitting parameters.

It is worth mentioning that the parameter A is an upper asymptote to POD.
It reflects the possibility to miss a flaw irrespective of its size, hence its
value is lower than unity. This parameter has been proposed by Marshall
(1982) in the early stages of PISC research program with the aim to process
the POD data available at the stand of technique of that time, coupled with
the reliability of human factor implied in the NDI. Nowadays, owing to the
refinement of NDI hard- and software, together with improved management
and execution of the inspection, the parameter 4 may be related merely to
the gross human errors.

4.3. PROBABILISTIC RE-SAMPLING SIMULATION IN A SET OF POD
VERSUS CRACK-SIZE DATA

New powerful statistical inference methods and probabilistic algorithms
have been developed in the last decades with the purpose of extracting more
information from small sample test data such as POD vs. crack size experi-
ments. Computer simulated re-sampling in the parent (real) test sample —
the “bootstrap” method (Efron and Tibishrani 1993, Cioclov 2002b) — is
appropriate to set non-parametric confidence intervals to POD vs. crack size
correlation.

Figure 6 illustrates a bootstrap simulation with pFATRISK® computer
program. For instance, it is common in fracture mechanics reliability assess-
ments of aerospace structural components to use a conceptual or “equivalent”
initial crack (see Section 5) which is related with the capability of applied
NDI to assess a crack size agyps, at POD = 90% on 97.5% conservative
bound (95% confidence interval-CI). In the case documented in Figure 6,

A popicr = Aogos = 3-042 mm. The illustrated example, which refers to ultra-

sonic inspection of samples of aluminum alloys, will be used in Section 6 to
outline the integration of QNDI with probabilistic simulation of failure by
fatigue crack growth.

5. On the evaluation of initial (equivalent) fatigue crack size
and its statistics

Fracture mechanics formalism becomes inconsistent for vanishingly small
crack size (e.g. Smith (1977) for a comprehensive discussion). In order to
extend, in a formal manner, the linear-elastic fracture mechanics (LEFM)
methods to fatigue behavior description, dominated by crack growth to failure
and to integrate this methodology into Damage Tolerance philosophy it is
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necessary to hypothesize some sort of initial crack. A key concept of DT
methodology is the equivalent initial flaw (EIF) size which ought to be
specified in order to make possible fracture mechanics description of the
dominant fatigue crack growth. In practice, load carrying components in
pristine state are considered to be free from of initial defects. This owes to
the high-quality manufacturing methods and the reliability of the nowadays
NDI techniques. EIF concept enables to link the traditional total life
approach (safe-life) with explicit assessment of the fatigue crack growth by
fracture mechanics methods. To make more explicit the EIF concept, a
closer insight into FCG process is appropriate.

In the case when well defined pre-existent cracks in a structural element
with smooth geometry cannot be invoked, in order to make the fracture
mechanics formalism workable, some sort of plausible equivalent initial
flaw (EIF) must be considered conceptually. EIF can be related with material
microstructure and/or defects at this size-level, with in-service inspection
crack-sizing capability or even with an EIF derived as a purely computational
parameter. In the latter case, EIF is assessed from the condition of durability
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correspondence when the same problem of durability is approached, com-
paratively, by TL (Woéhler) and DT (FCG) methodologies.

Fatigue damage by FCG in metallic materials implies, as a rule, five
phases: (1) nucleation of many shear micro-cracks, typically in the localized
slip bands emerging at surface; (2) as cyclic loading proceeds, micro-cracks
with orientation tendency perpendicular to maximum applied tensile stress
coalesce into one dominant fatigue crack which has preeminence over the
other small cracks and propagates, further, to fracture. Once a well defined
fatigue crack is generated — it behaves in first instance as short fatigue
crack — phase; (3) In this phase, the crack growth mechanism is dominated
by the interplay between microstructure and the local plastic deformation at
the crack tip. Further, in the phase (4), the dominant fatigue crack propagates
by stable growth as macroscopic long crack when the dominant factor is the
size of the crack. In the final phase (5) of propagation, the dominant fatigue
crack growths unstably at rapid increasing rate until, finally, failure occurs
by fracture. Figure 7 illustrates the stages of the fatigue damage in terms of
fatigue crack growth.

Stages of fatigue cracks growth T A
== " ULT

1. Nucleation of many micro-cracks crack size
2. Coaleseence of some micro-cracks into to one dominant crack
3. Growth of the dominant crack as ashort erack
4. Stable growth of the dominant crack as a

macroscopic long crack, until,
5, Failure by fracture of the remnant ligament ahead

the crack tip (by plastic tear or brittle fracture)

Micro-cracks

® The limits between phases are not always well defined. mo |

® A controversial issue in fatigue design is the setting of
crack initiation point (defined in crack size and time). Lo Ly 1

Time or number of applied loading gcles
e incuhation time,
£,; macroscopic crack initiation,

& — time o fracture

real observations

a, : pre-existent real macroscopic long-crack
ULT - ultimate static strength IMQ — initial material guality (notional long-crack)
EIF —equivalent initial flaw (notional shore and long-crack )

Figure 7. Stages of the fatigue crack growth.

From the perspective of DT analysis, crack initiation can be placed at
the onset of phase 4 when crack growths in long-crack regime is detectable
and observable with non-destructive techniques, visual inspection included.

In the context of the outlined fatigue damage phenomenology various
interpretations of the initial flaw size have been attempted for the purpose

of DT analysis. When a crack of size a, pre-exists in the structural element

the interpretation of EIF is unambiguous. When the crack pre-existence
cannot be invoked various interpretations of the meaning of EIF are in use.
The most publicized ones are known under various headings such as:
constant-size EIF, initial fictitious crack (IFC) size or, in a meaning of a
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crack-nature generic parameter termed as “initial material quality” — IMQ.
All these interpretations are associated with macroscopic long cracks pro-
pagating under cyclic loading in a solid continuum. Occasionally, constant-
size EIF may encompass both short- and long-crack stages of FCG. The
physical meaning of these parameters is more or less obvious and taking into
account the various conventional premises used for their derivation they may
be regarded in engineering applications, merely, as computation parameters.
However, their justification for application resides only in the concordance
they assure between fatigue life prediction and experimental evidence. This
concordance can be ascertained, computationally, by “backward” FCG
simulation from the end number of cycles at failure, NV, towards the initial
state, just before the first loading cycle.

Another approach to EIF size is by correlations with key microstructure
size characteristics which have been proved to have a key role in the fatigue
crack initiation as is the size of inclusion particles in aluminum alloys.
These aspects are now under research and will be discussed in more details
in the followings in the context of statistics aspects of the short-fatigue
cracks and their growth simulation.

The concept of EIF has nowadays matured in some well established
design procedures. For instance, constant EIF value used in the design of

aluminum thin-wall aircraft structures amounts @, =1.27 mm according to

design recommendations in USA while the trend in Europe is towards the
value of @, =1 mm. IMQ global value of 0.127 mm has been proposed for

Al alloys used currently for fuselage alloys (Brooks et al. 1999). It has been
suggested that for more refined assessments by FCG simulation, when both
short and long-crack regime are taken into account, to consider EIF in the
range of 5 to 25 pum, as suggests the results of backward FCG simulations
(Cioclov 2000-2004). This range identifies with the range of micro-
structural defects size, as evince the quantitative analysis of micro-structural
observations illustrated, further, in Figures 9 and 10.

Tests made at AIRBUS revealed that artificial defects introduced by saw
cuts in hidden locations in Al longitudinal lap joint were detected with POD
of 90% for defects size greater than 2 mm while at the same POD per-
formance natural cracks only greater than 5 mm have been detected (Tober
and Klement 2000, Schmidt et al. 1999). This obvious evidence suggests
that EIF formulation in quantitative terms is related with circumstances of
crack location in corroboration with the specific shape design of the
component.

According to the experimental evidence (Bokalrud and Karlsen 1982,
DNV 2008) it is accepted that in welded joints pre-existent cracks follow an
exponential distribution with mean EIF of 0.11 mm. In welded jackets of
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off-shore North See platforms, exponential distribution of initial cracks has
been evinced in tubular joints in more than 4,000 in-service NDIs by means
of magnetic particles and eddy currents (Moan et al. 2000). A mean initial
crack of 0.38 mm per “hot spot” in each welded joint has been ascertained.
In butt-welded joints other experiments revealed Log-Normal distribution
with mean initial crack size of 0.78 mm (Kontouris and Backer 1989).
A recent review on the experimental data on initial cracks subsisting in
various types of load carrying structures has been published by ISSC
(2006), Committee I11.2.

In the followings, two closely related interpretations of EIF will be
detailed, namely the initial fictitious crack size and equivalent initial flaw.

5.1. THE INITIAL FICTITIOUS CRACK SIZE CONCEPT

As outlined, fracture mechanics formalism becomes inconsistent for vanish-
ingly small crack size. In order to circumvent this pitfall and in view of
extending in a formal manner the applications of LEFM to the incipient
stage of short fatigue cracks El Haddad et al. (1979) proposed a simple
modified general expression of the stress intensity factor (SIF) range

expression in the form:
AK = YAo\[n(a+a,) (®)

where a, is a fictitious crack length, a, the physical crack size, Ao, the
applied cyclic stress range and ¥ (a ,L) is the geometry correction factor
dependent on the crack and structural element size (L) Formally, when the
physical crack vanishes, @ — 0 Eq. (8) still predicts a finite value of the
SIF range associated with fictitious crack length, a,. The quantitya,,

represents a limit circumstance and it seems reasonable to relate it with two
correlated fatigue limit states perceived from the standpoint of the classical
total life, on the one hand, and fracture mechanics approach, on the other. In

TL perspective a, is related with Ag, , the fatigue limit while from fracture
mechanics perspective it is related with AK, , the lower threshold to FCG.
Both Ao, and AK,, are lower thresholds under which no fatigue damage

occurs. They depict, via two different formalisms, the same physical
situation. Thus from the definition of SIF, with AK identified with
AK, and Ac with Aog,, when a — 0, it results:
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2
1 AK
a,=— i 9)
z\YAo,
Taking into account that incipient short cracks are surface cracks, the
geometry correction factor assumes the limit value ¥ =1.12 (e.g.

Murakami 1987). It is worth to note that owing to the dependence on the
element geometry by intermediate of ¥ correction, @, cannot be regarded,

in principle, as a material property (see DuQuesnay et al. 1988, Yu et al.
1988 and Megiollaro 2007 for a detailed discussion) though, it was related
by some authors with slip bands length (Davidson 1983, Tanaka et al. 1981,
Gall et al. 1997).

5.2. THE EQUIVALENT INITIAL FLAW CONCEPT

The basic idea underlying the initial fictitious crack size concept has gain
popularity among the practitioners in aerospace industry under the deno-
mination of “equivalent initial flaw” (EIF). It was conjectured that with EIF
values of some tens of micrometre it is possible to predict, on the base of
Paris rule, fatigue lives which comply with S-N fatigue test data.

It is worth to recognize that despite the effort made to substantiate this
approach, theoretically (e.g. Taylor 1999), or by fractographic analyses (e.g.
Wang 1980, Fawaz 2003), it is merely a computation expedient introduced
for the needs of the applications when fatigue damage tolerance philosophy
is applied, rather than a concept with sound experimental support.

The justification of application of EIF concept in the damage tolerance

analysis resides in the proper “calibration” of @, at a constant value, for a

= 80/ 8 MPa for fuselage structures

of Al 2024 alloy), regardless of the component geometry, and using this
value, as conceptual initial crack size, in a fracture mechanics computation
of the fatigue lives (e.g. Kurth et al. 2002, Cioclov 2003).

The concept of EIF has been used originally in aircraft structural design
to assess the effects of initial flaws, particularly, the machining marks on
the surface of riveted holes supposed, as a worst case scenario, to exist prior
to cyclic loading in service (Rudd and Gray 1978, Wang 1980, Yang and
Manning 1980, Gallagher et al. 1984, Yang et al. 1990, Grandt 2000). The
use of EIF concept in managing the fatigue damage of aircraft structures has
been extensively discussed by Manning and Yang (1987). This approach is
well suited to the safety management of aircraft structures by inspection
when EIF size identifies with the minimum crack size which is detectable
with a high probability of detection (POD) by the currently used NDI

specific cyclic loading (say @ ,,,, / G pin

max
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technique. For this purpose, as outlined in Section 4.3 it is common to define
the index, POD,, s , the probability of detection of 90% on the bound 97.5%
confidence curve (95% confidence level interval).

Originally, (Wang 1980, Gallagher et al 1984), EIF size has been
assessed after the tear down of test specimens of retired aircraft components
which have been subjected to a known number of loading cycles, V.
Computational back-extrapolation to initial time (/N =0), enables to
evaluate an EIF size. Probabilistic interpretation of this procedure is
illustrated, schematically, Figure 8. It consists in assessing, by statistical
fractography, a crack size distribution at the time of observation considered
as ‘time to crack initiation’ — #,,, , It is the time for a crack to reach a size

which is well observable by metallographic techniques. Typically, a mean
or median value of, @, =0.75 mm is considered (e.g. Yang and Manning

1980 and for experimental support, Norohna et al. 1978). Then, the
distribution of crack size at £, is constructed (usually a three-parameter

Weibull distribution), by order statistics, on the base of the experimental set

{(a"c, )P_ } . Further, the P, -quantils of the fitted crack size distribution,
(aTTC, ) . » are back extrapolated to the initial time by a simple crack growth

rule (typically da/ dt = Qa" (t), with @ and m as empirical parameters
depending on material, structural geometry and loading spectra. A set of

EIF size, {(ao ) P’}, is obtain at #,,,, =0 which enables to construct the

distribution of EIF size, p(ao ) Obviously, p(ao) distribution is not unique

and, as underlying premises suggest, it is material, loading pattern and,
presumably, component geometry dependent.

On the base of this data processing methodology, Yang and Manning
(1980) used the cited metallographic data of Norohna et al (1978), and
derived a two-parameter Weibull distribution of the EIF in Al 2024-T3
alloy (see also Maymon (2005) for statistical re-assessing of this set of
data). The resulted cumulative probability function and the associated
statistical parameters are:

Pla,)=1-exp —(%J with B =18.594um; and @ = 0.918  (10)

and the mean value and standard deviation (SD) results as:

M[ao]:ﬁr(iﬂj:m.%ym
a
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and

(74
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Figure 8. Schematic of equivalent initial flaw (EIF) size distribution evaluation by back-
extrapolation from experimental crack size distribution assessed by quantitative fractography

at conventional time Z7rcy -

Figure 9 shows a representation of the probabilistic distribution function
given by Eq. (10) in comparison with the later studies made by Brooks et al.
(1998) and an alternate fitting according to exponential distribution which
appears a reasonable choice conferring analytical simplicity in DT analyses.

As discussed by Barter et al. (2001), the outlined method of EIF
distribution assessment is sensitive to the accuracy of the fractographic
results and the rule of crack size back extrapolation. It is not uncommon
that, by back-extrapolation, negative EIF size results which, obviously, is
unrealistic. These difficulties forced another ways of thinking. In one way
of approach (Cioclov 2002-2004), it is assumed an initial crack size,a,,

and the crack growth is iteratively simulated with an accepted FCG rule
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until the predicted life corresponds to the experimental fatigue life of
unflawed component. In fact, by this procedure, the crack growth model is
back-projected from failure to the initial undamaged state. This way of
approach is enabled by pFATRISK® rationale by direct back-simulation of
the FCG by coupling short- and long-crack regime (see Section 6).

1- CPF, Al-2024 Norohna et al (1978); Yang and Manning (1980); 2P-Weibull
p=18.594 um and o = 0.918 pm

1A — CPF, same dataas 1. Exponential distribution.

2 —PDF, pooled 2024 and 7076 Al-alloys; Brooks et al. (1999); 2P- Weibull
2A —PDF, same data as 2. Exponential distribution.

CPF, PDF
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Figure 9. Cumulative probability function (CPF) and probability density function (PDF) of
the two-parameter Weibull distribution of the equivalent initial flaw (EIF) size a, derived by
Yang and Manning (1980) on the base of experimental data of Norohna et al (1978) and
Brooks et al. (1999) for the historical data base of FCG data on Al-alloys. Comparison with
exponential distribution.

The concept of equivalent initial flaw is understood in a broader sense
by some authors. Wang (1980) used the term of “initial fatigue quality”
which, in principle, is claimed to be related, globally, with the material and
manufacturing quality. In the case of fastener holes of riveted aluminum
alloy joints of aircraft structures, initial fatigue quality is identified with
EIF. EIF is assessed, statistically, on the base of combined fractographic
and direct observation of crack size growth as function of the number of
flights simulated in fatigue testing by representative service loading spectra.
On the base of these data, EIF distribution is evaluated by backward
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extrapolation to the initial state at zero number of flights. This concept
forms the basis of the UASF Airplane Damage Tolerance Requirements,
MIL-A-83444 (UASF 1984).

It is worth to note that in aluminum alloys it was actually observed that
the fracture of dispersed secondary particles (deliberately introduced to
promote strengthening mechanisms) generate initial fatigue cracks which,
subsequently, under cyclic loading, coalesce into a dominant fatigue crack
which grows to complete failure. Bowels and Schijive (1973) showed that
large secondary particles of size 1 to 10 um act as crack nuclei in Al 2024-
T3 alloy. The fracture incipience has been observed as interface failure bet-
ween particles and metallic matrix and, occasionally, as the particles cracking.
These data suggest that the adherence between matrix and particles is dete-
riorated during the incubation period owing to a mechanism of dislocations
accumulation in the slip bands at the crack tip and, concurrently, with
dislocations blocking on inclusions (basically a Zener-type dislocation
mechanism — Zener 1948).

Half a century ago, Landes and Hardrath (1956), by way of FCG simu-
lation with empirical rules, not derived from Fracture Mechanics principles,
predicted endurance curves of 2024-T3 coupons with central hole radius of
1.6 mm. Compliance of simulation with test data has been achieved when
EIF was 6 pm which is in the range of inclusions size. Newman and Edwards
(1988) observed in thin coupons of Al-2024-T3 that fatigue cracks nucleated
at particle inclusions and inclusion clusters with an average depth of some
12 pm develop quickly into semi-elliptic cracks emerging at the surface.
Simulated FCG performed by Newman et al. (1992) with FASTRAN code
comply with an EIF of approximately 10 pm.

Barter et al. (2001) evinced for a high-strength 7050-T7451 alloy wider
range of inclusions size and from a large number of scanning electronic
microscopy observations derived the histogram of the inclusions depth
(measured from the specimen surface) which fits into a Log-Normal dis-
tribution. Figure 10 illustrates the data obtained by Barter and co-workers
and the fitting of inclusions depth size into a Log-Normal distribution.

Laz et al. (2001) found that in Al 2024-T3 alloy, the mean particles
cross section area in undamaged material is 5.4 pm” with a conventional
diameter of d, = 2.6 pum and a standard deviation of 9.2 um. In fatigue
fractured specimens it was evinced that fractured particles acts as fatigue
crack nucleation sites. It should be noted that in the tests of Laz and co-
workers an incubation period have been register until initial cracks are
generated by particles fracturing. It is apparent that a fracture mechanics
prediction based exclusively on the statistics of d, neglects the incubation
period in the fatigue life and this statistics cannot be adopted as physically
substantiated EIF input.
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Figure 10. The histogram of the inclusions depth in a high-strength aluminum alloy. (After
Barter et al. 2001.)

An EIF can be constructed on the base of an integrated Fracture Mechanics
with quantitative NDI. For this purpose, conservative lower bounds curves
of POD(a) versus crack size may be used. A bootstrap procedure has been
outlined in Section 4.3 which enables to draw from a small sample of

experimental POD data a representative crack size, @p,p, » at specific

POD and confidence interval (CI), (e.g. a5 ). By identifying @, -, with

the initial crack size that may subsists in the load carrying component, i.e.
an EIF interpretation. This way of approach will be exemplified in Section
6.2, Module G in the context of fatigue failure risk assessment in the case
when NDI inspection is performed at a specified life of the component.

Finally, it should be remarked that in the present state of art of the EIF
assessment, neither the influence of cyclic loading intensity, which is
clearly revealed in EIF size back-computations, nor the distinction between
short- and long-crack stages of growth have been considered.
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In order to cope with these neglected aspects in the EIF methodology in
the next section, on the canvas of pFATRISK" code, refinements of EIF
assessment will be presented. It is introduced the dependence of EIF size on
the cyclic loading intensity and both short- and long-crack aspects will be
considered in the back-projection from total fatigue life to the pristine initial
state of the material.

6. Probabilistic fatigue damage simulation by crack
growth — pFATRISK® method and software (Cioclov 1995-2007)

6.1. GENERAL DESCRIPTION

pFATRISK® rationale is based on cycle-by-cycle Monte Carlo simulation of
FCG. The underlying model is constructed on the principles of fracture
mechanics. The ultimate state criterion at failure (before the last supported
loading cycle) is formulated in terms of Failure Assessment Diagram (FAD).
Various formats of FAD are considered in order to comply with estabished
national and international codes (R/H/R6-Rev. 3-1986, SINTAP-1999, BS
7910:2000). FAD methodology encompasses both elastic dominated (brittle)
and elastic-plastic dominated (ductile) fracture. Under fatigue circumstances,
there are implemented various models of fatigue crack growth (FCG) under
long- and short-crack regime. Under long-crack regime, the implemented
FCG rules are those proposed by Paris et al. (1961), Klensil and Lucas
(1972), Forman et al. (1967) and Walker (1970). Crack closure effect is
taken into account according to various models which have gained accept-
ance in DT practice. Under short-crack regime the FCG rule is described
by a power law with upper conservative parameters or with parameters
depending on the intensity of the cyclic loading (Cioclov 2002-2004). By
considering in FCG models both stages of short- and, subsequently, long-
crack growth, from EIF size to the crack size at failure, it is possible to
predict the total endurance (Wohler) curves. Stress intensity factors are cal-
culated according to known analytical solutions having, nevertheless, the pos-
sibility to implement numerical data derived from finite element analysis.

Statistical pattern of FCG simulation results from the random variables
associated with the governing parameters and the algorithms of the limit
curve of FAD. A wide variety of statistical distributions of governing FCG
and FAD parameters is implemented in the rationale.

Table 1 gives an account on the input variable and their enabled pro-
babilistic distributions.

The logic of probabilistic failure risk simulation under both static and
fatigue loading circumstances is illustrated in Figure 11 together with the
contributions and interactions implemented in pFATRISK® rationale.
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TABLE 1. Enabled probabilistic distributions for the input variables.

Distribution Probabilistic input

Material FCG Crack  Loading POD rule

characteristics ~ characteristics size static and

UTS, YP, K¢ C,m, Ktho, B,m® %P cyelic
Normal . ° ° . o
Log-Normal ° . ° ° °
3P-Weibull ° ° ° ° °
1/x 3P- o o o ° o
Weibull®
Extremal o o o ° o
Type 1
Extremal o o o . o
Type 11
Extremal o o o ° o
Type 111
Logistic o o o o o)
Log-logistic o o o ° °
Rayleigh o o o ° o
Exponential ° ° ° ° °
Uniform o o o ° o
Pareto o o o ° o

e — Implemented; o — not-implemented.

' UTS, ultimate tensile strength; YP, yield point; Kc, fracture toughness.

2 Inverse of the random variable argument (1/x) follows 3P-Weibull distribution.

3 Material parameters C, m, Ktho define Paris and Klensil-Lucas rule for FCG under long-crack regime:
da/dn = C(AK" — AKtho™) where A means the range of SIF variation. AKtho refers to a cycle ratio
of R =0. Material parameters B and m; define the rule of FCG under short-crack regime:

da/dn = BAK™ .

The loading considered in the static and fatigue failure analysis can be
also modeled by statistical distributions which are most common in fracture
reliability analysis. Under fatigue circumstance, the cyclic loading may be
modeled with constant amplitudes, blocks of constant amplitudes or with
stationary and quasi-stationary random variation.

Figure 12 shows the screen display of the probabilistic input of the
conventional strength characteristics and FCG parameters according to
Paris rule in the long-crack range and to a power-law in the short-crack
growth regime. The considered material is an aluminum alloy of 2024-T3
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class. Throughout in the example presented in Figure 12, Normal distribution
is used to model the statistical variability of the input parameters pertaining
to static strength characteristics (UTS, YP and Kc) and short-and long-crack
growth characteristics (C, m K9, B and m;). The graphical representation in
Figure 12 illustrates the scatter in FCG curves (growth rate vs. SIF range)
when the input parameters are Monte Carlo sampled. The mean curve is
shown in dark-blue color.

FAILURE RISK ASSESSMENT

MECHANICAL DAMAGE AND FAILURE RISK ASSESSMENT |

FAD:Failure Diagram i i

FE: Finite Elements ini

NDT: Non-destructive Testing | Software | | Expert oplnlos | Geometry
SIF: Stress Intensity Factor « Analytical SIF

Probabilistic modeling of failure risk * Numeric SIE (by FE)

* Global / multi-components analysis
¢ Local analysis
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* Probability of detection
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Failure Criteria
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Figure 11. The logic of probabilistic models for mechanical failure risk assessment under
static and fatigue loading circumstances.

6.2. THE OUTPUT OF pFATRISK®

In the various modules of the pFATRISK® rationale the following results
may be obtained:

6.2.1. Material module

a. Visualization of the FCG curves with their scatter across the mean
curve (e.g. Figure 12)

b. Crack growth rate (Vo ) and SIF range AKj, at a = a,, the transition
from short- to long crack regime (Figure 7 and Figure 12)
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Figure 12. Example of graphical display in the module for probabilistic input of material
characteristics (conventional static strength and short- and long-crack FCG characteristics).
Data are representative for an aluminum alloy of 2024-T3 class.

6.2.2. Geometry input module

1. Stress intensity factor corrections Y(a) as function of crack size and
structural component dimensions (Figure 13 bottom left);

2. FE point data fitting into continuous Y(a) curves by polynomial
interpolation (Lagrange and spline functions) and higher order
polynomial correlation.

6.2.3. Loading input module

1. Visualization of the loading spectra and computation of their
characteristics (e.g. the root mean square — RMS).

6.2.4. FCG simulation module (Figure 13)

1. Fatigue life Ny to grow a macroscopic (long) crack from an initial size,
until failure.

2. Total fatigue life N; encompassing both short- and long-crack growth
range as implied by the application of EIF concept.

3. The remnant strength R of the component as function of applied
loading cycles.
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4. Fatigue life MV; at the transition from short- to long-crack growth regime.
5. Fatigue life N(a) at the attainment of a given crack size, a.

6. Fatigue life N(R) at the attainment of a given remnant strength, R.

7. Fatigue life N(POD) at the attainment of a given POD.

8. Crack size a(n) at the attainment of a given life, n.

Figure 13 shows the screen display when the probabilistic simulation of
FCG is performed with the input material data shown in Figure 12. The
component geometry is of a test coupon, i.e. a plate of finite width having a
central hole of 2 mm radius and two opposite through thickness initial
cracks, each of 1 mm, emanating from the hole. SIF analytical solution is
according to Bowie (1956) and Newman (1976). Long-crack regime is
assumed. Blue curves in the upper-left field of the screen portrays the
simulates scatter of the fatigue life, N;, necessary to grow a crack from an
initial size until the failure (Item 1 in Section 6.2.4). The green curves in the
same field represent the scatter in the remnant strength R, representation on
ordinate axis, R/R,, with R, the initial strength of the component having an
initial crack (Item 3 in Section 6.2.4). In the upper-right field is the FAD
representation with the path visualizing succesive damage states as initial
cracks growth under cyclic loading. FAD representation is made in the
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Figure 13. Example of the graphical display in the FCG simulation module after a session of
probabilistic simulation of FCG until failure. Representation a(n) — crack size (blue) and
R(n)/R, (green) vs. the number of applied loading cycles n (upper left) and FCG path in FAD
diagram (upper right).
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coordinates Kr = K/Kc and Lr = applied load/limit load at plastic collapse.
Dark red curve represent the FAD limit boundary for failure/non-failure,
according to Dugdale model (Dugdale 1960)’.

Figure 14 shows the screen display when the same probabilistic simu-
lation of FCG is made, as illustrated in Figure 12, but with FCG until a pre-
set number of loading cycles (here 10,000 cycles). In this case it is evinced
the scatter in the crack size a(n) and the remnant strength R(n)/R, at the pre-
set number of loading cycles (items 3 and 8 in Section 6.2.4).
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Figure 14. Probabilistic simulation of FCG until a pre-set number of loading cycles (10,000
cycles). Same input as in Figure 12. Statistics of the crack size and remnant strength at the
pre-set number of loading cycles of &,,, /0, =110/11 MPa.

6.2.5. Module for statistic fitting of simulated data

Probabilistic simulation of the fatigue crack growth with pFATRISK®
method enables to evaluate the statistical distributions of many parameters
of interest in fatigue reliability analysis: fatigue life to grow a macroscopic
(long) crack from an initial size to critical size at ultimate fracture, N s

fatigue life until transition from short- to long-crack stage, N, ; total fatigue

3 Uncorrected Dugdale model has been used instead of large scale plasticity corrected
variants, for Lr > 1, since under FCG, immediately prior to ultimate fracture, the plastic
strained is still confined at the crack tip. This is a conservative assumption.
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life, N, ; fatigue life to propagate a crack to a pre-set size, N (a); crack

size at a number of applied loading cycles, a (n) ; the instantaneous remnant
strength during FCG, R (n) .

Data resulted from probabilistic simulation module (items 1-5, 8 in
Section 6.2.4), can be fitted into various statistical distributions, as given in
Table 2. Non-parametric order statistics methods are used for this purpose
(e.g. Meeker and Escobar 1998).

TABLE 2. Allowed distributions for input parameters.

Fitting Simulated parameter

distribution Ny Np N, Na) a(n) R(n)
Normal ° ] . °
Log-Normal ° ° . °
3P-Weibull ° . . °
1/x 3P-Weibull o o] . °
Extremal Type I o o ° °
Extremal Type II o o ° °
Extremal Type o o] ° °
I

Logistic o o ° o

Log-logistic

Exponential

e — Implemented; o — not-implemented.

Figure 15 shows the screen display in the module for statistical treat-
ment of simulated fatigue data. The example, the same as that illustrated in
Figure 14, refers to a sample of 2,000 simulated data of the crack size at
10,000 loading cycles.

Figure 16 illustrates the fitting of simulated crack size sample, of
10,000 items, according to various statistical distributions: Normal, Log-
Normal, 3P-Weibull and 2P-Weibul of the inverse of the crack size. On the
ordinate, Log(l - P) representation has been used since this transforms

enlarges the scale on probabilistic axis, enabling to better visualize the
fitting goodness in the right tail of the distribution which corresponds to the
large crack size values in the sample. The probability of occurrence of
cracks having large size is determinant for the structural component
reliability during FCG.
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Figure 15. Fitting of simulated fatigue crack size data into a two-parameter Weibull dis-
tribution of the inverse value of the crack size. Ordered values and associated probabilities
are shown in the table.

Comparatively, among the checked distributions, a very good fit has
been obtained with 2P Weibull distribution applied to the inverse value of
the crack size (1/a). To the best knowledge of the author, this statistical
pattern of behavior of the fatigue cracks is a novel observation which may
be of far reaching importance in structural reliability prediction. Moreover,
the good fitting of the inverse of the crack size by a two-parameter Weibull
distribution evinces that there is no limiting threshold effects in the range of
large size cracks, in contrast with the range of small cracks range in the
sample where trends towards an inferior threshold is clearly evinced both
by test an simulated data.

It is worth to mention that the outlined conjecture on the distribution of
the fatigue cracks has been obtained by computer simulation of the FCG in
a large sample of structural components (e.g. 10,000 items) having at the
base a well established fracture mechanics model. The availability of such a
large statistical sample of the fatigue crack size, obtained directly by fatigue
testing, is virtually impossible.
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Figure 16. Simulated statistics of the fatigue crack size at 10,000 loading cycles of
O ax / Opin = 110/ 11 MPa. Data fitting to Normal, Log-Normal, 3P-Weibull distribution
and to 2P-Weibull distribution of the inverse of the crack size (1/a). On the probability
ordinate representation of Log(l - P) is used in order to enlarges the scale in the right tail of

the distribution.

The 2P-Weibull distribution of the inverse of the crack size is further
used to exemplify the simulation of the probabilities of failure in the next
module of failure risk assessment.

For the case under analysis, Figure 17 shows how the simulated sta-
tistical scatter of the crack size changes with the number of applied loading
cycles. The obvious trend of the scatter is to increase with the accumulation
of the applied loading cycles, i.e. as the mean size of the fatigue crack
increases. Also to the best knowledge of author, this effect, which might be
intuitively conjectured, is explicitly evinced by computer simulation for the
first time.

Figure 18 illustrates the shape of probability density (PD) function of
the simulated data shown in Figure 17. Fitted data into Log-Normal dis-
tributions of the crack size in various stages of FCG evince that the coefficient
of variation increases in concert with accentuation of the distribution skewed
pattern.
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Figure 17. The evolution of the scatter of the simulated fatigue crack size and the remnant
strength as the number of applied loading cycles is increased.
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Figure 18. The variation of the shape of probability density function of the simulated fatigue
crack in various stages of the FCG.

6.2.6. Module for failure risk assessment (probability of failure P;)

In this module, having as input the fitted distribution of the simulated crack
size a(n) at the attainment of a given life, n (see Item 8), the FAD analysis
is performed, probabilistically, by Monte Carlo simulation of crack size
data, material characteristics scatter (according to the distributions input in
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item (a) in Material Module, Figure 12) and the loading statistics. In this
module, for the convenience of DT analysis, the re-input of crack size and
loading distributions may be performed. After a large number of iterations
(usually greater than 10°) the probability of failure is estimated by the ratio
of the number of failure scenarios, resulting from FAD analysis, to the total
number of iterations. Efficient programming algorithms in FAD analysis
have been used which makes that 10° FAD simulation scenarios to be per-
formed on commercial computers within a couple of minutes. With slight
modifications of the pFATRISK® code for enabling portability on parallel
computers, over 10> FAD simulation can be attained in a reasonable time.
It makes possible to estimate stable failure probabilities of as a low values
as 10~°. The nowadays petaflop computing technology brings in the realm of
engineering assessment stable failure probabilities of values of 10~ to 1072,
The interpretation of the probability of failure, P, , resulted from FAD

analysis, requires explanations. Since FAD analysis refers to singular load-
ing, the probability of failure, P, , inferred by Monte Carlo simulation of all

assumed random variables in the FCG model represents, after n cycles of
loading, an estimation of the momentary probability of failure in the next
loading cycle, i.e. (n + I)th cycle. In the illustrated analysis the distributions
of materials strength characteristics (UTS, YP and K_) and parameters

entering in FCG rule (C,m and K, ) are time-independent reflecting the

overall inter-components variability of these parameters. The distribution of
the size of the propagating fatigue crack is time dependent, as evinces FCG
simulation, reflecting the statistics of the fatigue damage evolution within a
single component (see Section 4.1).

FAD module enables also deterministic fracture analysis at a specified
number of applied loading cycles when all involved parameters entering
into computation assume mean values. The result of the analysis is of the
type “fail/not-fail” and in the case of not-failure a safety index is computed.
Under deterministic FAD analysis various parametric (sensitivity) fracture
analyses may be performed at specified moments in the fatigue life. Para-
metric sensitivity analysis refers to the limit values at failure of one of the
governing parameters such as crack size, fracture toughness or loading.

The graphical display in the module of failure risk simulation gives a
“dynamic” view of repeated Monte Carlo scenarios in FAD representation
of the damage state points associated with each of the computation iteration.

Figure 19 shows the screen display in the module for failure risk
assessment of the component illustrated in Figure 13, after 10° iterations of
FAD analyses. Simulation has been performed by Monte Carlo sampling of
the material static strength characteristics according to Normal distributions,
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as shown in Figure 12, and the crack size according to 2P-Weibull dis-
tribution applied to the inverse value (1/a) of the crack size (Figure 15). The
“cloud” of representative points marks the scenarios of non-failure, if they
are represented inside FAD boundary, and the scenarios of failures, if
represented points fall outside FAD boundary. The ratio of the number of
scenarios of failure to the total number of repetitions yields, in this case, an

estimation of the failure probability of P, = 0.005673. The coefficient of

variation (COV) when the FAD simulation session consists of 10° iterations
is approximately 1.3% (Cioclov 2002—-2004).
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Figure 19. Example of graphical display in the module for failure risk assessment. The case
when no NDI is applied.

6.2.7. POD module

A particular feature of the module of failure risk simulation is that it enables
the estimation of the probability of failure, P,, under the circumstances of
application or non-application of NDI. When NDI is considered applied, an
algorithm of crack detection is operating which, in each FAD iteration,
simulates the crack detection/non-detection according to the POD rule intro-
duced as input in the POD module.

POD module can be addressed in various stages of computer simulation
of FCG with pFATRISK®. Tt enables to input POD(a) vs. crack size curves
according to the models described in Sections 4.2 and 4.3, Egs. 4 to 7. It is
also possible to introduce experimental data, as point values (POD;, a;), and
then to perform correlation analysis in transformed coordinates that make
linear the POD rule.
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A unique feature is implemented in this module, namely, the possibility
to perform bootstrap computer re-sampling in the experimental (parent)
data set (POD;, a;), in order to construct non-parametric confidence inter-
vals over the mean values. This technique, already discussed in Section 4.3,
is supplemented with algorithms pertaining to order statistics (Cioclov 1975,
1998a). In this way, it can be assessed for the purpose of further failure risk
analysis, conservative lower bounds curves of POD(a) versus crack size. A

representative crack size, @, > at specific POD and confidence interval

(CI), (e.g. @4yy5), can be ascertained. By identifying @, , With the initial

crack size that may subsists in the load carrying component (similar with
EIF interpretation) the simulation of the fatigue crack growth yields the
mean fatigue life (deterministic simulation) or the distribution of fatigue life
or the distribution of the crack size at pre-set fatigue life (probabilistic
simulation as outlined in Figure 14) for the use in the module F of failure
risk assessment.

Figure 6 shows the screen display of the POD module. The illustrated
experimental POD data have been obtained by Rummel et al. (1974) on an
aluminum alloy of type T2219-T87 components subjected to ultrasonic
NDE. The experimental data have been fitted into a Log-logistic POD rule
(Eq. (6)) and this particular rule transferred to failure risk assessment
(module F) in order to assess the decrease of failure probability (or increase
of reliability) when a specific NDI technique is applied. The quality/
reliability of NDI is defined in this exercise by a Log-logistic model of
POD(a), as given by Eq. (6).

Figure 6 also gives an example of two-parameter bootstrap re-sampling
simulation in the fitted POD(a) Log-logistic curve. Bootstrap simulation
enables to construct a non-parametric confidence interval CI/ = 95% and
estimate, at 90% POD, on the conservative bound of 97.5% (computed by
formula0.5+ CI/2), the crack size @yy4; =3.042 mm. This parameter

may be regarded as a global “one-point” characterization of the reliability
of NDI technique.

Figure 20 shows the results of probability of failure, Py, simulation as in
the case illustrated in Figure 19 but under circumstance of NDI application
on the structural component under analysis at the timing of 10,000 loading
cycles, approximately 75% of the mean fatigue life of the component.
When in an iteration the detection algorithm simulates crack detection, then
the component is considered to be removed or repaired at the initial quality.
Of course, as POD concept reflects also the still existing uncertainty and
variability (see Section 2.2) involved in the NDI, there is a chance that
critical defects which lead to failure be missed during inspection. This
aspect is captured in the pFFATRISK simulation rationale and is contained in
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the final result of the simulation, the value of the probability of failure, Py
The benefit of applying NDI of a specific quality is thus quantified. The
undertaking of integrating, on probabilistic bases, fracture mechanics and
quantitative interpretation of NDI is, by these means, amenable into the
realm of current engineering analysis.

Table 3 outlines, in the case under analysis, a comparison between the
simulated probabilities of failure under circumstances of application and not
application of NDI.

A decrease of 50 times in the probability of failure is achieved by
applying the considered NDI characterized by a well defined POD vs. crack
size relationship.
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Figure 20. FAD analysis as in Figure 6 but with applied NDI at 10,000 loading cycles. The
POD rule as in Figure 6.

TABLE 3. Comparison between the simulated probabilities of failure under circumstances of
application and not application of NDI.

FAD Nb. Nb. POD Nb. Py
probabilistic simulations detections failures
No NDI 1,000,000 - - 5,673 0.005673

With NDI 1,000,000 942,887 0.9429 104 0.000104
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7. Discussion, conclusions and prospects

The study develops a methodology for integrating, on probabilistic bases,
fracture mechanics with quantitative NDI for the purpose of failure risk
assessment in load-carrying structures and machine elements, with special
emphasize on fatigue damage circumstance.

The uncertainty in our knowledge and the intrinsic stochastic variability
implied in the physical mechanisms confer a probabilistic character of frac-
ture behavior under static and cyclic loading. Under these circumstances,
the estimation of the probability of failure may be achieved by integrating
probabilistic fracture mechanics with quantitative NDE. Heuristic probabilistic
failure models may be constructed on the base of the principles of the pro-
bability theory which, in end result, imply the computation of multidimen-
sional convolution integrals. This way of approach is tedious and necessitates
the development of accurate numerical approximation methods which may
by a difficult task in engineering practice. An alternate way of approach,
outlined in this study, is to simulate, massively, on computer by Monte
Carlo technique the governing random variables of the underlying physical
models of material response to applied loading. Monte Carlo techniques, i.e.
methods of direct simulation of variability and uncertainty offer, nowadays,
a straightforward alternative owing to the powerful, commercially available,
computational facilities.

In the study it is outlined that new statistical inference techniques related
with computer re-sampling in the initial (parent) test data — bootstrap
algorithms — enable a better substantiation of the confidence which can be
placed on the test data used in the assessment of the failure risk by fracture.

Using Monte Carlo computer simulation techniques, a rationale have
been developed encompassing the fatigue crack growth description by frac-
ture mechanics formalism under short (local)- and long (macroscopic
dominant)- crack, thus addressing the entire fatigue life. The application
of fracture mechanics concepts at local level (material microstructure) or
global level (material as a continuum body) necessitates the definition of
the size of a relevant initial flaw size which pre-exists in the material. In the
context of the assessment of evolutionary fatigue damage by simulation of
the fatigue crack growth, various interpretation of what is a relevant initial
flaw size has been discussed from the standpoint of the physical meaning,
experimental support and engineering interpretation.

The implication of quantitative NDI into failure risk assessment is made
via the concept of probability of detection, POD, as function of crack size.
Some specific POD models are presented and log-logistic model is further
used to illustrates how more refined statistic information can be extracted
by bootstrap re-sampling simulation and the implication of this technique in
the estimation of failure risk under fatigue damage circumstance.
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A practical engineering tool emerged from these concepts and the
ensuing algorithmic construct which is materialized in pFATRISK® rationale
and software. On this line of approach, a short presentation of pFATRISK®
is given in the context of an application pertaining to the fatigue damage of
aerospace components by crack growth. The sequences of a simulation
sessions with pFATRISK® are documented: probabilistic input of material
characteristics, the random generation of fatigue crack growth curves, com-
putation of crack-associated stress intensity factors, probabilistic crack growth
simulation when an equivalent initial flaw is specified, statistical treatment
of simulated fatigue life and crack size scatter in various stages of fatigue
life of a structural component and, finally, the probabilistic FAD analysis is
presented as the analytical model that enables to estimate the time-dependent
probabilities of structural failure.

On the base of integrated module of POD simulation, a comparative
analysis outlines, quantitatively, in terms of decreasing probabilities of failure,
the benefit that can be achieved by applying NDI of a specific quality.

Prospectively, much research and development remains to be accomp-
lished on this line in order to consolidate and implement the modern pro-
babilistic failure risk assessment into engineering practice. By gaining the
acceptance of this approach a better substantiation of the information needed
for risk-decision making can be achieved.

In a larger prospect of nowadays techno-centric society, the assessment
made by professionals of the failure risk is transferred to decision making
levels and projected into public conscientiousness by extremely complex
and intricate ways and systems of communication. The transfer of informa-
tion on the technical risk to all partners, involved or interested, implies the
evaluation of a meta- or hierarchical risk, of interpretive nature, which may
arise from distortion, misunderstanding and, not irrefutably excluded, from
conscious manipulation. Mass-media plays a non-negligible role in inter-
preting, for society at large, the significance of technical risk in every aspects
of human activity. Assertiveness in risk interpretation is unconditionally
necessary. On this line of reasoning, a new paradigm emerged. It can be
defined as the societal perception of man-made risk which may impair our
lives, the environment and the wealth of society. On these existential issues
on failure risk involvement in contemporary technology, the reader is
referred to an extensive and ever increasing literature such as: Slovik et al.
(1981), Kepllinger (1990), Kriiger et al. (1991), Peters (1991), Kasperson
and Stallen (1991), Sfercoci (2007) or, more comprehensively, in spe-
cialized periodicals such as Journal of Risk and Uncertainty (Springer) and
Risk Analysis (Blackwell-Wiley Publishing).
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ASSESSMENT OF LOCALISED CORROSION DAMAGING
OF WELDED DISSIMILAR PIPES
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Ukraine

Abstract The procedure of localised corrosion damaging assessment on
internal surface of welded dissimilar pipes is developed. Method is based on
numerical-analytic model of dissimilar welded joint as three-electrode
electrochemical system with using of the fundamental electrochemical
parameters of composing materials, which were received by standard
potentiometric methods. The data on general characterisation and maximal
depth of localised damaging on internal surface of pipes are presented and
analysed with dependence of term exploitation and composition of operating
environment.

Keywords: Welded joints of dissimilar pipes, local corrosion defects, potentio-
dynamic polarisation curves, corrosion current density distribution, depth of cor-
rosion damaging

1. Introduction

The structural integrity of critical equipment operating under the conditions
of combined action of mechanical loading and corrosion continues to
provide a challenge for researches and practical engineers. For example,
in heat-and-power engineering, various corrosion and corrosion-mechanical
defects of the pipes of elements of water—steam circuit strongly affect the
period of their safe operation."” At present, up to 70% of failures and,
hence, idle periods of heat power generating units are explained by the
initiation and development of unpredicted local corrosion-mechanical and
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corrosion defects." The problem of corrosion-induced defects of welded
joints, in particular, of circular welded joints of the dissimilar pipes at the
exit of steam super heaters is especially important.” Therefore, the develop-
ment of the methods aimed at the analysis of the kinetics of the growth of
corrosion-induced defects in objects of this type proves to be an actual
problem.

In what follows, we propose a procedure for the numerical analysis and
forecasting assessments of the maximum depth of corrosion-induced defects
in the components of the analysed welded joints. It is based on the use of
fundamental electrochemical parameters of the materials of welded joints
obtained by using standard potentiometric methods and a numerical-analytic
procedure of determination of the density of corrosion current on the inner
surface of the pipe according to which the studied combined welded joint is
regarded as a three-electrode electrochemical system.

2. Object of study and experimental procedure

The combined welded joints of the pipes of 12KhIMF low-alloyed pearlite
steel and Kh18N10T stainless austenitic steel were the object of study
(Figure 1a). To do this, we tested joints of the following two typical sizes
(Figure 1b): d = 38 mm, t = 4 mm and d = 42 mm, t = 4 mm in the
as-received state after operation during 185,000 h at the hear power plant.

The tested specimens (with surfaces 10 x 10 mm in size) were cut out
from the studied objects (12Kh1MF and Kh18N10T steels and the welding
zone). The specimens cut out from the welding zone contained the material
of the weld and the adjacent zones of melting and thermal influence (heat
affected zones).

We studied the inner surface of the pipe operating in contact with
working environment. The components of the welded joints were electro-
chemically studied according to the standard potentiometric methods with
the help of a PI-50-1 Potentiostat equipped with a PR-8 programmer and
connected with a personal computer.” In the course of the tests, the potentio-
dynamic polarization curves of the materials of welded joints were recorded
under the action of working media of various compositions (Table 1). By
using the potentiodynamic polarisation curves, we found the following basic
(fundamental) electrochemical parameters (Table 2): corrosion potentials
¢y (as the points of intersection of the Tafel straight lines) and the cathodic

R. and anodic R, polarisation resistances.

These data were used for the numerical-analytic determination of the
density of corrosion current on the inner surface of the pipe in the vicinity
of the welded joint.
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Figure 1. Object of study (a) and its schematic view (b).

TABLE 1. Parameters of operating environment.

Concentration NaCl, wt % Conductivity 6, Sm/m pH
0 (distilled water) 0.0009 59
0.03 0.0592 6.5

0.3 0.5570 6.8

TABLE 2. Basic electrochemical parameters of materials of welded joint.

NaCl  Corrosion Polarisation NaCl  Corrosion Polarisation
potential resistance potential resistance
Wt O,V Rc’ Ra’ Wt % O,V Rc’ Ra’
% ohmm®  ohm m’ ohmm? ohm m?
12Kh1MF steel (as received) 12Kh1MF steel (exploited)
0 —-0.375 3.937 4.132 0 —0.193 3.205 4.878
0.03 —0.427 0.460 0.340 0.03 —0.390 0.716 0.921
0.3 —0.433 0.339 0.297 0.3 —0.402 1.340 0.695
Welding zone (as received) Welding zone (exploited)
0 —0.169 4.717 4.831 0 -0.217 3.571 4.975
0.03 —-0.235 0.800 0.563 0.03 —0.255 0.821 0.526
0.3 —0.360 0.484 0.133 0.3 -0.314 0.181 0.160
Kh18N10T steel (as received) Kh18N10T steel (exploited)
0 —0.021 8.772 11.278 0 —0.333 4.292 5.714
0.03 -0.312 3.279 4.566 0.03 -0.376 2.110 1.763
0.3 —0.369 1.976 2.232 0.3 —0.423 1.125 0.856
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3. Numerical-analytic model for evaluation of corrosion current
density in vicinity of welded joint

Under the conditions of electrochemical corrosion, the studied object is con-
sidered as a three-electrode system (Figure 2) characterised by the corrosion
potentials ¢, , specific polarization resistances R, , specific conductivity
of the environment ¢ and dimensionless half width of the welding zone /,
which related to the radius of the pipe 7, . Here and in what follows, the sub-
scripts n = 1,2,3 mark the quantities in the regions: —o < Z </, —-[<Z <]
and [/ < Z <o, respectively.

The indicated model scheme of combined welded joints is used as basic
for the development of the numerical-analytic procedure of determination
of the density of corrosion current on the inner surface of the pipe. This
scheme is realised according to the method of equalised polarisation.” To do
this, it is necessary first to establish some specific features of the exact
solution of the posed problem. In the rigorous statement of the problem, the
current density is analytically determined via the electric potentials of the
medium y,, (r, Z ) satisfying the Laplace equation’:

(i 10 &

I T ,Z)=0,n=123. 1
o’ ror 622}//"” . v

In the period of establishment of the current density j,(/,Z) from the

surface r =1, —o0 < Z <o, the current directed from the metal into the
environment is regarded as positive. Its density can be found according to
the potential w,, (r,Z) in two ways.

. A . .
¢4; Ay P ¢3; A3
| z
____________________________ O f )2
wl oy AN
12KhMF steel Weld / i / Kh18N10T steel

Figure 2. The scheme of object of study and the system of cylindrical coordinates.

Thus, if we take into account the fact that the conductivity of the metals
is 10°~10 times higher than the conductivity of the environment, then it is
possible to assume that the electric potential of the metal surface:
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W,, =const=0. 2)
Then, according to work,® we have:
jn(1,2)=w,n=1,z,3. 3)

n

In what follows, it is shown that j,(/,Z) and j;(7,Z) is almost expo-

nentially vanishing as Z increases. Therefore, the region of effective action
of corrosion currents is bounded and, hence, condition (2) and relation (3)
can be considered as acceptable.

In the second case, according to the Ohm law in the differential form, by
using the dimensionless coordinate  , we find

o Oy,(r.Z)

i (1.7)=
Jn(1,Z) ” e

“4)

r=I1

Equating the right-hand sides of equalities (3) and (4), we arrive at the
following condition on the surface r =1

0 7z oR,
|:Wn(rr Z)+Kn %:‘

)

=—¢,, n=1,2,3,where K, =
r=1

. (5)

The potentials , (r,Z) satisfy condition (5), the conditions of con-
tinuity of y, (r,Z) and dy,,(r,Z )/ 0Z , in the sections 0 <r<1,Z ==/, and
the following condition at infinity:

Wi(r,Z==0)==¢;, y3(r,Z=0)=-¢;3. (6)

Conditions (6) follow from equality (3) and the obvious conditions
ji(1,Z=-20)=0 and j;(1,Z=+0)=0. To find wn(r,Z), we use the

method of equalised polarisation’ according to which condition (5) with
different K, is replaced with a condition imposed for constant K . The role

of this constant K is played by K,. As a result, condition (5) takes the
form:

—(p; ++,;), —0<z <,
l:t//(r,z)+K2 %} =< —@y, -l<z<l, . @)
r=l —(go3+53), | < z < 400,

Here, ¢; and ¢; are the corrections to the corrosion potentials K; and
K; equivalent to the change K; — K, and K; — K, , namely,
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~ K;—-K, loyrz . K3-K,%0w;(r,Z
i —0 or r=1 3 l r r=1

To find ¢, and ¢;, we consider the surfaces of effective corrosion
chosen in the form of the parts of the surfaces of the pipes /; and /; in

length adjacent to the weld and concentrating more than 90% of corrosion
current for each semi-infinite pipe. The lengths /; and /; are determined by

using the analytic expressions for the current densities on the surfaces of
both semi-infinite pipes obtained from relations (3) or (4). The Laplace
equation for w(r,Z) is solved under conditions (6) and (7) and the

conditions of continuity of w(r,Z) and dy(r,Z)/6Z, for Z+I by the
method of separation of variables. As a result, we obtain:

wi(r, Z) = Eil[am exp(A,Z) — ¢, — @]
2K§ﬂ J1 ) Jor) - (9)

Wy (r, Z) = 3 [b, exp(4,Z) + ¢, exp(=A4,Z) — 93]
m=1

wi(r,Z) = iil[dm exp(-2,Z) — 03 — s ]

=01+ 51— 02)exp(Ipl )+ (92 — 03— 3 )exp( =iyl )]/ 2
m =02 =03 =33 )exp(=Ayl )]/ 2;
m =102 =01 =1 )exp(~iy,l )} 2;

dp =003 +55—02)exp(nl )+ (93— 01 =51 ) exp(~Ipyl )}/ 2.

(10)

We now determine the corrections ¢; and ¢;. To this end, we sub-
stitute relations (9) and (10) in Eq. (8). This yields the system of equations:

/ o
[T]K]—A]wz + B3 =(p; —92)A+ (02— 03)B,

/ o
(ﬁ—fl}os + B3, = (03 —9)A+ (02 —0;)B.

Here

1

exp(=27,,1)
Do (K372,+1)°

o0
=2
el I (K32, +1)

-3
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Substituting y/(r,Z) in relations (3) or (4), we obtain the following
expressions for the current densities:

10,7~ 2 5 (0=~ D PN + 46~ exp-AuD lexpin?)

Ty mol K2 +1
(1)
11,2y 5 (@8 =000, 2) 6+ 8 - w2 D fexp-D)
2 Ty ol K2 +1
(12)
11, 2)= TS 8= BB 6+~ b AuD foxp(-u2)
Y r, & K22 +1
(13)

where /,, are the roots of the equation j,(1)—K,-4-j,(4)=0 and ;j » (2)
are the Bessel functions of p -order.

It follows from relations (11)—(13) that the dependence of j, (],Z ) on
Z is specified by the roots 4, . The analysis of these roots computed for
the ranges of conductivities and specific polarisation resistances presented
in Tables 1 and 2 show that the quantity 4,, significantly increases begin-
ning with m = 2. Note that, in view of the fact that the current density is an
exponential function of Z, the principal contribution to the corrosion
current in relations (11) and (13) is made by the first term. Hence, the
length of the regions of effective corrosion in the pipe is also determined by
the first term, i.e., by the root 4;.

In finding the rigorous solution of the problem, i.e., by using the coeffi-
cients K, specified for each region along the coordinate Z, the exponential
dependences of j, (I,Z ) (n=123)on Z are preserved but the coefficients
of the exponents are given by a fairly cumbersome expressions. In each
region along the coordinate Z, these dependences are determined by the
roots /1(,;’) of the equation jo(/l("))—Kn ) “Ji (/l(”))z 0.

The analysis of the roots /lg,’;), n=123, m= I,_oo, shows that the

behaviour of the quantities /19,) and /153) within the ranges of the parameters

specified in Tables 1 and 2 is such that the main contributions to the exact
expressions for j,(1,Z) (n=1,2,3) are made by the first terms. The lengths
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of the regions of effective corrosion (over 90% of the total current) on the
surface of each semi-infinite pipe are given by the formulas /, = /n [1 0/ /1(1")],
n=1,3. On the basis of relations (11)—(13), we construct the dependences
of the current densities j(7,Z) for the new materials of welded joints and

materials after long-term operation both in NaCl solutions and in distilled
water (Figure 3).

It is shown (Figure 3a) that, for almost all analysed cases, the pipe made
of 12Kh1MF steel plays the role of anode and the pipe made of Kh18N10T
steel and the welding zone are cathodes. The dependences of the current
density on Z for pipes made of both types of steel are almost exponentially
decreasing. The maximum current density is attained on the boundaries of
the welding zone. For distances from the welding zone greater than a certain
value, the current density increases with the concentration of NaCl.

Kh18N10T

20,02 0,0% ¢
-4,05

-0,05 -0,04 -0,03

m —distilled water
H o —0,03 % NaCl
‘‘‘‘ ¢ —0,3 %NaCl

a)

12KhIMF Kh18N10T

0,05 -004 0,03 002 -0,01 001 002 003 004 0)05

clded zone  w _ gigtilled water

0 - 0,03 % NaCl
o —0,3 % NaCl

b)

Figure 3. Current density j(l,Z) for new (a) and exploited (b) dissimilar welded joint in
the solutions of different composition.
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For exploited materials, the welding zone plays the role of cathode
(Figure 3b). It is shown that the pipes made of both types of steel in distilled
water and, hence, in 0.03% and 0.3% NaCl solutions are anodes. The
current density in the welding zone is much higher than for new materials.
The dependences of j(7,Z) for both pipes, as in the case of new materials,

are described by exponentially decreasing functions.

4. Analysis of development of localised corrosion-induced defects

It is known, the process of anodic dissolution of alloys is characterised by
the absence of any significant selective dissolution of individual
components.” Thus, to predict the development of corrosion-induced defects
of welded joints, we get the following dependence of the corrosion rate
(m/s) on the parameters of the alloy:

o(Z)=-" 2 (14)

j(Z)
D dp p

T M

1 4,

where p is the number of a component, d, is its relative mass content, 4,

is the mass of an atom of the component in atomic units, @ is the valence
of the metal, P is the number of components, D is the density of the alloy,
and F' is the Faraday constant.

In practice, the corrosion rate is measured in mm/year. Therefore, it is
necessary to transform m/s into mm/year. As a result, by using the value of
the Faraday constant F', we rewrite equality (14) in the form:

3268  j(Z)
o(Z)= . (15)
D §: dp-Zp
A
p=1 “p

In the first approximation, we describe the time dependences of the
electrochemical parameters R and ¢ by a linear law. Thus, by using relations
(11)~(13) and (15), we find the depth of corrosion damage % of the com-
ponents of the studied welded joint for a given period of operation 7 .

A typical example of this type calculations for a period of operation of
the joint of 200,000 h in environment of different compositions (Figure 4)
shows that the maximum depths of corrosion-induced defects is attained on
the “metal-welding zone” boundaries and sufficiently rapidly decreases
with the distance from the welding zone.
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a) ] h, mm
0114
12Kh1MF | Kh18N10T
| 4~ Welded zone
0J06|
0J02] z, m
-0,04 -0,02 0 0,02 0,04
b) 1,4] h, mm
12KhIMF | Kh18N10T
Welded zone
Vs
zZ, m
-0,1 -0,05 0 0,05 0,1
‘ 1,00
) h, mm
0
12Kh1MF Kh18N10T

o (L Welded zone

-0,15 -0,1 -0,05

Figure 4. Profile of corrosion damaging / at the dissimilar welded joint on the base of
200,000 h in the solutions of different composition: (a) distilled water; (b) 0.03% NacCl; (c)

0.3% NaCl.

Therefore, the degree of corrosion damaging to combined welded joints

is characterised by the maximum depth of the defects A’

components (Figure 5), namely, h,{mx

max in its

for 12Kh1MF steel, A7, for the

welding zone neighbouring with this steel, h,f,ax for the welding zone neigh-
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12Kh1MF Wild Kh18N10T
I 2 4
hmax | , > 3 hmax
4 hmax h”lax
- 4
T L

v

‘4

Figure 5. Schematic diagram of corrosion damaging in the walls of the dissimilar pipes
welded by circumferential weld.

bouring with Kh18N10T steel, and %% _ for Kh18N10T steel. In addition,

max

we introduce the notion of the zone of corrosion activity of a welded joint
L (Figure 5) specified by the condition 4 >1pm ®

The numerical analysis’ of the parameter /',

. carried out according to
the proposed scheme on the time base 7= 400,000 h enable us to establish
the following prognostic estimates of corrosion damage to the components of
welded joints of the pipes made of different materials in media of different
chemical compositions (Figure 6).

The maximum depth of the defects in the base materials increases with
the concentration of chlorides in the environment. Note that the welding
zone is not damaged in NaCl solutions. At the same time, in distilled water
the maximum depth of the defects is observed on the boundaries of the
welding zone with the other components of the joint. On the other hand, all
environments are characterised by the presence of two common tendencies.
First, the material of the pipe produced with 12Kh1MF steel is intensely
damaged in the initial stages of operation with subsequent stabilisation of this
process at a certain level depending on the composition of the medium. The
material of the pipe made of Kh18N10T steel remains practically intact for 7
< 100,000 h but then the character of its damage becomes similar to that
exhibited by 12Kh1MF steel. Second, curves 1 and 4 intersect for all studied
cases. This means that, beginning with a certain period of operation, the rate
of corrosion damaging of stainless steel becomes higher than the rate of
corrosion damage of low-alloy steel.

It should be emphasized that the length of the zone of corrosion activity
of the welded joint L increases both with the period of operation and with
the concentration of chlorides in the working medium (Figure 7 and Table 3).
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Figure 6. Maximum depths of corrosion damaging /, in the components of a welded joint
of dissimilar pipes in distilled water (a), 0.03% NacCl (b), 0.3% NaCl (c) as functions of the
planned period of operation: 1 — 12KhIMF steel, 2 — welding zone neighbouring with
12Kh1MF steel, 3 — welding zone neighbouring with Kh18N10T steel, 4 — Kh18N10T steel.



ASSESSMENT OF LOCALISED CORROSION DAMAGING 87

1,00E+03

w
7

s
£ 1,00E+02
5

1 - Distilled water
i 2-0,03% Na CI
R 3-0,3% Na Cl

1,00E+01 PO N T T T T T T N T A A A A A O A A A
0 50 100 150 200 250 300 350 400

T, thousand hours

Figure 7. Length of zone of corrosion activity at welded joint of dissimilar pipes versus time
of exploitation in the solutions of different composition.

TABLE 3. Length of zone of corrosion activity at welded zone on planned period of

operation.
T _ L, mm
Distilled water 0.03 % NaCl 0.3 % NaCl
50,000 58.15 175.02 363.52
100,000 60.16 196.72 496.69
150,000 98.04 307.24 623.84
200,000 112.31 334.87 639.35
250,000 117.89 350.65 639.35
300,000 121.61 364.47 639.35
350,000 124.09 380.26 639.35

400,000 125.95 388.15 639.35
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5. Conclusions

Considering of welded joints of dissimilar pipes (low alloyed steel —
stainless steel) as a three-electrode electrochemical system, an analytic
procedure for the evaluation of corrosion current density distribution at the
welded zone is proposed.

On this basis the experimental-numerical method for prediction of
profile and maximum depth of local corrosion defects in the components of
welded joints is developed.

The data on general characterisation and maximal depth of localised
damaging on internal surface of pipes were received and analysed with
dependence of term exploitation and composition of operating environment.
In particular, the possibility of changing the polarity of local galvanic
couples in the vicinity of the welding zone depending on the period of
operation has been shown that cannot be predicted within the framework of
the existed approaches.
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PROCEDURES FOR STRUCTURE INTEGRITY ASSESSMENT

NENAD GUBELJAK, JOZEF PREDAN
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Abstract Quite few analytical flow assessments methods as specific standard
and guidelines there have been developed in recent years. Today, as one
of a most comprehensive assessment procedure is SINTAP — Structural
INTegrity Assessment Procedure. The SINTAP introduced the basic prin-
ciples of R6 (rev. 4) and ETM. SINTAP procedure is possible to performed
assessment for inhomogeneous configurations such as strength mis-matched
weldments and an effect of residual stresses. Nevertheless, the SINTAP pro-
cedure take into account temperature transition region from ductile-to-brittle
behavior of material. In the paper the SINTAP procedure was applied to the
failure analysis of cracked component. By results of used example was
shown that SINTAP procedure gives reliable conservative results where the
safe factor decreasing by increasing the quality of input data.

Keywords: Integrity of structure, crack driving force, stress intensity factor, pipe-
lines, material properties, structural steel, high strength low alloy steel

1. Introduction

The SINTAP procedure is taken overcome of interdisciplinary Brite—Euram
project aimed at examining and unifying the fracture mechanics based flaw
assessment approached available in Europe and propose a procedure which
should form the basis of future European standard.'" Among many other
publications a special issue of the journal (Engineering Fracture Mechanics
67, 2000, 479-668) contains a number of papers, which describe the main
features of the SINTAP procedure. In the SINTAP procedure the implicit
background assumption is that the component is defect-free. In this case
when a real of assumed crack or crack like flow affects the load carrying
capacity, the fracture mechanics principles have to be applied. Then the
comparison between the applied and the material side has to be carried out

* E-mail: nenad.gubeljak@uni-mb.si

G. Pluvinage and A. Sedmak (eds.), Security and Reliability of Damaged Structures 91
and Defective Materials,
© Springer Science + Business Media B.V. 2009
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on the basis of crack tip parameters such as the linear elastic stress intensity
factor, K, the J integral or the crack tip opening displacement (CTOD). As a
result, the fracture behavior of the component can be predicted in terms of a
critical applied load or a critical crack size.

R6-Routine Engineering Treatment Model
(ETM)
-Basic concept: CDF

-f(L,) piecewise function

-Basic concept FAD
-f(L,) continuous function

SINTAP-Structure Integrity Assessment Procedure

SINTAP: ANALYSIS LEVEL 1 SINTAP: ANALYSIS LEVEL 3

Special Levels &
Options

-alternatively CDF or FAD
-f(L.) piecewise function
-f(L,)<I (modified R6 Opt.1)
-f(L,)>1 (modified ETM)
-f(L-=1) (original equation)

-alternatively CDF or FAD

-f(L,) continuous function

(R6Opt. 1)

-special option for strength
mismatch (based on mismatch limit
loads from ETM-MM and R6, App.

-FE calculation
-Master curve

-Charpy testing

16)

-Constraint

SINTAP: ANALYSIS LEVEL 2 -Tearing analysis

-alternatively CDF or FAD -Leak-before

SINTAP: ANALYSIS LEVEL 0 break

-modification of Level 1, for strength
mismatch configurations (based on
mismatch limit loads from ETM-MM
and R6, App. 16)

-alternatively CDF or FAD -Pre-stress effects

-f(L,)<1 (modified R6 Opt. 1) -Reliability

-Toughness estimation from
Chapy energy

Figure 1. Overall structure of the SINTAP procedure.’

Standard solutions for the crack tip parameters are available for the spe-
cimens which are used for measuring the material’s resistance to fracture.
As long as the deformation behavior of the structural component is linear
elastic, then the relevant applied parameter in the component is K, available
in comprehensive compendia of K factor solutions.”” If the component
behaves in an elastic-plastic manner the situation is much more complex
because the crack tip loading is additionally influenced by the deformation
pattern of the material as given by its stress—strain curve. This makes the gene-
ration of handbook solutions an expensive tasks. To a limited extent this
tasks has been realized for a few component configurations, for example, in



PROCEDURES FOR STRUCTURE INTEGRITY ASSESSMENT 93

the Electronic Power Research Institute-EPRI handbook.® SINTAP procedure
also consist solutions for cracked plates, bars and pipes with different con-
figurations of loading and crack positions. Overall structure of SINTAP is
shown in Figure 1. For more detailed discussion see Refs.”* The aim of this
paper is give a basic principles of SINTAP procedure application by using
broken forklift as working example. The fork of a forklift is example for
using “Default” level, level “1” and level “3”.

2. SINTAP procedure

The SINTAP procedure based on fracture mechanics principles, as shown in
Figure 2. If two of the input parameters are known the third can be deter-
mined theoretically. This principle allows for different tasks of a fracture
mechanics analysis:

1. A crack is detected in a component under service. The question to be
answered is whether this law will lead to component failure or not. In
certain circumstances the critical state can be suspended by reducing the
load.

2.In the design stage a component can be set-off with respect of a hypo-
thetical crack the dimensions of which have to be chosen such that the
crack will be detected by NDT whether at final quality control or
in-service.

3. Vice versa critical crack dimensions for subsequent NDT testing can be
determined.

Crack resistance f
of the material

Load
[
test ©
G specimen \J
0

) R

Crack

Figure 2. Fracture mechanics principles in design.
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The determination of the critical crack size is illustrated in Figure 3. In
the following the application of SINTAP to the forklift as well as some
basic items of the procedure will be addressed following this flow chart.
Note, that some of the features and analysis steps shown in the flowchart
will not be part of the present analysis. Nevertheless they are shown for
completeness and will be addressed briefly because they provide important
information for many other cases of failure analysis.

In order to determine a critical crack size the following input infor-
mation is required:

Geometry and dimensions of the component

Applied loading including secondary load components such as residual
stresses

Information on crack type and orientation

The stress—strain curve and fracture toughness of the material

(A) GEOMETRY AND DIMENSIONS OF THE COMPONENT

The geometry and dimensions of the component normally is different by
case to the case, but for analytical-handbook approach it is necessary to deter-
mine geometrical features of component. For example, the geometry of the
fork as given in Figure 4 is essentially a thick plate. The dimensions of the
relevant cross section where fracture occurred is shown in Figure 5.

(B) APPLIED LOADING INCLUDING SECONDARY LOAD
COMPONENTS

In the SINTAP procedure the applied load can be introduced as a single
load such as a tensile force, a bending moment or an internal pressure. The
consideration as a stress profile, which is, i.e., determined by a finite element
analysis is, however, more common, Figure 6. Note, that such a stress pro-
file refers to the component without crack. In the present case the loading
type was predominant bending which would have allowed for the
application of a simple analytical model for determining the bending stress.
However, in order to consider the membrane stress component too, a finite
element analysis was carried out, which yielded the stress profile shown in
Figure 7 which was characterized by the stress values 61 and o7 at the front

and back surfaces of the plate. Based on these information a membrane
stress component G}, and a membrane stress component Gy, of

6y, =209 MPa; o, =2 MPa

were determined. These values refer to one half of the nominal applied load
of 35 kN, the fork lift was designed for.
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Component Geometry

* Sheets
* Cylinders

* Tubular Connections

Loading Parameters

Primary Stresses

Secondary Stresses

Single Loads
- Tensile Force
- Bending Moment
- Internal Pressure

Stress Profile Across the Wall

- Membrance and Bending Stress
Components

- Stress Concentrations
(Notches, Misalignment, ...)

Residual Stresses etc.

- Measurements

- Profile from the SINTAP
Compendium

- Conservative Assumptions

I
Crack Type
- Through Crack
- Embedded Crack
- Semi-elliptical Surface Crack

| Crack Dimensions

| Crack Orientation

Homogeneous
Configuration

Strength Mismatch-
Configuration

»
>

Determination of

input data from the
tensile test (not all :D
analysis levels

the Limit Load

input data from the
tensile test

=

Determination of
the Function f(L)

Determination of
the p-Factor

only in cases with
secondary stresses

Determination of
the K-Factor

fracture toughness

=)

FAD Analysis

CDF Analysis

of the material
*Kic

Variation of the
Crack Dimensions

(KqLp

no

* determine FAD curve
« insert design point

or path

* determine crack tip
loading J or
» compare with the fracture

. Ji or Si
e J-or 8-Aa curve

toughness of the material
1

Critical State

Critical Crack Dimension

Figure 3. Flaw chart for the determination of critical crack sizes using the European flow

assessment procedure SINTAP.
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I

1500
[\~
=)

. Critical cross scction

250

Figure 4. Geometry and dimensions (all measures in mm) of the broken fork lift.

In the present case only primary stresses had to be considered. In prac-
tice there are, however, many cases — for particular weldments — where these
have to be complimented by secondary stresses. In general primary stresses
arise from mechanical applied loads including the weight of the structure
whereas secondary stresses are due to suspended stresses. Typical examples
of secondary stresses are welding residual stresses. Secondary stresses are
of minor significance for common strength analyses because they are self
equilibrating across the section. This is, however, no longer true when the
same cross section contains a crack. In such a case secondary stresses can
be a major loading component, which has to be considered in any analysis.
Secondary stresses are taken into account in determining the K factor but
not in determining the limit load, F'y, or the degree of ligament plasticity, L,.

1. Linear-elastic deformation behavior

For linear-elastic deformation behavior the crack tip loading can simply
be determined by superposition the K factor due to primary and the K factor
due to secondary stress, provided the crack opening mode are identical:

K,=K; +K; (1)
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2. Elastic-plastic deformation behavior

In the general case the assessment is more sophisticated because
interaction effects between the primary and secondary stresses must be
accounted for. Secondary stresses do not yield plastic collapse, however
they may well contribute to plastic deformation. If they reach yield strength

magnitude the resultant crack tip loading is larger than K IP +K ,S On the
other hand, the secondary stresses may be partly relived due to relaxation
effects combined with ligament yielding. The interaction effect is modeled
by a correction term p, which in the FAD approach is defined as

_ K/ +K;

Kr
K

_|_

2)

A}

mat

and in the CDF route as,

p s 7P p s 77
J:LX{M} or 5=+ {Kf +K1} (3.:4)
N ra)-p Eo, | f(L)-p
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Figure 5. Geometry and dimensions (all measures in millimetre) of the cross section where
fracture occured.

The quantity p characterizes the difference between the actual crack tip
loading and the crack tip loading which would result from simple super-

position of K and K .
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By using

L =—"" (5)
GY

it is dependent on the ligament of plasticity, L, (which is a function on
primary loading, on the magnitude of the secondary stresses, and on the
equation applied for fL,).

Therefore, the correction term p is possible to determine from plot in
Figure 8.
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Figure 6. Membrane and stress profile through the thickness.

Because secondary stresses are of no relevance in the context of this
paper they shall only be mentioned without going in details. Note, that the
SINTAP procedure gives elaborate guidance on the treatment of secondary
stresses.
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(C) CRACK TYPE AND ORIENTATION

In a fracture mechanics analysis it is distinguished between through cracks,
embedded cracks and surface cracks. Real crack shapes are idealized by
substitute geometries such as rectangles ellipses and semi-ellipses. The ideali-
zation has to been done such that the crack tip loading will be overestimated.
Sometimes a crack or conglomerations of cracks have to be re-characterized
if they interfere one with each other or with a free surface. Real, irregular
cracks are modeled by “ideal” straight, elliptical or semi-elliptical cracks
the dimensions of which are defined by their containment rectangles, as
demonstrated in Figure 9. Most important is that the idealized flaws yield
conservative results of the FE analyses as compared to the original crack.
Conglomerations of multiple flaws may interact. If multiple cracks are
located adjacent on the same cross section they will be more severe than the
single cracks would be. This is taken into account by interaction criteria. If
the spacing between single cracks is below a certain value these cracks have
to be replaced by a larger crack such as if they already have coincided, as
demonstrated in Figure 10. In a similar way interaction effect between
cracks and free surfaces are treated.

(8]
ob *
Qﬁ /
W i
le—"71 g,
: 0
= ﬁ‘iﬂ:!}b
< L o,
> B| g, =+211MPa /
S [~ o,=-207MPa 0
& |

Figure 7. Stress profile across the fork section containing the crack (all measures in millimetre).

In the present case of fork the two edge cracks have been substituted by
one through crack the dimensions of which include the hole diameter as
demonstrated in Figure 11. For simplicity the crack was assumed to be of
constant length 2¢ over the wall thickness.



100 N. GUBELJAK AND J. PREDAN

Usually the crack plane is assumed to be perpendicular to the larger of
the two principle stresses. There are, however cases, where a real crack will
not growth within these plane because of mechanical reasons, i.e, both
principal stresses are of a magnitude in the same order, or because of hetero-
geneity of the material. In such cases a more complicated mixed-mode ana-
lysis has to be carried out. In the present case the situation is quite simple
because the maximum principle stress direction is identical to the axis of the
fork.

In the flow chart in Figure 3 the crack dimensions are introduced as
input information. Actually this refers to a default crack size, which is then
varied iteratively. At each iteration step the question has to be answered
whether the actual crack size is already critical or not.

0,2 —

=04
-
=
kS
3
5 0
&5
0.1

Figure 8. Determination of the correction term p on the treatment of secondary stresses.

(D) HOMOGENOUS OR STRENGTH MISMATCHED CONFIGURATION

Strength mismatch means that, e.g. in a weldment, the base plate and the
weld material are of different strength with the consequence of local strain
concentrations within the softer area. If the yield strength of weld metal
differing by more than 10% from that of the base material; if this difference
is less than 10%, the use of SINTAP procedure for homogeneous material
based on the base plate properties is recommended. In any another case the
strength mismatched configuration should be take in account. The weld metal
is commonly produced with yield strength oy, greater than that of the base
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plate oyp; (see Figure 12b) this case is designated as OVERMATCHING
(OM) with the mis-match factor M.

M= 5 ©6)
Oyp

UNDERMATCHING (UM) (see Figure 12a) is defined by

M <1 (7
P 2a " - 2a "
7 7
2a y %w 2a W
Y ¥
% v
F 2c 1 e 2c

A 4 h 4

a \V a S/ /
A 2 A ~ % _

Figure 9. Defect idealisation.

The mechanical consequences of mismatch are obvious from Figure 13.

Overmatching reduces the strain in the weld metal as compared to the
base plate, thus leading to a shielding of a defect in the weld metal. Under-
matching gives rise to a strain concentration in the weld metal.

There are, however, many cases where strength mismatch is of paramount
interest. The mismatch play important role:

e To fracture toughness of material (weld metal and base metal), (K,
J mats CTODmat)
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e To stress intensity factor solution (X)) in linear-elastic and elastic-plastic
deformation behavior
e To limit load solution given by appropriate terms (Fy, py, G5 €tc.)
Therefore, the SINTAP procedure offers separate assessment options for
the analysis of such cases.
For the present example mismatch does not play any role.
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Figure 10. Defect idalisation of multiple flaws.

(E) PLASTIC LIMIT LOAD Fy

The plastic limit load of the component with crack is one of the key para-
meters of the SINTAP analysis. Here some remarks are due. In solid
mechanics the limit load is usually determined for ideally plastic materials.
When the limit load is reached the deformation becomes unbounded over
the cross section. Real materials, however, work harden with the consequence
that the applied force can increase beyond the value given by the non-
hardening limit load. Therefore, in the frame of a fracture mechanics analysis
it has to be distinguished between a plastic collapse load which is identical
to the maximum load which the structure with crack can sustain and a net
section yield load which refers roughly to that load at which the still
unbroken ligament ahead of the crack is first fully plastic and the local load-
deformation curve becomes non-linearly. This parameter is what is desig-
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nated above as the plastic limit load F'y. In practice it is usually determined

under the assumption of an ideally plastic material inserting the yield strength
as the maximum sustainable stress. This is supposed to represent the attain-
ment of net section yielding, i.e. each point in the ligament ahead of the
crack is supposed to have just reached the yield condition. This is correct
for ideally plastic material, however, for hardening materials there are some
points, which are still under elastic deformation condition. Therefore, the
thus determined value of F'y represents a lower bound to the real yield load
of component’s materials.

2¢=2(c*+ Ac)

Figure 11. Definition of the idealized crack dimension 2c.

Within the SINTAP procedure a compendium of limit loads is provided.
Other compilations are available in the literature.'' For cases, which are not
covered by this compilation conservative estimates are possible based on
substitute geometries. In such cases the stress profiles in the components
without crack are taken as input information.

Within the SINTAP procedure a loading parameter L,. is used which is

defined as the ratio of the applied load F' and the limit load Fy or
respectively as the ratio of an applied net section stress Oref and the yield
strength of the material, oy:
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_ F _ Uref (8)
" F oy

the latter being given as oy = Re[, for materials with and oy = Ry, 5 for

materials without a Liiders plateau.

5 @ 4 (b)
& - |
o . 5 I Oy _Q
I
Gy Gy
Undermatching Overmatching
Strain Strain
2 (©
g Over-
matching
Undermatching | -eeeieea-nn Weld metal
Base plate

Strain
Figure 12. Definition of strength mismatched configuration.

The reference stress of the plate geometry considered within this paper
can easily be determined as

0y =T [Tk ©)
1—e/my |3 Vo9

(F) STRESS INTENSITY FACTOR (K FACTOR)

As in the case of the limit load numerous solutions for K factors are
available in compendia.>® The SINTAP procedure provides an own com-
pilation of such solutions. Stress intensity factors can be determined for single
loads such as forces, bending moments, internal pressures etc. as well as for
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stress profiles. The latter alternative allows to handle geometrically complex
components by using substitute structures, i.c., the stress profile is deter-
mined for the real structure without crack whereas the determination of the
K-factor is based on a simpler geometry like a plate, a cylinder etc. The K
factor for the fork in the present paper was determined by

KI(CoF):\/%(O'm'fm*‘O'b'fb) (10)

with f and f, are shape functions being defined for a plate with a
through crack. They are ' =1 and f," =1 for point A and f” =1and
£,F ==1 for point B (Figure 11).
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a) Undermatching (UM) gives rise to a strain concentration in
the weld metal

b) Overmatching (OM) reduces the strain in teh weld metal as
compared to the base plate

Figure 13. Strength mismatch caused different spreadof the plastic region.
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(G) CORRECTION FUNCTION F(Lg)

Under conditions of small scale yielding (roughly up to 0.6 times the limit
load) a fracture mechanics analysis can be based on the linear-elastic K
factor. This is, however, not possible for contained and net section yielding
where the plastic zone is no more limited to a small region ahead of the
crack tip. Under this condition any application of the K concept would lead
to a significant underestimation of the real crack tip loading in terms of the
J-integral or CTOD. Irrespective of this general statement the application of
a formal K concept becomes possible when the linear-elastic K factor is
corrected with respect of the yield effect. This is the essential of the
correction function f{L,). With respect of fL,) the SINTAP procedure is

structured in a hierarchic manner consisting of various analysis levels con-
stituted by the quality and completeness of the required input information.
Higher levels are more advanced than lower levels: they need more complex
input information but the user is “rewarded” by less conservative results. An
unacceptable result provides a motivation for repeating the analysis at the
next higher level rather than claiming the component to be unsafe. The
SINTAP standard analysis levels are:

Basic Level Only the toughness and the yield strength and the ulti-
mate tensile strength of the material need to be known.
Different sets of equations are offered for materials with
and without Liiders plateau.

Mismatch Level This is a modification of the Basic Level for inhomo-
geneous configurations such as strength-mismatched

weldments.
Advanced or This requires toughness data and the complete stress—strain
Stress—Strain curve of the material. Both, homogenous and strength mis-
Level matched components can be treated.

There are additional levels:

Default Level Only the yield strength of the material is required. The
fracture resistance of the material can be conservatively
estimated from Charpy data.

Constraint Level Within this level, the effect of loss of constraint in thin
sections or predominately tensile loading on fracture
resistance is considered.

J-Integral This level includes a complete numerical analysis of the
Analysis Level  defect structure.



PROCEDURES FOR STRUCTURE INTEGRITY ASSESSMENT 107

Within the present paper the Default Level, the Basic Level and the
Advanced Level are applied. The according equations for f{L,) for ferritic

steels without Liiders plateau are:
e Default Level

-1/2
f(Lr)z[H;Li} Jo3+07-expl-06-L8)]  for o<z <z (A1)

2.5
s :1{@} o, =R,, in [MPa] (12)
O-Y

The fracture toughness is estimated in a conservative manner from
Charpy data by

Km,:{(IZ-W—%)-(%SJ }20 in |MPa-m| (3

on the lower shelf and by

K =K =\/E(O-53'KV”S)‘0-2(0'133””56) in [MPa-m| (14

mat J0,2 1000'(1_]/2)
on the upper shelf.
K. — relevant fracture toughness of material......... [MPa\/E ]
B — specimen thickness ...........ccoevvevvervenienieenens [mm]
KV — Charpy eNnergy .......ccccvevververvesvenvenvenssensseens [J]

In addition SINTAP offers a correlation for the ductile-to-brittle tran-
sition based on the Charpy transition temperature for 28 J.

In the present analysis Eq. (13) was applied for estimating fracture tough-
ness from the Charpy energy.

e Basic Level

-1/2
f(Lr):[H;Lf} Jo3+07-expl L) for o<z <L™ (15)
with
0.001-E/
0.6

and
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f(L)=f(L, =1)-L¥eN o 1< L < L™ (17)
N = 0.3{ —%} oy, =R,, in [MPa] (18
R
L = %{L} (19)
GY

with L™ being the limit against plastic collapse.

e Advanced Level

-1/2

E-¢. 2 2
flL,)= by (1L for 0<L, <M 20)
Oref 2 E'gref
Oref
P e T @1)
2 Oy

Different to the Levels above f(L,) is a continuous function, which
follows point-wise the true stress—strain curve. Each value of o is
assigned to an L, value by

Oref = LiOy (22)

The corresponding reference strain gref is obtained from the true stress-
strain curve as illustrated in Figure 14. No distinction is necessary between
materials with and without a Liiders plateau. On the other hand Gref/€ref
values have to be available at L, = 0.7/0.9/0.98/1/1.02/1.1 and other values
of L,..

(H) THE TRUE STRESS-STRAIN CURVE OF THE MATERIAL

The engineering stress—strain curve of the material is shown in Figure 15.
Five tests were carried out but only the lowest curve was used for the
SINTAP analysis. The mechanical properties derived from these curve are
summarized in Table 1. With ¢ and ¢ designating the engineering stress
and strain, the true stress and strain values, ¢ and ¢; are determined by

gr=1In (I1+¢) and o,=0 (1+¢) (23)
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Figure 14. Determination of the reference strain from the true stress—strain curve of &

for the assessment of the normalized load.

true

TABLE 1. Mechanical properties obtained by tensile test and Charpy impact toughness

values Cv.

E v() Ry R Ag (%) A(%) Z (%) N(©)

(GPa) (MPa) (MPa)

2.1 0.3 446 720 6.89 14.95 53.60 0.176
448 735 8.89 18.19 53.77 0.192
578 754 7.52 20.95 59.05 0.125
474 764 9.72 19.48 55.81 0.187
440 716 6.74 14.45 52.59 0.195
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Figure 15. Engineering stress—strain curves of the fork material.

(I) CDF VERSUS FAD ANALYSES

An important feature of the procedure is that the analyses can alternatively
be based on a Failure Assessment Diagram (FAD) or on a Crack Driving
Force (CDF) philosophy. Applying the FAD philosophy a failure line is
constructed by normalising the crack tip loading by the material’s fracture
resistance. The assessment of the component is then based on the relative
location of a geometry dependent assessment point with respect to this
failure line. In the simplest application the component is regarded as safe as
long as the assessment point lies within the area enclosed by the failure line.
It is potentially unsafe if it is located on or above the failure line. In contrast
to this in the CDF route the crack tip loading in the component is deter-
mined in a separate step. It is then compared with the fracture resistance of
the material. If the crack tip loading is less than the fracture resistance the
component is safe, otherwise it is potentially unsafe.

The basic equations of the FAD and CDF routes are set out in Sections
2.1 and 2.2.

2.1. FAD ROUTE

In the FAD route (Figure 16) a failure assessment curve (FAC), K, versus
L,, is described by the equation

K, = f(L,) (24)
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Ll’

L,=F/F

Figure 16. Failure assessment based on a FAD philosophy.

To assess for crack initiation and growth, two parameters need to be
calculated. The first one K,, is defined by
K(a,F)

K =
K

(25)

mat

where K/(a,F) is the linear-elastic stress intensity factor of the defective
component and K, is fracture toughness.
The second parameter L, is defined by:

L =— (26)
where FYy is the yield load of the cracked configuration.

2.2. CDF ROUTE

In the CDF route (Figure 17), an applied parameter such as the J-integral or
crack tip opening displacement (CTOD = 9d) is determined, which char-
acterises the stresses and strains ahead of the crack tip in a specimen or
component:

J=J[fL)] or s=68[F(L)] (27, 28)
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where J, and 6, are the elastic values of the crack tip parameters which can
be deduced from the stress intensity factor K; (a,F) as

2
X, (a,F)] K,(a,F)]

2
or & :[

J, = .
E'o,

e

(29, 30)

with E' being Young’s modulus E in plane stress and E/(1 — /) in plane
strain. The quantity v is Poisson’s ratio.

Potentially JIf(L )T
unsafe

‘J'nat ) CTODmat

J,CTOD

Loading Path

o~ Safe

max
L,

L=F/F y

Figure 17. Failure assessment based on the CDF philosophy (Note: The function f{L,) is
identical for the FAD and CDF routes).

In Eq. (2) the fracture resistance of the material is used in terms of the K
factor, Kmm.

This quantity is obtained formally from the J-integral or CTOD by
J

Kmat — mat E — G,V .§mat E (31)
(1-0%) (1-0%)

The SINTAP procedure includes different analysis levels. The main
differences between these levels is the function f{L;). It is defined such that

the lower levels can be applied even with relatively poor input information.
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Due to this the output is more conservative as compared with the more
advanced levels which require more detailed input information but “reward”
the user with more realistic results. The Default Level is the lowest level
of the SINTAP procedure. Its use is recommended only if no other data
than the yield strength of the material and Charpy data are available.

The f(L,) function, which is the same for both the FAD and CDF routes,
is given by:

e In cases where the material exhibits a Liiders strain
1 “1/2
f(L)= (1 + Eij for 0<L <L™ (32)

The cut-off L,”"* is defined in a conservative manner as
L™ =1 (33)

o [f the material does not exhibit a Liiders strain the failure assessment
curve f(L,) is described by the equation

-1/2
f(L)= (1 + ;Lf) x[03+0.7exp(-0.6-L%)] for 0<L <L™ (34)

The cut-off L,"* is defined slightly less conservatively as

150 25
L™ =1+ 35
e o

p0.2

(J) FRACTURE TOUGHNESS

The fracture toughness was determined in terms of the crack tip opening
displacement CTOD (&) according to the British standard BS 7448, Part 1."°
Four tests were carried out using three-point bend specimens at room
temperature. The test setup is shown in Figure 18; a typical test record in
Figure 19. It shows typical pop-in behaviour. Pop-ins are cleavage fracture
events disrupting the ductile tearing process. The crack is arrested
subsequent to each pop-in. Note, however, that the specimen is subjected to
displacement control in the test machine whereas in reality load control
might occur. Usually the crack would not be arrested in such a case but
cause failure. Therefore, no benefit can be taken from the crack arrest
following a pop-in which was specified as such by the test standard.

For the SINTAP analyses the lowest of the pop-in fracture toughness
values was chosen. This was 6. = 0.02 mm or corresponding K5t = 49.7

MPa+/m .



N. GUBELJAK AND J. PREDAN

114

AN

Figure 18. Test setup for the determination of the critical crack tip opening displacement.
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Figure 19. Typical test record of a CTOD test.
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(K) CHARPY ENERGY

Information on the Charpy energy is necessary for the SINTAP Default
Level assessment. Nine tests have been carried out at three temperatures.
The result is summarised in Table 2. The SINTAP analysis was based on
the minimum room temperature Charpy energy of 6 J.

TABLE 2. Charpy energy of the fork material at different temperatures.

Charpy impact toughness J/80 mm®

+10°C +20°C +50°C
6, 6,06, 7,6,7 9,8,9

3. Failure analysis of the component, results and discussion

In Figure 20 and 21 the CDF and FAD analyses are demonstrated for a
crack size of 2c = 45.5 mm. That crack length corresponds to real crack
length measured at the fracture surface of the broken fork, as shown in
Figure 22. It is shown that the higher analysis levels yield less conservative
results. The Default Level, which uses fracture toughness values estimated
from Charpy energy give much lower critical loads than the higher levels.

100

901 def(L . ("Default level))

80
701
60 1
Failure point for Basic Lewel

50 7

CTOD, mm

Faiure point for Default Level

S mat("Basic al Fd Advanced”)

0 0.2 04 0,6 08 1 1,2 1 14 1,6
Li=GreCy L™ ("Default level") L™ ("Basic and Adv. Level")

Figure 20. CDF analysis of the fork assuming a crack width of 2¢ = 45.5 mm. Failure is
predicted for an applied load of 15 kN (Default Level), 27.38 kN (Basic Level) and 29.9 kN
(Advanced Level).
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Increased applied load or Increased applied bad or crack size
crack size for Default Level # " for Basic Level and Advarced Level
Failure point for Advanced Level
/
19 0. flL. - ("Advanced Level")
2290 o
5 0.
(o]
E Failure point for Basic Level \'\.\0
ailure point for Basic Leve . L, ("Basic Level"
& O, L. )
0,5 "
f(L: ("Default Level")
Failure point for Default Level
L™ ("Default Level")
0 + T + T T ~
0 02 04 0,6 08 1 1,6

L= cxre{/ﬁy

Figure 21. FAD analysis of the fork assuming a crack width of 2¢ = 45.5 mm. The predicted
failure loads are identical to those obtained by the CDF analysis in Figure 20.

2C=45.5mm

Figure 22. Fracture surface of the broken fork. Failure originated at two edge cracks left and
right from the hole at the top side.



PROCEDURES FOR STRUCTURE INTEGRITY ASSESSMENT 117

According to Figure 3 the analysis was repeated for stepwise increased
crack sizes 2c. The critical crack size was than determined as the value of
2¢ that caused failure at half the nominal applied load the forklift was
designed for. The bisection was necessary because the forklift contained
two forks.

As the final result the critical crack size was determined to be

e 2¢= 10.35 mm (Default Level analysis)
e 2¢ = 33.2 mm (Basic Level analysis)
e 2¢ =35.6 mm (Advanced Level analysis)

Compared to the real overall surface dimension of the edge cracks at
failure of 45.5 mm (Figure 2) the predictions were conservative by

o 77.28% (Default Level analysis)
e 27.03% (Basic Level analysis)
e 21.75% (Advanced Level analysis),

which is not so much at the highest level because critical crack sizes are
used to be very sensitive with respect to the input information. At the
highest level the conservatism was mostly due to the simplified crack model
used as the substitute geometry (Figure 11).

As the consequence it can be concluded that the failure occurred as the
consequence of inadequate design and not of inadmissible handling such as
overloading. The failure could have been avoided by applying fracture
mechanics in the design stage. The SINTAP algorithm was shown to be an
easy but suitable tool for this purpose.

4. Conclusions

The basic principle of the recently developed European SINTAP procedure
has been reviewed. The SINTAP procedure has been developed as a contri-
bution towards the development of a European Committee for Standardization
(CEN) fitness for service standard. In the paper the SINTAP procedure was
applied to the failure analysis of cracked component. The procedure was
applied to predict the critical size of cracks on both sides of a bore hole in a
fork of a forklift. Assuming loading by the design load an overall critical
crack size (including both cracks and the hole) of 35.6 mm was predicted at
the highest analysis level whereas the real fork broke in service after the
overall crack size had reached a length of 45.5 mm. By this result it was
shown that inadequate design could give a sufficient account of the failure
without any need to imply further reasons such as inadmissible handling of
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the forklift in service. By results of used example was shown that SINTAP
procedure gives reliable conservative results where the conservatism (e.g.
safe factor) decreasing by increasing the quality of input data.
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Abstract The paper gives an overview of common non-destructive methods
used in-service and during shut-down of the plant. Their choice is dependent
on the aim of the testing, component of process equipment and material.
Ultrasonic testing is used as the method for materials evaluation, too.
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1. Introduction

Various non-destructive methods can be used to characterize the condition
of material in operating equipment. They are especially useful for quantifying
flaws. The information on flaw type, size, and location then can be used to
evaluate equipment integrity and remaining life.

Managing equipment integrity is essential to the safe, reliable operation
of process plant equipment. Using the initial data on the plant equipment,
the current condition of equipment and remaining life must be evaluated to
perform the risk assessment of the plant. By determining e.g. stress state of
the material, and/or other methods, one evaluates structural components
to determine if they are fit to continue operation for some desired future
period. This approach, known as the fitness-for-service assessment, may
involve fracture mechanics if the component of interest contains flaws or
other damages, which are non-allowable for quality control standards.
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In this paper examples are given of the methodology used by the author
organizations and techniques developed over the past years to achieve the
above goals. Examples are given of non-destructive testing (NDT) methods
and techniques used in the examination of storage tanks, pipelines, tubes in
heat transfer or processing equipment, techniques needed for implementation,
and discussed some problems in performing NDT.

2. The Directive 97/23 EC and the classification of pressure vessels

Directive 97/23 EC (PED)' applies to the design, manufacture and con-
formity assessment of pressure equipment with a maximum allowable pressure
greater than 0.5 bar. Large number of examined pressure vessels can be
classified by category in accordance with Annex II of PED on the basis of
their maximum allowable pressure, volume V or their nominal size DN and
the group of fluids for which they are intended. Among others, most fre-
quent fluids in process industry are liquified petrol gas (LPG), hydrogen and
nitrogen.

According to the Article 9 of the PED, pressure vessels are classified
according to ascending level of hazard. For the purposes of such classification
fluids are divided into two groups. The Group 1 comprises dangerous fluids,
explosive, extremely flammable, highly flammable, flammable, very toxic,
toxic and oxidizing. The importance of NDT of pressure vessels for the
Group 1 fluids is obvious. According to PED non-destructive tests of per-
manent joints is carried out by suitable qualified personnel. Final assessment
of pressure equipment must include a test for the pressure containment
aspect, which will normally take the form of a hydrostatic pressure test
(HT). Where the HT is harmful or impractical, PED allows other tests of a
recognized value may be carried out. For tests other than HT, additional
measures, such as NDT or other methods of equivalent validity, must be
applied before those tests are carried out.

European law distinguishes clearly between the law of dangerous goods
and the law of hazardous materials. The first refers primarily to the
transport of the respective goods including the interim storage, if caused by
the transport. The latter describes the requirements of storage (including
warehousing) and usage of hazardous materials.

LPG, being flammable, belongs to the Group 1 of dangerous fluids.
Large amounts of LPG can be stored in bulk tanks. LPG burns cleanly with
no soot and very few sulfur emissions. It has a typical specific calorific
value of 46.1 MJ/kg compared to 42.5 MJ/kg for diesel and 43.5 MJ/kg for
premium grade petrol (gasoline). Large, spherical LPG containers may have
up to a 15 cm steel wall thickness. The relief valve on the top is designed to
vent off excess pressure in order to prevent the rupture of the tank itself.
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Due to the increased threat of terrorism in the early twenty-first century,
funding for greater hazardous materials-handling capabilities was increased
throughout the world, in recognition of the fact that flammable, poisonous,
explosive, or radioactive substances in particular could make attractive
weapons for terrorist attacks.

3. An overview of our NDT experiences

Many in-service and also pre-service inspection findings on pressure vessels
indicate a basis for consideration of continuing reliability and environment
safety, especially when an extending usage is required. It is well known that
a crack can lead to a critical failure with a tremendous destroying capacity
for a large vessel, and heavy consequences to humans, property and bio-
logical environment. Many examples of catastrophic failures over the world
may be quoted.

An optimistic approach to high strength steels (HSS) application for
pressure vessels since 1960s led to some degree of disappointment later. Poor
weldability has caused fabrication problems, mostly in form of cold cracking,
and even more problems has appeared during service, when welded joints
have been exposed to corrosive environment, causing stress corrosion cracking,

In Serbia a large experience on HSS cracking was gained in last four
decades, especially on sphere reservoirs. The majority of vessels were made
of Nb, V micro-alloyed steel of domestic and foreign production. In many
spherical tanks in-service inspection revealed cracks. Number of revealed
cracks was greater than ten per vessel. The most frequent cracks were surface
cracks on pressure retaining surface and internal cracks inside the material.
Removal of cracks has been done by grinding and only when cracks were
deep, arc-air gouging and grinding was applied. The repairs of deeper cracks
by welding in prepared grooves were followed by re-inspection, hydrostatic
testing and new inspection. In some cases cracks were not detected by NDT
during fabrication because magnetic particle testing or flux leakage (MT)
was not performed. The originally used radiography testing (RT) and ultra-
sonic testing (UT) could not detect surface cracks which were less than 3
mm deep. The next problem was in fact that NDT after proof hydro test
(HT) was not prescribed, although indications of new cracks, found after
HT, were obtained.

After the first experience with the leakage failures in 1982, the require-
ments of in-service inspection were more severe.” All HSS vessels were
submitted to 100% UT and MT. This level of NDT has been used after weld
repair and HT, too. Magnetic particle testing with the alternating current
(ACQ) is considered as the most sensitive, but the opening of a crack is not a
measure of its depth in wall thickness direction. Surface cracks deeper than
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3 mm were also detected by ultrasonics. The wet fluorescent MT, using
fluorescent wet particles, AC and black light, gave the best results for
detection of surface cracks. Dye penetrant was used rarely. Radiography
was used only for detection of volume discontinuities (defects) revealed by
ultrasonics, as an additional method for their characterization. At the middle
of seventies, a large number of such discontinuities was revealed in the
Trans-Alaska oil pipeline girth welds, and the only alternative for the assess-
ment of their depth was to apply comparative radiographic density measure-
ments. The necessary assumption that these defects are to be considered as
sharp cracks of the same depth, led to conservative analysis and to signi-
ficant lowering the savings of applying the fitness-for-purpose approach.’

Acoustic emission (AE) monitoring during HT was used to detect pos-
sible crack propagation. If a crack was located by AE, this location was further
examined by UT and MT. Most measurements by using strain gauges during
HT found acceptable values. Replica prints, taken from the pressure retain-
ing surface after polishing were useful for the analysis of microstructure
and detection of new micro cracks, not detectable by MT. The experiences
shown that manual UT is the best method for discontinuity characterization
because of its versatility and possibility of quantification and storage of
results enabled by digital ultrasonic flaw detectors.””’

A number of laboratories for NDT in Serbia, included in process plant
maintenance, is not large; those are for instance The Institute for welding,
Belgrade, HIP Fertilizer factory, Pancevo, The Institute for materials,
Belgrade, Zavarivac, Vranje and others. The attention is payed to the edu-
cation and sertification of NDT personel in accordance with PED and EN
473. Corresponding bodies are CertLab, Pancevo, School for IBR of Vinca,
Belgrade, The Institute for welding, Institute Kirilo Savic, Belgrade, and so on.

The terms defect, discontinuity and flaw are used in EN 1330-4.® while
in EN 1714 the term imperfections (as well discontinuities) is used in its
Clause 12.3, too.” Standards EN 1712—1714 also use the term indication,
and ISO 5577:2000 in Clause 015 defines flaw and defect as ‘discontinuity
which is deemed to be recorded’.'® The standard ASTM E164 — 08,"" uses
the term discontinuity. All of these terms are used here.

4. NDT methods and techniques

According to EN 12062 and EN 1330-4, mettalic materials and welded
joints are examined for imperfections by following NDT methods: Visual
testing (VT), UT, Liquid penetrant testing (PT), MT, AE and RT.

Each testing method has its features, thus the scope and range of
products and materials to be tested. Not all of them are suitable to evaluate
cracks, but many of them are very sensitive for crack detection, Figures 1-3.
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VT, which usually precedes the other testing methods, is particularly
important. For remote VT various boroscopes and endoscopes are used,
Figure 1. Boroscopes (or borescopes) can be with a rigid tube or with flexible
tube when they are called fiberscopes. Tools also used are magnifying glasses
and mirrors.

Rigid borescopes are the ideal choice when straight-line access to the
area of interest is available. These instruments use an optical lens system to
transmit an image from the inspection area back to the eye and a non-
coherent fibre bundle to illuminate the object. They are available in a range
of diameters from 0.9 to 16 mm and working lengths up to 1.5 m. They are
ease for use and are used for visual checks in hard-to-access places such as
air conditioning ducts, ventilation systems, machines, motors and petro-
chemical plants.

Fiberscopes use flexible fiber bundle to transmit an image back to the
inspector’s eye. A separate fiber bundle is used for transferring the illumi-
nation from the light source to the inspection area. Fiberscopes can also be
attached to closed-circuit television (CCTV) and digital imaging equipment
so that movie or still images can be recorded for future reference, used in
associated documentation or send by Internet to the user or examination
laboratory for expertize.

PT has some similar features with MT, but it is applied also to non-
ferromagnetic and non-metallic materials. It has less sensitivity in detecting
fine cracks and it is restricted to discontinuities open to the surface such as
cracks, seams, cold shuts, laminations, through leaks, or lack of fusion and
is applicable to in-process, final and maintenance testing, as given in Figure 2.

Figure 1. A versatile scope for general inspection with rigid borescope, remote control and
fiberscope (from left to right).

MT is used with dry or wet magnetic particles for detecting cracks and
other discontinuities at or near the surface in ferromagnetic materials. MT is
applied to raw material, half-finished material (billets, blooms, casting and
forgings), finished material and welds, regardless of heat treatment or lack
thereof. It is useful for preventive maintenance testing. After indications have
been produced, they must be interpreted or classified and then evaluated. For
this purpose a separate codes, specifications or specific agreements define
the type, size, location, degree of alignment and spacing, area concentration
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and orientation of indications that are unacceptable in a specific part versus
those which need not be removed before part acceptance. The following
MT techniques are in use: dry magnetic powder, wet magnetic particle,
magnetic slurry/paint magnetic particle and polymer magnetic particle.

D5

Figure 2. Liquid penetrant testing of different pieces.

Typical magnetic particle indications are: surface discontinuities, which
usually produce sharp, distinct patterns and near-surface discontinuities which
produce less distinct indications than those open to the surface. The patterns
are broad, rather than sharp and the particles are less tightly held. Fluore-
scent wet magnetic particles used are smaller than dry magnetic particles,
thus wet method techniques are generally used to locate smaller cracks than
by dry method. The illustration is given in Figure 3. It is used the region of
green visible light because of greatest sensitivity of human eye to cor-
responding wavelengths.'?

Figure 3. MT of products with different geometries.
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AE is used for post-welding control of pressure vessels, or monitoring
during continuous welding. The technique is developing and there are some
obstacles in its routinely application on production welding. The technique
is applicable to the detection and location of AE sources in weldments and
in their heat-affecting zone during fabrication (like crack growth), par-
ticularly in those cases where the time duration of welding is such that
fusion and solidification take place while welding is still in progress. The
effectiveness of AE to detect discontinuities in the weldment and the heat-
affected zone is dependent on the design of the AE system, the calibration
procedure, the weld process and the material type. Materials that have been
monitored include low-carbon steels, especially HSLA steels, low-alloy
steels, stainless steels, some aluminum alloys and composites. The system
performance was verified for each application by demonstrating that the
discontinuities of concern can be detected with the desired reliability.

Eddy current testing (ET), UT or MT techniques are used to inspect
welded, extruded, and seamless tubing. The choice depends on the non-
conforming conditions one wishes to detect and the size, including wall thick-
ness, and characteristics of the material. Carbon steels, stainless alloys, copper,
aluminum, titanium and all other non ferrous metals can be inspected using
these methods. For detecting typical defects such as small, short incomplete
welds, inclusions, voids or cavities and some subsurface cracks in carbon
steel or non ferrous tube, a standard eddy current instruments can be used
with segment or encircling test coils. The choice between segment or en-
circling coils is usually determined by the wall thickness.

While an UT is generally the first choice for internal surface (ID) defects,
some applications, particularly thin wall tubing, can be very successfully
handled using eddy current instruments. In these cases, careful setup using
phase and amplitude thresholds, and other selective circuits can give accurate
separation between signals for ID and signals for outside surface (OD)
defects. For detecting long, continuous surface defects such as seams and
laps in tube, rotary probe systems are the most appropriate. By rotating mul-
tiple test probes around the tubing, even relatively short flaws can be reliably
detected in many applications, without sacrificing throughput speed.

Inspecting for defects in heavy wall pipe and tube is best done using MT
or ultrasonic techniques. For internal longitudinal and transverse flaws and
ID defects, UT techniques are often the best choice. The testing is usually
automated with rotary transducer assembly, with its unique rotating sealless
water coupling system permits ultrasonic inspection at high throughput speeds.
For those applications that require the detection of both short and long
continuous surface defects, the ET tester with several test channels, allows
simultaneous detection of both types of defects in magnetic or nonmagnetic
material. To detect defects such as corrosive pitting, holes, erosion, fatigue
cracks, and OD wear at the tube supports in non magnetic heat exchanger
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tubing, an eddy current tester is appropriate. With optional tube mapping
software, immediate tube maps can be printed to show test results. For
applications where more than one of the conditions described above must
be met, combined systems using several testers or technologies can be
assembled. In these cases, each tester or technology is used to find the types
of defects or conditions that it is best suited to detect. The result is often a
more accurate test and fewer rejects to allow more of the product to be
shipped to the customer.

A comparison of some NDT methods regard internal cracks detect-
ability is given in Table 1 for optimal conditions for their detection. For UT
it is the orientation relative to the direction of wave propagation and the
threshold of detection is proportional to the wave length, thus transversal
waves are favorable. Crack widths given in Table 1 mean crack thickness;
for UT they are minimum due to the strong dependence of ultrasonic reflec-
tion coefficient on difference of acoustical resistance.

TABLE 1. Size of internal cracks which can be detected by three NDT methods.'*

4.1.1. NDT method

Dimension, mm

4.1.2. MT 4.13. UT 4.14. RT
Width 0.3 0.001 0.01
Length 5 3 5
Height 0.5 2 2

UT is capable of detecting very small internal discontinuities and tight
cracks. Subsurface planar discontinuities perpendicular to the test surface
are difficult to detect with single angle probe techniques. For such imper-
fections specific testing techniques are applied, particularly for welds in
thicker materials. The suitable technique, known as tandem technique, is a
scanning technique involving the use of two or more angle probes, usually
having the same angle of incidence, facing in the same direction and having
their ultrasonic beam axes in the same plane perpendicular to the surface of
the object under testing, where one probe is used for transmission and the
other for reception of ultrasonic energy.*"

5. Cracks in spherical storage tanks

Most examined spherical storage tanks (SST) have been produced of fine
grained microalloyed steels. The analysis of performed tests of SST for
LPG revealed the following facts. By in-service testing cracks in welded
joints of these SST have been detected. Cracks had different directions
respect to welded joints, lengths and depths. The cracks were found in these
SST, but also in tanks made of carbon steels after long term service, as well
in tanks for ammonia made of fine grained structural steels.
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Possible causes of crack initiation are:

e Cold cracks induced by welding, due to high hydrogen content in con-
sumables.

e Deviation from prescribed welding technology, or inadequate welding
technology.

e Stress corrosion and damages in exploitation.

o Detrimental effect of hydro test (cold water pressure test).

¢ In the case of one SST and one road trailer tank for hydrogen transport it
is definitely confirmed that the cracks initiated during exploitation of the
vessel, since in the previous periodic inspections non-allowable defects
had not been detected. These data also confirm the reference data on the
existence of incubation period for stress corrosion cracks nucleation.

The cracks are typically located on the ID as longitudinal cracks in weld
metal or in the heat affected zone (HAZ). Among all tested SST only on
one vessel cracks were detected in the joint between the mantle of the SST
and the lid of the SST on the OD, and on one vessel in the joint between the
support reinforcement and mantle. Only on one sphere the defects are detected
in supporting columns.

In three cases the cracks were detected in parent metal whose origin is
probably the tack weld of temporary holders during sphere manufacturing.
In some cases during grinding operation it had been confirmed that the
crack ends in the pore or inclusion, invoved during manufacturing. In all
tested SST cracks occured most frequently in radial welded joints and
typically in their middle (upper) part, at the border between liquid and gas-
eous phase.

The testing of the tanks before and after the HT has clearly shown that
HT in service can cause new cracks in the positions of “old” (but not repaired)
welded joints. For that reason the national authorized Boiler Inspection
Office has been adviced several times to reduce the HT pressure, especially
for tests in service.

The experience has shown that the pressure vessel repaired by welding
should not be subjected to HT, but only to test periodically by UT the typical
repaired positions from the OD, e.g.:

e Immediately after repair (so called initial state).

e After operating parameters are reached; if in these tests no crack has
been detected, the test should be repeated every 6—12 months, until the
term of regular HT.

e Based on testing of several car cylindrical tanks and tank wagons for
LPG with residual stress (RS) relieved after manufacturing, it had been
found that HT has not caused the occurence of new cracks in these
vessels.
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Testing of SST for vinilchloridemonomer (VCM) supported the con-
clusion that the cause of crack initiation is local overstressing induced by
the effect of HT. Therefore, the revised repair technology for this tank
included hammering of welded joints as well, in order to reduce the RS.

6. Experiences with UT of crude oil pipelines

Material degradation of pipelines for gas or liquid transportation, such as
corrosion or cracking, can lead to premature failure with potentially cata-
strophic impact on man and environment. NDT for the detection and sizing
of material damage are required, if the integrity of pipelines is to be reliably
assessed. This can be achieved by means of so-called intelligent pigs which
allow to inspect up to several hundred pipeline kilometers in one run with
respect to special damage types such as e.g. corrosion damage.

The integrity of older pipelines, in particular, has to be proved by the
operating companies at periodic intervals. In the past, integrity testing was
usually performed by means of HT, which reveals cracks that could cause
failure under normal operating conditions. However, since no information
on sub-critical cracks is obtained, the estimation of the safe future service
life becomes rather uncertain. Moreover, HT, as discussed, can cause crack
growth of near-critical cracks, thus reducing the expected safety margin.
Additionally, HTs are expensive and time consuming as the line has to be
taken out of service.

More than one decade ago the German regulations for pressurized vessels
also allow the application of NDT instead of HT provided that at least equi-
valent results are obtained. This means that HT can be replaced by NDT if
defects which would lead to rupture during a HT can be detected with suf-
ficient reliability. The most critical defects associated with pipeline ruptures
are axial crack-like defects (fatigue cracks, stress corrosion cracking, SCC,
and crack-like weld defects). In order to replace HT retesting by intelligent
inline inspection, it was therefore decided to develop an inline inspection
tool for the detection of this type of defects."

The following defect specification was defined using conservative fracture
mechanics calculations for the crack detection tool:

o Defect type: axial crack-like defects (£15° deviation from axial direction)
e Minimum defect length: 30 mm
e Minimum defect depth: 2 mm (for wall thickness >8 mm)

The crack detection tool UltraScan CD, a digital ultrasonic apparatus,
was developed between 1991 and 1994 and adapted for greater wall dia-
meters in 1996. The inspection is performed using the angle beam 45°-shear
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waves transducers. Because axial cracks are to be detected, the ultrasonic
pulses are transmitted in circumferential direction.

The probe of the crack detection tool is designed such that the complete
pipe circumference is uniformly scanned in both clockwise and counter-
clockwise directions for pipe diameters 600—1,420 mm for crack detection.
This arrangement provides multiple wall coverage which ensures that relevant
reflectors are detected by several probes. Additionally, two additional probes
serve to continually measure the actual wall thickness and to detect girth
welds, the latter information being used both for pipe marking and to pre-
cisely locate defects with respect to the nearest girth weld.

After having completed an extended verification program, the TUV
experts formally stated the equivalence of the inline UT program and approved
the integrity of the pipelines considered. The verification program included
HT of a 22 km/660 mm section. In accordance with the findings of the
crack inspection, no rupture occurred.

A very important step in the process of data evaluation is therefore
discrimination of various types of indications, specifically discriminating
between injurious and non-injurious reflectors. In most cases, the type of
indications detected by the tool can be classified in the following way:

Crack-like (cracks, other surface-breaking defects like laps or shells)
Notch-like (scratches, grooves, undercuts etc.)

Inclusion-like (inclusions, laminations)

Geometry-related (in particular indications caused by geometry of
longitudinal weld)

Based on the results of the data interpretation, 30 verification digs were
carried out by TAL in order to verify the overall performance of the crack
detection tool. The results were satisfactory.

The analysis considered the significance of various defects, too.

Inclusion-like indications are non-injurious defects with longitudinal
orientation such as e.g. elongated, surface-parallel inclusions or laminations.
In more detail, however, the B-scan patterns look different and the overall
information given by the tool is such that discrimination can positively be
made. C-scan can distinguish between pipe joint which is relatively inclu-
sion free from a joint with a high inclusion/lamination density.'® Such pipe
joints with high content of imperfections result from improper manufacturing.
Since for pipelines also the wall thickness data are available (which enable an
easy identification of surface-parallel reflectors), such features can be verified
indirectly by using the information from the wall thickness inspection data. A
surface-breaking lamination, however, which has to be treated as a crack-like
defect, can be identified as such on the basis of the associated corner reflection.
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Notch-like indications — as opposed to crack-like indications, notch-like
indications are identified in the B-scans by a more homogeneous shape as
well as amplitude pattern. Such indications are in particular caused by
scratches, gouges and undercuts etc., usually resulting from transportation
or manufacturing of pipe joints. Typically, the depths of these defects are
below 1 mm. They are however a preferential site for crack initiation due to
their shape concentrating stress. A notch-like indication was caused by a 1.5
mm deep scratch as revealed by the verification dig. Even such relatively
small defects are picked up by typically four to eight probes.

Crack-like indications can be classified as follows (based on the
verifications):

o Shells, laps, surface-breaking laminations
o Cracks close to the longitudinal weld (within + 10 cm, but usually not in
the HAZ)

e Cold cracks in the weld seam

The origin of these defects is in all cases attributed to the manufacturing
process. In particular, neither fatigue cracks or nor SCC were found. An
interesting example was given of a cold crack detected in a 1,024 mm crude
oil pipeline located in the middle of the weld seam. Length was 175 mm,
depth was 45 mm. The crack consists of a sequence of inter-crystalline
smaller cracks with mainly axial orientation. The crack was very difficult to
find by manual inspection and amplitude based depth sizing would have
been totally wrong. The example illustrates the advantages of the automated
inspection system providing multiple defect detection, high signal dynamic
by logarithmic data compression and context-related data visualization,
compared with manual UT. The results obtained from inspection of almost
2,000 km of operational pipelines (crude oil and gas) confirm that the
reported inspection tool can detect axial crack-like defects with lengths >30
mm and depths >1 mm in the base material as well as in the weld area with
high reliability.

7. Ultrasonic attenuation measurement

Ultrasonic measurements enable to evaluate the steel structure e.g. to detect
hydrogen attack (HA) or to distinguish between steels with different
structures.'” For the first aim various techniques are applied; some of them
are based on changes of velocities of both longitudinal (v.) and shear (vs)
waves, but this method is time-consuming to take normally incident S-wave
transit time measurements, and the method can be applied only on sections
that produce a well-resolved back-surface reflection whose transit-time
measurement can be taken.'” Well-resolved back-surface reflections are not
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produced on boiler tubes, because hydrogen damage is usually associated
with inner surface roughened by corrosion. Another method of HA detec-
tion is based on attenuation measurement (AM). The reliability of AM also
deteriorates on rough surfaces that scatter ultrasonic."® The Standard Practice
of the ASTM E 664-78 (1989) describes a procedure for measuring the
apparent attenuation of ultrasonic in materials or components with flat, parallel
surfaces using conventional pulse-echo ultrasonic flaw detection equipment.
The Standard Practice is concerned with the attenuation associated with
L-waves introduced into the specimen by the immersion method." It can be
used for the determination of relative attenuation between materials.

Hydrogen attack is a process produced in plain carbon and low alloy
steels exposed to a high-pressure hydrogen environment at high temperatures.
A chemical reaction between hydrogen and carbides in the steel produces
methane gas bubbles in the grain boundaries. The reaction may occur at the
surface, resulting in decarburization with an attendant loss in strength. As the
bubbles grow, they interlink to form intergranular fissures or microcracks,
which result in a loss in both strength and ductility.

Hydrogen blistering occurs when atomic hydrogen deposits as molecular
hydrogen at a defect, such as a lamination or band of nonmetallic inclusions.
High pressures of molecular hydrogen can build up at that site as atomic
hydrogen continues to enter the steel, ultimately forming a blister. Blistering
generally occurs in more ductile steels under conditions where hydrogen
embrittlement does not occur.

The apparent attenuation in decibels per unit length as defined by the
units of thickness is given by the relationship

Attenuation y — diB(dB / mm) @)

2(n—m)t
where dB = 20 log;o (A/A,) the apparent attenuation in dB

e m and n are ordinal numbers of back reflections (n > m).
e A, and A, are corresponding (mth and nth respectively) echo-amplitudes.
e ¢is specimen thickness (mm).

The values of the attenuation at 5 MHz for unattacked steel are less than
0.16 dB/mm, for 94% of unattacked steel specimen 0.16 dB/mm and the
average attenuation level for attacked specimens is 0.35 dB/mm.*

The pressure vessel A for hydrogen transport (road trailer tank) was
made in the 1981 year from a Mn-V steel C.8380 (C 0.28-0.34%, Mn 1.1—
1.4%, V 0.16-0.22%, S, P max 0.035%, Si max 0.4%) in the tubular form
with inside diameter 2R; = 300 mm and wall thickness t = 8.8 mm. In the
late 1980s the thickness was increased to 10 mm (pressure vessels B, C and
D). The minimum measured wall thickness for the pressure vessel A was



132 J. KURAI AND M. KIRIC

7.5 mm, thus it was rejected and used for liquid penetrant and fluorescent
magnetic particle testing, as well for mechanical testing, hardness and AM.
Chemical analysis found 0.24% Cu in vessel A material and 0.19% Cu in
vessels B and C materials. The steel (C.8380) is normalized with minimum
yield strength 560 MPa, tensile strength 700 MPa and minimum elongation
of 14%.

The cylindrical part of pressure vessels is hot rolled and their ends are
formed by forging. Working pressure is 15 MPa and working temperature is
the ambient temperature. The International Gaseous Committee recommends
Cr-Mo steels for the same application.'

Samples cut off from the pressure vessel A were prepared from outer
and inner vessel side as follows:

Surface ground by abrasive paper No 400 (the preparation 1)
Surface cleaned by sand blasting (the preparation 2)

Surface fine ground by diamond paste (the preparation 3)
Surface fine ground by abrasive paper No 600 (the preparation 4)

Series (sets) of n AM are taken from outside with a probe of 6.3 mm
diameter and the frequency 5 MHz, and given in Table 2.

Mean AV, a, for each series of n measurements is given with standard
deviation o, - | as well the confidence interval for probability 0.95 in Table
1. Finer both surfaces polish decreased o, - |, the interval and mean value,
but rougher back (inner) surface increased a.

TABLE 2. Mean attenuation values o, for 5 MHz/6.3 mm probe and vessel A (in dB/mm).*

Series 8. Preparation No n o Cn-1 Interval for measured
No. Outer/inner dB/mm  dB/mm values expected with
probability 0.95
1 12 33 0.245 0.058 0.129-0.361
3/2 or4/2 6 0.392 0.044 0.304-0.480
3/4 or 4/4 10 0.177 0.035 0.107-0.248

The measurement with the 2.25 MHz/6.3 mm ultrasonic probe has
shown similar influences of surface preparation, except that AV scatter are
less, indicating lower sensitivity of smaller frequency probe to surface con-
dition. Mean AV are greater than 0.160 dB/mm regardless the surface
preparation.

Metallographic examination from the outer side of the vessel A has
shown inhomogeneous ferrite—pearlite microstructure with micro segre-
gations of impurities, while the examination of longitudinal section revealed
ferrite—pearlite structure of striped appearance with micro segregations of
impurities building nests.
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The microstructure of the cross section on cylindrical part of the vessel
A contains also microcracks, Figure 4. The wall material at rounded end of
the vessel contains a few cracks. The echogram taken on cylindrical part of
the pressure vessel A with 5 MHz probe and preparation 3 of outer surface
(inner surface is sand blasted) is given in Figure 5.

The echograms obtained on cylindrical part for the same surfaces pre-
paration for very fine grained structure of pressure vessel C material, at the
location of minimum attenuation, is shown in Figure 6 and for the pressure
vessel D, made from homogeneous and fine grained material, too, in Figure
7. The content of phosphorus in vessel C material is only 0.002%.*'
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Figure 4. Microstructure of the cross section Figure 5. Echogram obtained on vessel A with
on cylindrical part of vessel A, etched (100x)."” 5 MHz/6.3 mm probe, o. = 0.453 dB/mm."”
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Figure 6. Echogram for the vessel C5 Figure 7. Echogram for the vessel D 5
MHz/6.3 mm probe, o. = 0.164 dB/mm. MHz/6.3 mm probe, o = 0.174 dB/mm.

Tensile testing gave yield strength between 496.8 and 547.6 MPa, less
than required minimum value for C.8380, satisfactory tensile strength and
elongation only 13.4%, less than required minimum value. Impact testing at
—20°C showed that the energy for crack propagation is negligible compared
to the energy for crack initiation and that total impact energy is less than or
equal to 32.6 .7

The results show that increased AVs arise from inhomogeneous structure
of pressure vessel A produced by an inadequate manufacturing process.
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The application of AM requires larger number of measurement probe
positions and statistical data analysis. Thus the mean quadratic error of the
mean AV will be decreased and repeatability improved. If small flaw echoes
are present, well distinguished fifth successive back-surface echo can be
used for more precisely AV calculation.

Mean AVs for the vessel A steel are consistent with results of metallo-
graphic analysis and mechanical testing. The use of lower frequency probes
(2.25 MHz) is recommendable if surfaces are corroded, because AV scatter
less than at higher frequencies (5 MHz). Probe diameter is less significant
parameter than frequency if imperfections are much less than the diameter.
AV for pressure vessel outer diameter 318 mm are higher than 0.160 dB/mm
even for pressure vessels C and D, but AV for the fittings material are less
than 0.160 dB/mm where blisters are found. This is not in contradiction
with results for the calibration block 1: similar probe 2 MHz/10 mm gave
AV between 0.138 and 0.208 dB/mm for calibration block 1, made from a
fine grained steel.”

AM is frequent in Oil Refinery Pancevo. Working fluid in examined
fittings of coolers is processed gasoline with 65% mol H, with organic
chlorides added. During the regeneration process at 300°C the fluid con-
tains N,, CO, CO, and moisture. Calculated temperature and pressure for
the examined fittings N7 and N2 are: 454°C and 38 bar for N7 and 371°C
and 38 bar for N2. AM were performed by using two straight beam probes
for longitudinal waves with measurement points in three parallel planes at
different heights along the vertical fitting axis. The fittings N7 and N2 are
made of A-182F1 steel with wall thickness of 45 and 35 mm respectively,
and outside diameter of about 550 mm. Blisters close to the inner surface of
the fitting N7 are detected at the middle plane with the 5 MHz/12.5 mm probe.

It is concluded that the damaged layer thickness does not exceed 6 mm
and that the inner and outer surfaces are roughened by corrosion. Mean AV
are less than 0.160 dB/mm and increase with frequency, even at increasing
probe diameter, i.e. at a smaller beam spread.

8. Discontinuity evaluation using UT

The assessment of discontinuities for acceptance purposes according to EN
1714, by agreement between the contracting parties, is performed by either
of the following methods:

e Evaluation based primarily on length and echo amplitude, known as the
quality control concept.

o Evaluation based on characterization and sizing of the discontinuity by
probe movement methods, known as the fitness-for-purpose concept.
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By the principle of ‘fitness for purpose’ a weld in a particular fabri-
cation is considered to be adequate for its purpose provided the conditions
to cause failure are not reached, after allowing for some measure of abuse in
service. It is well known that some aggressive working media and stress induce
cracks to grow, thus their size is likely to be the condition to cause failure after
a time.

Quality control levels are considered to be both arbitrary and usually
conservative. If flaws more severe than the quality control levels are revealed,
rejection is not necessarily automatic, but decisions on whether rejection
and/or repairs are justified may be based on fitness for purpose, for instance
using engineering critical assessment, such as PD 6493 **

Surface planar flaws
Flaw height,

a {mm) Embedded planar flaws
° D 85 o | "“r d=5rm, DE100mm
T 0 AV - L i d=5rhm, DE00mm
oL i : \ -----d=20/mm, D =100 mm
————— -DF 13 mm i 12 b \ h L

------- Flaw boundary

Hallowable planar flaws

Allowable flaw depth, ¢ (mm)

“Allowable planar flaws '
i i v T ! 0 ' —— T T T T T r )
o 1o 20 30 40 5o 0 10 20 3 4 50 60 0 80 %O 100
Flaw length, | (mm) Flaw lenght, { (mm)

Figure 8. The dependence of allowable height a on length £ for surface planar flaws (left)
and for embedded flaws (right) according to ASME Section XI.

Evaluation of discontinuities may include discrimination between planar
and non-planar discontinuities as the primary discrimination of an accept-
able or rejectable indication. In this case a// discontinuities above the eva-
luation level shall be characterized and if characterized as planar, are rejected.’

ASME Boiler and Pressure Vessel Code, Section XI*° uses the stress
intensity factor to take into account the stress and crack size. The accept-
ance criteria are given for different components such as: welds in reactor
and other vessels, vessel nozzle welds, dissimilar and similar metal welds
in piping, steam generator tubing etc. and are applied to the components
following the pre-service testing and each service testing. The component
containing a crack that is not allowable, may be evaluated by analytical pro-
cedure given as a non-mandatory appendix to the Section XI. The Section
makes a difference between surface, as more dangerous, and embedded
(internal) planar flaws and gives their allowed dimensions.” The dependence
of acceptable planar surface flaw height on the flaw length (£ ) is shown in
Figure 8: falling curves for three values of wall thickness D as a parameter
in diagram on the left hand side and falling curves for three values of flaw
depth d in the diagram on right. The curves become almost flat for higher
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flaw lengths. In other words, the length of surface flaw is less critical for the
acceptance criteria, than its height. There is a resemblance between curves
in Figure 8, given according to ASME Section XI, and acceptance levels of
EN 1712 represented by diagrams, as in Figure 9.%¢*
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——————— Evaluation level
Reference level: = 0 dB,
Acceptance level 2 = Reference level — 6 dB (50% DAC)
Acceptance level 3 = Reference level — 2 dB (80% DAC)
Method 1: Reference reflector - side drilled hole, Method 3: Ref. reflector - notch

Figure 9. Acceptance levels 2 and 3 for the methods 1 and 3 (EN 1712).
9. Conclusions and discussions

The technology in use today continuously monitors exchangers, valves,
rotating equipment, pipelines, offshore platforms and reactors. The test and
monitoring techniques described here are often used because of the need to
inspect for particular damage mechanisms in order to reduce risk of in-
service failure.

Financial demands require that plant down-time is minimized, so shut-
downs should involve advance planning and in-service testing to take as
much testing and inspection work as possible out of the shut-down period.

One of the things different in the NDT-industry to the established practice
in the welding industry, is validation. When welds are made, validation is
something normal, when a fabricator of vessels wants to introduce a new
welding process, than the procedure is validated by determination of the
sample’s strength, hardness and toughness of the material. If these obtained
values are within the specification limits, then the welding procedure and
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therefore the new process will be accepted. In NDT world this is generally
not possible. One exception is the nuclear code ASME XI and particularly
its Appendix 8.

The advantages of techniques such as radiography and manual UT are
well-know and generally accepted. These techniques have however limited
reliability and accuracy. Today more reliable and more accurate techniques
are available that could fulfil the roll of a verification system much better
such as mechanized UT, UT using C-scan and Time of Flight Diffraction
(TOFD). The other useful technical improvements are industrial endoscopes
for TV monitor inspection. Less then two decades ago these systems could
be called expensive, cumbersome and inflexible but in the present time,
these prejudices can no longer be held up.
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Abstract The presence of cracks has a major impact on the reliability of
advanced materials, like fiber or particle reinforced composites or laminated
composites. This paper presents different aspects of the interaction between
crack and interface: stress field and fracture parameters for a crack approach-
ing the interface and the crack deflection versus penetration for a crack with
the tip on the interface. Different material combinations and mixed mode
loads were considered by using a bi-axial bi-material specimen. The stress
filed and fracture parameters were obtained numerically using the finite
element method.

Keywords: Bi-material interface, fracture parameters, crack path

1. Introduction

The presence of cracks has a major impact on the reliability of advanced
materials, like fiber or particle reinforced ceramic composites, ceramic inter-
faces, laminated ceramics. The understanding of the failure mechanisms is
very important, as much as the estimation of fracture parameters at a tip of
the crack approaching an interface and crack propagation path. Different
researchers have investigated the interaction between an interface and a
perpendicular or inclined crack. Zak and Williams (1963) showed that the
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stress field singularity at the tip of a crack terminating perpendicular to an
interface is of order r , where A is the real part of the eigenvalue and depends
on the elastic properties of the bi-material. Cook and Erdogan (1972) used
the Mellin transform method to derive the governing equation of a finite
crack perpendicular to the interface and obtained the stress intensity factors.
Erdogan and Biricikoglu (1973) solved the problem of two bounded half
planes with a crack going through the interface. Bogy (1971) investigated
the stress singularity of an infinite crack terminated at the interface with an
arbitrary angle. Wang and Chen (1993) used photoelasticity to determine
the stress distribution and the stress intensity factors of a crack perpendicular
to the interface. Lin and Mar (1976), Ahmad (1991) and Tan and Meguid
(1996) used finite element to analyze cracks perpendicular to bi-material in
finite elastic body. Chen (1994) used the body force method to determine
the stress intensity factors for a normal crack terminated at a bi-material
interface. Chen et al. (2003) used the dislocation simulation approach in
order to investigate the crack tip parameters for a crack perpendicular to an
interface of a finite solid. He and Hutchinson (1993) also considered cracks
approaching the interface at oblique angles. Chang and Xu (2007) presented
the singular stress field and the stress intensity factors solution for an inclined
crack terminating at a bi-material interface. A theoretically description of
the stress singularity of an inclined crack terminating at an anisotropic
bi-material interface was proposed by Lin and Sung (1997). Wang and
Stahle (1998) using a dislocation approach presented the complete solution
of the stress field ahead of a crack approaching a bimaterial interface. They
calculate the stress intensity factor solutions and the T-stress. Liu et al.
(2004) determined the mixed mode stress intensity factors for a bi-material
interface crack in the infinite strip configuration and in the case where both
phases are fully anisotropic. Kaddouri et al. (2006) and Madani et al. (2007)
used the finite element analysis to investigate the interaction between a
crack and an interface in a ceramic/metal bi-material. They investigated the
effects of the elastic properties of the two bounded materials and the crack
deflection at the interface using the energy release rate.

Simbha et al. (2003) and Predan et al. (2007) highlight the phenomena of
shielding and anti-shielding produced by the bimaterial interfaces. They also
highlight the strong influence of the material inhomogeneity on the crack-
driving force and introduced the inhomogeneity parameter Ciy.

However, all the above studies are limited to the solution of the stress
singularity and crack tip parameters. For engineering application is very
important to estimate the crack path, and the influence of the interface on
the crack trajectory. In this way an interesting study was presented by
Gunnars et al. (1997), they considered an initial crack perpendicular to an
interface which will grow unstable and will not reach the interface.



CRACK — INTERFACE INTERACTION 141

2. Simulating crack propagation near bi-material interfaces

The presence of material interfaces can have a significant role on crack
propagation. The bonding between two materials is never perfect. In most
cases, when the loading is normal to the interface, the interface is less tough
than the adjacent materials. If this type of loading is present, once a crack
propagates into the interface, it is energetically favorable for the crack to
continue propagation in the interface. However, empirical observations indi-
cate that the toughness of the interface is a strong function of the relative
amounts of shear and normal loading across the interface. The interface
becomes much tougher as the proportion of shear loading increases. In
general, as a crack propagates along an interface, the relative amounts of
shear and normal loading will change. At some point, the energy required to
continue to propagate in the interface will be greater than that required to
propagate into one of the surrounding materials. At this point, the crack will
kink out of the interface and continue to propagate in the other material.

An additional complexity present in many interface problems is the
existence of significant residual stresses in the interface region. Bonding
between the materials is often attained at elevated temperatures. Differential
rates of shrink of the materials as they cool can “lock™ in residual stresses,
Wawrzynek and Ingraffea (1991).

2.1. CLASESS OF INTERFACE PROPAGATION CONFIGURATIONS

We consider the general case of a crack approaching the interface between
two materials, Figure la. As the crack propagates could be push back by
interface (Figure 1b) or can reach the interface (Figure 1c¢).

The prediction of the initial direction of crack propagation can be done
using standard criteria. The presence of the interface will affect the com-
puted stress field and fracture parameters, Marsavina and Sadowski (2008).

Material 1 Material 1 Material 1

Interface Interface Interface

Material 2 Material 2 Material 2

Figure 1. Crack position relative to interface. (a) Approaching interface. (b) Push-back by
interface. (c) Into interface.
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If the crack tip is initially located on the interface, the predicting of
crack evolution becomes more complicated. There are now a number of
possibilities:

o The crack tip could stay in the interface (Figure 2a).

e Crack is deflected by the interface (Figure 2b).

o The crack tip could penetrate in the adjacent material (Fig. 2c).
Criteria to assess if crack penetrates or deflects will be presented later.

Material 1 Material 1 Material 1

Interface Interface Interface

P

Material 2 Material 2 Material 2

Figure 2. Crack propagation from interface. (a) Crack tip at interface. (b) Deflected crack,
(c) Penetrated crack.

2.2. STRESS FIELD AROUND A CRACK APPROACING AN INTERFACE

Jin and Noda (1994) showed that the singular stress fields in non-homo-geneous
materials are the same like in homogeneous case. This applies ahead of a
crack approaching an interface (Figure 1a) and the stress and displacements
could be expressed by standard formulation:

K
=2 _f (0)+ other terms, withij = x,y, (1)

% 2rr’’
K,(2+2v,) [8r

= 2 I g%(@ 2
u, I, ﬂgl() 2)

with K, (o = I, II) the stress intensity factors, (r, 6) polar coordinates from
crack tip, £, and v, are the Young modulus and Poisson’s ratio of the

material at crack tip, f,” (6) and g“(8) are angular functions.

The energy release rate corresponding to a unit advance of the crack is:

c::E;(K,2 +K2) 3)

2

with E_2 = E, for plane stress or Fz = E, /(1-v; ) for plane strain.
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However, the presence of interface influences the stress field and the
fracture parameters K and G. An in-homogeneity parameter C;,, was intro-
duced by Simha et al. (2003), and was introduced trough a configurational
forces approach.

2.3. STRESS FIELD FOR AN INTERFACE CRACK

Dundurs (1967) shows that the stress and displacement fields for an inter-
face crack can be characterized by the following bi-material parameters:

:M(Kz"'l)_ﬂz(’(l"'l) :M(’(z_l)_ﬂz(’ﬁ_l)
M(Kz +1)+ﬂz(K1 +1) M(Kz +1)+ﬂ2(K1 + 1)

4)

o= Lln(ﬂl T K j ,
2\ Koty +

where k; =3—4v, for plane strain, x, = (3—1/]. )/(l +Vj) for plane
stress, and p; and v, ( j= 1,2) are the shear modulus and Poisson’s ratios
of the constituent materials.

Explicit expressions for state of stress within the singular zone at the
crack tip may be expressed in the form:

o, = [Re(K,,r* )", (0.6) + Im(K, r*)f2(0.6)]  (5)

mn mn mn
27w

where (m, n) = (x, y) for Cartesian coordinates or (m, n) = (r, ) for polar
coordinates, K, , = K, +1K, is the complex stress intensity factor at the tip

of the interface crack, ¢ is the oscillating index, i =+/—1. The functions
f ' and f,jn are given by Shih and Asaro (1988) in Cartesian coordinates

or by Rice et al. (1990) in polar coordinates.
The energy release rate for an interface crack is:

G-y l-p P k) o
1 2

with E; (j = 1,2) the Young modulus of the two materials.
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2.4. INTERFACE CRACK PROPAGATION CRITERION

The interface resistance to fracture is a function of loading on the interface,
Suo and Hutchinson (1990). We consider ¢ = arctan(v/u) the phase

angle, which describes the relative amount of opening (v) and sliding (u) at
the crack tip. A related quantity is the load angley = arctan(K,, / K,). If

the materials on both sides of the interface have the same elastic constants,
these two quantities will be equal. If the elastic constants of the two
adjacent materials are different, a K;; will be induced, even if the crack is
loaded in pure mode I. In this case ¢ # i .

The relationship between the load angle y and the critical energy release
rate G is a property of the type of material on either side of the interface
and the nature of the bonding. This is determined experimentally, or some
analytical expressions could be used. Usually in the literature a relation of
the following form is used, Banks-Sills and Ashkenazi (2000):

Ge (l//) =G (1 + tan” ‘/’) (7)

here G, represents the toughness when the shear loading is zero.

An extended review of fracture criteria for interface crack was presented
by Banks-Sills and Ashkenazi (2000).

If we consider that the crack meets an interface (Figure 2a) a criterion to
assess if the crack deflects along the interface (Figure 2b) or penetrates the
adjacent material (Figure 2c) was expressed by He and Hutchinson (1993):

ﬂ S Gc (l//)
G G

P

®)

where G( ) represents the fracture toughness of the interface, i is the load
angle, G;c the fracture toughness of the penetrated material j (with j = 1, 2),
G, = G, represents the energy release rate at the tip of the deflected crack
and could be calculated with Eq. (5), and G, = G is the energy release rate
for the crack penetrated, Eq. (3).

3. Interaction between crack and interface

3.1. BI-MATERIAL MODEL

The biaxial specimen with an inclined crack at 45° has been used success-
fully to growth mixed mode cracks and to investigate the singular stress
field in mixed mode conditions, Bold et al. (1991). In contrast with the
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specimens containing inclined cracks in monoaxial tension, this type of
specimen has the advantage of creating different type of mixed modes at the
crack tip on the same geometry, only by changing the applied loads on the
two axes. An initial study for determining the fracture parameters for this
homogeneous specimen was carried out. Then a biaxial specimen with an
interface was numerically investigated with FRANC2DL code, Iesulauro
(2002). Eight node isoparametric elements were used to model a quarter of
the biaxial specimen, Figure 3. Eight singular elements were placed around
the crack tip as a common technique to model the stress singularity. The
model was loaded with different combinations of stresses o; and o, in order
to produce mixed modes. The symmetric boundary conditions were imposed.
The initial crack a, length was considered 10 mm. Then the same problem
was analyzed by considering the two parts of the model from different
material combinations.

For propagating the crack the maximum circumferential stress theory
Ogemax Was used, Erdogan and Sih (1963), and the stress intensity factors at
the crack tip were estimated using the modified crack closure integral, both
implemented in FRANC2DL.
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Figure 3. Biaxial model for numerical analysis.
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The considered material combinations for the bi-axial model are shown
in Table 1.

TABLE 1. Material properties combinations.

Material Material 1 Material 2
Combination
E, Vi E, Vo

E//E, =10 200,000 0.25 20,000 0.25
E/E,=2 400,000 0.22 200,000 0.25
E/E,=1 200,000 0.25 200,000 0.25
E\/E,=0.5 200,000 0.25 400,000 0.22
E|/E,=0.1 20,000 0.22 200,000 0.25

3.2. FRACTURE PARAMETERS FOR A CRACK APPROACHING
THE INTERFACE

Finite Element Method (FEM) was used to estimate the fracture parameters
at the tip of the cracks. The Modified Crack Closure Integral (MCCI) was
used to compute the Energy Release Rate (ERR), and to extract the stress
intensity factors (SIF) results from the numerical results. The concept of
closure integral was first used by Irwin (1957) to relate the global ERRs to
the crack tip SIFs. Rybicki and Kanninen (1977) modified the procedure so
that only one analysis was necessary. They observed that the stress field in
front of the crack-tip is similar to the stress field that would exist over a
closed portion of the crack. They proposed determining ERRs from the
integrals:

Aa—0

) 1 Aa
G, = Jim law (x,0) - u, (Aa — x,0)dx

)
Aa
G, = lim L j o, (x,0)-u, (Aa - x,0)dx
0

Aa—0 Ag

where Gy and Gy are the ERR rates, u, and u, are the opening, respectively
sliding displacements of two points from the opposite crack flanks situated
at a small distance behind the crack tip Aa. With the quarter-point elements
having symmetric nodal positions the crack closure integral can be performed
independently for the opening (Mode I) and sliding (Mode II) displace-
ments. This yields decoupled values for G and Gy, which are used to compute
K; and Kj. The determination of the SIF based on MCCI method imple-
mented in FRANC2DL code use the formulation of Ramamurthy et al. (1986)
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for quarter point elements, Figure 4. They expressed the crack-tip displace-
ment and the stress fields in terms of second order polynomials that were
consistent with the quarter point behavior. The ERR could be express:

G, = Aia[(c“F;l +CoF! +CF o Nu? —uf )+ (CyFf + CoF T + CoFE Nu —u®)|

G, = i[(CanA + ClexF + ClexG “f _uf)—"_(CZlFxA + C22FxF + C23FxG ”xc —uf )]
(10)

where F',F" and u;,u; represent the nodal forces and displacements

on node “n” and Cj are coefficients:

337 21z 217z 3

c, =—-5,¢C,=17—-——,C,, =——-32,

11 2 12 4 13 2 (11)
337 T 7 217z

C21:14—T,C22ZT—E,CB:S—T.

The SIFs can be obtained:

K, :‘VEGI , Ky :‘VEGU (12)

with E = E for plane stress or E =E /(1-=v3) for plane strain.

V><

Crack -
E Aa

a

Figure 4. Crack tip mesh with singular elements.

The MCCI method was used successfully for determination of SIF’s and
ERR in bi-material models with cracks approaching the interface Masavina
and Sadowski (2008), and for kinked cracks from interface Masavina and
Sadowski (2009).
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The numerical model was loaded with different combinations of stresses
ox and oy in order to produce mixed modes from pure Mode I (oi/oy =1) to
pure Mode II (oy/oy = —1). The symmetric boundary conditions were
imposed. The crack was extended at 45° in 13 increments of 5 mm starting
from 5 to 65 mm.

In order to investigate the influence of the interface on the stress field
Figure 5 presents the stress distributions oy, oy and 7, for three material
combination (£,/E, = 0.5, 1 and 2). The stress distributions are shown for
example presented for a crack length of 50 mm and for mixed mode loading
ox/o, = 1/3. Different stress distributions were obtained for the homo-
geneous and bi-material cases. It was observed that the influence of the
interface become more important when the crack is close to the interface.

In order to quantify the influence of interface on the fracture parameters
normalized stress intensity factor (SIF) were defined as the ratio between
the stress intensity factors for the bi-material case (Kju, Kpnp) and
homogeneous case (Kjnom, Kiihom), Marsavina and Sadowski (2008):

K] ,bi KII ,bi
X , C,= X .
1l ,hom

1,hom

C =

(13)

Figure 6 shows the variation of normalized SIF’s versus normalized
crack length (a/b) for the material combination E,/E, = 2. It can be observed
for all considered mixed modes that the Mode I SIF in the presence of
interface has values above the homogeneous case. For predominantly mode
I the normalized SIF K| increases with the crack length. In opposite, for pre-
dominantly mode II loads the K| deceases with increasing the crack length.
For the Mode II SIF the presence of the interface produces an increase in
the Kj; only when the crack became close to the interface (for a/b > 0.5).
This phenomenon is known as anti-shielding or amplification effect (C, > 1,
o =1 II).

The normalized stress intensity factors for the material combination
with E1/E, = 0.5 are presented in Fig. 7. It can be observed that the SIF’s
results for the bi-material case are below those of the homogeneous case.
This is a typical example of shielding effect (C, < 1, o = I, II). Different
behaviour could be observed for the K; normalized SIF. When predominantly
mode | load are applied C; decrease with crack length, and when predo-
minantly mode II loads are applied, the C; increase with crack length. The
mode II normalized SIF is close to 1 for short cracks and the decrease with
increasing crack length. This variation is more relevant for mode I loads.
The maximum decrease is obtained for pure Mode I load, and the minimum
one for pure Mode II load.
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Figure 5. Stress distributions around a 50 mm crack, near to an interface loaded in mixed

mode.
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Figure 6. The normalized stress intensity factor C versus a/b for £ l/E2 = 2. (a) Mode I. (b)
Mode II. '
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Figure 7. The normalized stress intensity factor C; versus a/b for E}/E, =0.5. (a) Mode 1. (b)
Mode II.

3.3. INFLUENCE OF MATERIAL PROPERTIES AND LOADING MODE
ON CRACK PROPAGATION

Study of crack propagation was performed starting from an initial crack of
10 mm. The crack was extended based on delete and fill algorithm for
remeshing, implemented in FRANC2DL.

In Figure 8 are shown the crack paths for different material combinations,
according with Table 1. It can be observed that the presence of interface
influences the crack path, and this influence increases with decreasing the
ratio between modulus of elasticity of the two materials, Figure 8. Figure 9
show the stress intensity factors values versus crack length during the pro-
pagation process.
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Figure 8. Crack propagation paths for a Mode I loading and different material combinations.
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Figure 9. Stress intensity factors for propagating cracks. (a) Mode I. (b) Mode II.

Figure 10 presents the numerical results of the crack propagation paths
for different applied loads (ratio = 0°, 18.4° and 26.5° corresponding to
applied load ratio o,/c, = 1, 2 and 3) and material combinations E\/E, = 2
and 0.5. Different crack paths were obtained for different applied load and
material combinations. It can be observed that the crack path is curvilinear,
with the exception of the homogeneous case (£,/E, = 1), loaded in mode I
(oy/0.=1).
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Figure 10. Crack propagation paths for different applied loads and material combinations.
(a) EI/EQZZ. (b) EI/EZ =1. (C) EI/EZ =0.5.

3.4. CRACK DEFLECTION VERSUS PENETRATION

After the 45° inclined crack reaches the interface two situations were modeled
crack was extended with an increment of 5 mm along the interface, res-
pectively was penetrated in the adjacent material, using Maximum circum-
ferential stress criteria of Erdogan—Sih (1963). The energy release rate for
deflected and penetrated cracks was calculated according with relations (5)
and (3) using the values of the stress intensity factors obtained numerically
from FRANC2DL. The Modified Crack Closure Integral was used for pene-
trated crack, and the Crack Flank Displacement method for the deflected
crack (Marsavina and Sadowski 2009). A convergence study was carried on
in order to determine the size of the singular elements for the case of pene-
trated crack and the distance at which the crack flank displacements were
collected for the case of the deflected crack.

Figure 11 presents the ratio G,/G, versus applied mixed mode y for
the two material combinations (I: 1 — Al,O5 and 2 — ZrO,, Figurel la, res-
pectively 1 — ZrO, and 2 — Al,Os;, Figure 12b). In order to apply the He—
Hutchinson criteria, Eq. (7) the fracture toughness of Al,O; (4.5 MPa m"?)
and ZrO, (11 MPa m"?) were considered. We assume that the toughness of
the interface is half of the lower fracture toughness of the constituents (for
our case Al,O;) corresponding to weak interfaces. It can be observed that
the ratio G,/G, has higher values if the crack wants to penetrate the stiffer
material (£,/E, = 0.5). The minimum values for the ratio G,/G, were
obtained to an applied load angle between 35° and 45°. For the case I when
the initial crack is in the stiffer material (Al,O5) the crack will be deflected
by the interface. If the initial crack is ZrO, the crack will deflect if the
applied load angle  is lower than 20° and higher than 60°. For 20°<y <60°
the crack penetrates the adjacent material (Al,O; — for this case).
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Figure 11. Variation of G,/G, versus applied mixed mode and comparison with fracture
toughness ratio Go(¥)/Gjc. (a) E\/E, = 2. (b) E\/E, = 0.5.

4. Conclusions

For investigating the influence of the inclined interface on fracture para-
meters a biaxial model with an inclined crack at 45° was considered. Different
combinations of applied load were applied in order to produce mixed modes
from pure Mode I to pure Mode II. The results for the normalized stress
intensity factors are presented for two different material combinations.

The influence of the interface on the fracture parameters at the tip of the
crack approaching the interface is highlighted. An inhomogeneous parameter
is introduced:

o (Cy, Cy) > 1 for E\/E, = 2 (anti-shielding effect)
e (Cy, Cy) <1 for E\/E, = 0.5 (shielding effect)

It was observed that when a crack in a stiffer material approaches a
bi-material interface with a compliant material the stress intensity factor
increases, and vice versa. The effects of shielding and anti-shielding is higher
when the crack tip is close to the interface a/b > 0.6.

Simulation of the crack propagation around an interface is presented
with emphasizing the possibilities of crack path. The fracture criteria are
presented for non-homogeneous/interface case.

A 45° inclined crack approaching an interface in a bi-axial loaded spe-
cimen is modeled using Finite Element Method. Different materials com-
binations are considered for the two materials and the influence of the ratio
between the two Young’s modules on the crack paths are numerically
investigated. A study of applied bi-axial load on the crack path is also
presented.

The variations of the stress intensity factors at the tip of the propagating
crack are plotted. Different behaviors were observed for the Mode I SIF
with ratios E/E,.
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The variation of the energy release rate G,/G, was plotted against the
applied mixed mode for the two material combinations. Higher values for
the ratio G,/G, were obtained when the initial crack is in ZrO, and deflects
on the interface or penetrates in Al,O;. Energy release rate ratio G4/G, was
compared with the ratio between fracture toughness of interface versus
fracture toughness of adjacent material G¢ (w)/Gic.
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Abstract The experimental procedure for measurement of the notch frac-
ture toughness of the API 5L X52 steel using a non-standard curved specimen
with a notch simulating the expected scratch damage of gas pipelines has
been developed.

The concept of the notch stress intensity factor based on the volumetric
method has been employed and the corresponding notch fracture toughness
K, . was obtained. In this case, the notch fracture toughness was calculated
usmg the critical load determined by acoustic emission and the results of
finite element analysis of the elastic-plastic stress distribution ahead of the
notch tip. The notch fracture toughness J . 10 terms of the J-integral has
been estimated by means of the load separation method which allows measur-
ing the 77-factor. In this case, the original representation of the J-integral as
total energy release rate and the tests records have been used. The proposed
procedure allows avoiding calculation of the stress intensity factor for non-
standard specimens to determine the notch fracture toughness J, .

Development of the present methodology encourages replacing the
conservative crack-like defects approach. The results on the notch fracture
toughness of the API 5L X52 steel can be used in the modified failure
assessment diagram for structural integrity assessment of gas pipelines
damaged by scratches.

Keywords: Notch fracture toughness, J-integral, non-standard curved specimen,
volumetric method, load separation
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1. Introduction

The causes of gas pipe failures have various natures. They can appear either
by a fracture, plastic instability or by a leak. The majority of these failures
are caused by corrosion pitting or stress corrosion cracking, but also related
to welding defects or impact of foreign objects. Movements of ground
(landslip, earthquake, etc.) can also lead to damage in the buried pipelines.
The owners of pipelines have study these problems for a long time and have
a good knowledge of the methods allowing managing them.

It can be seen that the failure caused by corrosion is most important,
expressed in 56% cases (Figure 1). But, very important fraction of failures is
also connected with mechanical damage due to soil digging or excavating
by machines. Frequently, notch-like defects are formed in pipelines by
machines used in ground removal during construction. Together with cracks
caused by corrosion (general, pitting, stress corrosion) these notches are
stress raisers, reducing the material resistance to fatigue and fracture. Stress

8 General corrosion

24 Damage by contact

5% Geological causes
“4 (earthquake, landslip, ...)

Crack by corrosion

16% | Others

Figure 1. Causes of the fracture of pipelines in the course of exploitation recorded by the
members of the ACPRE from 1985 to 1995."
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concentration is considered as the origin in more than 90% of the failures in
service. Therefore, structural integrity of pipelines under various service
conditions including the presence of notch-like defects should be evaluated.

The defect assessment methods pursue two different philosophies, which
can be designated as a failure assessment diagram (FAD) and crack driving
force (CDF).>* In the CDF approach based on the J-integral concept, the
crack driving force is plotted and compared directly with the material’s
fracture toughness and separate analysis carried out for the plastic limit. In
the FAD approach, both the comparison of the crack tip driving force with
the material’s fracture toughness and with the plastic load limit analysis is
performed at the same time. The basic failure curve of the FAD is written
asK, =f (Lr ), where K, = K /K, is the ratio of the applied stress intensity
factor K to the material’s fracture toughness K,. and L is equal to the
ratio of applied load P to plastic collapse load P, . If the assessment point
(K.,L,)is situated within the non-critical region enclosed by the line of
FAD, failure of the cracked structure does not occur. Overview on some
methods for analytical defect assessment and their industrial realizations
within guidelines and standards has been mentioned.> The SINTAP pro-
cedure’ offers both a FAD and CDF routes which are complementary and
give identical results.’

At the present time the SINTAP procedure has been modified using the
concept of the notch intensity factor and a notch-based failure assessment
diagram (NFAD) for a notch-like defect taking into account a finite notch
tip radius.®” In this case, the fracture toughness or so-called the notch frac-
ture toughness, which is applied to the NFAD, should be measured for
a structural component. The notch stress intensity factor is described by
effective stress and effective distance and can be used for measurement of
the notch fracture toughness by the volumetric method.® It should be noted
that some expression for the notch fracture toughness have been proposed
in Refs *'°. Moreover, the FITNET assessment of a structural component by
the standard and advanced J-integral based options also requires notch
fracture toughness data in terms of the J-integral derived from tests of
notched specimens.'!

It is usual to measure the fracture toughness of materials, standard
specimens, like the compact tensile specimen, can be used. But, when it is
necessary to obtain the fracture toughness for manufactured goods similar
to a pipeline with a small thickness and a high curvature, difficulties arise.
In this case, a non-standard specimen has to be employed.

The aim of the present paper is to develop the experimental procedure
for measurement of the notch fracture toughness of the API 5L X52 steel
using a non-standard curved specimen with a notch simulating the expected
scratch damage of gas pipelines. The concept of the notch stress intensity
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factor based on the volumetric method has been employed and the cor-
responding notch fracture toughness K, was measured. Furthermore, the
notch fracture toughness J e 1N terms of the J-integral has been determined
by means of the load separatlon method described in Section 3.2.

2. Material, non-standard notched specimens and test procedure

The API 5L X52 steel is traditionally used for the manufacture of pipelines.
Moreover, the API 5L X52 steel was the most common gas pipelines material
for transmission of oil and gas during 1950—-1960. To determine mechanical
properties of API 5L X52 steel pipes in the transversal direction, tensile
tests were performed using specimens extracted from a pipe with 219.1 mm
outer diameter and 6.1 mm wall thickness /. Chemical composition and
tensile properties of the present API SL X52 steel are summarized in Tables
1 and 2, respectively. This steel follows the Ludwik law o = K&‘Z

TABLE 1. Chemical composition of the present API SL X52 steel (wt %).

C Mn Si Cr Ni Mo S Cu Ti Nb Al

022 122 024 016 0.14 0.06 0.036 0.19 0.04 <0.05 0.032

The notch fracture toughness of the API 5L X52 steel has been measured
in radial direction at room temperature using non-standard curved notched
specimens, namely, “Roman tile” specimens because the pipe dimensions
do not permit to measure through thickness mechanical characteristics. These
properties are needed in the case of pipe longitudinal defect assessment.

TABLE 2. Mechanical tensile properties at room temperature of the API 5L X52 steel used
in the present work.

Young’s Yield Ultimate Elongation Strain Constant

modulus strength strength 3 (%) hardening K

E (GPa) oy (MPa) oy (MPa) exponent (MPa)
203 410 528 32 0.0446 587.3

The “Roman tile” specimen extracted from the pipe is presented in
Figure 2. The specimen shape is a circle arc, corresponding to central angle
of 160° of 60 mm length. The V-notch with the notch opening angle of 45°
and root radius of 0.15 mm was machined to a depth of size a simulating the
expected scratch damage. Test specimen sets include specimens with the
initial notch aspect ratio a/W = 0.1; 0.15; 0.25; 0.3; 0.5; 0.7.
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Figure 2. (a) The “Roman tile” specimen geometry, (b) dimensions (in mm) of the specimen
and the notch.

The special device and specimens have been developed since it is not
possible to get flat specimens from small diameter pipes. Test set-up of
three-point bend test for “Roman tile” specimens and testing machine with
the bend-test fixture are given in Figure 3. The bend-test fixture was
positioned on the closed loop hydraulic testing machine with a load cell of
capacity * 10 kN (Figure 3b). The applied load, frequency and the signal
type (sinusoidal, trapezoidal or rectangular) were monitored on the control
panel.
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The specimen was loaded by three-point bending through a support A
(Figure 3a) and supporting rollers B and C. Support and rollers were pro-
duced from polyvinyl chloride (PVC) to reduce a friction. All the performed
tests are static imposed displacement tests. Displacement rate was monitored
for a constant value of at 0.01 mm/s. Test duration was of about 30 min.

To obtain the fracture toughness, apparatus was required for measure-
ment of applied load and load-line displacement. Load versus load-line dis-
placement was recorded digitally for processing by computer.

The test procedure also allowed measuring the critical load corresponding
to crack initiation. In the present case, acoustic emission technique has been
employed for this purpose. Comparison of dependences of the load versus
time and duration of acoustic emission versus time indicates crack initiation

Figure 3. (a) “Roman tile” specimen’s fixture assembly (1 — connection with load cell, 2 —
transmitting component with rounded tip, 3 — connection of test assembly with the testing
machine bottom, 4 — “Roman tile” specimen); (b) testing machine with the bend-test fixture.
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which was closed to “pop-in” (Figure 4a and b). For this event, acoustic
salves with the highest duration and the most important number of acoustic
hits are easily detectable.
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Figure 4. (a) Typical Dependence of hits versus time and the load versus time; (b) dependence
of duration of the acoustic emission versus time and the load versus time.
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3. The volumetric and the load separation methods in measurement
of the notch fracture toughness

The notch fracture toughness of the API 5L X52 steel was measured in
terms of the notch stress intensity factor and the J-integral. The first
approach is based on the volumetric method. For measurement the notch
fracture toughness in terms of the J-integral, the load separation method is
considered as a very attractive in the case of non-standard specimens.'?

3.1. THE VOLUMETRIC METHOD

The concept of the critical notch stress intensity factor and corresponding
local fracture criterion assume that the fracture process requires a certain
fracture process volume.® This volume is assumed as a cylinder with a dia-
meter called the effective distance. Determination of the effective distance
is based on the bi-logarithmic elastic-plastic stress distribution on the con-
tinuation of the notch because the fracture process zone is the highest
stressed zone. This zone is characterized by an inflexion point in the stress
distribution (1) at the limit of zones II and III in Figure 5.

Log(o,, (rl)

Stress distribution along defect root

KP =Gef\f21'EXef

Fracture Process Zone (FPZ)

Log(r)

Geometrical defect

Figure 5. Schematic distribution of elastic-plastic stress ahead of the notch tip on the line of
notch extension and the notch stress intensity virtual crack concept.
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P
Ocff = Jo'yy(r)b(r)dr (1)
Xeﬁr 5

Here, O'eﬁ,X o ayy(r) and @(r)are effective stress, effective distance,
maximum principal stress and weight function, respectively. This stress
distribution (1) is corrected by a weight function in order to take into account
the distance from notch tip of the acting point and the stress gradient at this
point.

The effective distance corresponds is to the inflexion point with the
minimum of the relative stress gradientyy which can be written as

oo, (r
r)=— l(r)#() )
yy

The effective stress is considered as the average value of the stress
distribution within the fracture process zone.

The notch stress intensity factor is defined as a function of the effective
distance and the effective stress®

K, =0,27X 3)

and describes the stress distribution in zone III as given by the following
equation

£, “
O =
w (2727/_)01
where K , 18 the notch intensity factor, ¢ is a constant. Failure occurs when
the notch stress intensity factor K, reaches the critical value, i.e. the notch
fracture toughness K , which reflects the resistance to fracture initiation
from the notch tip.

3.2. THE LOAD SEPARATION METHOD

3.2.1. The J-integral representation

The load separation method was adopted to measure the notch fracture
toughness in terms of the J-integral. The J-integral can be calculated as the
sum of elastic J, and plastic J, components"’

Ayt 5)

4
I=detIp =T B(Wd— ) B —a)
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where E =

5 E is Young’s modulus; v is Poisson ratio; 77,, and7 , are
1-v
elastic and plastic correction factors, respectively; 4,4, are elastic and
plastic area under the load versus load-line displacement curve, respectively;
W and B are thickness (direction of the notch continuation) and width of the
“Roman tile” specimen, respectively; a is notch depth in thickness direction.
More recognized equation is given by
K’ 4
J=J,+J, =, (6)
E B(W —a)

where K is the notch stress intensity factor. Such dividing the J-integral
could be useful to analyse a contribution of elastic and plastic J-components

in deformation and fracture process.
The J-integral can be also written using its energy rate interpretation

__1dd4,
P B da

The classical and numerical methods to determine 7,-factors are based
on the energy rate interpretation of the J-integral for a body with a crack. In
this case, from Eqgs. (6) and (7) the 7, -factor is found to be

__(W_a)dApl _idApl
T A, da A, da

(7

®)
vpl
where W —a =b is remaining ligament length, 4, = J-O Pdv  1n the Eq.

(8) the value of P represents the load applied during the test and the value
of v, is the plastic load-line displacement.

3.2.2. The n, -factor estimation

The procedure of calculating the 7, -factor can be also based on the load
separation method which was proposed."> The method assumes that the load
can be represented as a product of two functions, namely, a crack geometry
function G and a material deformation function H. To evaluate the plastic
1 -factor (77,,) for planar specimens with cracks, Sharobeam and Landes"
suggested an experimental procedure using the load separation concept.
They assumed the load to be in the form

pe G[ﬂjﬂ(ﬁ] ©)
/4 |74
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Using this load separation form, it is possible from Egs. (8) and (9) to
represent the #,-factor as follows

b %
d jG()H N O e
b w) \w N4
ol = =

b Vo db b

i _r G| —

J G(WJH( w ]dv’” 4
The load separation concept introduces a separation parameter S;; as the
ratio of loads P(a, v,) of same specimens but with two different crack

lengths @,anda; over the whole domain of the plastic displacement,
namely *

n (10)

o P(ai’vpl)
/ P(aj,vp,)

Substituting Eq. (9) into Eq. (11), we obtain another presentation of the

separation parameter S;
G ﬂ H Yol G ﬂ
) \w)r - \w

(), - i) V)

w w
It was suggested'* that for a given material in the separation region, the

(11

V1 =const

= const (12)

Vol

b, : L :
Sl.j (Wl parameter as a function of remaining ligament b, determined at

constant plastic load-line displacement can be fitted with a power law

Myt
G(ﬁj:c[ij
w w

(13)

(2] -
L W b ) Mpt
VPI C( : j

where C is a constant. Thus, the slope of the S;; —b/W curve is the 77,, -
factor in Eq. (6).
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3.2.3. The n, - and 1 -factors

Recently, the load separation method has been developed for the theoretical
and experimental estimation of the #,,-factor for standard and non-standard
specimens with certain combinations of crack size, material and specimen
configuration and recommended to obtain #,-values for new con-
figurations.'>">""”

Unfortunately, there are not equations to calculate the stress intensity
factor in Eq. (6) for the presented non-standard curved notched specimen
and to estimate the J-integral and the notch fracture toughness.J e+ It has
been proposed to come back to the original representation of the J-integral
as total energy release rate, namely,

J:_ld_A (14)
B da
and
A
J=pn—— 15
5 —a) (15)

where A is total area under the load versus total load-line displacement
curve, 77is a total 7 -factor. It is attractive to estimate the difference
between the elastic and plastic components of the 7 -factor. Equation (5)
leads to the expression

A
M=+ =14)=* (16)
4,
P
If the value of the plastic work done is dominant on the load versus
load-line displacement curve, i.e. 4, >> 4, that it is a typical for ductile
materials, than the following equation 77,,~7 is valid. In this case, the
J-integral can be estimated as

A A
~ 17
B —a) " B —a) ()
Experimental results of the work done to fracture in the case of the steel

XC 38 show that the difference between the 77-factor and its plastic
component is negligible, i.e. less than 4%."®

~0.014<7 -7, <0.007 (18)

J=n
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Moreover, same conclusions can be made from experimental results
published."”

Thus, procedure of calculating the 77 -factor and the J-integral (Eq. (17))
can be based on the load separation method and allows experimental
estimation of the notch fracture toughness J , . for the non-standard notched
specimen of the present API 5L X52 steel.

4. Results and discussion

The stress distribution ahead of the notch tip and along notch ligament is
computed by the Finite Element Method taking into account the critical
load defined by acoustic emission technique (Figure 6). The critical notch
stress intensity factor K , . has been calculated using the effective distance
and the effective stress obtained from the relative stress gradient as
described in Section 3.1. The results of calculations are summarized in
Table 3 for 11 specimens with notch aspect ratioa /W =0.2 .

The mean value of the notch fracture toughness (the critical notch stress
intensity factor) is 57.21 MPa Vm with a standard deviation of 0.67 MPa
Vm and a coefficient of variation of 1.17%. The scatter of the notch fracture
toughness is low and does not exceed 10%.
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Distance on the ligament under the notch (mm)

Figure 6. Maximum principal stress and relative stress gradient distributions ahead of the
notch tip on the line of crack extension (a/W = 0.2).
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TABLE 3. The notch fracture toughness of the API SL X52 steel calculated by the
volumetric method for the specimens with the notch aspect ratio a/W = 0.2.

Test no Xef initiation Ko.c
(mm) (MPavm)

1 0.399 58. 41
2 0.394 57.22
3 0.394 57.22
4 0.399 58.41
5 0.394 57.22
6 0.393 56.20
7 0.394 56.86
8 0.394 56.86
9 0.394 57.05
10 0.394 57.22
11 0.393 56.63
Mean 0.395 57.21
Standard deviation 0.002 0.672
Coefficient of variation 0.5% 1.17%

The load separation method has been adopted to measure 77, -factor for
the notched curved specimen. The 77, -factor has been estimated by testing
ten specimens with the notch aspect ratio a/W = 0.15, 0.25, 0.3, 0.5 and 0.7.
Figure 7 shows the original test records for the notched “Roman tile”
specimens. To determine the load versus plastic displacement v, record,
the elastic displacement was subtracted from the total displacement, i.e.
v, —P-C. The compliance Cwas calculated from the elastic part of the
load versus total displacement curves.

The separation parameter S, for each notched specimen test record was
obtained by dividing the notched specimen load record by the reference
notched specimen load record for the same plastic displacement. The
notched curved specimen with the crack aspect ratio a/W =0.15 was used
as the reference specimen. Therefore, three values of S; have been obtained
(Si515 S 2515 and S 39/5). Figure 8 shows the separation parameters S; of the
curved specimen with respect to plastic displacement. It can be seen that the
S;; plot had some unseparable region at the beginning of the record, and then
the S; parameter becomes approximately independent of plastic displacement.
Therefore, the separation constants S ; versus the ligament b, /W were esti-
mated from the approximately constant separation parameter region in
Figure 8.



SCRATCHES IN GAS PIPES 171

o
X7

Reference tests 15%
M ,(‘ 0% 1 \ Z "~
5 \ '

o p=0.13mm
\ [

—'_——""-"&-. 1 ‘\‘
//" wm - /-—————‘_‘
Tm—

4
-
2
B3
=9
=
2 N Tests 50%
g e i ———————
-l 2

1 Tests 0%

0

0 1 2 3 4 5 6 7 8 9 10 11 12 13

Specimen displacement (mm)
Figure 7. Original test records of the notched curved specimens of the API SL X52 steel pipe.

1,1

1,0

0,9 ATest 125%

0,8 1 aTest 225%
E

07 oTest 130%
B

oTest 2 30%

oTest 150%

oTest 2 50%

1 oTest 170%

=Test 2 70%

4 Reference 15%

0,0 0,5 1,0 1,5 2,0 2.5
Vi (mm)

Figure 8. Variation of separation parameters S i of the notched curved specimens of the API
SL X52 steel pipe versus plastic displacement.

The_ straight line fits through these points and the slope of the
log(Sij)— log(b, /W) curve for the notched curved specimen (Figure 9)
according to Eq. (13) is the 77, -factor, which equals to 1.78 for the value of
a/W =0.15...0.7. The obtained 77,,-factor is closed to 2, i.e. the theoretical
value which is found for deep sharp notch bending solution. The7 , -factor
was estimated for the specimen with root radius of 0.15 mm. But, it should
be noted'® that the 77 ,, ~factor should be a function of root radius.
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The 7 -factor is assumed to be constant for the present notch aspect
ratios and equal to the 77, -factor (see Section 3.2.3).

The notch fracture toughness (in terms of the J-integral) of the curved
“Roman tile” specimen has been calculated using the load versus total load-
line displacement records, the predicted 77 -factor and Eq. (15). The results
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Figure 9. Separation constants of the notched curved specimens of the API 5L X52 steel pipe
versus non-notched ligament.
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Figure 10. Dependence of the notch fracture toughness J . of the “Roman tile” specimens
of the API 5L X52 steel pipe versus the notch aspect ratio. The value of Jp  for a/W=0.2
was represented as a result of the tests of 11 specimens.
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of the notch fracture toughness./, as a function of the notch aspect ratio
are presented in Figure 10. It can be seen that the value of J,  increases
with the decrease of the notch aspect ratio.

Thus, the present results on the notch fracture toughness of the API 5L
X52 steel can be used in the modified failure assessment diagram for struc-
tural integrity assessment of gas pipelines damaged by scratches.

5. Concluding remarks

A non-standard curved specimen, so called “Roman tile” specimen, and the
bend-test fixture have been suggested as it is not possible to get flat spe-
cimens from small diameter pipes. These curved specimens have been used
to measure the notch fracture toughness of the API 5L X52 steel in presence
of a notch simulating a scratch which can be produced during service of
pipelines.

The load versus load-line displacement was recorded digitally for pro-
cessing by computer. The test procedure allowed measuring the critical load
corresponding to crack initiation. In the present case, acoustic emission tech-
nique has been employed for this purpose. Comparison of dependences of
the load versus time and duration of acoustic emission versus time indicates
crack initiation which was closed to “pop-in”.

The notch fracture toughness was calculated in terms of the notch stress
intensity factor and the J-integral. The notch fracture toughness K, has
been obtained by means of the volumetric method. To estimate the notch
fracture toughness.J/, ., the test procedure based on the load separation
method has been attracted to determine the 77, -factor of the non-standard
curved notched specimen. In this case, the original representation of the J-
integral as total energy release rate (Eq. 15) and the tests records, namely,
load versus total load-line displacement have been used taking into account
an aquality between ther , - and 77 -factors. Thus, the proposed procedure
allows avoiding calculation of the stress intensity factor for non-standard
specimens.

Development of the present methodology encourages replacing the con-
servative crack-like defects approach. The results on the notch fracture tough-
ness of the API 5L X52 steel can be used in the modified failure assessment
diagram for structural integrity assessment of gas pipelines damaged by
scratches.
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SAFE AND RELIABLE DESIGN METHODS FOR METALLIC
COMPONENTS AND STRUCTURES DESIGN METHODS
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ENIM-UPVM, Metz, 57045, France

Abstract Tools available for structure design are various and are different
according to the fact that the risk is associated with an eventual presence of
defect and possibility of brittle fracture or a ductile failure. The following
design tools are described: (1) allowable stress and safety factor, (2) linear
fracture mechanics and safety factors, (3) crack driving force, (4) failure
assessment diagram, (5) allowable strain, (6) critical gross strain, (7) strain
based design.

Keywords: Design tools, safety factors, failure assessment diagram, strain based
design

1. Introduction

Structural engineering has existed since humans first started to construct
their own structures. It became a more defined and formalized profession
with the emergence of the architecture profession as distinct from the
engineering profession during the industrial revolution in the late nineteenth
century. Until then, the architect and the structural engineer were often one
and the same — the master builder. Only with the understanding of structural
theories that emerged during the nineteenth and twentieth centuries did the
professional structural engineer come into existence.

On 24 May 1847, the Dee Bridge collapsed as a train passed over it,
with the loss of five lives. It was designed by Robert Stephenson, using cast
iron girders reinforced with wrought iron struts. The bridge collapse was
subject to one of the first formal inquiries into a structural failure. The result
of the enquiry was that the design of the structure was fundamentally
flawed, as the wrought iron did not reinforce the cast iron at all, and due to
repeated bending it suffered a brittle fracture due to fatigue.

G. Pluvinage and A. Sedmak (eds.), Security and Reliability of Damaged Structures 175
and Defective Materials,
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The role of a structural engineer today involves a significant under-
standing of both static and dynamic loading, and the structures that are
available to resist them. Structural engineers often specialize in particular
fields, such as bridge engineering, building engineering, pipeline engineer-
ing, industrial structures or special structures such as vehicles or aircraft.
Tools available for structure design are various and are different according
to the fact that the risk is associated with an eventual presence of defect and
possibility of brittle fracture or ductile failure. Table 1 provides a classifi-
cation of the existing tools.

In this paper, these different structure design tools are described with in
each case an example for the design of pipelines.

TABLE 1. Classification of structure design tools.

Brittle fracture Material fracture Admissible stress and safety
factor
Emanating from Linear fracture mechanics and
defect safety factors
Elastoplastic fracture Material fracture Admissible stress and safety
factor
Emanating from Crack driving force Failure
defects assessment diagram
Ductile failure Material failure Admissible strain
Emanating from Critical gross strain
defect
Instability Strain based design

2. Safety factor and design factor

The early methods for design against the risk of failure were based on the
concept of ppermissible stress design (in USA construction more commonly
called allowable strength design) which is a design philosophy used by civil
engineers. The designer ensures that the stresses developed in a structure
due to service loads do not exceed the strength limit. But the knowledge of
the service loads is not sufficient: it is necessary to envisage an unsuited use
such as: imprudence of the user, accidental overload, failure of a component,
unforeseen external event etc. One uses for that a safety factor usually noted
f;. The method is usually determined by ensuring that permissible stresses
G.¢ remain within the limits through the use of safety factor and strength
limit is generally the yield stress Re for conservative reasons.
Re

O w fs

(1
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The most ancient information about the use of safety factor is given in
the code of Hammurabi. (Codex Hammurabi), the best preserved ancient
law code, was created. 1760 BC (middle chronology) in ancient Babylon. It
was enacted by the sixth Babylonian king, Hammurabi. At the top of a
basalt stele is a bas-relief image of a Babylonian god (either Marduk or
Shamash), with the king of Babylon presenting himself to the God, with his
right hand raised to his mouth as a mark of respect. The text covers the
bottom portion with the laws written in cuneiform script. It contains a list of
crimes and their various punishments, as well as settlements for common
disputes and guidelines for citizen conduct. It is mentioned that an architect
who carried out a house which is ploughed up on its occupants and cause
their death, is condemned to the capital punishment. In addition, it is noted
that when “when a stone is necessary to build a palace, the architect has to
plane to use two stones”.

The use of a safety factor of 2 was also mentioned by Buffon (1744).
Georges-Louis Leclerc. Comte de Buffon (September 7, 1707—April 16, 1788)
was a French naturalist, mathematician, biologist, cosmologist and author.
He has study the strength of wood for civil and military construction. We can
read: “thus in buildings design for a long life duration, one should give to
wood at most only half the load which can make it break, It is only in
pressing cases and for in buildings for construction which should not last,
as when it is necessary to make a Bridge to pass an army, or a scaffold to
help or attack a City, which one can hazarder give to wood two thirds of his
load”.

We can note that a safety factor for 1.5 is authorized in special and
emergency cases. Safety factor (f;) can mean either the fraction of structural
capability over that required, or a multiplier applied to the maximum
expected load (force, torque, bending moment or a combination) to which a
component or assembly will be subjected. The two senses of the term are
completely different in that the first is a measure of the reliability of a par-
ticular design, while the second is a requirement imposed by law, standard,
specification, contract or custom. Careful engineers refer to the first sense
as a safety factor, or, to be explicit, a realized factor of safety, and the second
sense as a design factor (DF), but usage is inconsistent and confusing, so
engineers need to be aware of both. The safety factor is given to the
engineer as a requirement. The design factor is calculated by the engineer.
The safety factors are defined by the “state of art” for each field, possibly
codified in standards. It is equal to or higher than 1, and is as much higher
as the system is badly defined, and than service loads are badly controlled.
Typical values of safety factor are given in Table 2.
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TABLE 2. Typical safety factors.

Safety factor (fs) Applied Structure stresses Material behavior Observations
structures loads

Regular and well Operation
I=fs<2 Known Known after test . .
known without jolt
Regular and
<fi< .
2<fs<3 own Relatively known known Usual operation

with light shocks
and moderate
Unknown and overloads

Uncertain i Not very known
uncertain

Not well known Not well known No tests

Appropriate safety factors are based on several considerations. Prime
considerations are the accuracy of load, strength, and wear estimates, the
consequences of engineering failure, and the cost of over engineering the
component to achieve that safety factor. For example, components whose
failure could result in substantial financial loss, serious injury or death
usually can use a safety factor of 4 or higher (often 10). Non-critical com-
ponents generally might have a design factor of 2. Risk analysis, failure
mode and effects analysis and other tools are commonly used.

Buildings commonly use a factor of safety of 2.0 for each structural
member. The value for buildings is relatively low because the loads are well
understood and most structures are redundant. Pressure vessels use 3.5 to
4.0, automobiles use 3.0, and aircraft and spacecraft use 1.4 to 3.0 depending
on the materials. Ductile, metallic materials use the lower value while brittle
materials use the higher values. The field of aecrospace engineering uses
generally lower design factors because the costs associated with structural
weight are high. This low design factor is why aerospace parts and materials
are subject to more stringent quality control.

Many codes require the use of a Margin of Safety (M.S.) to describe the
ratio of the strength of the structure to the requirements.

Design Factor = Failure Load/Design Load
Margin of Safety = [Failure Load/(Design Load*f;)] — 1 (2)

For a successful design, the design factor must always equal or exceed
the required safety factor and the safety margin is greater than zero. The
Safety Margin is sometimes, but infrequently, used as a percentage, i.e., a
0.50% M.S versus a 50% M.S. When a structure meets all requirements it is
said to have a “positive margin”. A measure of strength frequently used in
Europe is the Reserve Factor (RF). With the strength and applied loads
expressed in the same units, the reserve factor is defined as:



DESIGN METHODS 179

RF = Proof Strength/Proof Load
RF = Ultimate Strength/Applied Load 3)

The applied loads have safety factors including applied safety factors.
The use of a safety factor does not imply that a structure or design is “safe”.
Many quality assurance, engineering design, manufacturing, installation, and
end-use factors may influence whether or not a structure is safe in any par-
ticular situation. The use of safety factor has been extended for determination
of admissible defect size a,q for brittle materials using linear fracture
mechanics. For that, three safety factors are used:

K
f the safety factor on fracture toughness

s

fa the safety factor on applied stress

a
f the safety factor on defect size
N

The admissible defect size is then given by the following relationship:

2 2

a :l KIC 1
s K o
" fs fs O g.ap

where K¢ is the material fracture toughness and o, ,, is the applied gross
stress. According to the degree of knowledge of the material properties and
applied loads, the following safety factors are used (Table 3):

4)

TABLE 3. Safety factors used for determination of admissible defect size a,q for brittle
materials using linear fracture mechanics.

K a o
Safety factors f f f
N N s

Case 1 1.0 2 1.0
Case 2 1.0 1.1 1.2
Case 3 1.2 1.4 1.4

Safety factor on fracture toughness, defect size and applied loads are
also defined in Failure Assessment Diagram (FAD) as we can see later.

The values of classical safety factor are codified in codes such as Euro-
code 3. However, the actual trend is to adapt the safety factor according to
the degree of uncertainties of the material properties in order to avoid over
conservatism. The design material properties are defined as some percentile
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of the material resistance distribution (The mean values is generally used
for metals and alloy but for wood the admissible stress is defined as the fifth
percentile of the distribution).

When using a probabilistic approach to design, the designer no longer
thinks of each variable as a single value or number. Instead, each variable is
viewed as a probability distribution. The main characteristics of these
distributions are:

n n n
x=le-/n, si =Z(xl- —x)*/(n-1), S?ch =Z(xl- —x)/n (5)
i=1 i=1 i=1

where x and s, are mean and standard deviation of a random variable x
and 4, is the asymmetry parameter of the distribution. Generally, after sta-
tistical data processing, it appears that the mean and the standard deviation
of a random variable x are constant and independent of the distribution
shape. For this reason, we will present the density probability functions
versus coefficient of variation.

oy =Sc/x (6)

The coefficient of variation is an excellent indicator of homogeneity of
the sample. This one will be declared homogeneous if ¢jr < 1/3. Concerning

the properties of materials, if the mechanical tests were carried out care-
fully, the coefficient of variation is an excellent indicator of the process
quality. Thus, the production of a low carbon steel led to a coefficient
of variation ¢y , = 0,1 with Rm the ultimate resistance (Pluvinage and
Sapounov (2007)). From a general point of view, one can estimate that
for structural components the concept of continuous medium is hardly
applicable for ¢y <0,2. We will rewrite the probability density f functions
of distribution by introducing into the corresponding relations the coefficient
of variation. For normal distribution (most widespread), the density of
probability is expressed with two parameters as:

1 (x/sx—l/c,,ﬂx)2
p (X)_\/ESX eXp ) (7

For the lognormal distribution with y =1gx, we have by analogy with
the formula (7):

(y/sy—l/c,,,y)2

1
p(y)= T P : (®)
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For the Weibull distribution, it is expressed by:
p(x)=cmx™" exp (— ex” ) 9)

where m is the Weibull’s modulus and c¢ the normalisation factor. The
mean, standard deviation and asymmetry are given by:

x=c V" D(1+1/m)s? =c*z“”[r(1+2/m)—r2(1+1/m)]
C(1+3/m)=30(+1/m)C(1+2/m)+20°(1+1/m) (10)
) 3/2
[r(1+2/m)—r (1+1/m)]

A =

X

The coefficient of variation is the given by:

rt+2/m
2 e (11)
r*(1+1/m)-1

where I' is the symbol of the Gamma-Euler function. The Weibull’s
modulus can be estimate by the following empirical relationship:

m=cy "0 (12)

From this perspective, probabilistic design predicts the flow of vari-
ability through a system. By considering this flow, a designer can make
adjustments to reduce the flow of random variability and improve quality.
Proponents of the approach contend that many quality problems can be
predicted and rectified during the early design stages and at a much reduced
cost. The safety factor is then defined as the ratio of the ultimate strength
which corresponds to the mean value of the strength distribution over the
admissible stress. The admissible stress is the failure stress associated with
a low and conventional probability of failure Pg* (10* or 10°° if there is
human life risk). If the ultimate strength follows the Weibull’s distribution,
the probability of failure is given by the following relationship:

m
* I'(1+1/m
P f=exp- [%} (13)

and the safety factor is:

|
TV
fo=T(+1m)/ | Ln—; (14)
Py
We can note that the safety factor increases considerably when the

Weibull’s modulus decreases i.e. the scatter of material strength increases.
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3. Transition temperature

The concept of brittle-ductile transition temperature was discovered during
the Second World War, because of the rupture of liberty ships at sea. The
ignorance of this phenomenon is also one of the causes of the shipwreck of
Titanic. At low temperatures where the impact energy required for fracture
is less, a faceted surface of cleaved planes of ferrite is observed, indicating
brittle fracture. Using 50% shear fracture area as a reference point, this
would occur in ASTM A36 at —3°C, while for the Titanic steel, this value
would occur at 49°C in the longitudinal direction and at 59°C in the
transverse direction. At elevated temperatures, the impact-energy values for
the longitudinal Titanic steel is substantially greater than the transverse
specimens, as shown in Figure 1. The difference between the longitudinal
and transverse shear fracture percent from the Titanic is much smaller.

Charpy energy (joules)
200
A 36 Steel
/._\.\
]
Titanic steel
100 A ] longitudinal
o -® © -
/. Titanic steel
transverse
50 o ]
n/‘ - —
n ]
/ n]
| / , ° o
u o
] e
0 .$'—_. /. 42? | ' . : '
-100 =50 0 50 100 150 200

Temperature °C

Figure 1. Charpy impact energy versus temperature for longitudinal and transverse Titanic
specimens and ASTM A36 steel. (after www.tms.org.)
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3.1. SPECIFIC IMPACT ENERGY TRANSITION TEMPERATURE

The use of the Charpy test is a cheap way to determine the transition
temperature from brittle fracture to ductile failure (Pluvinage 2003). This
transition temperature can be defined on three manners:

e For a given level of resilience for example 27 Da J/cm®
o At the mid level between lower shelf and upper shelf region
o At 50% of cleavage fracture surface

This transition temperature is not intrinsic of the material as we can see
in Figure 2. In this figure, we compare the work done for fracture-temperature
curve obtained on the same steel but with a V notch in the first case and
with a U notch in the second case. Tests have been performed on a St 52-3
steel (Pluvinage 2003).We can note that for Charpy V specimen, the
transition temperature for brittle to ductile fracture is shifted from higher
temperature and the level of the ductile plateau is decreasing.

Charpy energy Jonles
200 ' 5 5 ' .
e S
100 foveeene- . s o R T T

o

Y o W e S e

—-80 -60 —40 -20 0 20 40
Temperature °C

Figure 2. Charpy energy versus temperature for a Charpy U and V specimens. (Steel St 52-3.)
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3.2. FRACTURE TOUGHNESS K;c TRANSITION TEMPERATURE

The facture toughness K;c evolution versus temperature for brittle and quasi
brittle fracture can be modelled through plasticity—temperature relationship
because fracture process needs a preliminary yielding. Plasticity is a thermally
activated phenomenon which follows Arrhenius law. As shown in Figure 3
relative to a pipe steel, fracture toughness versus temperature is given by:

K Jc=Kmin+A.exp(=BT) (15)

Kumin 1s the fracture toughness threshold, A and B are constants and T
temperature in kelvin. According to the Krasowsky and Pissarenko model
(Krasowsky and Pluvinage (1993)), Ku is connected to the yield stress at
0 K and characteristic distance X, by the following relationship:

Kumin =Re?7 X (16)

Fracture toughness (MPam?-5)

1 H 1 1 1
PIPE STEEL
200 [ |
[
N u Eurocode _
D‘\% reference
100 a curve
x = - n d KJC
= O B CV -
0 1 : 1 1 1
-200 -100 0 100 200

Relative temperature (T-T100) °C

Figure 3. Evolution of fracture toughness with temperature for a pipe steel.
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This evolution is now made in a statistical way in US standard ASTM
E1921-08ael (2007). It consists in fact in three curves: the median curve and
curves for lower and upper limits. The median curve is given by a universal
representation:

Kye (50%) = 30 + 70 exp [0.0019 (T — Ty00)] (17)

in which Tjgo is the temperature associated with the fracture toughness
value of 100 MPavm (It is not possible to speak about abrupt transition
because with have a continuous evolution of fracture toughness). Let us

notice that the fracture toughness threshold value of 30 MPavm is a high
value considering experimental values found for low temperature tests. The
reference temperature T, can be evaluated by the following methods:

e Method of single temperature (ASTM E1921 (2007))
e Multi temperature method
e Method of single temperature associated with a statistical distribution of

fracture toughness according to the three parameters Weibull’s model
(Wallim 1990):

KJ B Kmin ' 18
Ko N Kmin ( )

Ko 18 a fracture toughness threshold and K a scale factor.

Y4
/ - 0,3008:| +K,, 19

r is the number of uncensored results and N total number of results. The
fracture toughness mean value is given by:

Pf zl—exp—£

4

K, = {ZN: (KJ(i) - Kmm)

i=1

KJ (50) = (Ku - Kmin )[Ln (2) B + Kmin (20)
and the T, temperature:
1 K (50%) ~ 30
[.=T— L 21
100 0,019 { 70 @

The T, standard deviation estimation is given by:

d (T,) = BAN (22)
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with B confidence interval for the reference temperature. For the pipe steel
of Figure 3 the T,o temperature has been estimated to Tio0 = —51°. The
curve Kjc = f (T — Tig0) has been plotted on the same graph that the curve
Kt = f(T — Tyg0) given by Eurocode 3 (2005). It can be noticed that results
obtained from experiments are close to the standard K. = f (T — Tig0)
curve but only below the transition temperature. At higher temperature, the
Eurocode K,,,,; curve overestimates the fracture toughness of the material.

Charpy V energy has been measured at different temperatures and the
transition temperature T,; ; has been estimated to Tp; ;=—129°C. Charpy V
energy has then been converted into K¢ using the Sanz’ correlation (Sanz
1980):

K]C:19 Kcy (23)

where Kcv is the specific impact energy in J/cm®. The obtained values have
been plotted versus the temperature (T — Tyop ) on the same diagram. The
concept of design presented in the last version of Eurocode 3 part 2 (2005)
considers the brittle assessment in the transition zone and consists of a
comparison of the fracture toughness resistance K,,,; of the material with the
applied stress intensity factor Kj .

K1,eq

Kma[ = ( (24)

kR6—®)

kge is the value of the non-dimensional stress intensity factor according

to the CEGB-R6 method option 2 (1998) and o is a plasticity correction

according to the same method. K |, is the equivalent stress intensity factor

of a structural detail taking into account the design stress 64 and the design
defect value ay.

KI,eq=MK-0d~T-aq-Fgla/W) (25)

where F,(a/w) is the geometrical correction factor and My is the correction
factor to take into account the value of the stress concentration factor. The
relationship between K,,,; and the design temperature take into account the
Wallim’s correlation (Wallim 1990) between the transition temperature T

defined at a conventional level of 100 MPa+/m of fracture toughness and

the transition temperature defined for Charpy energy T,; ; at conventional
level of 27 J of fracture energy.



DESIGN METHODS 187
Tioo = T275—18°C (26)

Design against brittle fracture considers that the material exhibits at
service temperature, a sufficient ductility to prevent cleavage initiation and
sudden fracture with an important elastic energy release. Concretely, this
means that the service temperature T; is higher than the transition temperature:

Ts> T, (27)

The service temperature is conventionally defined by codes or laws
according to the country where the structure or the component is build or
installed. For examples, in France, a law published in July 1974 indicates
that the service temperature in France is —20°C. Recommendations of AIEA
for nuclear waste containers indicate that the service temperature for these
components is —40°C.

A Fracture Mechanics based design ensuring that the stress intensity
factor for design is lower than admissible fracture toughness and the frac-

ture toughness is greater than 100 MPa+/m (i.e. in accordance with the rules,
the service temperature defined is above the reference temperature). This
additional criterion is written:

Ts > RT+AT (28)

where AT is uncertainty on reference temperature. This reference temperature
RT; differs according to codes (RTnpr or RTryg0):

RT npr = Taor
RTTIOO = T100+19.4OC
RT npr= RT00 ASME code case No 629, ASME (2005)

This method based on a long practice of the engineers is very con-
servative and does not allow appreciating the safety coefficient. As it was
announced, the transition temperature approach is not a computing design
method. It aims is to make sure that design cannot be possibly carried out in
a bad way with a brittle material.

Transition temperature can be defined also on the graph critical crack
opening displacement versus temperature. In this case, this temperature is
defined when the plastic zone size is equal to thickness B (see Figure 4).

5C,Tt :27TgyB (29)
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Critical crack opening displacement (mm)

0.4 I
[ | [

0.3 '/

/ m n

//
./ XC38 STEEL

0.2 4

w’

4

/ 5c, Tt=2mne,B
v y
0.1 /
[ ]
0.0
-100 -80 -60 —40 =20 0 20 20

Temperature (°C)
Tis

Figure 4. Definition of the critical crack opening displacement transition temperature 7'y 5.

4. Crack driving force methods

4.1. THE CRACK DRIVING FORCE

The work done until fracture U,, as the area of the curve load—displacement
until fracture initiation is a direct measurement of fracture resistance. In
order to take into account the geometry of the component, it is more
convenient to use the specific fracture energy Us to refer to material fracture
resistance:

US=—. (30)
where B is the thickness and b the ligament size. This specific energy is the

sum of energy for fracture initiation and plastic dissipation in the process
zone. According to Griffith, fracture resistance R is defined as:
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dUy

R:
B-da

(31)
where a is the crack length and Ur is the surface energy, which includes the
plastic dissipation in the plastic zone.

For energetic equilibrium, the fracture resistance is counterbalanced by
the crack driving force (CDF). From the above mentioned considerations, it
has been seen that:

0
r=cpr--L2U.
B oOa

It is assumed according to Turner (1979) that the crack driving force is
proportional to the specific fracture energy:

(32)

_ _ _,Uc

R=CDF =qUs=n"¢ (33)

The crack driving force is then energy dissipated for creation of incre-

ment of crack length with units force per length (N/m). Several fracture

parameters can expressed the crack driving force, the elastic strain energy

release rate G; the stress intensity factor K, the J integral and the crack

opening displacement. For a linear elastic situation, these parameters are

equivalent and connected by the following relationship (for elastic behaviour
and plane stress conditions).

K2=G.E =Re-S.E (34)

with E the Young’s modulus.

4.2. PRINCIPLE OF THE CDF DESIGN

CDF Design is based on the CDF = f(L,) curve where L, is the loading
parameter. L, is defined as the ratio of the applied load L and the limit load
L, or applied pressure p and the limit pressure py or the ratio of the applied
net stress and the material yield stress Re:

F _on_r

Lr: =
Fy Re p,

(35)

In the CDF route, fracture assessment is made in two steps, the crack tip
loading and the material fracture toughness determinations. The CDF curve
which relates the crack driving force in terms of J or CTOD with the
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applied load is assumed to be a geometry independent function which only
depends on the material behaviour. Failure is predicted when the crack
driving force exceeds the fracture toughness (Figure 5).

4 Crack driving force CDF J Je

[ @)

Unsafe ] / 5

. b=
Fracture resistance l [ f ( Lr)]
Safe
[ max
Ly
Figure 5. CDF design concept.
The basic equations of the CDF concept are:
for J integral as the CDF:
Je
J=——""—
2 (36)
[r(z0]
K2
with JezF E'=E (1 -V (37)
for COD as the CDF:
o
S=———C —
2 (38)
[7 ()]
2
. K
with Op=—"— 39
¢ Re.E' 9

4.3. JCRACK DRIVING FORCE

Turner has proposed (Turner 1979) a J design curve called Engineering J
method (ENJ). For that, the J integral value is divided by the stress energy
release rate for an applied net stress equal to the yield stress and the
displacement is divided by the displacement for applied net stress also equal
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to the yield stress. The relationship has been also established for the ratio of
the net stress over the ligament and the same net stress at yielding. The ENJ
consists of two parts:

2

d

E oxl C | for | L l<20 (40)
dy

dy

JE =20. [iJOJS for £1J> 2.0 41)

Reza dy dy

2
Jg —1.2547) SN | for | €5 |10 42)
Re“a EN,Y Eny

‘”j —1.254z)| EN_ || for [ 510 @3
Re“a EN,Y Eny

4.4. COD CRACK DRIVING FORCE

Burdekin and Dawes (1971) has proposed a COD design curve made into
two parts:
2

P
O5=| — 2| foreg/eg, y <05 (44)
&gy
£
(Dé‘[ g J—O.ZS fOl"gg/gg’y>0.5 (45)
g,y

where &g is gross stain and & gy the gross strain at yielding, (€)) s1s the

non dimensional crack opening displacement.
o

_2ﬂgya

0¥y (46)

0 is COD and ¢, the yield strain. The COD design curve is obtained as an
upper bound of experimental results.
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4.5. ENGINEERING TREATMENT MODEL

This method has been proposed by (Schwalbe (1991)) is particularly used
for welded joints. The crack driving force for welded joint in term of COD
is given by:

:ﬂaReB. Eg ,2M2 gg
2M3E 5g’y’B Eg’y,B

2}1 27’1
_mRep 1| ¢g B 0.5 Eg B
S = . J 1+ 5 (48)
E - M\ &eg,y,B M~\¢g,y,B

fOl”Fy’B<F<Fy,W

forO<F< Fy, B “47)

”B/”w

1.5 _ &

5 = WRCB.M(I l/m-) g (49)
E €g,y,B

forF>Fy’W

The subscript w and B indicates respectively the base and the weld
metal and M is the mismatch factor.

M:Rew

(50)
Rep

5. Failure assessment diagram

The basic fracture mechanics relationship associates three parameters:
defect size a, applied gross stress 6, and fracture toughness R into a failure
criterion expressed by the following equation.

Flg,.a.R)=0 (51)

Another presentation of the failure criterion can be made using a two
parameters relationship:

k,=f(L) (52)
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where k; is the non dimensional crack driving force and L, the non

dimensional load.
K F
kp = ap:,/‘]“” :]/5@; Ly=— (53)
K JIc Oc Fe

where K, J,, and d,, are the applied stress intensity factor, J Integral or
COD, K¢, Jic and &, the fracture toughness in given conditions of constraint,
F applied load and Fc critical load.

Initially, the relationship kr =f (Lr) was obtained from a plasticity

correction given by the Dugdale’s model. This approach allows considering
any failure conditions from purely brittle fracture to plastic collapse derived
from the brittle one by a correction.

0.5
k,= S — (54)
| 22 (ﬁ L,,)
COS
2

In the past several failure assessment curves have been proposed
(Newmann, Nureg, tangent method etc). Actually, as engineering tools,
relationship (52) has been established from full scale tests and using the
lower bound of results. There are several relationships given by different
codes Actually the following methods are used EPRI (Kumar et al. 1981) in
US, R6 (R6 1998) in UK, RCC MR (Moulin et al. 1998) in France and
SINTAP (SINTAP 1998) in EU.

In all methods, it is assumed that the applied J integral consists of an
elastic part and a plastic part J,, = Jg + Jy. Jo is obtained from classical
linear fracture mechanics. Getting J,; depends on methods and is based on
the assumption that J,, is get from J; multiply by a correction factor

e In EPRI method EPRI (Kumar et al. 1981), this correction is given by
the following relationship:

E

Oref

¢ is a plastic zone correction,

F
Oref = F_OO'O (56)
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where F, is the reference load and o, the flow stress. g.r 1S the
corresponding strain on the Ramber—Osgood relationship.

e For the R6 route R6 (R6 1998):

Jel
Jpl =75 (57)
(k r— P )
p is a plasticity correction

e For RCC-MR A16 method RCC-MR (Moulin et al. 1998):
Jpl=Jel-K A16 (58)

where K, 6 1S the correction factor.

The failure assessment curve is similar in the different methods. The
SINTAP procedure (SINTAP 1998) can be generally simplified to several
distinct levels according to the no yield point elongation assumptions. The
used mathematical expressions of the SINTAP procedure with the
aforementioned assumption for “level 1”are presented below:

f(L,)= {H%} 2 [0.3+0.7><e(-0~6XL?)] ,
(59)

2.5
for 0<L <1 where LT =1+ (@J
O-Y

where, f(L,), L., LT™, oy, 1, E,oy,N, g, and o, are interpolating
function, non dimensional loading or stress based parameter, maximum
value of non dimensional loading or stress based parameter, yield stress,
first correction factor, modulus of elasticity, ultimate stress, second cor-
rection factor, reference strain and reference stress, respectively.

In the FAD method, a failure curve or “interpolating curve” is used to
assess the failure zone, safe zone and safety factor. In Figure 6, a typical
failure assessment diagram is illustrated. In this FAD, an assessment curve,
interpolating brittle fracture to plastic collapse separates the safe zone to the
failure zone. As a consequence of L, and K, definition, the loading path OC
i1s linear when load increases from 0 to critical load F, Under service
conditions, a defect in a given material is represented by an assessment
point B of coordinates L. and k. If this assessment point in inside the safe
zone, no failure occurs, if the assessment point is on the assessment curves
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or above critical conditions are reached. The safety factor associated with
the defect situation is simply defined by relationship:

oC
F‘_OB

The criticality of the situation is generally given by comparing the
obtained safety factor to the conventional value of f; = 2.

(60)

4 k; parameter
1.00 UNSAFE
/TS
Failure assessment kr = f(I—r)
075 | curve
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0.50 Safety factor
i s B F = OC/OA
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- Ea- | assessment curve
NO MAINTENANCE I Fs=2
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L, parameter

Figure 6. Presentation of Failure Assessment Diagram (FAD) which presents the evolution
of non-dimensional stress intensity parameter yersys non-dimensional loading or stress based
parameter including an assessment point A (L ,k ).

However, The SINTAP procedure has been established for crack like
defects and in the present study, we assess defect such as gouges which
represents the majority of incidents defects for gas pipes. In this case a
modify Notch Failure Assessment Diagram (NFAD) (Pluvinage 2007). The
parameters of this NFAD are:

_Kp,ap,

(61)
Kp,e

kp,r
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where K, ,, is the applied notch stress intensity factor obtained from the
Volumetric Method (VM) and K, ¢ the critical notch stress intensity factor
measured here on roman tile specimen. One notes that the notch fracture
toughness is notch radius dependant. The used of non dimensional para-
meter k,  allows to use the same assessment curves for nay notch radius. In
our study, the SINTAP failure assessment curve is also used and the safety
factor keeps the same definition.

6. Probabilistic defect assessment method

Monte Carlo (MC) is a simple method that uses the fact that the failure pro-
bability integral can be interpreted as a mean value in a stochastic experiment.
An estimate is therefore given by averaging a suitably large number of
independent outcomes (simulations) of this experiment. The basic building
block of this sampling is the generation of random numbers from a uniform
distribution (between 0 and 1). This random number can be used to generate
a value of the desired random variable with a given distribution. Using the
cumulative distribution function F(X), the random variable would then be
given as:

X =Fx! () (62)

Then, to calculate the probability of failure, a multi-dimensional integral
has to be evaluated:

Pr=Prlg(X)<0]=  [fy (x)dx (63)
gX)<0

where g(X) is a limit state function and f,(x) is a known joint probability
density function of the random vector X.

To calculate the failure probability, one performs N deterministic
simulations and determines whether the component analysed has failed (i.e.
if g(X) < 0) after every simulation. For a count of the number of failures, N,
an estimate of the mean probability of failure is:

p =1 (64)
F N

The advantage with MCS is that it is robust, easy to implement into a
computer program and for a sample size N—oo, the estimated probability
converges to the exact result. Another advantage is that MCS works with
any distribution of the random variables. There is no restriction on the limit
state functions. However, MCS is rather inefficient, when calculating very
low failure probabilities, since most of the contribution to Pr is in a limited
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part of the integration interval transform method This integral is very hard
(impossible) to evaluate, by numerical integration, if there are many random
parameters.

First and second-order reliability methods are general methods of
structural reliability theory (Bjerager 1989). These methods are based on
linear (first-order) and quadratic (second-order) approximations of the limit
state surface g(x) = 0 tangent to the closest point of the surface to the origin
of the space. The determination of this point involves nonlinear programming.
The FORM/SORM algorithms involve several steps:

¢ In the first step, the space of uncertain parameters x is transformed into
a new N-dimensional space u consisting of independent standard Gaussian
variables. The original limit state g(x) = 0 then becomes mapped onto
the new limit state g,(u) = 0 in the u space.

o In the second step, the point on the limit state g,(U) = 0 having the
shortest distance to the origin of u space is determined by using an
appropriate nonlinear optimization algorithm. This point is referred to as
the design or S-point, and has a distance Sy to the origin of the u space.

o In the third step, the limit state g,(u) = 0 is approximated by a surface
tangent to it at the design point. Let such limit states be g (u) = 0 and
go(u) = 0, which correspond to approximating surfaces of hyperplane
(linear or first-order) and hyperparaboloid (quadratic or second-order),
respectively.

The probability of failure Pr is thus approximated by Pr[gp < 0] in
FORM and P,[go(u)<0] in SORM. These first- and second-order estimates
Py and Py, are given by:

PF,I = ¢(_IBHL)
P, = PP )1__[(1 _KiﬂHL)_l/za

65
Where (©5)

1 1,
P(u) = EI exp(-— )¢

@(u) is the cumulative distribution function of a standard Gaussian random
variable, and «;’s are the principal curvatures of the limit state surface at the
design point. FORM/SORM are analytical probability computation methods.
Each input random variable and the performance function g(x) must be
continuous.

Within the SINTAP procedure (SINTAP 1998), the following parameters
are treated as random parameters:
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o Fracture toughness

e Yield strength

o Ultimate tensile strength
o Defects distribution

o Pressure distribution

These random parameters are treated as not being correlated with one
another. The parameters can follow a normal, log-normal, Weibull or some
special distributions (for the defects).

The coefficient of variation CVy is an excellent indicator of the homo-
geneity of the analyzed unit (Pluvinage 2007). This one will be declared
homogeneous if CV < 1/3, concerning the properties of materials, if the
mechanical tests were carried out carefully, the coefficient of variation is an
excellent indicator of the manufactures quality, thus, the manufacture of
low carbon steel leads to a coefficient of variation CV = 0.1, for ultimate
strength, yield stress and fracture toughness. The pressure distribution obeys
to the same coefficient of variation. We note that for exponential distribution
the coefficient of variation is necessary taken as unit. The presentation of
the method will be arrived out with the value of coefficient of variation.

6.1. FRACTURE TOUGHNESS DISTRIBUTION

The fracture toughness is assumed as Weibull’s distribution. The Weibull’s
probability density function has the following form:

f(KIC):mexKg’lc'lexp(—CxKg’lc) (66)

where C (scale) and m (shape) are the Weibull’s distribution parameters. p
(mean) and o (standard deviation) are the input data into the program and
are related to the Weibull’s parameters as follows:

-1 -2
_mH_)(_ﬂ 67
m*F(l+j m m

m

where ['(Z) is the gamma function, defined by the following integral:

1(z)= c,jotz_le_tdt (68)
0

This non-linear equation system is solved using a globally convergent
method with line search and an approximate Jacobian matrix.
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6.2. YIELD, ULTIMATE STRENGTH AND LOAD DISTRIBUTION

Yield strength ultimate, tensile strength and load can be mainly assumed
as a normal distribution. The normal probability density function has the

following form:
F(X) :Lexp{—l(x_“ﬂ (69)

6.3. DEFECT SIZE DISTRIBUTION

The exponential distribution generally governs for defect size analysis.
Consequently, the probability density function has the following form:

FX) = Xexp(— ka) (70)

where A is the exponential distribution parameter. p mean and the standard
deviation, o is related to A as below:

HZGZK (71)

An example of application of Monte Carlo and FORM-SORM method
is given in Figure 7 in the case of a longitudinal defect in a pipe submitted
to a70 bar internal pressure (Jallouf et al 2005).

Hoop Stress (MPa)
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1.00E-06

1.00E-07 - ]

Probabilité of failure

Figure 7. Evolution of the probability of failure of the gas pipe exhibiting a gouge defect
with the hoop stress induced by internal pressure.
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7. Limit analysis

To set the background for plastic limit analysis, it is helpful to consider in
general terms the behavior of an elastic-plastic solid or structure subjected
to mechanical loading. The solution to an internally-pressurized elastic-
perfectly plastic cylinder provides a representative example. The solution
shows that the vessel first yields at a critical internal pressure

oo Y[
COEL p?

-G

The material first reaches yield at the interior of the cylinder » = a.

(72)

7.1. BOUNDING THEOREMS OF LIMIT ANALYSIS

The limit analysis method allows to compute two bound of the plastic
collapse load which frame the real limit load P;. This method is based on
two principles:

The principle of virtual work
The Drucker’s or minimum energy dissipation principle

This method uses the concept of statically and cinematically admissible
stress fields (Save et al. 1997). The following assumptions are used:

The material behavior is elastic perfectly plastic.

The limit load is connecting with a totally plastic ligament.
The material is ductile until failure.

There is no instabilities.

The load path is proportional to a A factor.

We consider a body of volume V loaded by external forces P;, submitted
to surface loads T; and displacements u;.

7.1.1. Lower bound theorem

If G;; is the real stress field (associated with a A, factor) and o' a statically
admissible stress field (associated with a A_ factor), the double application
of the principle of virtual works gives:
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A-|[PiuidV + [TiujdS | = [o'jjejdV (73)
V S V
Areal|I PiuidV + [TjujdS| = [cjjgjjdV (74)
V S V

_[Pi.ui.dV + ITi'Ui'dS
V S

(ireal -4 _)

=JojjeijdV —[o'je;dV 20 (75)
V V

The second term is always positive according to the principle of virtual
works then:

(Areqr—2_)20 and pogr> 4 (76)

7.1.2. Upper Bound Theorem

We consider the real stress field o;; which is according to the Drucker’s
principle normal to the yield surface and a cinematically admissible stress
c"ij non normal to the yield surface associated with a A, factor). The
Drucker’s principle implies that the product A is always positive:

%
a=lo- 0", )r 8,20 7

(ﬂ+ B /lreaz j

[ PiujdV + [Tiu;dS
14 S

(78)
I o-"l'jgl'jdV— I o'l'jgl‘jdVZO
Vv 14
Then (/1+ ~ Areal ) 20and 34> Areql (79)
Combination of static and cinematic theorem gives:
At ZArealZ A- (80)

So, we can choose any collapse mechanism (statically or cinematically
admissible), and use it to estimate a safety factor. The actual safety factor is
likely to be lower than our estimate (it will be equal if we guessed right).
This method is evidently inherently unsafe, since we overestimate the safety
factor but in practice one can guess the collapse mechanism quite well, and
so with practice you can get excellent estimates.
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7.2. APPLICATION OF LIMIT ANALYSIS TO CORRODED PIPES

ASME B31G, ASME (1984) is a code for evaluating the remaining strength
of corroded pipelines. It is a supplement to the ASME B31 code for
pressure piping. The code was developed in the late 1960s and early 1970s
at Battelle Memorial Institute and provides a semi-empirical procedure for
the assessment of corroded pipes. Based on an extensive series of full-scale
tests on corroded pipe sections, it was concluded that pipeline steels have
adequate toughness and the toughness is not a significant factor. The failure
of blunt corrosion flaws is controlled by their size and the flow or yield
stress of the material. The input parameters include pipe outer diameter (D)
and wall thickness (t), the specified minimum yield strength (o, ), the maxi-

mum allowable operating pressure (MAOP), longitudinal corrosion extent
(L.) and defect depth (d). According to the ASME B31G code, a failure
equation for corroded pipelines was proposed by means of data of burst
experiments and expressed with consideration of two conditions below:

First, the maximum hoop stress cannot exceed the yield strength of the
material (cyy <oy ),

Second, relatively short corrosion is projected, on the shape of a
parabola and long corrosion is projected on the shape of a rectangle.

The failure pressure equation for the corroded pipeline is classified by
parabola and rectangle.
For parabolic defects:

b :2(1.lcy)><t{ 1—(2/3) x (d/t) } @81
D 1-(2/3) x (d/tyM
LY(D 2
where M = \/1 + 0.8(5j (Tj o.s[kj (2) <4
D)\t
For rectangular defects:
P - Wh ~(d/1)] (2)

2
where M = O.SLLJ (Bj >4
D t
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where, P;, D, d, t, M, oy and L are the failure pressure, outer diameter,

maximum corrosion depth, wall thickness, bulging factor, yield stress and
longitudinal corrosion defect length, respectively.

Due to some problems associated with the definition of flow stress
o¢ =1.1x0o, and the bulging factor, a new flow stress was proposed as:

o; =1.1xo, +69 (MPa) (83)
The modified ASME B31G including this new modified flow stress and

bulging factor is a follows:
~2(l.loy +69)xt| 1-0.85x(d/t)
D 1-0.85x (d/t)yM

Py (84)

8. Strain based design

Strain-based design (Denys 2007) generally refers to pipeline designs
expected to have longitudinal strains greater than 0.5%. Strain-based design
encompasses both applied strain demand and strain resistance. At least two
limit states are associated with strain-based design: tensile failure and
compressive buckling. Strain-based design in recent years has been driven
primarily by the need to construct pipelines in the arctic regions, deep-water
offshore and other areas with high probability of large ground movements.
Cases of in-service plastic strain were also observed through the history of
pipeline usage due to soil movement on unstable slopes, mining subsidence,
and seismic loadings. Confidence developed from the resistance of steel
pipelines to these loadings and the understanding of pipe behaviour
compared to known strains in installation and test has allowed pipeline
designers to include strain-based design for in-service plastic strain.

Tensile failure in the presence of defect is caused by plastic instability.
Two kinds of instabilities can be developed:

o For defect less than a critical value, plastic instability with plastic band
at 55° of the direction of loading (plate instabilities) are associated with
large plastic strain.

e For defect larger than a critical value, instability by striction associated
with small plastic strain is developed.

The transition of these two types of instabilities described in Figure 8
has been exploited to develop a critical defect size failure criterion initially
associated with a 1% critical gross strain but now with a reduced 0.5%
strain.
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Critical gross strain %
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Figure 8. Critical gross strain versus defect ratio for tensile failure in presence of defect and
associated with plastic instability. (Denys 2007).

The strain capacity is affected by material properties, geometry/defect
features and interaction between pipes and their surrounding environment.
The applied strains usually have large uncertainties. The methods for assess-
ing tensile failure resistance of pipelines by engineering critical assessment
become fewer when the plastic strain exceeds 0.005 (0.5%) and fewer still
as the strain increases to 0.02 (2%) or more. These engineering critical assess-
ment methods are used to demonstrate the sizes and types of imperfections
that can remain in pipes and welds for high-strain service.

In compression, the failure modes relate to several varieties of buckling.
The entire length of pipeline segment can buckle like an Euler beam, either
vertically or horizontally. Alternatively or in combination with these modes,
a pipeline may buckle a local area of the pipe wall. Internal pressure increases
resistance to local buckling because the tensile hoop stress creates helps
for the pipe to resist the diametrical changes that occur locally at buckling.
External pressure reduces the resistance to local buckling. It can also create
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the possibility of a propagating buckle, a local buckle that extends along the
pipe leaving a section of collapsed pipe. Yield strength should be recognized
as an important parameter for assessment of the risk of local buckling,
particularly for materials with a strong change of slope in the stress—strain
curve near the yield point. Higher yield strength correlates to a lower
critical strain for local buckling (Figure 9).

Several codes have provisions that apply to strain-based design of
pipelines. The first limited residual longitudinal strain to below 0.002
(0.2%) for areas that are not reeled or pulled through a J-tube or have
similar displacement-loading conditions imposed. This limit was for global
strain as local strain was limited to 0.02 (2%) at areas of variable stiffness.
Permanent curvature methods, such as reeling or J-tube installation could
have 0.02 (2%) bending strain or 1% with bending and straightening.

Critical compressive strain
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Figure 9. Critical buckling strain for pipe in bending. (Denys, 2007).

The safety factor used for the engineering critical assessment of the
Northstar pipeline can be used as an example for those cases where very
high safety levels are required for strain-based design. There a safety factor
of 3 on strain was applied, somewhat higher than the safety factor on
buckling from the compression side of the pipe in bending. The use of the
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“strain based” design criterion in offshore pipeline technology has widely
increased in the last years since a general consensus has been developed
about the fact that, in many circumstances, it is more valid than a “stress
based” design criterion.

9. Conclusion

Several methods related to failure or fracture mechanisms have been
presented. Theses methods are precisely described in the frame of codes and
procedures with sometimes large difference according to nationality of the
codes.

Mainly stress based design, International codes and regulations clearly
state that the “strain based” design criterion is applicable only at displace-
ment controlled conditions to be identified as the system conditions in
which the structural response is primarily governed by imposed geometric
displacements.
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Abstract The development, definition and implementation of crack para-
meters (stress intensity factor, crack tip open displacement, J integral, final
stretch zone) are presented. They are now used for structural integrity and
residual life assessment and fracture analysis of cracked components in
elastic and plastic range, what is illustrated by typical examples.

Keywords: Crack parameters, development, testing, application, structural integrity

1. Introduction

1. Most structures fail when the stress of applied material reaches certain
critical level. In the first theory on fracture' this stress limit was con-
sidered as elastic and an inherent material property.

2. The above theory was soon questioned by the measured fluctuation in
fracture strength as high as an order of magnitude. Fracture mechanism
was not clear, since understanding of the fracture phenomena was missing.

3. The breakthrough came in 1920 in a paper by Griffith.” He proposed the
energy-balance concept of fracture in his classic paper based on the
principle of energy conservation laws of mechanics and thermodynamics.
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Griffith used the results of Inglis’ on the stress concentration around an
elliptical hole from the theory of elasticity and established the base for
introduction of new discipline, Fracture Mechanics.

Linear elastic fracture mechanics (LEFM) is valid only as long non-
linear material deformation is confined to a small region surrounding the
crack tip. The basic crack parameter in LEFM is stress intensity factor
(SIF). In many materials, it is not possible to characterize material fracture
behaviour by LEFM, so an alternative fracture mechanics model is required.

Elastic-plastic fracture mechanics (EPFM) applies to materials that exhi-
bit time-independent, nonlinear behaviour (i.e. plastic deformation). Three
EPFM parameters are shortly presented: crack-tip opening displacement
(CTOD), the J contour integral and final stretch zone (FSZ). These para-
meters describe crack-tip conditions in elastic-plastic materials, and each
can be used as a fracture criterion. Critical values of CTOD or J give nearly
size-independent measures of fracture toughness, even for relatively large
amount of crack-lip plasticity.

4. Anyhow, the development and intensive implementation of nano
materials and structures in all facilities, requiring reliable, save and
secure operation, have shown that fracture mechanism requires further
investigation, specifically at micro and nano scale. Most probably, for that
reason, the story about fracture parameters is far from being finished.

2. Linear elastic fracture mechanics

2.1. STRESS CONCENTRATION, PLANE STRAIN AND PLANE STRESS
STATE

Applying Mathematical Theory of Elasticity, Kirsch® calculated stress
concentration by factor 3 around circle in infinite plate, indicating that
tensile strength could be locally reached although remote stress is well
bellow yield point. Using the same approach, Inglis® defined normal stress
in cross section for elliptic hole in an infinite plate (Figure 1) as:

1/2
09 =0, =Omax :a[lJrzb—a):J 1+2££J (1)
Yo,

where a stands for ellipse major axis, b for minor axis, o is normal stress in
remote section, p ellipse root radius (p = b*/a). If minor axis b — 0 (p —0)
normal stress tend to infinity (g, — oc), and in elastically deformed material
the condition for fracture is fulfilled, e.g. the component will be broken in
brittle manner just after load is applied. Only cracked materials of expressed
brittle behaviour will fracture in this way, not the ductile material.
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Figure 1. Stress distribution around elliptical hole.’

Since the maximum stress, reached at the crack tip can cause local
yielding of ductile material, the plastic zone will develop ahead the crack tip
and the effect of stress concentration will be reduced, crack will not grow.

Post fracture examination of surfaces can sometimes reveal a great deal
about the type of material behavior. This is true not only of the fracture of
cracked or notched body but also of a smooth sample — e.g. in a tensile test
(Figure 2). The fracture types in tensile test are ductile cup-cone (Figure 2a)
or brittle of flat surface (Figure 2b).

(@ (b)

Figure 2. Smooth specimen after tensile test. (a) Ductile fracture. (b) Brittle fracture.
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2.2. GRIFFITH’S CRACK

The theoretical fracture strength of a solid is of the order of E/10 (E is
elasticity modulus), but the strengths of crystal metals in practice tend to be
lower than this value by two orders of magnitude. Griffith first suggested
reasons for this discrepancy between predicted and actual values and by
developing his arguments the present methods of measuring a material’s
fracture toughness is evolved.’

To understand the fracture stress let us suppose a sample with crack-like
defect (Figure 1), of length 2a and negligible width (25 = 0), normal to the
applied stress, o. Griffith’s accurate calculation for potential energy U
gives:

1 2 2 2 .
U=--.274 U __ora in plane stress (2)
2 E oa E
2 2 2
Uz_l.ﬂ(l_vz) 6_U=_07ra(1_vz) in plane strain 3)

2 E oa E

Here v is Poisson’s ratio. These values of JU/da represent potential
energy decrease when a crack extends by an infinitesimal amount da under
constant load.

The Griffith criterion for fracturing a body with crack of half length a
may be visualised, as in Figure 3a, by drawing the way in which energy
changes with crack length. In plane stress, for example, the total energy, W,
consisting of potential energy, U, and surface energy, S = 27, is given by

*

Potential energy
2 2
U=-122"&
E

Crack length, a

1 o’ra’
W=U+S8S=—- +2ya 4)
2
a b
A |
+ Surf;cezenergy .
-ere : Potential energy release rate
1 a
- 1 / G :[a: ]
< | o N 1 Surface energy / Unit extension.
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- | Total energy  ~'2C ength, a b |
1 w g :
| .
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1

Figure 3. Variation of energy (a) and energy rates (b) with crack length (a* — critical
length).?



CRACK PARAMETERS 213
The maximum in the total energy curve is given by & W/da=0, i.e.

2
o'ma
E

2y (5)

This situation is depicted in Figure 3b by the intersection of the lines for
o’ ma/E and 2. The positive value of slope (8 U/Ja) is conventionally defi-
ned as the strain energy release rate (with respect to crack length) with the
symbol G; it is the potential energy release rate for crack extension under
constant load for unit thickness. For crack length a, fracture stress o, is:

2Ey
7[(1—1/2)61

2Ey .
o, = v (in plane stress) o, =
a

(in plane strain)  (6)

Formulae 5 and 6 relate external load (remote stress oand fracture
stress o) with crack size (length @) via material property (fracture surface
energy 7). This is pre-condition for definition of material crack parameters.

2.3. STRESS INTENSITY FACTOR

The modes of displacement of crack tip, which govern crack growth in x—z
plane, are given in Figure 4.

1 I
G I

Figure 4. Basic modes of crack growth: I — opening; II — sliding; III — tearing.

Mode I — crack growth by opening (Figure 4I) is defined by opening of surface cracks
symmetrically with respect to initial crack plane.

Mode II — crack growth by sliding (in-plane shear along x axes — Figure 41II) in which crack
surfaces glide over one another in opposite directions.

Mode III — crack growth by tearing (anti-plane shear — Figure 4III). This is local movement
in which crack surfaces are shifted along crack front in a way that points, positioned in the
same vertical plane are moved in different directions and took places in different vertical
planes after fracture.
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The fracture mode I is the most dangerous for component security. The
relationships for the stress components o o;, 0;, 7,) and crack of length a in
polar coordinates (r, 8) (Figure 1) ahead the front of are’:

0 0
cos — cos —
o =K1—2(1—sin§sin?j o, =K, 2 [1+sin§sin§)

)
2rr 2zr

(7)

COS — 0 0

. 3
SIn—cos —
N2 2

by implementing new parameter stress intensity factor (SIF) (K;).
Displacement components, # in X direction and v in y direction, are

K, [r (k-1 . ,0 K, |r . 0(x+l , 0
u=—-,—cos—| —+sin" — v=—>b,—sin—| ——+cos”— | (8)
U \N2r 20 2 2 M \N2r 20 2 2

Stress intensity factor K; is expressed in units of stress-length"?, mea-
sured in terms of the opening mode is indicated with subscript ‘I’ (Figure 4).
Its critical value for plane strain condition is material characteristic, plane
strain fracture toughness K;.. The distinction between K. and K; is impor-
tant, and is comparable to the distinction between strength and stress. To
determine a K. value, a cracked specimen of suitable size is quasi statically loa-
ded until the crack becomes unstable and extends abruptly. The ratio of X;
to the applied load is a function of specimen design and dimensions which
is evaluated by stress analysis. The K; value corresponding to the load at
which unstable crack extension is observed is the K. value, determined in the
test. This material property is a function of temperature and strain rate; they are
specified in standards for plane strain fracture toughness determination.’

The effective toughness of a material is expected to be less than its K.
level for any practical conditions. It has been found that the K. level in ge-
neral is independent on specimen design and sizes when standard specifi-
cations for valid testing are met. So, stress intensity factor K; for crack length a
and its critical value K. for critical flaw size a. at applied normal stress o are:

K;=oJm K =o\m, ©)

Stress state in loaded component depends on its thickness (Figure 5),
and plane strain condition is a basic requirement for fracture toughness

: 6
testing.

In this case again, when the distance from crack » — 0, stress tends to
infinity, whereas displacements tend to zero. For plane strain, stress state is
close to hydrostatic pressure, and these are conditions for brittle fracture.

. =K,

xy
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Edge: Centre:
plane stress  plane strain

Figure 5. Plastic zone ahead of crack in a plate of finite thickness. At the edges of the plate,
for (z = +B/2) the stress state is close to plane stress. In the centre of a sufficiently thick plate
the stress state approximates to plane strain.

Irwin had demonstrated that all materials exhibit also in plane stress state
critical value of stress intensity factor, K., which is not material characte-
ristic, but depends on thickness. When the critical value of stress intensity
factor is achieved, crack can initiate to grow. Accordingly, the condition
representing the situation for existence of non growing crack is

K<K. (10)

For better understanding of the SIF nature the relation between Griffith’s
solution and critical stress intensity factor K. is derived calculating the energy,
released in crack growth process from initial its length a to the value a + &a.”
K; : : K; .

G, =—"(1 —vz) in plane strain G, =—L in plane stress (11)
E E
with G as new defined term “crack driving force” or “energy release rate”.
Critical value of crack driving force, G., is much greater than the material

surface energy 2y. This suggests that the energy release y, in sample is to a
large extent dissipated by plastic flow around the crack tip, so:

o = E(27/+;/p) (12)
ra

It was found experimentally that (y, + 2y) is much greater than 2y, so
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E
o = £ (13)
ma
and values of y, could then be determined directly from the fracture stress of
specimen containing crack of known length.
By introducing in plane stress the “notional” or an equivalent elastic
crack, proportional by coefficient e, the plastic zone of total extent
K2
2, =2 (14)

2
7T Oyg

contributes to crack of half-length (a + ry), where oys is yield stress. The
failure stress o is then given by:

EG, EG,

GCZ\/;r(aH’Y) :\/7[(614—0",261’/20'%) (1

or, in terms of the critical stress intensity factor:

2

K =0, 7m£1+ GCZJ (16)

Oyg

3. Elastic-plastic fracture mechanics

3.1. CRACK-TIP OPENING DISPLACEMENT

The schedule of events on the crack tip (Figure 6) in sample exposed to
increasing load can help in understanding of crack behavior in elastic-
plastic condition.®

When plastic zone of significant size is established in the crack tip
region, it is not more possible to describe stress and strain fields by a single
parameter, as it was the case with critical stress intensity factor Kj.. The spe-
cimen will behave as its compliance is greater than that corresponding to crack
size due to the effect of blunted crack, surrounded by elastically deformed
material (Figure 611I). This effect is expressed by value ry— Eq. (14).

Plastic zone is a region ahead of the crack tip, in which material
behaviour is not linear: it is small if surrounded by singular stress field,
described by stress intensity factor K; (Figure 6111). Plastic zone is large if it
is surrounded by material of behaviour which can not be described by K;
value.
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o [¢]

e

=t

Figure 6. The events on the crack tip under increasing load.

I — Initial stage (1 — plastic zone, visible after unloading)

II — Stage of relaxation (relaxed residual stress around crack tip)

III — Blunting of a crack and small plastically deformed zone (2); 3 is the region in which
material behavior is described by K value

IV — Stable crack growth (4 — zone of elastic unloading; 5 — process zone; 6 — HRR zone; 7 —
zone of large plastic deformation, for net section yielding)

The term “net section yielding” comprises yielding spread across the
ligament plane, and “full scale yielding” denotes yielding spread over the
total specimen. Radius R (Figure 61V) determines the extension of HRR
zone, named according to the material behaviour model of Hutchinson—
Rice—Rosengren (HRR), in which the state of stress and strain is described
by parameter J; (path independent J integral), and in which no relaxation
occurs with uniform growth of J integral. Radius D defines the process zone
(fracture process), in which free crack surfaces can be formed from crack
tip during crack extension, caused the relaxation of elastic-plastic material
with uniform growth of J integral. Radius D is usually small and compa-
rable to the initial crack opening in the vicinity of crack tip (Figure 61V).
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Crack-tip opening displacement (CTOD) as a parameter has been invol-
ved by Wells’ based on an approximate analysis, in which it was related to
the stress intensity factor in the limit of small-scale yielding (Figure 7).

_ Sys

Figure 7. Estimation of CTOD from the displacement u, with Irwin correction r, (left),
Dugdale model (right).

Considering the crack with a small plastic zone, as illustrated in Figures
6 and 7, Irwin'® postulated in Eq. (14) that crack-tip plasticity enables that
the crack behaves as it was slightly longer. Thus, one can estimate the
CTOD by solving for the displacement at the physical crack tip, v in Eq. (8),
assuming an effective crack length of a + ry from Eq. (14)

K—i—l fry /ry (17)
27 E’ 27

where E'is effective Young’s modulus. With the value o = 5, as Irwin
accepted in Eq. (14), crack-tip opening displacement ¢ is obtained as
4 K;

6=2u,=—
T Oy E

(18)

Thus, in the limit of small-scale yielding, CTOD is related to K, K,. and
also to G. Wells postulated that CTOD is an appropriate crack-tip-
characterising parameter when LEFM is no longer valid. This assumption
was shown to be correct several years later when a unique relationship
between CTOD and the J integral has been established.

Using the strip-yield model of Dugdale'' provided an alternate means
for analysing CTOD, which confirmed the former approach of Wells, as:

o= 80;5a lnsec[zi] (19)

TE Oys




CRACK PARAMETERS 219
3.2. RICE’S CONTOUR JINTEGRAL

By definition J integral is given in following form:
ou,
J=¢ (Wdy—zidsj (20)
r Ox
with W=/o;-,-d€i,- — strain energy density; / — integration path; ds — element of

segment length; 7; = oyn; — traction vector on the contour; u; — displacement
vector, Figure 8.

y QH
ds
r
0 X
T

Figure 8. Arbitrary contour path for J integral calculation.

Rice has shown that J integral is path independent if necessary condi-
tions are fulfilled. This is the prerequisite for its calculation along properly
selected path, because its value is the same for the contours close to the
crack tip, outside plastic zone, as well as for path along specimen sides.

J integral can also be presented as the energy, released on crack tip for
unit area crack growth, Bda, by following expression

JBda=B $Wdyda - 8T 2" dsda 1)
r r 8x

where B is specimen thickness. The member B/Wdyda denotes the energy
obtained (and released) along the contour / for crack increase, da, supposing
non-linear elasticity. Second member represents the work of traction forces on
contour displacement for crack extension da. The value JBda is total energy
at crack tip available for crack growth Aa, equal to the value G:
KZ
J=G=—- E'=E forplane stress, E'= >
E I-v

for plane strain  (22)

In plastic region, W is not strain energy density, being dissipated inside
the material, so J is not the energy at the crack, available for crack growth.
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In order to assure the existence of J singular field around the crack tip,
some requirements have to be fulfilled. It is possible to see in Figure 9 that
ahead the crack tip there is a region in which material is significantly defor-
med, with occurrence of voids, slip lines and other forms beyond the conti-
nuum mechanics application. This region is called “fracture process zone”,
and its magnitude could be small compared to body dimensions in plane. In
order to fulfil plane strain condition process zone must be small compared
to specimen dimensions, e.g. its thickness. These conditions are experimen-
tally based, and general condition for dimensions is applied in the form:

Bba<25-L (23)
o

where b = W — a stands for specimen ligament.

The behaviour of elastic-plastic material at stable crack growth is des-
cribed by J—Aa relationship (J-R curve), where Aa is crack extension
(Figure 10).

Jintegral effect
zone

Nonlinear
plastic load

R > 36

Aa<R
_ 7o/ (4R

D =Jr/(E)<R

Figure 9. The effect of J integral on fracture process zone size.

In brittle fracture no energy is spent for crack growth, and corresponding
relation for J—Aa is given by horizontal straight line, that intersects the
ordinate at the level J,.. This level corresponds to critical energy consum-
mation for crack initiation. For ductile material, in initial stage of load
increase and energy release, deformation is expressed by increase of existing
crack opening, but not with its extension. This corresponds to very steep
line in J-Aa relationship, representing crack tip blunting stage (Figure 11).
In critical point the slope of the line is changed, due to next crack opening
increase connected with crack extension and its length increase. Point of
deflation in the initial stage is taken as Jj., so it is possible to calculate,
based on this value, the value of critical stress intensity factor K.
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In the moment when material can’t suffer plastic deformation any more,
crack will start to grow (point B in Figure 11). The end of plastic defor-
mation can be characterized by final stretch zone (Figure 12).

% ﬁ‘ BIu_nting
IS line
o
©
Qo
g Crack growth
5 line
o
L
Crack extension
_ Aai Aa’

-

Figure 10. J integral crack growth
resistance curve (J-R curve).

3.3. FINAL STRETCH ZONE

i ,
R. / 7 dJ
Jef B/ “
Re
A
,—a_,/\ a
i R Sharp initial crack
8 Development by
(_)l e—— Aay blunting
L Crack development
—’JAga in plastic region

Figure 11. Blunting and stable crack growth
processes, marked on R curve.

Apparent crack growth during its tip blunting, Aag, Figure 11, can be identi-
fied by final stretch (FSZ), Figure 12. In simplified way FSZ width, @, can be
expressed via crack tip opening displacement, J,, according Figure 12a, as:

a)

Crack growth
—

Striation

=52 (24)

g« fracture

| FS7 end

T'SZ (40 pm)
«TFS7 start

¥« fatiguc

Figure 12. Final stretch zone: (a) scheme, (b) SEM fractograph.'

Applying strip-yield model for yield stress level (o, = oys), simple rela-
tion between J integral and crack tip opening displacement, &, is found."
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J=moyso, (25)

with coefficient m depending on stress state.
Since apparent crack extension is 2Aag = o, Figure 11, it follows:

J= \/Zma)ay = 2mAagoy = 2Aagoy (26)

for flow strength oy (average of yield and tensile strengths) and plane stress
(m = 1), since in plane strain there is no blunting.

4. Integrals describing crack resistance at elevated temperature

Under conditions of steady-state creep the material exhibits nonlinear viscous
flows described by uniaxial constitutive equation

é=Bo" 27)

where B and n are material parameters. In that case J integral can be
replaced by C* integral, defined as

* él‘l
C =|W(¢)dy-T—d 28
[W(é)dy-T—"ds (28)

E3]

where W(é)z _[ odé is the strain energy rate density, and symbol “u

o

stands for the time derivative. Under the same conditions as in the case of J
integral, C" integral is path independent, has the physical meaning of crack
driving force and can be used as the loading parameter for the strength of
crack-tip fields.

Having in mind the complete analogy between the J integral and C*
integral, it is obvious that the latter can be obtained from expressions of the
first one, given for hardening materials described by Ramberg—Osgood
relation, and using B from Eq. (28):

n+l
. a a Po,
C :Bbgl (thl [W,nj( ])0} ] (29)

where b is the ligament, b = W — a, W is the width of component, ¢, = 6,/E,
g; and /&, are dimensionless functions depending on component geometry
and are given in handbook,"” P, is the limit load.

If the steady-state conditions are not reached, other fracture parameters
besides C” integral should be used. Two of the most popular are C, para-
meter and C(¢) integral. For the same constitutive equation, C(¢) integral is
defined as an integral expression:
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n ou
C(t)=lim oedy —T—ds 30
(v 0 1'[ n+1 4 ox G0)
whereas C; is defined as follows
ou”
c=-"= 31
! oa 1)

where u* is the instantaneous power dissipation rate.

5. Application of crack parameters for structural integrity assessment

Various crack parameters enable the application in different circumstances,
depending on responsibility of a structure and severity of loading condition
and environment. Several typical examples are presented here to get closer
insight of way in how to use them and in results that can be obtained.
Interesting application refers to the pressure vessels of the same design,
produced of the same steel by welding, with some differences in size and
dimensions, shown in Figure 13. After about 30 years of service, in regular
inspection many defects in welded joints had been detected by NDT."

| |
1

Figure 13. Pressure vessel with crack-like defects in welded joints.

Three crack-like defects are selected for structural integrity assessment
based on evaluated significance. The assessment could be performed only
by involved simplifications and assumptions, which have to be conservative
for safe acceptance of results and conclusions by inspection authority.
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Defect 970-64 is represented as a part-through crack. Data:

Pressure vessel geometry (thickness # = 50 mm, diameter D = 2150 mm)
— High strength low alloy steel: yield stress-R., = 500 MPa, tensile strength —
Ry =650 MPa; plane strain fracture toughness — K. = 1,580 MPaVmm
Crack geometry in the root of longitudinal weld (50 mm from the

circular weld, away from connections length 60 mm, depth 2 mm)
— Loading (maximum pressure p = 8.1 MPa, assumed maximum value of
residual stress transverse to the weld o = 200 MPa).

Defect 978-14, also represented as a part-through crack, was found in a
second pressure vessel. The data different from former pressure vessel are:

— Pressure vessel geometry (thickness ¢ =42 mm, diameter D = 1,958 mm)
— Crack geometry in circular weld with the bottom cover — lack of pene-
tration in the root (length 25 mm, depth 2 mm, away from connections)

Defect 971-57, lack of fusion, represented as through crack 10 mm long
in central circular weld of the second vessel, away from connections.

The values are measured or obtained by non-destructive testing, except
assumed residual stress based on experience with similar structure, and K,
taken from references for the welded join of the same steel."

5.1. THE USE OF SINGLE PARAMETER

Basically, single crack parameter used for structural integrity assessment
can be only used to compare applied and critical values (Egs. (9) and (10))
for stress intensity factor). In the same sense CTOD and J integral can be
used. This application is presented for the pressure vessels given in Figure 13.

The significance of defect 970-64 is assessed by stress intensity factor,
with conservative assumptions for missing data. It was taken (Figure 14 left)
that crack extends along whole cylindrical part. Curvature effect is neglected
since 2¢/D =2 x 50/2,150 ~ 0.05.

Using Eq. (9) SIF is calculated with normal stress o consisting of
applied plus residual stress, o= (pR/t)+ oz, for detected crack half-length of
size a = 1 mm, and vessel radius R = D/2 = 1,075 mm, so

K;=0Vma = [(pR/f)+op]Nna = 663 MPavmm,
what is significantly less than K;,=1,580 MPavmm for applied steel.

If one takes @ = 2 mm as conservative value regarding NDT result, K is
still lower compared to K;. (937 < 1,580 MPa\/mm). In this way the
resistance against brittle fracture is documented by stress intensity factor.
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In the same way for defect 978-14 is obtained K;= 515 MPaVmm.

The defect 971-57 is analysed as a through crack 10 mm long in tensile
panel (Figure 14 right), of diameter D = 1,958 mm, wall thickness ¢ = 42
mm, assuming residual stress transverse to the weld ox= 175 MPa, so

K;=cVma = [(pR/f)+op]Nna = 1,039 MPavmm < K. (1,580 MPavmm).

For 2a = 20 mm the value K; =1,465 MPaVmm is still lower than K.

It is to say that all the assumptions involved (crack size and position, the
level of residual stress, geometry of vessels) are on the safe side, so these
defects are not danger in regard to brittle fracture.

Defect 970-64 as a part-through crack Defect 971-57 as a through crack

Figure 14. Simplification and assumption for significance assessment of defects.

5.2. TWO PARAMETERS APPROACH

Failure assessment diagram (FAD), Figure 15, is the most used form of two
parameters approach. Detailed description can be found elsewhere.'®"”

Brittle behaviour of material is presented on the ordinate, and plastic
behaviour on the abscisa. Normalized coordinates, S, = o/c, and K, = K,/K,,
are used, where o and K; are applied values, o, and K. are critical values of
stress and stress intensity factor, respectively. They are related as

1
2
K =S [izmsec [1 S ﬂ (32)
T 2

For perfectly ductile material the structure will fail by plastic colapse at
S, =1 (K, = 0), whereas failure of fully brittle material took place at K, =1
(S, = 0). In other cases of mixed-mode failure the values K, and S, are less
than 1, and both should be applied in FAD to locate corresponding point in
safe or in unsafe region (Figure 15).

The approach can be illustrated for failure assessment of pressure
vessels (Figure 13). Coordinates K, are defined as: 0.59 for defect 970-64,
0.45 for 978-14 and 0.92 for 971-57. For coordinates S, only primary stress,
caused by pressure, should taken, and secondary stress is neglected.'’
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Figure 15. Failure assessment diagram (FAD) applied to pressure vessels from Figure 13.

Stress o, in net cross-section for the defect 970-64 is o,=1.08pR/t, with
coefficient 1.08 for section weakened by crack 4 mm long at 50 mm thick-
ness S, = o;/or = 2(1.08pR/H)/(R.ry + Ry) = 0.33 accepting flow stress op,
average of yield stress and tensile strength (R, + Ry)/2 as critical value of
coordinate S,. The effect of lid is neglected since changes reflects to torical
segment, but not to spherical part of the lid.

Stress o, for the defect 978-14 is o, = 1.05pR/t = 95 MPa, with
coefficient 1.05 for crack length 2 mm in thickness 42 mm, so

S, = o,/or = 95/575=10.17.

Stress o, for the defect 971-57 is o, = pR/2t = 87 MPa, and

S, = o,/or = 87/575 =0.15.

Corresponding points (0.33; 0.59) (0.17; 0.45) 1 (0.15; 0.92) are drawn
in Figure 15 and all of them are in safe region of FAD.

5.3. STABLE CRACK GROWTH PREDICTION BY JINTEGRAL

Failure assessment could be performed also by J integral, comparing applied
crack driving force, expressed by J integral according to Eq. (22) and material
crack resistance in the form of J-R curve. This approach offers more insight
in loaded structure behaviour, including not only critical situation but also how
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the crack will grow in stable manner. Since it offers much better assessment,
with numerous advantages, it became popular, although it is not simple in use.

Crack driving force in cylindrical shell can be calculated by different
model, e.g. Ratwani, Erdogan and Irwin (REI),"® and King'’. JI-R curves can
be obtained by testing methods from different documents,'®'” also by others,
e.g. ASTM E1152, using convenient specimens, e.g. C(T) or SEN(B).

More details about this procedure can be found in the paper,* published
in ARW NATO “Safety, Reliability and Risks Associated with Water, Oil
and Gas Pipelines”. As an illustration, diagram for structural integrity
assessment is presented in Figure 16. Upon the special request J integral
approach was applied to the welded penstock of Hydroelectric Pumping-up
Power Plant “Bajina Basta”, produced of weldable high-strength low-
alloyed (HSLA) of tensile strength of min. 800 MPa and yield stress above
700 MPa. The experience with this class of steel was not sufficient, because
undermatching was required and brittle fracture possible, having in mind
the wall thickness of 47 mm and eventual constraint. For that in experi-
ments both, parent and weld metals were included.

Set of crack driving forces was calculated applying REI model. Crack
length ¢ = 90 mm was constant in the analysis, and shell parameter was
calculated as A = 0.52.%° This is presented in +J term in Figure 16 for
different values of pR/WR,, ratio, up to 0.93 (R is vessel radius, W wall
thickness), obtained for selected pressures p, using measured yield strength
Ry, for parent metal (PM) 755MPa and for weld metal (WM) 722 MPa.

50 r 2c=90 mm 92"

0.8
40

0.7
301
20}
10-
00 01 02 03 04 05 06 07 aW

Figure 16. Residual strength prediction of cracked model, using crack driving force calculated
according REI model and J-R curves obtained by SEN (B) in standard test.
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Resistance curves for applied steel SM80P and SAW weld metal
had been obtained by single edge notched bend specimens SEN(B),
22.5+45x180 mm (ASTM E1152). They are adapted to the same plot with
crack driving force curves in Figure 16. The analysis has shown that for the
assumed ratio a/W = 0.25 (crack depth a = 11.75 mm), crack will grow in a
stable manner for 3.75 mm in WM and 4.25 mm in PM, and critical pres-
sure values for fast fracture will be 144 and 155 bar, respectively. For a/W =
0.5 (@ = 23.5 mm) corresponding values are 6.1 mm and 104 bar for WM,
8.5 mm and 140 bar for PM.

Additionally performed experiments of HAZ demonstrated satisfactory
behaviour of virtual crack in pressure vessel.”” Next investigation enabled to
understand better the effect of HAZ heterogeneity in microstructure and
mechanical properties."’

It is to emphasize that presented J integral application is well beyond the
common use in assessment of existing crack significance,”' because closer
insight into welded joint behaviour is obtained, with the analysis of crack
size and growth effects, in different microstructures of PM and WM, and also
HAZ. Additional benefit is J integral direct measurement method (D. Read),
used in this analysis for the verification of applied model conservatism.*’

5.4. LONG TERM LOADING AT ELEVATED TEMPERATURE

High-pressure steam turbine rotor had been analysed by C* integral regarding
brittle fracture prediction.”” For that, the stress analysis was performed by
finite elements taking into account non-stationary and stationary temperature
fields, centrifugal force and steam pressure, indicating some critical points
(Figure 17). For the most critical point, K5, one can estimate the residual
life as 3.1 x 10° h for the case of an edge crack in a large component, loaded
by remote tension (6= 39 MPa) and the following data in Egs. (27) and
(29):

B=741x107,n=0.72
with the critical crack depth value for brittle fracture

a’’ =34 mm
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Figure 17. Critical stress points on high-pressure steam turbine rotor for brittle fracture.
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6. Discussion and conclusion

It is clear form presented crack parameters and their application that three
aspects have to be involved: theoretical, numerical modelling and experi-
mental. The scope of necessary knowledge and skill is large. In theoretical
sense at least mechanics, mathematics, physics, material science, theory of
elasticity, theory of plasticity are inevitable. Examples, briefly presented in
numerical modelling, show that not only basic knowledge, but also skill and
experience are required to solve complicated problems of stress and strain
analysis, including simplifications which must be introduced when exact
solution is not possible. Finally, all obtained solutions and results must be
verified by experiments, far from being simple, especially in the case of full
scale testing.”® This is also to add the complex standard testing of cracked
specimens, demanding in performance and result analysis.

Fracture mechanics and its parameters significantly contributed to
improve structures by crack significance and residual life assessment, but
also in design, including materials properties improvement and develop-
ment of new materials.
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1. Introduction

In spite of precaution measures involved, security of welded structures can
not be guaranteed, and their failures occurred in different situation under
different circumstances also in responsible welded structures, such as bridges
or pressure equipment, being in some cases catastrophic.'

International Institute of Welding (ITW),” conceived in 1947 and founded
in 1948 by 13 countries, is the largest worldwide network for welding and
joining technologies, with 51 member countries acting to improve the global
quality of life. The IIW objectives are exchanges of scientific and technical
information on welding research and education, including the formulation
of international standards for welding. In this way, IIW enables to prepare
the base for quality and service security of welded structures.

By introduction of ISO 9000 series standards for quality assurance the
welding has been defined as “special process”. In the case of welding, the
quality can not be verified on the product, as it is usual practice, but has to
be built-in in the product. This approach is dictated by the nature of fabri-
cation in welding. For that, quality requirements for welding are defined
(ISO 3834), with approval testing of welders (EN 287), qualification of spe-
cified welding procedures for metallic materials (EN 288) and acceptability
criteria “Guidance on quality levels for imperfections” (ISO 5817). Anyhow,
the quality of welded joint can be endangered: (1) by defects induced during
manufacturing and service and (2) by inevitable heterogeneity in micro-
structure and mechanical properties, corresponding to the nature of welding
process and applied heating — cooling cycles of material. It is possible to
avoid failure of welded structure only if defects and heterogeneity are under
strict control. Many codes and rules are defined for that purpose, one of
them is The Pressure Equipment Directive (97/23/EC).?

2. Effect of The Pressure Equipment Directive on the security

At the first glance one can conclude that The Pressure Equipment Directive
(97/23/EC) defined everything regarding the pressure equipment security.
More detailed examination will reveal that the irregularities in welded joints
in the form of defects and heterogeneity have an important effect, which can
not be controlled in all situations in service, thus contributing to failure. In
order to emanate substantial aspects of this effect, it is necessary to find out
what is covered by 97/23/EC and supplementary documents.

The requirements for design, manufacture, testing, marking, labelling,
instructions and materials of pressure equipment, where the hazard exists,
are mandatory and must be met before products may be placed on the market
in the European Community, see compulsory Essential safety requirements
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(ESRs) (Annex I of 97/23/EC). In that sense, “Pressure equipment must be
designed, manufactured and checked in such a way as to ensure its safety
when put into service in accordance with the manufacturer’s instructions, or
in reasonably foreseeable conditions” with the hazard treated according to
its significance (Guidelines: 8/15,8/7-97/23/EC).

The pressure equipment must be properly designed taking all relevant
factors into account in order to ensure that the equipment will be safe
throughout its intended life. The design must incorporate safety coefficients
using comprehensive methods which are known to adopt safety margins
against all relevant failure modes, and designed for loadings expected in its
intended use for foreseeable operating conditions. Internal/external pres-
sure, ambient and operational temperatures, static pressure and mass of
contents in operating and test conditions are most important factors. For
special products it is necessary to account with traffic, wind, earthquake
loading, reaction forces and moments resulting from the supports, attach-
ments or piping, corrosion and erosion, fatigue, decomposition of fluids.

Calculation method of pressure containment and other loading aspects
includes allowable stresses, limited regarding to reasonably foreseeable fai-
lure modes under operating conditions. To this end, safety factors must be
applied to eliminate fully any uncertainty arising out of manufacture, actual
operational conditions, stresses, calculation models and the properties and
behaviour of the material. This can be achieved applying design by formula,
by analysis, by fracture mechanics, or combining these approaches.

Material characteristics to be considered, where applicable, include:

Yield strength, 0.2% or 1.0% proof strength at calculation temperature
Tensile strength

Time-dependent strength, i.e. creep strength

Fatigue data

Young’s modulus (modulus of elasticity)

Appropriate amount of plastic strain

Impact strength and toughness

Fracture toughness

Appropriate joint factors, applied to the material properties depending,
for example, on the type of non-destructive testing, the materials joined
and the operating conditions envisaged (e.g. corrosion, creep, fatigue)

Pressure equipment must be designed and constructed so that all neces-
sary examinations to ensure safety can be carried out, including proof pressure
test. Means of determining the internal condition of the equipment must be
available, where it is necessary to ensure the continued safety of the equip-
ment, such as access openings allowing physical access to the inside.
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Next important stage is manufacturing. The manufacturer must ensure
the competent execution of the provisions set out at the design stage.

Preparation of the component parts must not give rise to defects or
cracks or changes in the mechanical characteristics likely to be detrimental
to the safety of the pressure equipment. Permanent joints and adjacent zones
must be free of any surface or internal detrimental defects. The properties of
permanent joints must meet the minimum properties specified for the mate-
rials to be joined unless other relevant property values are specifically taken
into account in the design calculations. For pressure equipment, permanent
joining of components which contribute to the pressure resistance must be
carried out by suitably qualified personnel (EN 287), according to suitable
operating procedures (EN 288). For higher quality categories (II, III and
IV),? operating procedures and personnel must be approved by a competent
third party which may be a notified body or a third-party organization.

For pressure equipment, non-destructive tests of permanent joints must
be carried out by suitable qualified personnel, and for categories III and 1V,
the personnel must be approved by a third-party organization.

Pressure equipment must be subjected to assessment through final
inspection, proof test and inspection of safety devices. Proof test is hydro-
static pressure corresponding to the maximum operating loading of pressure
equipment in service, multiplied by prescribed coefficient.

Materials used for the manufacture of pressure equipment must be
suitable for such application during the scheduled lifetime. Welding consu-
mables and other joining materials need fulfil the relevant requirements in
an appropriate way, both individually and in a joined structure. That means
(a) appropriate properties for all operating conditions and for all test con-
ditions, with sufficient ductility and toughness, but also being capable to
prevent brittle-type fracture, when necessary; (b) sufficient chemical resist-
ance to the fluid contained in the pressure equipment; (c) not be affected by
ageing; (d) be suitable for the intended processing procedures.

The pressure equipment manufacturer must define the values necessary
for the design calculations and the characteristics of the materials and their
treatment, provide in technical documentation elements related to compli-
ance with the materials specifications of the Directive 97/23/EC and take
measures to ensure that the material used conforms with the specification. If
a material manufacturer has an appropriate quality-assurance system, its
issued certificates are presumed the conformity with the requirements.

Detailed quantitative requirements for certain pressure equipment given
in corresponding provisions 97/23/EC can be applied as a general rule.
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Introduction of Directive 97/23/EC was justifiable and beneficial.
Increased quality level of produced and repaired welded equipment improved
the situation in all aspects. This is important for extended use of oil and gas
for energy supply. The implementation of 97/23/EC required changes and
improvements of practice in pressure equipment design, manufacturing and
service.” It helps to solve many problems in use of pressure equipment.’

3. Heterogeneity of welded joint

Selection of material play an important role in design and use of pressure
equipment. Material has to be of convenient weldability, assuring required
properties of welded joint.

Two microalloyed steels (NIOVAL 47 and NIOMOL 490K) of the same
strength level, but different in chemical composition and manufactured by
different procedures are selected here to present the significance of hetero-
geneity of welded joint.

Three welded joint constituents are parent metal (PM), weld metal
(WM) and heat-affected-zone (HAZ). Parent metal is used structural steel,
of defined uniform microstructure and mechanical properties, according to
chemical composition and manufacturing procedure. Weld metal is obtained
by crystallization of parent metal and electrode material mixture, molten by
induced welding heat. Its microstructure is cast, less uniform compared to
PM, but both, PM and WM have more or less homogeneous microstructure.
By proper selection of welding procedure and electrode it is possible to
obtain evenmatching of welded joint, when WM strength is very close to
the strength of PM. General welding practice is to apply overmatching, when
WM is superior in strength compared to PM. For structural steels of yield
strength above 700 MPa, high-strength low-alloy (HSLA) steel, under-
matching is recommended in order to avoid cold cracks, that means the
strength of WM is designed to be lower compared to PM.*’ Heat-affected-
zone, disposed between WM and PM, is characterized by heterogeneous
microstructure and corresponding localized material properties, being
exposed in each welding pass to transformation at the temperature from
melting point to 500°C. The boundary between HAZ and PM, so-called
“fusion line”, is of special importance due to its inhomogeneity.

It is possible to conclude that welded joint is heterogeneous on the
global level due to matching effect, the difference in WM and PM strength.
Depending on chemical composition and steel strength, heterogeneity at
local level can be obtained in HAZ, with various microstructures and
mechanical properties.
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3.1. MICROSTRUCTURAL HETEROGENEITY

Frequent failures of spherical storage tanks produced of NIOVAL 47 steel
(Steelworks “Jesenice”), and also produced of the same class steels world-
wide, due to cracking in HAZ required detailed analysis.*’

In order to analyse HAZ microstructure and properties, experiments
were performed with simulated and welded samples, produced by shielded
metal arc welding (SMAW) of 13 mm thick plates of NIOVAL 47."

For expereminetal work used normalized steel NIOVAL 47 (“A” in next
text), of older generation, with 0.2%C, microalloyed by 0.18%V, intended
for pressure equipment application, also at low temperatures, exhibited
yield strength of 547 MPa, high tensile strength (738 MPa) and elongation
(28.6%). Steel microstructure is fine grained ferrite—pearlite, size 11 after
JUS C.A3.004, with banded pearlite (Figure 1).
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Figure 1. Microstructure of NIOVAL 47 steel at different magnifications.

In simulation of HAZ, samples (Figure 2) had been exposed to different
temperatures for 15 s as Afgs cooling time, typical for microstructural trans-
formations: 1,350°C — formation of coarse grains (CG), 1,100°C — fine grains
region (FG), 950°C — intercritically heated zone (IZ) of fine grains above
A, 850°C — subcritically heated zone (SZ), partial transformation between
A, and A ; temperatures. Some samples had been obtained by two suc-
cessive simulations: first at 1,350°C, followed by 750°C or 650°C.'""12

Roughly presented heterogeneous microstructures in Figure 3 correspond
to one pass welded joint, with no clear boundary between different micro-
structures. The second and next passes have a beneficial effect, thanks to
induced heat, producing unchanged coarse zone (NGZ), zone with maxi-
mum temperature above A.; and bellow 1,200°C (FGZ, Figure 4), between
A. 1 A, (intercritical — IGZ, Figure 4), and bellow A., (subcritical — SGZ).
Sample, welded in four passes (Figure 4), has microstructures presented in
Figures 5 and 6.

Coarse microstructure in HAZ of steel A corresponding to 1,350°C, is
prone to brittle behaviour due to martensite—austenite (MA) constituent.'*"!
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Figure 2. Simulated sample and positions (x) for hardness measurement.
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Figure 3. Microstructures in simulated samples of NIOVAL 47 steel.

Figure 4. Scheme of sample, welded in four passes (I to IV), with sections of analysed

microstructures.
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Fractures in spherical storage tanks developed from initial cracks by
stress corrosion mechanisms, with final leakage experienced in some cases.™
However, local process industry was not in position to eliminate failed equip-
ment, but used them after repairing."”

Based on the experiance with steel A, Steelworks “Jesenice” developed
new quenched and tempered microalloyed steel with low carbon content
(C = 0.1%), NIOMOL 490K (“B” in next text), applicable up to —60°C.
Extended experiments by testing samples of simulated HAZ and welded joint
have been performed." Welded joint was produced by SMAW of steel B,
16 mm thick (575 MPa yield strength, 700 MPa tensile strength, 28.1% elonga-
tion), and properly qualified (EN 288-3). Passes sequence of welded joint,
together with macrograph, are given in Figure 7. Fine grained and uniform
ferrite—pearlite microstructure of steel B is not much degradated by welding,
and microstructure of all welded joint constituents is beneficial, Figure 8.
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Figure 6. FGZ microstructure (a), magnified fine grain zone FZ (b) and coarse grain zone
GZ (c), section B-B in Figure 4, positioned 2 mm bellow upper surface.

SR £ 4 i —aftn:

Comparison of microstructures of steels A and B and of their HAZes
indicate substantial difference. Steel B is characterised by fine grains in all
regions of welded joint (Figure 8), and HAZ of steel A close to fusion line
has coarse grains region (Figures 3 and 5), prone to brittle fracture. The
reason is (1) carbon content (0.2% in steel A, 0.1% in steel B) and manu-
facturing procedure (steel A is normalized, steel B is quenched and tempered).
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Figure 7. Experimental welded joint: sequence of passes (a), macrograph (b).

Figure 8. Microstructures of welded joint regions NIOMOL 490K steel (200x). (a) Parent-
metal. (b) Heat-affected-zone. (c) Fusion line region. (d) Weld metal.

3.2. HETEROGENIETY OF MECHANICAL PROPERTIES

In design, material is considered as homogeneous and uniform, the dif-
ferences in welded joint material properties are taken into account by
coefficients from codes and rules. The basic approach in design of welded
structure is to assure sufficient strength and to exclude the occurrence of plastic
yielding, allowing only elastic deformation of components, considering also
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the hazard of brittle fracture. Different loadings and service condition, pro-
ducing fatigue, creep or corrosion are treated in special ways. In order to
avoid plastic deformation designers accept safety factor, e.g. 1.5 relative to
yield strength. It is also general practice to neglect the crack existence in
design stage. However, in service condition welded structures can fail, and
they do." By acceptability criteria in standard ISO 5817 cracks, as most
severe imperfection in welded joint, are not allowed (except cracks in the
crater of low quality welded joints and microcracks less than 1 mm? cross
section). It is not possible to detect reliably cracks of small size by available
equipment for nondestructive testing, what means that pressure equipment
can operate in real conditions with some imperfections, not revealed during
inspection. With this in mind, the full description of welded joint and welded
structure requires the knowledge of tensile and toughness properties, but also
crack resistance of material, including HAZ.

Hardness measurement (HVY), tensile test (®4.5 mm specimen), Charpy
V impact test and fracture mechanics test were performed using corres-
ponding specimens, produced from simulated samples (Figure 2).

The results obtained testing steel A and steel B are compared by hard-
ness distribution across welded joints (Figure 9). This approach can be applied
since indentation size presents both strength and toughness, as shown in
Figure 10. The material in welded joint is continuous, but variation of mecha-
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Steel A— NIOVAL 47 Steel B — NIOMOL 490K

Figure 9. Hardness distribution across welded joint.

Figure 10. The size of hardness measurement indents in different regions.



WELDED JOINTS IN PRESSURE EQUIPMENT 241

nical properties (strength, ductility, toughness, hardness) affects its response
to applied loading.

Testing results of steel A (Figure 11, Table 1) indicated the HAZ
regions of very high strength. Brittle behaviour had been found for the
specimens treated at 1,350°C (A1) and 1,100°C (A2). This is attributed
to M-A constituent in martensite microstructure. Increased strength and
reduced ductility and toughness compared to PM exhibited also samples A3
(950°C) and A4 (850°C). High hardness of simulated samples of steel A
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Figure 11. Diagrams of tensile test (a) and instrumented impact (b) test, and microstructures
of samples (c) of steel A, simulated at different temperatures (Table 1).'°
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corresponds to 0.2%C content. The values of impact toughness correlate
well with tensile properties and hardness. Beneficial effect of subsequent
welding passes could be recognized for specimens A5 and A6. Detrimental
effect of welding on both, microstructure and mechanical properties is clear.

TABLE 1. Test results of simulated samples testing of NIOVAL 47 steel (A).

Sp Simulation Yield strength, Tensile Elongation, Impact Hardness,
temperature, °C MPa strength, MPa % toughness, ] HVS

Al 1,350 1,101 1,101 - 7.7 480

A2 1,100 943 1,189 12.6 10.6 418

A3 950 818 1,036 18.0 46.2 353

A4 850 660 936 11.8 31.6 338

A5 1,350/750 815 889 7.3 57.5 364

A6 1,350/650 948 1,035 12.6 25.2 395

With inevitable stress concentration in welded joint, initial plastic
deformation and stress redistribution has to be taken into account,”'® as
general behaviour of welded structure. After unloading, plastically deformed
material would behave as elastic in next reloading, up to prior maximum
achieved loading level.

3.3. HETEROGENEITY OF CRACK RESISTANCE PARAMETERS

Standard fracture mechanics testing had been performed applying a single
specimen compliance technique for J — integral evaluation (ASTM E1737).
Charpy size specimens with V notch, produced from simulated samples,
with measuring region 20 mm long in central part of 60 mm HAZ length
(Figure 2), or specimens sized from available welded joint samples, had
been fatigue pre-cracked on Crackthronik pulsator, by variable loading,
R =0.1 ratio, to produce 1 mm long pre-crack in notch root for 80,000 cycles.

Crack resistance of steel B welded joint is not critical, due to pretty
uniform microstructures (Figure 8). This is confirmed by J integral standard
testing.'* Plane strain fracture toughness, K., about 136 MPa m"? for PM,
127 MPa m"? for WM and 101 MPa m"? for HAZ, are of acceptable scatter.

This is not the case of steel A. Results from Table 1 and Figure 9 show
that brittle behaviour can be expected for specimens of highest hardness
(A1, A2, A6), while the specimens A3, A4, AS are more tough. For brittle
specimens plain strain fracture toughness, K., is applied and for other spe-
cimens crack opening displacement, &, was measured for all cases. Brittle
behaviour of samples Al and A2 is confirmed by low values of crack
parameters, samples A3, A4 and A5 exhibited better crack resistance, and
the value of 82 MPa-m'” for specimen A6 is higher than K., since testing
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condition were not fulfilled (Table 2). Crack resistance of welded joint
specimens are measured by crack opening displacement, § (Table 3). Crack
tip position corresponds to the number in Figure 4.

TABLE 2. Crack opening displacement and fracture toughness for steel A samples.

Parameter Sample Al A2 A3 A4 A5 A6
Crack opening displacement, 5. mm 0.007 0.008 0.164* 0.130*0.095 0.017
Plane strain fracture toughness, K;, MPam'? 60 48 — — (82)

Crack opening displacement, &,, achieved before fracture.

TABLE 3. Crack tip opening displacement values for steel A welded joint specimens.

Distance from fusion line mm 3.1 26 1 04 032 0
Crack opening displacement, & mm 0.56 042 045 039 041 021

4. Analysis of cracks in welded pressure vessel with defects

Defect free manufacturing of welded structure is costly and probably impos-
sible,'® resulting in approach of defect acceptance criteria, developed based
on experiments and experience. This approach is known as the fitness-for-
service (FFS) assessment. In service, repairs are necessary, in order to save
integrity and security of equipment. In many cases they have been requested
after several years of service, when operation became critical or irregularity
are discovered during inspection. In that case it is not possible to follow
completely the requirements from the Directive 97/23/EC, but rather the
FFS approach should be applied.

In a real welded structure stress concentration caused by inevitable
geometrical changes can produce local plastic strain, and the strain harden-
ing capacity could be partly exhausted, affecting the behaviour of crack and
structure. Fracture mechanics can provide an approximate value of used
parameter when welded joint is tested, especially for the crack in HAZ.

Hydrostatic pressure test of pressure equipment is accepted as final
proof for the safety of a welded structure before vessel would be accepted
for service, giving realistic answer of loaded welded joints. Some misuse of
proof pressure test leaded to crack growth in spherical storage tanks.” It
happened that small cracks in inner welded joint stayed undetected by
applied non-destructive testing, and they had been opened during proof test
by applied pressure, higher than working pressure. These cracks could be
developed in next service due to stress corrosion, up to the leakage.

The analysis presented here is performed on the storage tank designed
for liquefied CO, (Figure 12). It is a pressure vessel produced of microalloyed
steel NIOVAL 47, steel A, 14 mm thick, 12.5 m’ in volume, 1,600 mm in
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diameter, 7,180 mm long; classified in class II, working pressure 30 bar,
proof pressure 39 bar, minimum temperature —55°C. High alloyed austenite
steel X7CrNiNb18.10 (in next text steel “C”) has been selected for manhole
flange and outlet pipe connection (weldolet), requiring austenite—ferrite
welded joint. Consumable INOX 29/9 was used for welding.

During regular periodical inspection two irregularities had been detec-
ted, requiring repair.'” First one was leakage on manhole flange — austenite
steel, the second were cracks in ferrite steel A (Figure 13).

Careful examination during pressure proof test confirmed the existence
of two tinny cracks, passed through wall of flange, but also a net of part-
through cracks in the same region, close to welded joint. In last inspection
some drops have shown leakage through these cracks, but in previous
inspection wet surface was attributed to condensation due to temperature

Manhole flange |—| I—l

=_|

[

Outlet pipe
connection

Manhole mantle I—l I—l

Figure 12. Storage tank for liquefied CO,.
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Figure 13. Cracks detected in ferrite steel A.
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effect. The solution was to cut the flange, reduce its length to the size with
no defects, and re-welded using original procedure, but qualified by an
analysis of produced samples.

a) Macrograph 2:1

& 8 A
T 4—;,{ -

500X

Figure 14. Macrograph of welded joint (a): PM steel A (left), WM steel 29/9 (middle), PM
steel C (right). Microstructures of locations (b) to (g).
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The cracks in steel A had to be grind out and new austenite connection
of diameter adopted to new situation should be welded, applying the same
welding procedure and same consumable, INOX 29/9.

In order to confirm FFS of repaired pressure vessel in eventual presence of
cracks, similar to those detected in final NDT control, additional test had been
made with samples, used also for qualification of welding specification
procedure. Micrograph of one sample is presented in Figure 14a, followed by
microstructures of indicated locations (b to g) on the side of steel A as PM.
Three-material body can be easily recognized: PM steel A — ferrite (left), WM
of steel 29/9 — austenite (middle), PM steel C — austenite (right), with the
comment that the HAZes on both sides represent also multi-material body
due to heterogeneity of microstructure, what was neglected in this analysis.

Tensile test specimen and test diagrams, required for the analysis, are
given in Figure 15, and tensile properties are listed in Table 4.

It is necessary to understand behaviour of considered three-material
body in tensile test (Figure 15b), since it is similar to the behaviour of real
welded joint in pressure vessel. Plastic strain will initiate, Figure 15b, point
A and develop till the point B, but only in austenitic steel C of the lowest
yield strength, with expressed ductility and strain hardening (Figure 15d). In
point B yield strength level of steel A (Figure 15f) is achieved, and further
tensile behaviour of steel A causes the redistribution of deformation, which
develops in both, steel C and steel A, but faster in steel A up to the point D.
Point D presents the tensile strength of steel A (Figure 15f) and final frac-
ture took place in steel A (Figure 15a). At the fracture, neglectible plastic
strain occurred in WM, as can be seen from distribution of contraction across
welded joint (Figure 15c¢), since WM yield strength level (Figure 15¢) is
slightly lower than steel A tensile strength (Figure 15f), and WM tensile
strength is much higher (Table 4).

TABLE 4. Properties of three-material body constituents.

Material Yield strength, Tensile strength,  Elongation, %  Young modulus,
MPa MPa GPa

PMsteel C 315 600 36 193

PMsteel A 435 555 25 207

WM 545 755 35 193

In one experimental sample hot cracks were detected in WM (Figure 16).
This type of cracks can not be completely excluded in real welded joint of
flange, but according described tensile behaviour these cracks are not signi-
ficant. In overmatched WM due to only elastic deformation and high ducti-
lity of WM critical driving force for crack initiation can not be achieved.
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Figure 15. Tensile test specimen and diagrams obtained in tensile tests. (a) Fractures welded
joint specimen. (b) Stress—strain curve of welded joint. (c¢) Distribution of contraction across
welded joint. (d) Stress—strain curve of PM steel C. (e) Stress—strain curve of WM.
(f) Stress—strain curve of PM steel A.

Crack shielding effect in overmatched welded joint is already reported."
Anyhow, more precise control during next periodical inspection is required.

Next problem were cracks in HAZ of steel A (Figure 13). Pressure
vessel was in service with these cracks for certain time period and they did
not propagate, but following ISO 5817 requirements they were repaired. In
another pressure vessel shallow similar microcracks were detected, in HAZ
of steel A, 1.8 mm long (Figure 17). Dark upper region with crack is part of
steel A, etched by NITAL, so the lower part, austenite, is not etched.

Based on gathered experience they could be neglected, but more
evidence for FFS was required. For that fracture mechanics analysis is per-
formed by J integral.'> Crack driving force is determined applying King’s
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Figure 16. Hot cracks in weld metal dendritic microstructure of welded samples.

Figure 17. Microcracks in HAZ of NIOVAL 47 (steel A).
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Figure 18. Crack driving forces curves (lines marked by 0.2 to 1.0) and J-R curve for steel C
HAZ material have shown that crical crack depth is 7.5 mm."”

model, J resistance curve is designed based on some simplifications and
assumptions regarding the properties of material in HAZ,'™"" and applied
for analysis (Figure 18). It was found that conservative prediction of critical
crack depth is about 7.5 mm, enabled the conclusion that the crack of
detected size can be neglected.”

5. Discussion and conclusion

Significant efforts of International Institute of Welding (IIW) and necessity
to reduce or eliminate frequent failures by increasing security lead to deve-
lopment of codes, rules and directives in how to manage production of
welded structures.

Final achieved results are ISO 9000 standard series together with The
Pressure Equipment Directive (97/23/EC), covering the aspects of welded
structures quality accepted for service in Europe. The last document deals
with new welded product aimed for European Community market, but there
is still the problem with defective equipment in exploitation. In that sense
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welding has a special significance because it represents unavoidable proce-
dure in maintenance and repair of equipment.

On the other hand, it is not possible to exclude the irregularity in welded
joints, so in some cases clear and strict requirement must be defined.
Fittness-for-service approach enables the use of equipment with defect after
a conservative assessment regarding security, safety and life. In that context
behaviour of welded structures in service attracts special consideration,
having in mind inavoidable irregularities and heterogeneity of welded joint.

The comparison of two steels of similar strength level, NIOVAL 47 and
NIOMOL 490K showed superior properties of new generation. Nowadays
much better steel properties are offered by manufacturers, contributing to
easier welding in production and much safer final welded structures.

However, there is still in service equipment made of steels of older
generation, for decades, and even more than century, which must be main-
tained and repaired. For that intensive research followed by practical solu-
tion in service are welcome, as it is presented here in the case of pressure
vessel. Most important findings of that research are connected with service
behaviour of welded joints, based on facts that cracks, due to heterogeneity
and service condition, can be present even they are not detected, and can
develop up to critical size. The assessment of crack significance is an
important achievement of Fracture mechanics and its application is now
accepted world-wide. High stress levels for initiation of stable crack growth
suggest the possibility the welded structure can work safely even with rela-
tively large surface cracks. Also the integrity of heterogeneous welded joints
must not be affected by the presence of surface cracks when overmatching
with crack shielding effect is applied. The latest conclusion holds at low
temperatures, as well. It has also be shown that in welded joints displace-
ment in plastic range has an imortant role, allowing to exploit strain hardening
capacity of welded joint constituents in preventing crack to grow.

Some efforts are also done to improve the control of equipment from the
very beginning of its service. The idea is to establish initial state of material
and welded joints, and reveal the changes and deviations by inspection after
properly defined time period and in-service monitoring, allowing an action
to prevent failure.'®"
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SECURITY OF GAS PIPELINES
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Abstract Security of the natural gas supply strongly depends on the
integrity of the transportation pipelines. The statistical evidence shows that
the most probable cause of the break occurrence at natural gas pipeline
is the external third party interference. A potential damage to the surrounding
objects and violation of the people lives during the pipeline accident depends
on the mass flow rate of the natural gas leakage from the break. The paper
presents an efficient method for the prediction of the natural gas leakage rates
in case of pipeline accidents, as well as for the prediction of transient gas
dynamic forces that are generated in case of an unsteady fluid flow and a
fluid discharge from the pressurized volume to the surrounding. The method
application is demonstrated on the test cases of natural gas outflow from a
high pressure main transportation gas pipeline and a break occurrence at the
distribution pipeline. Obtained data are a necessary input to the safe design
of pipeline structures and supports.

Keywords: Gas pipelines, security, accident, blowdown, fluid dynamic forces

1. Introduction

The share of natural gas in the world total primary energy supply is con-
stantly increasing in the last decades. In 1973, 16% of the total primary
energy supply was provided with natural gas, while in 2005 this share was
20.7%. Compared with oil and coal, which provided respectively 35% and
25.3% of the world total primary energy needs in 2005, natural gas is more
valuable fossil fuel. The combustion of natural gas emits the least amount of
products that pollute the environment. For instance, the energy of 1 GJ in

* E-mail: estevavl@eunet.yu

G. Pluvinage and A. Sedmak (eds.), Security and Reliability of Damaged Structures 253
and Defective Materials,
© Springer Science + Business Media B.V. 2009



254 V. STEVANOVIC

natural gas combustion is obtained with the emission of 56 kg of carbon
dioxide, the gas most responsible for the greenhouse effects in the Earth
atmosphere and corresponding global warming, while the same amount of
energy is obtained with the emission of approximately 73 kg of CO, in
crude oil combustion or between 95 and 106 kg of CO, in combustion of
various kinds of coal. The heat content of natural gas is high, between 33
and 38 GJ per 1,000 S m’. It is more evenly distributed over the planet than
oil. Investment and operational costs for natural gas extraction are about the
same as for oil. The world reserves of natural gas are about equal in mag-
nitude to oil reserves. Also, gas will be available for the next midterm period.'

A feature of natural gas exploitation is that its transportation is particularly
advantageous when transported by pipeline. A hundred of thousand kilo-
meters of high pressure main transportation gas pipelines are in operation in
North America, Europe and Asia for the gas transport from gas source fields
to large consuming sites, as well as low pressure distribution pipelines
in urban and industry areas. Design pressures of main transportation gas
pipelines reaches 7 MPa and diameters of 1 m, while distribution pipelines
are designed for pressures up to 0.1 MPa and diameters of approximately
100-200 mm. A rupture of pressurized natural gas pipeline could lead to
accidents with gas ignition, formation of burning jets or explosions and cata-
strophic consequences to surrounding objects and population. A number of
disasters caused by gas pipeline ruptures and gas leakages have been reported.
Although the engineering community devotes a considerable attention to the
security and safety of gas pipelines, and despite the applied safety measures
and systems, the rates of natural gas pipeline accidents still remain in the
same level during the last 20 years.

A gas pipeline rupture is characterized with the critical gas outflow at
the rupture hole, the transient flow within the pipeline, the intensive pressure
waves propagation in the starting period after the rupture and the intensive
fluid-dynamic forces that act on the pipeline’s structure. Therefore, the accu-
rate prediction of these gas dynamic conditions is extremely important for the
proper design of the gas pipeline structure and prevention of further pipes’
destructions and for the mitigation of accidents’ consequences including fire,
explosion and environmental pollution. The transient compressible gas flow
is modeled with the mass, momentum and energy balance equations in the
form of hyperbolic partial differential equations. These equations can be
effectively solved numerically with the application of the method of
characteristics, as it was presented by Wylie and Streeter’ and Mahgerefteh
et al.* Several researches have based their predictions of the gas leakage at
the pipeline brake on the quasi-steady-state conditions, for instance Jo and
Ahn,>® Keith and Crowl’” and Morris.® These simplified models are useful
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engineering tools for the quantitative risk assessment or estimation of the
hazard areas associated with high pressure natural gas pipelines. But, since
these models are derived from the assumption that steady-state conditions
hold in the gas pipeline during the accident, they provide only the first
approximation. More precise and reliable predictions are needed, which
take into account the transient nature of the gas pipeline blowdown during
the pipe rupture accident.

In this paper a modeling approach to the simulation and analyses of the
natural gas pipeline accidents with pipe rupture and gas leakage is presented.
The method is based on the numerical solution of the conservative equations
of transient compressible fluid flow and appropriate boundary conditions
for the prediction of gas critical leakage, junction of two or several pipes,
the influence of the valve on the gas stream etc. Also, the module for the
prediction of the transient-fluid dynamic forces is presented. The model is
solved numerically by applying the method of characteristics. The developed
models are incorporated in the computer code TEA-NGAS (Transient
Evolution Analyses in Natural Gas), which is an extended version of the
general purpose code TEA.”'" Regarding previous analytical and numerical
investigations of the gas pipeline flows, here presented results also incorporate
the calculation procedure and predictions of the transient fluid-dynamic
forces. The dynamics of these forces in the natural gas pipelines have not
been analyzed in the up-to-date literature, for instance, in textbook by Wylie
and Streeter’ or the recent paper by Mahgerefteh et al.* These forces have
impact character and they are the highest loads that could be expected to act
on the pipelines in case of ruptures. The prediction of their magnitudes is
important for the design of the pipeline supports and structures in order to
prevent further escalation of pipeline damage in case of pipe rupture acci-
dent events. The presented modelling approach provides more reliable data
on natural gas leakage rates and pressure transients than simplified analytical
models of Jo and Ahn,”® Keith and Crowl’” and Morris.®

2. Causes and consequences of natural gas pipeline accidents

The main causes of the natural pipelines integrity degradation have been
classified in five categories'"'*° as presented in Table 1. Also, Table 1
shows the failure frequency of each category per year and per kilometer of
pipeline length, the share of each category in the total failure rate, and the
distribution of the rupture hole sizes. The parameters in Table 1 are derived
from historical data of the failure rate of onshore natural gas-pipelines
in Western Europe. The utilized data base is the experience of 1.5 million
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kilometer-years in eight countries. As shown in Table 1, the external inter-
ference by third party activity is the leading cause of major accidents related
to medium or great holes. Construction defects and corrosion contribute
mainly to the occurrence of small rupture holes, while a ground movement
is the main cause of the great rupture holes occurrence.

Investigations of real accidents of natural gas pipelines show that the
consequences are dominated by a few accident scenarios such as the explo-
sion and the jet fire.® Some examples of gas pipeline accidents with cata-
strophic effects on people and property are presented here.

In 1994 at New Jersey, USA, an explosion of an underground natural
gas pipeline was followed by a crater of approximately 50 m diameter and
massive flames that could be seen more than 80 km away. The accident
resulted in one death and 50 injuries. Subsequent investigations revealed
that the pipeline had been damaged by excavation works. Probably, a mecha-
nically induced crack grew to a size as a result of enhanced fatigue leading
to material failure.

In Venezuela, an explosion of a natural gas pipeline occurred under-
neath a highway in 1993. The rupture occurred while a state telephone
company was installing fiber optic cables. The result was 40 injured people
and 50 dead.

One of the most severe chemical accidents that ever happened took
place in 1989 at Siberia in Russia. It was reported that there had been a
leakage for several days at the petroleum gas pipeline that supplied an
industrial city from the industry plant. Instead of investigating the com-
plaints, the responsible engineers had responded by increasing the pumping
rate in order to maintain the required pressure in the pipeline. The leakage
point was found about half a mile away from the side of a railway.

TABLE 1. Failure frequencies based on failure causes and hole size.®

Failure causes Failure Percentage of Percentage of different hole size (%)
frequency total failure
(1/year km) rate (%)

Small Medium  Great
External interference 3.0 x 107 51 25 56 19
Construction defects 1.1 x 107 19 69 25 6
Corrosion 8.1x107° 14 97 3 <1
Ground movement 3.6x107° 6 29 31 40
Others/unknown 5.4 %107 10 74 25 <1
Total failure rate 575x107% 100 48 39 13

Note: The hole sizes are defined as follows: the small hole, the hole size is lower than 2 c¢m;
the medium hole, the hole size ranges from 2 cm up to the pipe diameter; the great hole, the
full bore rupture or the hole size is greater than the pipe diameter.
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Some hours later, two passenger trains traveling in opposite directions,
approached the area. One train sparked off the cloud of gas and air mixture
and the explosion was initiated, and subsequently two more explosions
succeeded. A wall of fire was formatted with the width of 1 mile. The trains
were derailed, while trees were flattened and windows were broken within a
radius of 2.5 and 8 miles respectively. Totally 462 people died and 706
were injured.

3. Safety measures for natural gas pipeline rupture accidents

After the pipeline rupture and natural gas release to the atmosphere a gas jet
fire or a gas cloud explosion could occur with devastating effects to surround-
ing. Sklavounos and Rigas'® determined that the most dangerous scenario is
the jet fire formation after the break. According to this scenario they deter-
mined the safety distances in the vicinity of natural gas pipelines. It was
shown that the safety distance is more sensitive to pipeline size than operat-
ing pressure. The atmospheric conditions strongly influence the thermal effect
of a jet fire event, as well as the distance that fuel gas travels from source to
its lower flammable limit position. Sklavounos and Rigas' proposed dia-
grams for the prediction of safety distances as a function of pipeline diameter
and operating pressure. According to these results, the safety distance ranges
from 50 m in case of a low pressure distribution pipe at 3 bar and 90 mm
diameter, to 900 m in case of a transportation pipeline at 50 bar and 900 mm
diameter.

Jo and Ahn’ investigated hazardous event of the worst accident case of
the full-bore rupture of a high-pressure pipeline with horizontal gas release
resulting in explosion and fire. The developed hazard model is based on
an effective release rate model at steady-state for high pressure pipeline
rupture, a jet dispersion model that relates the operating condition of the
pipeline and the effective hole size to the contour of the lower flammable
limit, as well as on a model that relates the rate of gas release to the heat
intensity of the fire. A simple relation is derived between the hazard dis-
tance r; and the gas release rate 71,,,,,

1, =10.285, 1t e ()

In order to prevent significant gas leakage to the surrounding, quick
sliding valves could be employed. Disadvantages of these valves are that
they are limited to diameters less or equal to 0.6 m, they require heavy fix-
ing equipment and their cost is high (closing a DN 600 pipeline requires
45,000 €). Hence, an airbag is developed for closing of pipelines on
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explosions and leakages.'"* The basic solution principle is to use airbags
similar to those utilized in cars. This new device is still under investigation,
but achieved results indicate effectiveness and high reliability of the
pipeline isolation in cases of a rupture occurrence, much faster closing
(within 50 ms) compared to the sliding valve closing for 300 to 500 ms, and
they are cheaper than sliding valves.

A number of safety conditions of the natural gas pipeline in case of a
pipe rupture accident depend on the system’s gas dynamics. As presented, a
safety (hazard) distance from the natural gas pipeline in case of the pipe
rupture accident depends on the mass discharge rate at the rupture. The dis-
charge rate depends on the pressure distribution along the damaged pipeline.
Transient gas flow induces gas dynamic forces that act on the pipeline
structure and supports. Hence, a crucial point in the design and safety ana-
lyses of the natural gas pipeline is to obtain a reliable prediction of the
natural gas pipeline dynamics under the pipe rupture accident.

4. Modelling approach to gas dynamics of natural gas pipeline
rupture accidents

Natural gas pipelines are exposed to high loads in transient conditions
caused by the large size pipe rupture and gas leakage or due to rapid action
of control, isolated or relief valves. These transient gas flow conditions
generate intensive pressure waves that propagate and superimpose within a
gas pipeline or network, and additional fluid dynamic forces are generated.
Besides the fluid dynamic force caused by the fluid transient flow, the
reactive force is also exerted at the ruptured pipe, as well as the component
due to the difference between the rupture and atmospheric pressures. In case
of intensive disturbances, the amplitude of these forces reaches tens or even
hundreds kilo Newton. This circumstance should be taken into account
especially during the design of gas pipeline that crosses the bridge, in the
urban cites and in the vicinity of other vital objects.

Transient flow of compressible natural gas in the pipeline is described
with the one dimensional model based on the mass and momentum balance
equations. The thermal effects of gas heating or cooling are described with
the energy balance equation. These balance equations are partial differential
equations of the hyperbolic type, and they can be written as follows

e Mass balance

@.,.M:() Q)
ot Oox
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e Momentum balance
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e Energy balance
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where p is density, u is velocity, p is pressure, f'is friction coefficient, g is
gravity acceleration, @ is the pipeline inclination, /4 is enthalpy, ¢ is volu-
metric heat flux, x is spatial coordinate and ¢ is time.

The set of the balance Egs. (2) to (4) is closed by the equation of state in
the form of the modified equation of state of the ideal gas

% —zRT (5)

The molar concentration of methane CH,4 in natural gas is 98%, and the
rest of 2% belongs to the secondary components, such as ethane, propane,
nitrogen etc. Hence, the natural gas physical properties may be identified
with the properties of methane.

This system of equations is solved for the prescribed initial and boundary
conditions. Initial conditions determine the pressure, velocity and temperature
(enthalpies) in the gas network in the initial time instant before the distri-
bution action. Boundary conditions describe the action of safety, control and
technical components, such as various kinds of valves, pipeline junctions,
compressor units etc. Equations (2) to (4) are solved numerically by the
method of characteristics, which is based on the physics of mechanical dis-
turbance propagation in the form of pressure waves by the speed of sound
and the enthalpy propagation by the fluid particle flow. The method of
characteristics transforms the partial differential equations in the form of
ordinary differential equations that holds along the characteristic paths deter-
mined by the pressure waves propagations C* and C and fluid particle
movement C" in the time—space coordinate system, as presented in Figure 1.
Obtained ordinary differential equations are approximated with the finite
difference equations that are solved explicitly for every new time step of inte-
gration. The time step of integration is determined by the Courant criterion.

At < min

(6)

&+l

where j indicates a pipe within the network and Ax is the distance between
two adjacent numerical nodes.
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Figure 1. x-t plane and characteristics directions.

In order to simulate complex pipe networks and various transient scenarios,
several models of boundary conditions (i.e. the flow channel discontinuities)
are developed that can be linked in a modular way. The calculation of
the flow parameters at the ends of a pipe must be done using additional
hydraulic models. These additional equations describe the mass, momentum
and energy balance at a point of discontinuity, and they replace the equa-
tions of the characteristics which do not belong to the physical domain of a
pipe. The general form of these equations is

e Balance of mass

A(pud)=0 ™)
¢ Balance of momentum
A('DZZJnLAp:AM(t) (8)
e Balance of energy
A(h+%u2j:0 ©)

where AM is the momentum change due to the local friction loss. It can be
time dependant (for instance in the case of valve closure). The following
boundary conditions are included in the code: a subcritical or critical leak-
age from a pipe, a closed end of a pipe, a pipe joining a reservoir, a junction
of two or more pipes, a valve in a pipe etc.
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4.1. FLUID DYNAMIC FORCES

The transient fluid dynamic force in a pipe which is bounded by other flow
components, such as elbows or closed end, is caused by the propagation
pressure waves. This transient wave force acts along the straight pipe axis
and its positive direction is assumed to be opposite to the fluid flow
direction. It is calculated by the following expression:'

F= jd—m dx (10)

, dt
The fluid force exerted on a pipe with an open end (expulsion from a
pipe) includes both a wave force and a blowdown component associated

with momentum expulsion and the difference between discharge and ambient
pressure. It acts along the pipe axis and the force intensity is

_ dm _ 2 11
F—ézdx+[(pi patm)+piui }A (11)

The pipe wall is assumed to be rigid, which is a conservative assumption.

The developed models are incorporated in the TEA-NGAS computer
code. The code is applied to the simulation and analyses of natural gas tran-
sient conditions caused by the pipe rupture.

5. Prediction of natural gas pipelines blowdown and related
consequences

The gas dynamic phenomena and the forces exerted on the gas pipeline
caused by the pipe rupture are simulated and analyzed with the developed
numerical method and the code TEA-NGAS.

5.1. CASE 1: PRESSURE AND LEAKAGE FLOW RATE DURING THE GAS
PIPELINE RUPTURE ACCIDENT

The blowdown of the long natural gas transportation pipeline due to the
complete guillotine of the pipe (100% break) is simulated. The pipeline
length is 100 km and the inner diameter is 0.87 m. The rupture occurs in
200 s at the pipeline end at 100 km from the gas inlet. Gas freely outflows
to the atmosphere. Five minutes after the pipe break the valve at the gas
inlet to the transportation pipeline is closed. Figure 2 shows mass flow rate
from the pipeline to the atmosphere at the location of break. The rapid
increase of gas flow is shown in the short interval after the break, while
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later on the mass flow gradually decreases. One hour

the pipeline is shown in Figure 3. Due to the rupture

inlet mass flow rate to the pipeline reaches zero and

siderable gas leakage exists for a long time period.

after the break the
leakage flow rate equals approximately one half of the initial flow rate to
the consumers that existed before the rupture. The pressure distribution along
occurrence, the gas
pressure towards the break location decreases. Three hundred seconds after
the break the valve at the long pipeline inlet starts closing, hence the gas
the pressure at the
pipeline inlet decreases. Results show the critical gas outflow at the break.
From the safety point of view, the important conclusion is that a con-
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Figure 2. Mass flow rate to the atmosphere at the pipeline 100% rupture.
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Figure 3. Pressure distribution along the pipeline during the blowdown phase.
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5.2. CASE 2: TRANSIENT GAS DYNAMIC FORCES DURING
THE NATURAL GAS BLOWDOWN

A scheme of the gas pipeline with the hypothetical break is depicted in
Figure 4. The distribution gas pipeline is connected to the main transportation
pipeline at the pressure of 4 MPa and with the diameter of 0.610 m. The
distribution pipeline consists of two straight segments, the length of each
one is 50 m and the diameter is 0.219 m. It is assumed that an instantaneous
distribution pipeline break occurs at its end towards the consumer at O s.
The calculated transient gas dynamic forces that act on the pipe 1, where the
break occurs, and the pipe 2, which is connected to the main transportation
pipeline, are shown in Figures 5 through 7 for the break sizes of 10%, 50%
and 100% of the full pipeline cross section area, respectively. The rarefraction
pressure wave propagates from the break towards the main transportation
pipeline. At the junction with the main transportation pipeline, the rare-
fraction wave reflects as the compression wave and travels back to the
break location, where it reflects as the rarefraction wave, and the periodic
wave propagation continues till the wave attenuation. Due to the initial
pressure of 4 MPa, the critical gas flow is established at the break location
with the velocity of approximately 400 m/s. The transient gas dynamic forces
act along the straight pipeline segments, where the positive force direction
is opposite to the direction of gas flow. The following characteristic pheno-
mena are observed:

e The pipe 1 at which the break occurred is loaded with a higher force
than the pipe 2. The pipe 2 is loaded only with the transient force caused
by the unsteady gas flow (i.e. pressure wave propagations), while the
pipe 1 is additionally loaded by the reactive force due to the gas leakage
and due to the difference between discharge critical pressure and atmo-
spheric pressure.

e In case of lower break area (for instance 10% break, Fig. 5) the periodic
character of the gas dynamic force is more pronounced due to the
greater number of pressure wave reflections at the hole of the break and
at the pipe 2 junction with the main transportation pipeline. In case of
a large break (100% break, Figure 7), the gas dynamic force has an
impulse character.

o The gas dynamic force intensity increases with the increase of the break
area; in case of 100% break the total force in the pipe 1, where the break
and gas leakage take place, has a value of approximately 150 kN imme-
diately after the break occurrence.

o After the attenuation of the pressure wave propagations, only the gas
dynamic force in the pipe 1 acts due to the gas leakage; in this later
period the reactive force has quasi steady-state character.
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Figure 4. Scheme of the gas pipeline with the position of the break.
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Figure 6. Gas dynamic force initiated by the 50% break.
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The magnitudes of the predicted transient gas dynamic forces show that
they exert the maximum dynamic loads on the pipeline structure. Hence, it
is very important to predict these forces in order to design a safe gas pipe-
line structure and supports. An inadequate pipeline support could results in
pipe whipping and further damage of the nearby objects.

200
—_ 1 Break 100%
< 150 {/_ Pipel
E 100
= 50+
o Pipe 2
-50 O 5 10
Time (s)

Figure 7. Gas dynamic force initiated by the 100% break.

6. Conclusion

The probabilistic failure frequency assessment of the gas pipeline ruptures
show that these kinds of accidents can not be excluded during the exploit-
ation period of both high pressure and large diameter transportation gas
pipelines and low pressure distribution gas pipelines. The gas pipeline failure
frequency rate of the order of 10 */year km of pipeline length is much
higher than acceptable failure frequency of 107 for the accidents in energy
plants. The consequences of the natural gas pipeline rupture accidents are
strongly determined by the transient gas dynamics caused by the gas rupture
leakage. Therefore, the model of one dimensional transient compressible gas
flow and the numerical procedure based on the method of characteristics are
presented with the aim of simulation and analyses of natural gas pipeline
gas dynamics under pipe rupture accidents. The model is applied to the pre-
diction of transients caused by the pipe break at the long high pressure
transportation pipeline and at the lower pressure distribution pipelines. The
obtained results show the dynamics of the gas discharge rate at the break,
the pressure distribution along the pipeline during the pipe rupture accident
and the gas dynamic forces induced by the transient gas flow and gas
leakage. The obtained results are a necessary input for the design of the
pipeline structure and supports, as well as for the determination of the pro-
tective measures in cases of the gas pipeline break, such as a prediction
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of the safety distance from the gas pipeline to surrounding objects and
population, or application of the quick isolation devices in order to prevent

gas leakage.
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SAFETY, RELIABILITY AND RISK. ENGINEERING
AND ECONOMICAL ASPECTS

L. TOTH, LENKEY BIRO GY
Bay Zoltan Institute for Logistics and Production Systems,
Miskolctapolca, Hungary

Abstract The risk-based approach (RBA) of the safety is able to create an
equilibrium situation between the safety level and the investment value, i.e.
RBA is only the tool for discussion between engineers and economists in
safety issue. This will be illustrated through risk-based inspection (RBI) and
reliability centred maintenance (RCM) in petrochemical industry.

Keywords: Safety, reliability, petrochemistry

1. Introduction

The guarantee of the safety issue of different industrial plants, systems, etc.
is the task of the parliaments, which grant this task to different governmen-
tal bodies. These organisations formulate their requirements in national
laws. On the basis of these documents different technical guides are issued
for different industrial areas to make safe of the specific industrial systems.
It is obvious that the required level of safety of the given system required
own cost, which is the investment into the guarantee of the safety. The main
question is always: how much investment is needed for the guarantee a
given level of safety? It is generally true, that the answer strongly depends
on the structure of the owners? If the plant’s, organisation’s owners are the
governments (states), then the necessary investments in generally are much
higher that at that privatised goods. It follows from the fact, those sources
of the safety-issue investments are different: public (soft money) and pri-
vate (hard money).

The basic words of the technical-economic life are the followings:
safety-reliability and risk. It is absolutely true that these words are the
driving forces for the activities made in privatized economical life. The
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safety itself expresses the level of actual safety of system (structure, equip-
ment, etc.) with a unit of %, i.e. it does not dealing with investment and it’s
cost items. In the expression of reliability are included all the tools are used
for estimation of safety, i.e. all the knowledge, instruments, software, cost
of the experts, etc. i.e. this item includes all the cost items are invested into
the structural integrity assessment of the systems. Against the investment we
are able to consider the risk level of the operating systems, i.e. the probabi-
lity of failure of the system (having no any unit) times of the consequences,
which can be expressed in cost item, in money.

If we speaking about invested cost items (reliability) and operational
risk in the last analysis we are speaking about the amount of money, which
is invested and risked. To define some kind of optimum is the basic task
which looking for in the owner’s group. By this approach the “invest of
minimum and the profit of maximum” principle is defined.

Relating to structural integrity assessment of engineering components it
need to be considered the

e Damage process takes place in materials during a given operation condi-
tions.

e The existing discontinuities, flaws are in the structures and geometrical
imperfections.

o The fields (stress—strain, temperature, magnetic, etc,) are raising in the
structures during operation and simulated operation conditions.
This is shown in the Figure 1.

State of
the Material

t

Material Testing
Testing of Structure

Loading
Condition

and Size
of defects

RELIABILITY CONCEPT

Figure 1. The items of the reliability concept of the structures, systems.
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It is always very important question: who is responsible for the reliabi-
lity, or the safety level of the system: the economists, or the engineers?
During the last periods it can be observed that the role of the economists
increased, i.e. in decision of the economical background of the safety, reli-
ability the economists played more and more dominant role. This attitude
has been strengthened in the privatisation process especially in the new EU-
countries because of the new owners would like to receive the profit of the
investments as quickly as possible. In the case of public (governmental)
goods this ambition has a real background because at the earlier owners the
public money had been invested into the assessment safety items of the
systems. The public money was always “soft money”, i.e. it’s effectivity
was always week. This is why the maintenance costs of different public
plants were overestimated in general. Reduction of this cost item is the
basic ambition of the new, private owners group. The main question is: how
can it be done without increasing the level of possible environmental disas-
ters, to expose more and more the human lives, etc. Only one solution can
be used to find and define the cost effective way, i.e the risk based ap-
proach! This is only the tool for the communication of the economists and
engineers as it is reflected on Figure 2.

LEVEL OF

— = RELIABILITY N ”
Engineering approach £ Economist approach

Figure 2. Balance between the resources necessary for the determination of the level of
safety/reliability and the operational risk.

2. The “house of the safety, reliability”

All the plants have different unites, equipment, elements, parts, as it is illus-
trated in Figure 3. The main question is: how can be built up the “house of
the safety, reliability assessment” of the whole system?

If we would like to do it, it has to be considered some actions, the earlier
operating experiences and it needs to be done decisions at different levels.
These are summarized in Figure 4.

The first and deterministic step in decisions is the selection of the strat-
egy, because it depends on the actual technical level, the goal of the super-
vision. That is why the strategies are depending on time, as it is illustrated
in Figure 5.
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ELEMENTS

UNITS

BLOCKS

Figure 3. The basic structure of the engineering plants.

SAFETY, RELIABILITY

Strategy A

,,Operating
experiences”

Units
Blocks

Figure 4. The decision-making levels in building up the “house of the safety and reliability”.

Time R.e]'i = Risk
BASED bility based
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1950 1960 1980 1990 1995

Figure 5. Development of the maintenance strategies.
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It can exactly be seen in the Figure 5, that up to date strategy is the risk
informed in harmony of the “cost effective” ones as it has been illustrated
in Figure 1., i.e. according to the interface between the “engineering” and
“economists” point of views.

Selecting the strategy, the second step is to analyse the system according
to the functions and conditions of the consisting elements. The main task of
the elements is on the one hand to be safe, and the other hand to carry out
its function. The level of safety can be controlled by selected testing methods,
control during periodical inspection considering the damage processes takes
place in different parts of the selected equipment. In this case the following
question needs to be answered:

e What kind of damage process can be realised in the supervised equip-
ment?

¢ In which part of the equipment takes it place?

e What kind of testing procedure able to detect it?

e What kind of qualification is required from the specialists?

e How often needs to be controlled? etc.

These questions are summarized n Figure 6.

WHERE? WHEN?

WHAT? WHO, WHAT?

Figure 6. The basic questions in design of the periodical supervisions.

Selecting the testing procedures, performing the control some defects,
imperfections could be detected. Their effects on reliability of the equip-
ment have to be evaluated. For this either specialists or expert systems can
be used, as the Figure 7 illustrates it.

EVALUATION

EXPERTS

Figure 7. The tools for evaluation of the detected flaws, imperfections.
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In order to have a real picture about operating experiences of the sys-
tem, structure it is obvious that the earlier damages, failures, unexpected
situations have to be considered. These are available either in paper- or
electronic forms, as it illustrates in Figure 8.

PRECEDING EXPERIENCES

DATA BASES

Figure 8. The earlier operating experiences, damages, failures of the systems, equipment.

Selecting the strategy, performing the most suitable testing procedures,
detecting imperfections, evaluating them, analysing the importance of the
selected equipment, estimating its probability of failure the equipment can
be put into the risk-matrix. It is illustrated in Figure 9. Having its position it
can be decided that the risk is acceptable or not. If yes, that it is not neces-
sary to do anything, but if the answer is “yes”, i.e. the risk value has to be
decreased, than further investment is needed.

Risk Map: Sample Calculation based on TRD
0.1

0.01

PROBABILITY

0.001

0.0001

0.00001

0.000001 T T T T 1
100 1000 10000 100000 1000000 10000000

CONSEQUENCES

Figure 9. Decisions about the acceptability of the risk.

3. The implementation of the risk based inspection and maintenance
at the Hungarian Oil and Gas Company

The risk based inspection and maintenance methodology is capable to
answer the challenges described above. The principles of risk based inspec-
tion and maintenance has been known and used for several years, but its
implementation is going on recently even in the Western-European coun-
tries. Its practical application started in the USA. The first standard was
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published in 2000 by API (American Petroleum Industry) for petrochemical
industry." In Europe there is a recent European project (RIMAP) which
aims to develop a unified methodology of risk based inspection and mainte-
nance that can be used in different industrial sectors (like power generation,
chemical industry, steel production, etc.).

The BAY-LOGI institute is just currently implementing this methodol-
ogy at MOL Refinery in Hungary as main contractor. Within this project a
complex system has been developed using appropriate IT means (software,
hardware), implementing the RCM (Reliability Centred Maintenance) and
the RBI (Risk Based Inspection) methodology. With this system the follow-
ing objectives can be achieved in short and in long term:

To reduce the number and period of the non planned shut downs

To increase the ratio of the planned and unplanned maintenance work
To extend the intervals between shut downs

To provide fast and accurate access to system data for development,
inspection and maintenance tasks

e To optimise (minimise) the maintenance costs taking into account the
expected level of system reliability

3.1. BASIC STRUCTURE OF THE CONDITION MONITORING SYSTEM

In order to obtain the above-mentioned objectives, a COMPLEX SYTEM
should be developed. As an example, the structure of the system currently
installed at MOL Refinery is shown in Figure 10. However this system could
be adopted for other industries as well (e.g. for chemical plants, power
plants, etc.) implementing the relevant risk based inspection methodology
(e.g. developed in the framework of the RIMAP project).

The base of the whole system is a common database which is uploaded
with all the relevant data of the equipment (drawings, inspection history,
inspection data, process data, fluid data, etc.) that have to be collected from
different sources. The CADMATIC software is for the graphical visualisa-
tion (in 2D or 3D) of the system and for storing the geometrical data corre-
lated to the intelligent objects. The integration tool for the RCM and RBI
software modules, as well as for the other additional expert system modules
is the Expert System Shell. The system is connected to other existing sys-
tems like SAP through specific interfaces.

The whole software system is web based, thus can be used through the
Internet. The whole system — including the database — has been designed in
a way that could be easily adopted (modified or extended) to the need of
another customer, or the specific need of the industrial sector.
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Figure 10. The structure of the complex condition monitoring system (installed at MOL
Refinery).
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THE BASIC FUNCTIONS OF THE EXPERT SYSTEM
The system combines two methodologies:

e Inspection planning on the basis of RBI (Risk Based Inspection) strat-
egy. The RBI methodology is based on API (American Petroleum Insti-
tute) 581 standard.

e Maintenance program planning based on RCM (Reliability Centred
Maintenance) strategy. More detailed see in the references.”

Figure 11 shows how the two methodologies are linked in the system,
and what additional software modules support the work of the experts.

3.2. BASIC PRINCIPLES OF RISK BASED INSPECTION

The objective of RBI is to improve the effectiveness of the inspection and
maintenance processes on the basis of the analysis of all the data available
about the equipment of a unit. The application of the RBI methodology
provides a good basis for implementing a rational and cost-effective deci-
sion making mechanism that assure a required level of safety at the same
time, since:

e [t is possible to identify the most and least risky systems or system ele-
ments.

¢ [t makes possible to develop a strategy for decreasing the risk.

e [t can be determined what, where, when and how to inspect.

e The basic requirements for the inspection methods could be defined.

The basic principle of the RBI methodology is that it takes into account
the probability (PoF) and the consequence of failure (CoF) of each piece of
equipment, and the risk is defined as the product of these two (risk = PoFx-
CoF). The CoF includes the consequence of a possible failure on health,
environment, safety and production, and could be expressed in money as
well. Thus using the RBI methodology an optimal inspections and mainte-
nance strategy can be developed which besides decreasing the risk below an
acceptable level, also optimises the costs of the inspection and maintenance
tasks.

For the analysis the operational conditions of the equipment and the
characteristics of the possible failure mechanisms should be considered. This
analysis has industrial specific features, i.e. could be different for petro-
chemical, chemical, pharmaceutical and power industry. One of the most
well established methodology is described in the API581 (Risk-Based
Inspection. Base Resource Document) for the petrochemical industry. The
analysis can be performed at different levels, considering different details
and amount of data.
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The risk analysis in the system is done in two steps:

e A qualitative screening phase: including a large amount of equipment
with the aim of identifying the most critical ones. This qualitative screen-
ing is based on a RBI level 1.

e A quantitative phase limited to previously selected items.

Qualitative RBI procedures have three functions:

Screening the units within the site to select the level of analysis needed
and to ascertain the benefit of further analyses (quantitative RBI or
some other techniques),

Rating the degree of risk within the units and assigning them to a posi-
tion within a risk matrix,

Identifying areas of potential concern at the plant, which may merit
enhanced inspection programs.

Quantitative RBI is equipment-level risk assessment approaches that
permit to calculate the risk associated with each piece of operating equip-
ment in a process unit. This method integrates the inspection process in the
probability of failure definition through the notion of PoD (probability of
detection). Thus, the likelihood of failure with the number and effectiveness
of the performed inspection.

The quantitative RBI is based on a series of calculations to assess the
likelihood and consequence of failure of the pressure boundary of each
piece of analyzed equipment. The product of the likelihood and consequence
numbers provides a measure of the risk associated with the corresponding
equipment. Based on calculated risk, the prioritized equipment list can then
be used to focus the inspection program.

In order to implement these general principles, the five following ques-
tions have to be addressed:

e What type of defect to look for?

e Where to look for this defect?

e Which is the best technique?

e When is the best moment to inspect?
e What type of defect to look for?

To answer these questions, the detailed analysis of general equipment
data, previous inspections’ data, material and process data is needed, as it is
shown in Figure 12.

The result of the risk-based analysis is the risk category of the equip-
ment or component, which can be presented in a risk matrix as it is shown
in Figure 13. Then the optimisation of the inspection strategy is always an
iterative process, which changes the adopted inspection interval and tech-
nique until all the criteria are met.
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Figure 12. Flow chart of the process of RBI analysis.

On the basis of the result of a risk based analysis one can make more
well-founded decision about the following measures: the number, methods
and extent of the necessary inspection tasks, about the interim inspections
and the related costs, and as a consequence about the modification of the
risk category of a given equipment in the future. So this kind of approach
has its potential to develop cost-effective inspection and maintenance strate-
gies.

The risk based methodology gives also the possibility to compare the
risk level of the different units of a plant, as it is shown in Figure 14. As can
be seen, the risk level in Unit 1 is much lower in general, therefore more
resources and efforts should be concentrated for Unit 2, and also the length
of the inspection period of Unit 1 should be reviewed and reconsidered.
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Figure 13. Presentation of the risk of the equipment in a unit in a risk matrix (from left to
right — different coloured areas: low-medium-high risk level — and the numbers in each box
mean the number of equipment.
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Figure 14. Comparison of the risk levels of the equipment of two units.
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Conclusions

On the basis of this paper the following conclusions can be drawn:

1.

The “basic words” of the technical-economical life is “safety, reliabi-
lity, risk”. From these the safety reflects a present state of a plant; the
reliability includes all the means that are available at the present tech-
nical level; the risk can be expressed in term of “money”, since it is the
product of the probability of failure and its consequence.

An optimal, “cost effective” strategy for planning the inspection and
maintenance tasks is the RBI — Risk Based Inspection and Maintenance
methodology which is only the tool for a common interface between the
economists and engineers.

A complex system has been developed for MOL Refinery in Hungary,
which implements the RBI approach (first time in Hungary). The pilot
phase of the project including two units just has been finished, but the
first results concerning cost effectiveness can already be foreseen. An
additional outcome of the project is the collection and systematization of
a large amount of data and documents.
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ASSESSING THE DEVELOPMENT OF FATIGUE CRACKS:
FROM GRIFFITH FUNDAMENTALS TO THE LATEST APPLICATIONS

IN FRACTURE MECHANICS

DONKA ANGELOVA
University of Chemical Technology and Metallurgy,
Kl. Ohridsky 8, 1756 Sofia, Bulgaria

Abstract Engineering analysis of fatigue crack growth depend on different
loading conditions, wherever those conditions have been studied, in labo-
ratory or real-world practice. Such analyses can be done on basis of different
parameters: the stress intensity factor range, AK, introduced in linear elastic
fracture mechanics; the J -integral range, AJ, employed in elastic-plastic
material characterization; the square-root area parameter of Murakami,
effective in the presence of small defects and non-metallic inclusions. An
alternative presentation of fatigue data has been proposed that uses the
crack growth rate against a newly introduced parameter, namely an energy
fatigue-function A based at different conditions on different parameters,
AK or AJ or the square-root area parameter of Murakami. This alternative
presentation shows fatigue data as forming an almost straight line, which
may be termed the “natural fatigue tendency” of a material, and specified
more precisely at a given stress range. Also the present study introduces a
physical interpretation of the line presentation of fatigue data and some
illustrations of the “natural fatigue tendency” for different materials under
different conditions.

Keywords: Fatigue modeling, fatigue-crack growth rate, stress intensity factor
range, J-integral range, square-root area parameter, energy fatigue-function AW,
natural fatigue-tendency of materials

1. Introduction

Although major advances have been made in fatigue modelling, the appli-
cation of fatigue concepts to different practical situations is highly individual
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and often involves empirical and semi-empirical approaches including a large
number of specifying constants. In linear elastic fracture mechanics terms
(LEFM) it is well-known that one of the most used presentations “Long

fatigue crack growth rate, da,/dN against Stress-intensity factor range
AK,” on log-log scales or logda; /dN —log AK; includes three regimes of

crack growth, Suresh': I, of threshold behaviour; II, of Paris linear pre-
sentation, log(da ] /dN) = C(log AK)™ , where C and m are scaling constants;

and 11, of rapid increasing of da, /dN leading to final failure. On another

hand, the approach of short fatigue crack propagation represents plots
“Fatigue crack growth rate day, | dN against Crack length ag, ” on log-log

scales or logda, /dN—loga, for two regimes corresponding to so called

small and long crack stages revealed by Brown and Hobson,” and in more
precise terms — for three regimes introduced by Angelova and Akid®: I, of
short crack growth, mode II; II, of physically small crack growth, mode I;
and III, of long crack growth. The first regime of Brown—Hobson’s model
and the first two regimes of Angelova—Akid’s model are described by
parabolas, and the final regime in both models by lines. Sometimes short
fatigue crack data can be represented in the same way as is used for long

fatigue crack data, namely: “Short fatigue crack growth rate, da, /dN against
Short fatigue crack equivalent to AKX, AK = ko‘/ash ”or logda, /dN —

logAK Gangloff.* At elastic-plastic fracture mechanics conditions (EPFM),
a presentation “Short fatigue crack growth rate da, /dN against J-integral

range, AJ” or logda  /dN —logAJ takes place for some steels and non-

ferrous alloys as it is shown for example in Hoshide,® Dowling,” Suresh.'
A new mechanism of fatigue failure at inclusions presence in ultralong life
regime, when N > 107 cycles, has been investigated, described and supplied
with an efficient model for practical uses by Murakami.® This model is
based on the parameter of a specific optically dark area (ODA) introduced
in 2000 by Murakami,”'* having to play a critical role for the ultralong
fatigue conditions of materials containing small defects and inclusions.

In the present study, a method of fatigue data presentation is proposed
different from those just described, comprising a more precise fatigue
testing of engineering materials and a specific presentation of fatigue-
crack growth data, and based on the energy fatigue-function AW introduced

by Angelova'"'"? in its four versions — (a) AWK =(da/dN)AK (or kWK =

= k(da/dN)AK ); (b) AW, = (daldN)AJ; (©) AW, = Ao(da/dN)a"?; and
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(d) w*opy =/(OD4,N). A generalization of the fatigue-function AW is

made employing material Vickers hardness HV and its physical sense
revealed.

2. Method of fatigue data analysis

The presentations log da /AN —log AK, and log day, | dN—logAK , include

the parameter AK with a dimension of MPaJm and the presentation
logda; /dN —logAJ — the parameter AJ with a dimension of [N/m]. Now,

we will discuss these dimensions in more details.

2.1. GRIFFITH’S FRACTURE CONCEPT

Taking into consideration Griffith’s and Inglis’ fracture concepts'® a crack
with length 2a at the interior of a plate and an edge crack with length a can
produce the same effect on the fracture behaviour; such an edge-crack is

shown in Figure la.
o / W
Py

b
@ /, : Va
a R4 Va :
Va B
a 7 Jl‘ \/a
Va a ,’ 1 -

1 glf

‘a a I ,/ Va

I .

Figure la. Plate with notch-crack or notch-edge.

The total change in potential energy AU of this crack resulting from the
crack creation includes elastic strain U, and surface U energies, Eq. (1)

residing in a cylindrical volume ¥, around the crack, which has radius «

and height B, Figure la:
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AU(a)=Upg +Usg V) = ma"B . (1)

According to Griffith’s criterion, the crack will propagate under a
constant applied stress o if an incremental increase in crack length pro-
duces no change in the total energy of the system (d(AU(a))/da =0) for
either plane stress or plane strain. Irwin'® has modified Griffith’s criterion
by replacing the plastic work for extending the crack wall, which is hard to
measure, with the strain-energy release rate. The latter one is related to K 2
in a simple way.

2.2. STRAIN ENERGY IN THE PRISM VOLUME V..

The total strain energy in a rectangular-prism volume Vj .., (instead in

that of the above mentioned cylinder) which has a square base a®and
height B and is located around the edge-crack or edge-notch with size a is
shown in Eq. (2):

2 2
UB - =kou B, Vg iy =4 B, (2)

while the total strain energy in a unity-prism obtained from the same
rectangular-prism by its dividing into B prisms, each with unity height is
given in Eq. (3); & is a constant depending on the nature of the metal and
loading conditions (& = f (cr/ E),E 1is the Young modulus, and at the same

time a characteristic concern with the theoretical strength of a given
material):

2 2
Ul . =koa™, V| pyim = 4" - 3)

Now the total strain energy in an elementary rectangular-prism volume
y

e,prism

crack or edge-notch with size a is represented in Eq. (4):

with sizes @ and a , Ja (shown in Figure 1a) around the edge-

U = kO'a2

e, E

> Ve,prism = (\/;)2‘1 = a2 : (4)

But at the same time, the energy from Eq. (4) is equal to the energy in
the unity-prism volume 7 ., from Eq. (3), so we may accept that

|2 is fractured when the elementary volume ¥V is fractured. Then

1, prism e,prism

we can accept that the fracture of 7, leads as well to

,prism
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1. The fracture of a rectangular-prism volume ¥ apri with sizes a, @ and
a,prism

height Ja (and consequently to that of the dash-line prism volume with
sizes a, b and \/Z shown in Figure 1a)
2. The reach of the total energy in the volume Via ., (sized a, a, Va )

as given in Eq. (5):

2/a. _ e (5)

U =k V
\/; E o \/; ,prism

The energy U i can be treated as an intensified energy (by a co-
a,E

efficienta ) if we compare it to the energy in the volume of the unity
prism ¥ ., » O as an energy corresponding to an intensified stress (by a

coefficient va ) - Jao —if we compare it to the applied stress o .

2.3. STRAIN ENERGY IN THE ELEMENTARY VOLUME V

e,cube

The total energy in the volume of an elementary square-root sided cube
y

e,cube

with size Va , located at the end-point of the edge-notch « and

shown in thick line in Figure 1a is given in Eq. (6):

cube \/7 (6)

UEe,\/;3 kO'a\/7 Ve

The total energy U Ee,ﬁ3 inV

o.cube DEr unity of the new square-root
surface Jaa (that can develop in this volume and correspond to an edge-
notch growth by Ja ) is represented in the expression (7-i) of Eq. 7; the

new square-root surface Jaa is shown as a stripey area in the thick-line
cube in Figure la:

UE
ea kaaf_k Ja

oy

( 1):\/—\/— p o
UE

(7-ii):K—Yfi;f Zka‘;*/_ Z(ka\/Z)

The expression (7-1) differs from the stress intensity factor K in (7-ii),
both from Eq. 7, only by the constant Y /k as it is shown in Eq. (7) (where
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Y is the finite size correction factor for the plate under consideration). So
we may accept K as the total volume energy in V, .. per unity new

square-root surface\/;\/; , that can develop in V, Under cycling

,cube *

loading it is well known' that X and o should be replaced by AK and Ao,
Eq. (8):
AK = (Y / k)kAo a . (8)

2.4. GRIFFITH’S CRITICAL CRACK
According to Griffith when a from Eq. 1 fulfils the condition a = 2Ey/
7> = ¢, it becomes a critical crack, ¢ At the same time the analysis of
the function U(a)
U(@)=Ugp+U 5
U(a) # const ,

when a grows at o = const, shows U(a) as a parabola with extremum
(maximum) at

2
a=c, =2Ey,/noc”,
k=70

Figure 1b. From the point of ¢ . onwards the decrease in U(a) leads to

decrease of K.

U(a)

Uta)=const

.
>

2Fy,/ns’®  4Ey,/nc’ a

Figure 1b. Graphical presentation of energy U(a) # const associated with the growing
crack a.
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2.5. DIFFERENT SURFACE AND VOLUME ENERGIES

The expression (9) is obtained as a multiplication between AK from Eq. (8)

d A
and crack growth rate —a(_—a

N oca AN

Aa Y A
AK L = Zkaoa 2L = vaoara = YAa(Aa )\/;
AN  k AN N N

J
at dimension [—3 ” \/;}, 9)

m”~ cycle

and that dimension can be transformed into one shown in Eq. (10)

{58 2

m2 cycle \/;

From Egs. (9) and (10) we can obtain Eq. (11):

—\2
A J 1
AK—a:YAa(AaN)\/; — Jm (11)

AN m2 cycle \/Z

. (10)
m2 cycle \/;

3
m~ cycle

where Aay; = Aa/AN is the increment of the edge-notch per cycle. If we

have to be more precise and assume that the edge-notch begins its growth
(or its length has been last recorded) at size a, the next recording will for
example show an increment Aa for AN cycles, meaning that the absolute
size of the edge-notch is grown from a toa+ Aa. So at the end-point

a + Aa of the edge-notch we can imagine a cube with size Ja+Aa similar
to the thick-line cube characterized by size Ja , and between them there can
be located N-1 cubes with sizes ./a +iAay ,1=1,2, ... (N = 1). Comparing
the sizes of the thick-line cube (\/; ) and the next one (/a+Aay ) cor-
responding to the edge-notch growth by Aa,, for the first cycle, at a
distance between the two cubes Aay, and in terms of Eq. 11, we can note
the following:

1. The difference between sizes va and \Ja+Aay is small and as each
successive pair of cubes is formed this difference is slowly decreased,
while all the cubes are located at equal distances aAa, -
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2. In the thick-line cube with size Va the energy is that of AK (total

volume energy per unity square-root surface Vava or per unity edge-
notch size a— see Eq. (7)). Then the edge-notch growth rate Aa/AN
transforms AK (accordingly to Eq. (11)) so in the next cube with

. . . Aa .
size a+Aay , the dimension of AK—is already that of the fotal
AN

J Am\m

surface energy | —
m 1

} of the specific square-root cube surface

\/ a+Aay \/ a+ Aay which is of the same kind of the stripy square-root

surface Ja Ja in the thick-line cube, and which is necessary for
eventual development of a unity of the specific square-root edge-notch

size ,la+Aay per cycle. That kind of surface energy obtained after

. . Aa L .
the transformation of AK into AK— (which is a transformation of
AN

volume energy of Ac —[J /m3] into specific surface energy of
Aa(Aay) > [(J/ m3)(m)]) is effective surface energy as well con-
sidering the parameter A, obtained at each calculated edge-notch

growth rate, which differs from one rate to another.

2.6. THE J-INTEGRAL RANGE

The J-integral range, AJ has a dimension of surface energy, [N/m]=

[J/ mz] and the crack (or CTOD = §) growth rate transforms AJ,

similarly to AK from Eq. (11), into Eq. (12) which means a dimensional
transformation into effective specific surface energy

N)[i . —LJWZ} (12

Aa
AJ— = AJ(Aa

AN 2

m cycle_ m2 cycle

Here that surface energy, on the one hand is effective surface energy
depending on the edge-notch growth rate as explained in Section 2.5, and
on the other hand is specific surface energy per unity surface from the kind

of the square-root surface (i/a+ Aa N)z [\/;1\/;1] that eventually can be

created for 1 cycle.
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2.7. THE SQUARE OF EFFECTIVE SURFACE ENERGY

The expression in Eq. (13) represents the square of effective surface energy
necessary for an increment Aa,, of the edge-notch per cycle; this effective

surface energy depends on the concrete edge-notch growth rate in a given

cycle range:
A
EAJ 2L EnjAay,| L L
AN

m3 m2 ccle

Aa

EAJ — !
AN

cycle

(AK)*Aay [ﬁ}z

where E is Young’s modulus.

or

(13)
,(EAJ :(AK)Z)

3. Materials, specimens and experimental procedures

The fatigue data used in this study come from papers and books published

by myself and others:

e (i) Low-carbon roller-quenched tempered steel, RQT501, own results
The steel, suitable for offshore applications, was subjected to tension-
tension loading at a stress ratio R = 0.1 using a servo-electric fatigue rig
with a load capacity of 100 kN. Tests were performed’ in load control at
stress levels of 396, 470 and 516 MPa in environment of 0.6 M NaCl. A
sinusoidal waveform was used at frequencies 0.2, 0.5 and 1 Hz. The
chemical composition and microstructural and mechanical properties of
the RQT501 steel’ are: in wt % C 0.12 Si 0.30, Mn 1.45, Cr 0.02, Ni
0.02, P 0.011, Mo 0.01, S 0.003, Cu 0.02, Al 0.045, V 0.01,Ti 0.004, Nb
0.003; average grain size 8.6 um; 0.2% proof stress (523 MPa); tensile
strength (608 MPa); hardness (737 HV).

(i) High-strength spring steel, existing results The experimental
work of Akid and Murtaza employed a high-strength spring steel under
fully reversed torsion fatigue conditions of different Az in air and 0.6
M NaCl. For this steel, pit and short-crack initiation and growth have
been monitored by the surface replication of the standard hour-glass
specimens followed by direct microscopical observation. The chemical
composition and microstructural and mechanical properties of the spring
steel'* are: in wt % C 0.56, Mn 0.81, Si 1.85, Cr 0.21, Ni 0.15, P 0.026,
Mo 0.025, S 0.024; average grain size 30 um; 0.2% proof stress (1,440
MPa); ultimate tensile strength (1,610 MPa); % elongation (9.3);
hardness (480 HV).
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o (iii) p-Ti-6AI-4V alloy, existing results The fully reversed fatigue tests
of Hoshide were done under axial and combined axial-torsional loading
of solid cylindrical specimens (with a circumferential blunt notch) made
of Ti alloy, water-quenched after a heat-treatment of 30 min in B-region;
the behaviour of small fatigue cracks was observed by the replication
technique.” The chemical composition and microstructural and mecha-
nical properties of the alloy are: in wt % Al 6.52, V 4.00, Fe 0.16, O
0.182; average grain size 400 um; 0.2% proof stress (849 MPa); ultimate
tensile strength (1,016 MPa); % elongation (6.8); Young’s modulus
(127 GPa).

e (iv) AI-Mg Alloy and S35C Steel, existing results All fatigue tests of
Hoshide were carried out under fully reversed push-pull loading of solid
cylindrical specimens with a thinner flat cylindrical part, annealed at
different conditions for the different materials; the behavior of small
fatigue cracks were observed by the replication technique.® The chemical
composition and microstructural and mechanical properties of the alloys
are: (a) for Al-Mg alloy in wt % Si 0.12, Fe 0.28, Cu 0.04, Mn 0.06, Mg
2.6, Cr 0.25, Zn 0.02, Ti 0.01; average grain size 47 um; yield strength
(134 MPa); tensile strength (239 MPa); % elongation (30.6); Young’s
modulus (76 GPa); (b) for S35C steel in wt % C 0.37, Mn 0.77, Si 0.24,
Cr 0.04, Ni 0.02, P 0.019, S 0.023, Cu 0.01; average grain size 9.7 um;
yield strength (382 MPa); tensile strength (668 MPa); % elongation
(37); Young’s modulus (206 GPa).

o (v) SCM435 Steel, existing results. The fatigue experiments of Murakami
employed Cr-Mo steel under tension-compression symmetric loading of
solid cylindrical specimens quenched and tempered at different condi-
tions; all fracture origins are at the internal inclusions and parameters of
those inclusions and of the surrounding ODA areas are measured under
an optical microscope.® ' The chemical composition and microstructural
and mechanical properties of SCM435 steel are: in wt % C 0.36, Mn
0.77, 8i 0.19, P 0.014, S 0.006, Cr 1.0, Mo 0.15, Cu 0.13 and 8 ppm O;
hardness of the specimens treated at different conditions (500-560 HYV).

4. Different data presentations

The well known data presentations

1. “Long fatigue-crack growth rate, da,/dN against Stress-intensity
factor range AK,” (or on log-log scales logda; /dN —log AK ),
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2. “Short fatigue-crack growth rate, da , /dN against Short fatigue-crack
equivalent to AK;, AK = kg‘,ash ” (or in log-log logda /dN—
logAK ), for most engineering alloys exhibit sigmoidal curves with

three distinct regimes of crack growth: (a) threshold behaviour, (b) the
dominant Paris line and (c) catastrophic failure. In many cases, the

dominant Paris linear regime — logkda ; /dN ) = C(log AK)m — is applied
to all data, as it can be found in Murtaza'~ and shown as M(X) in
Figure 2a—c. At the same time the presentation “Short fatigue-crack
growth rate, da, /dN against Short fatigue crack length, a 5 “ (or
S
logda, /dN —logay ) can employ a mathematical parabolic-linear

description based on the Brown—Hobson model’ or statistical approach."
In elastic-plastic conditions modelling is based on logda/dN =

CJ (logAJ )n (where C on are scaling constants) and is presented by a

straight line as in Hoshide.”® In these publications there are other
presentations of the kind “Long or short fatigue crack growth rate,
day /dN or da;/dN against the J-integral range, AJ” (or on log-log
scales log dash /dN —log AJ and log da; | dN —log AJ ) which result not

in a straight line but in curves.

da/dN, pm/cycle

© 396 MPa
. © 471 MPa
1L.EH}0 A 516 MPa
L.E-01 A
LE-02 A Q(AWHV)
LE-03 1 /
4
1.LE-04 A
LE-05 Q: da/dN = 2E-09(AW,,")"*""; 1.7 = 0,9906
LEH1 1.LE+03 LE+05 LE+07 LE+09 1.E+11

RQT501 Steel -Q: AW =f(da/dN, a"2 HV), Pa pm™ */cycle;M: a, ym

Figure 2a. Proposed alternative (Q) and conventional (M) short-crack data presentations of
fatigue at frequency 0.2 Hz.
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da/dN, um/cycle

LE+00 - A 396 MPa
P 0 471 MPa
1.E-01 A 4516 MPa
1.E-02 1
Qaw™)
1.E-03 1
1.E-04 A %
’ -

LE-05 Q:*da/dN = 3E-09(AW, s )™ 1.2=0,9797

1.E+01 1.E+03 1.E+05 1.E+07 1.E+09 LE+11

RQT501 Steel -Q: AWHV=f(da/dN, a'? HV), Pa pum™*/cycle; M:a, pm

Figure 2b. Proposed alternative (Q) and conventional (M) short-crack data presentations of
fatigue at frequency 0.5 Hz.

da/dN, pm/cycle

1.EH1 1

<+ 396 MPa A

o 471 MPa
LE-01 - 4516 MPa
1.E-03 -
1.E-05 1

da/dN = 6E-10(AW, " y"*7%; £2 = 0,9893
1.E-07 T T T T 1
1.LEH01 1.F+03 1.LEH05 LE+H07 1.LE+09 1.LE+11

RQTS01 Steel -Q: AWT“'=f(da/dN, a”l, HV), a pm‘m/cycle; M:a, pm

Figure 2c. Proposed alternative (Q) and conventional (M) short-crack data presentations of
fatigue at frequency 1 Hz.

An alternative method is proposed comprising: (a) fatigue testing of
engineering materials; (b) measuring long-crack or main short-crack lengths
a and the corresponding number of cycles V; (¢) calculating the crack rates
da/dN and the ranges AK or AJ of the stress-intensity factor K or the J-
integral, and (d) calculating a newly-introduced energy fatigue-function in
its four versions:
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W =(da/dN)AK (or kW = k(da/dN)AK ),
W = (dal dN)AJ,

W =(da/dN)a" 1V (or W = (da/dN)a
W*= f(ODA, N),

1/2
)

where k is a normalizing constant of the type k=N _/(a

f f (Kmax (af ))) ’ af

and Ny are respectively the final length of fatigue crack and the number of
cycles at failure, K, (a .) is the stress intensity factor at o, from the

f
applied stress range Ao = o, — 0., [V is the Vickers hardness and kW

is a non-dimensional expression.
The presentation logda/dN —logW is a straight line Q(K), Q(HV), Q(J)
or Q*(\/; ), shown as the thickest line in Figures 2—7, which may be

termed the “natural fatigue tendency” of material (Q(HV), Q*( Ja )) or of
material at a given stress range(Q(K), Q(J)); this is mentioned for the first

. . 11,12,16,1
time and only for AK in Angelova.'"'>!%!".

da/dN, pm/cycele

1.E+00 7
of=0.21Hz
1.E-01 - of=0.5Hz
Af=1Hz
1.E-02 1
1.E-03 -
LE-04 1 Q: da/dN = 2E-09(A W, ,"™"Y¥"7: 1.2 = 0,9906
Q: da/dN = 3E-09(A W, "™ 1.2 =0,9797
LE05 Q: da/dN = 6E-10(A W, "V)70; 12 = ,9803
- i T T T T 1

1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10 1.E+11
RQT501 Steel - Q: AW"Y=f(da/dN, a'?, HV), Pa mm*?/cycle

Figure 2d. Proposed alternative short-crack data presentations (Q) of fatigue at frequencies
0.2,0.5and 1 Hz.

The presentation log day, | dN —logW which can be rewritten as

logda g, / dN —1og[(da / dN )AKSh] is applied to the fatigue data obtained by
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Murtaza (accordingly, Section 2.5) and expresses a straight line, Q(K) in
Figure 3a, while the presentations logda " / dN —log[(da " /dNYAJ] and
S S

logda; / dN — log[(dal /dN)AJ] using the fatigue data for a B-Ti-6Al-4V

alloy, Al-Mg alloy and S35C steel after Hoshide (considering Sections 2.6.
and 2.7) show straight lines Q(J) or Q(JE(da/dN)) in Figures 4—6. If we use
a generalization of the fatigue-function AW based on employing material
Vickers hardness HV and replace applied stress ranges by the corresponding
HYV for a given material, new Q(HV) straight-line presentations can be seen
in Figures 2d and 3b (the original model in Figure 2 is of Yordanova'®).
Such a presentation reveals the natural fatigue tendency of a given material
and may be used as one of its general fatigue characteristics.

Under conditions of superlong fatigue and in the presence of non-
metallic inclusions Murakami expresses the relationship between the sizes
of an inclusion area 4, and surrounding ODA area 4,, which takes part in a

ratio /4y + 4 / \/% = \/j /\/% plotted against the cycles to failure N{ Iz

multitudeM(\/;) in Figure 7. To apply our alternative approach to

Murakami’s data, we calculate (i) the average crack growth rate

da/dN = (A'—Ao)l/2 N I - Ny) for each specimen fractured at a specific

inclusion and the ODA around it and, (ii) the energy function W*=
(da/dN)AO'(A'/AO)M. On log-log scales the presentation Q¥ (\/;) -
logda/dN —logW * —is a straight line, Figure 7.

Note that all straight lines in Figures 2—6 express effective surface
energy depending on change of crack growth.

In terms of AK , the straight lines in Figures 2, 3 and 7 express the total
effective surface energy of a specific square-root sized surface, necessary
for the creation of a unity square-root edge-notch size per cycle. In terms of
AJ , the straight lines in Figures 4—6 express the effective surface energy
necessary for the creation of a unity of specific square-root sized surface
per cycle.

A comparative analysis between M and Q presentations shows that at
the same number of crack-size measurements, the precision of the proposed
method is significantly higher, expressed quantitatively by the correspond-
ing correlation coefficients f. shown in Figures 2—7. Using this approach,
therefore, fewer fatigue measurements may be needed than have con-
ventionally been required. Confirmation is given in Angelova (2003),'®"
where descriptions of the fatigue behaviour of 15 different materials are
derived from an economical use of data.
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da/dN, pm/cycle

) M: da/dN = 3B-10(AK ) *7, 17 = 0354
4 ® 1106 MPa, air g 24183 o2
LOOE+01 1008MPa, air M: da/dN = 1E-13(AK.) . 7 =0404
® 915MPa, air M- N = 3E-21(AKY 77, £ = 0405
O 1106MPa, major crack (mc) -1
1.00E-01 +A 1008MPa, major crack (me)
O 915MPa, major crack (
ol
1.00E-03 +
M(AK)
LOOE-05 = 7da/dN = 0.0832(W, o mo)” 7, £7 = 0.998
' A Ak (.8217 o2
- Q:da/dN = 0.0224(Wq )", £7 = 0.989
o Q: da/dN= 0.0026(W; si, ol 7, £2 = 0,993
1.00E-07 t } t } }

1.00E-05 1.00E-03 1.00E-01 1.00E+01 1.00E+03 1.00E+05

High-Strength Steel: (a} After Murtaza M: AK,;,, MPa um”z;
(b) Q: AW=f(da/dN, Ac, a"?), MPa pm**/cycle

Figure 3a. Proposed alternative (Q) and conventional (M) short-crack data presentations of
fatigue for different stress levels in air medium.

da/dN, pm/cycle

LE+00 T
4 air: original data A

LE-01 T ¢ 0,6M NaCl: original data
L.E-02 +

0,6M NaCl:
LE-03 + da/dN = 0.0004(A W)*7228

£} =0.9481
1.E-04 T
1.E-05 T
LE-06 T da/dN = 0.0002(A W'™)**

£ =10.9816

1LE-07 = = ’ ’ : ’ !

1.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

High-Spring Steel -Q: AWHV=f(da/dN, a'?, HYV), Pa p,mm/cyclc

Figure 3b. Original short-crack data presentation of fatigue and the newly-proposed one (Q)
based on the Vickers hardness for different media.
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1.00E-04 -
O J-integral range funetion
g O W(¥)-function
O . _— L
= = Square of W(K)-function
o 1.00E-06 - per second
£
% da/dN=f(AJ,da/dN)
o 708 -
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Figure 4. New (Q) and original (M) short fatigue-crack data presentations.
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Figure 5. New (Q) and original (M) short fatigue-crack data presentations; the dash line
shows long crack data.
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5. Final notes

An alternative approach to conventional fatigue data presentations is
developed clarifying the physical sense of the parameters which it offers.
This approach transforms the presentations of crack-growth rate against
AK and AJ, and of the ODA parameter of Murakami against cycle to
failure, into a linear presentation of crack-growth rate against a specific
effective surface energy function AW . The line obtained may be termed
the natural fatigue tendency of material under a given stress range, and
because of its simplicity may be helpful for fatigue testing and real-world
practice in terms of precision and the reduction of the number of fatigue
characterizing tests, given by our technical standards. A generalization may
be used when Vickers Hardness replaces applied stress ranges; then the
natural fatigue tendency of a given material would depend only on its basic
strength (hardness) characteristics.
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Abstract The verification of existing steel structures especially steel bridges
is in present one of the main problems of the structural engineers. The
majority of existing railway steel bridges that have been built at the turn of
the last century are riveted structures. Today many of these structures have
already achieved a considerably age; therefore the establishment of the
remaining fatigue safety of these structures is one of the most important
tasks of contemporary society. Many of these bridges are still in operation
after damages, several phases of repair and strengthening. The problem of
these structures is the assessment of the present safety for modern traffic loads
and the remaining service life. Along with the classical method of damage
accumulation, a new approach based on the fracture mechanics principles is
proposed. The paper presents the Romanian Methodology in this field with
some case studies.

Keywords: Existing steel bridges, verification, safety, fracture mechanics

1. Introduction

Rehabilitation and maintenance of existing steel constructions, especially
steel bridges is one of the most important actual problems.'

The infrastructure in Romania and in other East-European countries has
an average age of about 70 to 90 years (Figure 1). Many of these structures,
particularly railway bridges, have already achieved an age of 90, 100 or
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even more years and are still in operation after damages, several phases of
repair and strengthening. To maintain these structures is one of the most
important tasks of our society. Replacement with new structures raises finan-
cial, technical and political problems.

During service, bridges are subject to wear. In the last decades the initial
volume of traffic has increased. Therefore many bridges require a detailed
investigation and control (Figure 2). The examination should consider the
age of the bridge and all repairs, the extent and location of any defects etc.
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Figure 2. Assessment and control of existing steel bridges.



EVALUATION OF SERVICE SECURITY OF BRIDGES 303

2. Technical condition of existing bridges

Carefully inspection of the structure is the most important aspect in eva-
luating the safety of the bridge. On the accuracy of the in situ inspection
depends the level of evaluation.

The check of existing structures should be based on the complete bridge
documentation (drawings with accuracy details, dimensions and cross sections
of all structural elements, information about structural steel, stress history.
However, in many cases these documentations are incomplete or missing.
But these information can be recovered due to the carefully investigations
and inspections of the structures, experimental determination of the material
characteristics and stresses in structural elements, full scale in situ tests
(static and dynamic), calibration of structure and spatial static analysis.

Bridge life is generally given by fatigue; difficult is the estimation of the
loading history. For bridges where the stress history is known the fatigue
life may be calculated using the Miners’s rule and an appropriate S—N curve;
also the assumption of the same spectrum for bridge life (or for certain
periods) must be made. During the process of assessment the fatigue life of
old riveted bridges is important to establish the proportion of the whole fati-
gue life that has been already got through. For stringers and cross girders of
existing railway bridges the number of 10’ cycles is exceeded. It might be
affirmed that for such bridges if no fatigue cracks can be detected, no fatigue
damage has occurred! Subsequently, if the loading spectrum remains the
same in the future as in the past, fatigue cracking might not take place! In
almost all the cases the loadings increased; in this situation survival for 100
years (or more) without cracking would not justify the assumption that no
damage has yet occurred! Minor cracking is difficult to detect during usual
inspections.

From the overall examination of a large number of bridges many defects
can be pointed out. The defects are widespread, having a heterogeneous
character from the point of view of location, development and development
tendency; their amplification was also due to the climate and polluting factors
that caused the reduction of the cross section due to corrosion. Statistically,
in 283 from among 1,088 welded bridges, and in 356 from among 3,201
steel riveted bridges cracks were detected and repaired. It is not allowed to
weld cracks. Old bridges can have welds executed in the early years; a
special attention must be paid to these parts. Generally the riveted con-
nections have a good behavior in time due to the initial prestressing force
which can reach 70—-80 N/mm?.
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3. Characteristics of materials

The following facts show that a material analysis for old riveted bridges is
very useful:

e Old bridges are in many cases erected using material with very poor
welding qualities and basing on railway administration data and spe-
cialised literature it is known that cast iron was used to build bridges.

e The specialised literature doesn’t offer enough information about this
structural steel.

o The structural material (Table 1) comes from several producers (for South
Eastern Europe mostly from Reschitz — Romania and Gyor — Hungary).

TABLE 1. The bridges on which the material study basis.

Year of
Span construc- Position Type of structures
tion
1912 Alignnent. bridge
101,76 m (StE.G. Mehadia e Thg0: Lo L
Reschitz) ? (interrupted stringers)
1911 Valea Mignwje;lwbr\dge h‘m 1
81.6 m (SLE.G. ) . My = 12000 T %8
Cernei .
Reschitz) (interrupted bridge
Alignment bridge
1913 |_9__FJ
1
7176 m (SLEG. | o] far-a . 5
Reschitz) Sarata - = = “2
50.65 + 66.20 1912 Sag TerIEE ST hemn BRSO NI [T g
+36.70 + (SL.E.G. replaced TNA/ N LTTiL]
2x30.40 m Reschitz) 1997 - 2
Alignment bridge
L=2e76,8m ,Simpie supported I\_n_|_ =3:514m / = .
2x76.80 + 1912 A;'add e I fin 2 1 l} *PLW’W_
3x51.42m (Gyor) ”goﬂt'g vy T vy 2
e %8
56.2m
27 hee6t0) _ _ Mm=10000 K . _ A
56,2 +2x31,0 (Rel'gc_hlirz) 17 7 TL?.E 3
s
+4x Branisca SR SR TR 7o KR 7 RSV
- 2x31.0 + sea | 4 Psmmaggﬂibzg
34,/ m 4%32.7m 58,2 ) e 2.31,0 - Lx327
1907
* Possible construction year

The study’s results can be extended to Middle and South Eastern Europe
when the history of communication ways and the state of old railway and
highway steel bridges in this region is regarded.

In this context we mention the following event: on 1 January 1855 the
“Kaiserliche und Konigliche Privilegierte Osterreichische Staatseisenbahn-
gesellschaft” (St.E.G.) took over all steel producers in Banat. The invest-
ments in Reschitz turn the steel mill into an important bridges’ factory.
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The production of steel bridges reached 3,960 t in 1910, whilst bridges
made by St.E.G. Reschitz are still in use in Romania, Austria and Hungary.
Between 1911-1913, 1,620 t of bridge structures made of cast iron were
replaced in the western part of Romania (Banat), namely on the railway
segment Timisoara—Orsova.

In this sense the material study took into account bridges from this
region, built around 1911.

Following material analysis were performed in order to determine the
characteristics of the material: chemical analysis, metallographic analysis,
tensile tests, Brinell tests, Charpy “V Notch” tests.

The samples were taken from secondary elements, but also in some
cases (Bridges in Arad and Sag which were replaced) from main elements:
stringers, cross girders, main girders.*

The results of the chemical analysis are presented in Table 2.

TABLE 2. Chemical analysis results.

Chemical composition

No. Bridge / Specimen number & position C S Mn P Si Ni N
% % % % % % %
1. Valea Cernei Bridge / S1-VCB / Secondary 012 0.034 039 0021 0,023 - -
elements
2 Valea Cernei Bridge / S2-VCB / Sec. Secondary 011 0.020 032 0.024 0.010 . .
elements
3 Mehadia Bridge / S1-MB / Secondary elements 0.11 0,014 0.50 0,028 0,050
4 a Sara i / §1-BS S ary -
Balta Sarata Bridge / S1-BSB / Secondary 007 0072 038 0.016 0.010
elements
5 $ag Timis Bridge S_l—ssl;l;?l‘ISEcumlm_\’elemenls 0.16 0.058 0.46 0.035 0.035
6. Sag Timis Bridge SZ—.STB: Secondary elements 014 0.066 063 0.030 0.061 - -
— Span IT
7 Sag Timis Bridge S3TSTB Secondary elements 013 0.060 0.50 0.051 0112
— Span IIT
8 Sag Timis Bridge / S4-STB / lSemmIary elements 018 0.054 0.48 0.066 0.056
— Span IV
9 Sag Timis Bridge / S5-STB ‘VSErumlm_\' elements 0.18 0017 0.44 0.059 0.010 . .
—Span ¥
10. Briinisca Bridge / S1-BB / Secondary elements 0.12 0.070 0.39 0.013 0.060 - -
11 Brinisca Bridge / S2-BB / Secondary elements 0,11 0,055 0,38 0,014 0,060
3 ) vidge / S1-AB/ S v _Spa R
12 Arad Bridge / SI-AB Se]mmlﬂ_\ elements — Span 0.14 0.061 0.53 0.038 0.060
3 " /S1-AB/S - _
13 Arad Bridge / S2-AB Sﬁnndm‘\ elements — Span 0.19 0.033 0.64 0.051 0018
14 Arad Bridge / $3-AB / Main elements — Stringers 0.089 0.032 0531 0.009 0,018 0.067
Span ITT
15 Arad Bridge S-IJ—AB Main elements — Cross 0.058 0.059 0.485 0.017 0,018 0.037
girders Span ITT
- r S AR / Mai T
16 Arad Bridge S‘_ ,AB, )lun elements — Main 0.056 0032 0.493 0.001 . 0.031
girder Span IIT
17 Arad Bridge / S6-AB / S{;Ddﬂl‘}' elements - Span 018 0.035 0.46 0.063 0.078
18 Arad Bridge / S7T-AB / Se‘fnm‘]nr_\' elements — Span 01 0.047 043 0.020 0.030
19. St 37 (STAS 500/2-80) 025 0,065 0.85 0,065 0,07 0,30 0,015
20. St 34 (STAS 500/2-80) 0.17 0,055 0.60 0.055 - - -
21 INCERTRANS Bucharest Research for cast iron | 0.04 0014 .0.| 015 0.121..0,| 007
0.11 043 0.48 32 0.31
22 German Research for cast iron* 0.16 0.056 0.100 0.470 0.100 0.007

* German research — Stahlbau 05.1985 (Prof DrIng. D. Kosteas, Ing. W. Stier, Ing. W. Grap)
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The statistical interpretation of the tensile tests results shows a minimal
value for the yield stress of 230 N/mm’.

The impact tests on Charpy V Notch specimens lead to conclusion that
the transition temperature is situated in many cases in the range from —10°C
to 0°C (Figure 3).

Transition curves

—&—KV-Arad-Spanlll-
160 Stringers
o ——KV-Arad-Spanlll-
Main Girder

140 b KV-Arad-Spanlll-

Cross Girders

120 —x—KV-Sag-Spanl-lil

—@— KV-Sag-SpanlV-
100 ; v
—®—KV-V.Cemeil
—®—KV-V.Cernei2

—¥—KV-Braniscal

—— KV-Branisca2

Charpy Energy KV(10) U]
=]
3

— e m— 5§ g0 KV-Mehadia

—{—KV-B.Sarata

=4 Ref value

-20 -15 -10 -5 0 5 10 15 20

Temperature T [°C] ;xggglé?v,

Figure 3. Transition curves for the analyzed bridge structures.

By analysing the laboratory results we can conclude that the steel is a
mild one, that could be associated to the present steel types St 34 or St 37.1.

Also, on the two dismantled bridges — Arad and Sag —fracture mecha-
nics tests were made® in order to establish the integral value J. (according to
ASTM E813-89), the CTOD and to determine the fatigue crack growth rate
and the material constants C and m (according to ASTM E647-93). For
these tests compact specimens CT (thickness 8 mm) as well as bending
specimens have been used (see Chapter 6) (Figure 4).

They have been obtained from the stringers, cross girders and main
girder — lower chord. The minimal value of material toughness in term of
J-Integral for these old riveted steel bridges is J.; = 10 N/mm for a
temperature of —20°C.
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Figure 4. FM tests specimens. (a) CT-Specimen for J; value. (b) Bending specimen for CTOD.
(c) CT-Specimen for crack growth rate.

4. Present verification concept

During service, bridges are subject to wear. Therefore many bridges require
an inspection. The examination should consider the age of the bridge and all
repairs, the extent and location of any defects etc.” A continuous main-
tenance, which generally must increase in time, is important in order to



308 E. PETZEK AND R. BANCILA

assure the safety in operation of the existing structures. The present metho-
dology includes the following stages (Figure 5):

STEP 1: estimation of the loading capacity of the structure based on a
detailed inspection; analysis of drawings, inspection reports, repairs, rein-
forcements, analysis of the general behaviour of the bridge (displace-
ments, vibrations, corrosion, cracks). In this phase the stresses in the structure
can be calculated with the usual simplified hypothesis.

STEP 2: the accurate determination of the stresses in the structure and
of the remaining safety of the elements. This phase includes: tests on
materials, computer aided analysis of the space structure, remaining safety
calculated on the base of the real time—stress history.

STEP 3: in situ static and dynamic tests.

This methodology adopted by the Romanian standard is illustrated in
Figure 5.

Assessment of the
bearing capacity

1

Yes Full scale testing
| (static and dyna-

Y

Estimation of the loading

Structure
modell

capacity. problems? mic)
Analysis of the general
behaviour of the structures.
* Accurate determination of the 1
Detailed inspection. Analysis stresses values with updated Structure modell
of drawings. values (Computer aided analysis) 4] calibration
Inspection reports

+ ]
Test terial
Calculation with the usual ‘ = ;na — I

design rules

Remaining fatigue safety
(using a semiprobabilistic
procedure)

NO

Verification

NO

\
Strengthening
Service and maintenance Replacing

OK

Figure 5. Methodology of the Romanian standard SR 1911-98
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The calculation of remaining fatigue life is normally carried out by a
damage accumulation calculation. The cumulative damage caused by stress
cycles will be calculated; failure criteria will be reached.

D:Z;—:sl (1)

The classical fatigue concept is based on the assumption that a con-
structive element has no defects or cracks. However, discontinuities and
cracks in the components of structures are unavoidable, basically because
of the material fabrication and the erection of structures. It is very clear
that the kind of fatigue cracks, which are initiated by structural non-
homogeneity (possible non-metallic inclusions or other impurities), surface
defects (including corrosion) and the stress factor, are present in the old
riveted structures.

The presence of cracks in structural elements modifies essentially their
fracture behavior. Fracture, assimilated in this case as crack dimensions
growth process under external loadings, will be strongly influenced by the
deformation capacity of material. The FM approach has acceleration in
damage increase; with increasing damage a smaller stress range contribute
to the damage increase. The authors proposed a complementary method
based on the fracture mechanics basic concept

K, <K, (2)

in order to calculate the remaining fatigue life. The principle of the new
approach is presented above; these steps can be described in Figure 6.°
In practice two situations can be distinguished:

e D < 0.8 the probability to detect cracks is very low. The inspection
intervals (generally between 3—6 years) can be established on criteria
independent of fatigue. Nevertheless, a special attention must be paid to
critical details.

e D > 0.8 cracks are probable and possible. An in situ inspection and the
analysis of critical details are strongly necessary. Also a fracture mecha-
nics approach is recommended.

Generally, the establishing of the maintenance program, the determination
of inspection intervals, the inspection priorities of structural elements and
finally the calculation with high accuracy of the remaining service life of
old riveted bridges takes into account the following main data:

e Type of structure and exploitation conditions (traffic events)

e Information about structural steel (mechanical properties — yield strength,
tensile strength, hardness, transition curve ductile — brittle and transition
temperatures, chemical composition, metallographic analysis)
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e Determination of critical members and details

e Crack detection and inspection techniques for evaluation of the initial
crack size — ay and crack configuration

e Recording of the stress spectrum for the critical members under the
actual traffic loads

e Evaluation of the critical crack size — a.; based on failure assessment
diagrams

¢ Fracture mechanics parameter — Ky, Ocrit, Jerie (fracture toughness)

o Simulation of the fatigue crack growth

e Temperature, environment conditions

AN ik g
el md i U aamgud o of
vihads, arvmpnnling s e d 34 B,

o s e ) e el
g b AR d
¥

Figure 6. Assessment of the remaining fatigue life and the crack growth procedure.

The methodology is conceived as an advanced, complete analysis of
structural elements containing fatigue defects, being founded on fracture
mechanics principles and containing two steps; namely one of determination
of defects’ acceptability with the help of Failure Assessment Diagrams
(level 2)” and of determination of final acceptable values of defect dimen-
sions; this is followed by a second step which in fact represents a fatigue
evaluation of the analyzed structural elements basing on the present stress
history recorded on the structure, on the initial and final defect dimensions
and the FM parameters, namely the material characteristics C and m from
the Paris relation (crack growth under real traffic stress) and further on the
exact determination of the number of cycles N needed in order that a frac-
ture take place, respectively the determination of the remaining service life
of the structural elements (years, months, days).
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5. Fatigue crack propagation and crack propagation laws

The method of fatigue assessment for structural elements with defects was
developed basing on the possibility of modelling, on the propagation rate of
crack dimensions under fatigue loads and with the help of known laws. The
method is founded on the recommendations of the BS 7910:1999.

In the present state of knowledge it is generally accepted that the fatigue
failure of materials is a process containing three distinct steps: (1) initiation
of defect (crack), (2) crack propagation in material, (3) separation through
complete failure of the material in two or more pieces. Practically, the
safety service life of an element under fatigue conditions can be expressed
as follows (Figure 7):

N, =N, +N, (3)

N; = number of cycles necessary for the initiation of the defect (crack)
N, = number of cycles necessary for the propagation of the defect until
the occurrence of failure

Stress

Crack prppagation

>
Number of Cycles of failure, N = Nj+Np

Figure 7. Fatigue life of structural elements.

The evaluation of crack propagation conditions can be accomplished
with the help of characteristically values, which are founded on fracture
mechanics concepts: material toughness express by the stress intensity
factor K or J integral value and the crack growth rate da/dN (crack growth
for each load cycle). A relation of the following type can express the crack
growth rate (Figure 8):

da

— = f(AK,R,H 4
o = [(AK.R.H) )
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da/dN — crack extension for one load cycle

AK — stress intensity range, established basing on the stress range Ac;

. (O .. .
R —stress ratio R = —%; H — indicates the stress history dependence.
c

max

The crack growth rate da/dN, defined as a crack extension da obtained
through a load cycle dN (it can also be defined as da/dt, in which case the
crack extension is related to a time interval), represents a value characteristic
of the initiation phases respectively the stable crack propagation. It has been
experimentally observed that the connection between the crack growth rate
and stress intensity factor variation represents a suitable solution for the
description of the behaviour of a metallic material containing a crack, as in
the case of steel. In a logarithmic graphical representation of the crack
growth rate da/dN versus the stress intensity range AK a curve as the one
Figure 8 is obtained.
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Figure 8. Logarithmic representation of the fatigue crack growth in steel.

In the technical literature a large number (over 60) of crack propagation
rate laws can be found. These crack propagation equations can be divided
into three groups by taking into account the parameters they contain:
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a)da/dN=C/f(a); b)da/dN=C,f,(Ac); c)da/dN=C,f,(AK)(5)

a — crack length; AK — stress intensity factor range;
N — number of cycles; C; cui=1..3 — material parameters;
Ac — stress range; fi cui=1...3 — functions.

Obviously, the existing formulas have different degrees of complexity
including more or less parameters. Beyond doubt, the equations belonging
to group (c) are the most valuable, as the use of fracture mechanics parameters
offers a series of advantages. These advantages base on the fact that within
fracture mechanics a well defined relation between the material parameters —
stress — dimension and geometry of the defect has been established.

The most important equation of group (c) is the Paris and Erdogan law:

da, =C-AK" (6)
The calculation of the structural elements remaining service life can be
done basing on the Paris law, more precisely by integration of this law:
da
C-AK"

N — number of stress cycles necessary in order that the crack extends
from its initial dimension a, to the critical value a.;, where failure occurs;

N= LN dN =" )

a — crack length
C, m — material constants from the crack propagation law
AK — stress intensity factor range

This integral can be numerically calculated by taking into account a
critical detail knowing the crack values (initial and critical), basing on the
following relation:

Acrit da
N = J. m m -m/2
3 C-Ac™-Y"-(ma)

@®)

The number of cycles N; obtained with the help of relation (8) repre-
sents the remaining service life of the detail, by regarding the initial length
ap up to the critical length a.;, by admitting a stable crack propagation
(Figure 9).

The critical crack value can be calculated basing on the K criterion
respectively on the J or CTOD criterions or with the help of the failure
assessment diagram.
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Figure 9. Principles for determining the remaining service life.

6. Measurement of fatigue crack growth rates

The C and m material constants from the Paris law are experimentally deter-
mined by fracture mechanical tests. In this sense in most cases compact
specimens C(T), three point bended specimens SEN(B) and middle central
panels M(T) are used. Such a standard which describes the test methods for
the determination of the crack growth rate is the American Standard ASTM
E 647 (Standard Test Method for Measurement of Fatigue Crack Rates).

The procedure for the determination of crack growth rate in metallic
materials bases on the use of specimens containing a fatigue defect (crack).
This precrack has a well established length and is placed at the top of the
machined notch. The precracked specimens are then tested at a fatigue
cycle; during the test the crack length extension is measured according to
the number of cycles which correspond to these extensions. Basing on the
recordings the curve crack length extension versus applied number of cycles
is drawn. With the help of these curves the crack propagation rate da/dN is
determined by using one of the standard methods: secant method or
incremental polynomial method.

For tests, which were performed in accordance with ASTM E647-93,
compact specimens C(T) (thickness 8 mm) have been used. They have been
sampled from the stringers, cross girders and main girder — lower chord of
the bridge (Figure 10).
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Figure 10. CT specimens.

It should be mentioned here that the test have been performed in the
laboratory of the Technical University of Munich.

Basing on the determined values da/dN and AK the program also
automatically determines the C and m material constants by the Paris
relation:

da
In(—)=InC+m-In AK 9
(dN) )

The experimental tests on 26 CT specimens from two old bridges have
shown that for the oldest mild steels the values of the material constants
from the Paris relation are in the following intervals:

m=2.05...5.65
c=22x10".. 10"

Relatively large value of m corresponding to very small values of C, for
example form>4 - C=10"... 107",

7. Case studies

7.1. HIGHWAY BRIDGE IN ARAD

The bridge was built between 1910-1913 being a reference work for that
period and a symbol for the city Arad. The steel structure was erected at
the Bridge Factory Reschitz (Resita) between 1910-1912 — Kaiserliche
und Koénigliche Privilegierte Osterreichische Staatseisenbahngesellschaft” —
St.E.G. Nowadays it is under technical monument protection.®

The bridge is located on the national highway DN 69, at km 49 + 621,
crossing the Mures River (not yet navigable) and connecting the suburb
Aradul Nou to the centre of the city Arad. After the Worlds Wars and dif-
ferent events, the bridge is still in operation with some restrictions.



316 E. PETZEK AND R. BANCILA

The bridge is a cantilever trough truss girder with three spans, L. = 50.05
+ 85.30 + 50.05 = 185.40 m (Figure 11); the width of the carriageway is
8.05 m (thus assuring a dual carriage, one for each direction). The bridge’s
width between the main truss girder axis is 9.6 m and the footpath on the
lateral cantilever is 1.5 m. Due to the elegant curved forms, these structures
give the impression of suspension bridges but they in reality being classical
cantilever structures.

From the beginning the bridge had one tramway line. After the Second
World War when the structure was damaged and repaired the tramway line
was doubled.

The bridge was verified many times. Based on the laboratory tests, the
base material is a mild steel comparable to the present St 34-37.n (STAS
500/2-80). The conclusions of the last report, basing also on the results of
the in situ tests on the structure (with 30 t trucks) are rather unfavorable.
Some restrictions were introduced: trucks circulation is prohibited, only light
cars are allowed to cross the bridge; tramway has only two wagons (maximum
speed 10 km/h), only one tramway being allowed on the bridge (Figure 12).

After the classical verification of the bridge stresses (Figure 13) the
fatigue assessment of the structure was performed.

Also, the complementary method of fracture mechanics was applied.
For the material characteristics followings values were considered: the
material is a mild steel similar to the present St 34-37. n (STAS 500/2 —
80); yield stress is oy = 230 N/mm?; tensile stress 6, = 360 N/mm”.

-
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Figure 11. General view of the bridge.

Figure 12. The bridge in past (1912) and present (2007).
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Figure 13. The static model of the structure.

For the material toughness in terms of J; a minimal value of 15 Nmm
at a temperature of —20°C was chosen. For the life prediction procedure in
the case of the material constants following values have been chosen: m = 3
and C =3 x 10 '? (see also Ref.’).

A stress history was established for double line tram traffic, 15 min. tact,
in the time interval 5:00 am.—12:00 p.m. = 76 tram pairs/day in tandem on
the bridge (Figure 14).
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Figure 14. Stress history and crack growth curve.
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In the case of the main girder lower chord (Figure 15) (independent
central truss girder) for an initial crack value of ap = 5 mm it has been
obtained N = 4,559,000 cycles up to the critical crack value - RFL = 6.95
years. In the same case for a value of ay = 2 mm (undetectable!) — RFL =
15 years.

Figure 15. Cross section lower chord and analyzed crack model.

7.2. RAILWAY BRIDGE IN ARAD

Another case study is the old riveted railway steel bridge in Arad over the
Mures River (Figure 16). This structure has been dismantled in February
2000, after being 88 years in operation; as a consequence, a detailed ana-
lysis on main structural elements could be made. This structure has been
chosen because specimens could be sampled from most stressed elements
and also because many similar structures built in the same period of time
(1900-1930) are still in operation.

The main girder is a truss girder with 5 spans L =2 x 76.80 + 3 x 51.42
m (see Figure 9b). During the Second World War the bridge was damaged.
In 1986 a systematic assessment of the bearing capacity of the bridge —
including in situ tests with railway convoys — was fulfilled. The time—stress
history of the bridge (on the base of an analysis of different periods) was
carefully established.

After cutting the rivets a detailed visual inspection of the elements was
possible. It is known that the cracks in existing riveted bridges most
probably initiate at the riveted holes under the riveted heads and propagate
through the plate thickness and widths (Figure 17).

The acceptability analyze (Figure 18) of existing and detected defects
(Figure 19) and the determination of the critical cracks values was per-
formed on the base of the failure assessment diagram FAD level 2.
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By analyzing the assessment points from the fracture assessment diagram
the following can be concluded:

o The structural defects present in the stringers and cross girders in the
flange plate, analyzed with the help of models 1 and 2,'" show admissible
dimensions that don’t endanger the structure’s service safety (Figure 19).

¢ In the case of the chord of the stringers and the cross girder, the problem
is more serious, because the majority of the assessment points are in the
unacceptable area and even more, in an area of combined but manly
fragile collapse. Here it must be told, that the analyzed theoretical defects
are unacceptable, i.e. cracks that reach a sufficient length so that they
can be discovered (practically, cracks that are minimum 2 mm longer
than the edge of the connection angle and which in this case would have
a length of 92 mm). But there haven’t been discovered any such defects
in the investigated samples (from the stringers and cross girders), at
which the area covered by the connection angle has been analyzed by
cutting the rivets.

e Regarding the lower chord of the main girder, the assessment shows the
admissibility of the defects’ dimensions, although it presented a minimal
value of material toughness.
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Figure 19. Model 1 — Middle crack, Model 2 — Edge crack.
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The fatigue analysis have used the recordings] on the railway Arad-
Timisoara in the section Arad bridge through “in situ” measurements with
real trains in a time period of 14 days (Figure 20).

For each analyzed defect diagrams as in Figure 21 have been drawn
while the results are synthesized in Table 3. They are presented in com-
parison with results obtained through a classical calculus based on the
hypothesis of damage accumulation.
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Figure 20. Stress history — example for stringers (Arad bridge/Span 3).
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Figure 21. Crack length vs. number cycles.
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TABLE 3. Results of the life prediction analysis.

Remaining service life (years)

Analysed Element
v Classical Method PLM Compleme;'ﬁry Method

Cross girder ca.5.5 2.63
Final stringer -0.9! 3.49
Central stringer —13.9! 3.29

Conclusions

The introduction of a complementary method based on fracture mecha-
nics principles along with the classical method for the evaluation of the
safety in operation of existing steel bridges is necessary.''

A better knowledge of the fatigue resistance of riveted details and of the
repair and strengthening of riveted bridge members damaged by fatigue,
could extend the service life of a large number of bridges. In many cases
there is a need to retain particular bridges as historical monuments.

The methodology establishes clear rules for the dimension determination
of initial defects, the definition type of design stress in the analysed
elements and the material characteristics needed for the calculation of
evaluation parameters. The determination procedure of the durability of
structural elements is conceived as a logical succession of calculation
steps.

The procedure based on the fracture mechanics principles was simplified
and can be applied along with the classical methods.

For a reliable assessment of existing bridges a unified methodology is
needed including damage accumulation method and fracture mechanics
concepts.

In the frame of the present rehabilitation of principle railway lines in
Romania fracture mechanics concepts are used for the assessment of
remaining safety in operation of existing steel bridges.

The conclusions can be extended to other countries from Middle and
Southeast Europe, where the situation of the existing bridges is similar.
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Abstract This paper shows that fatigue limit of notched specimens under
cyclic loading can be simply and accurately estimated by using elastic-
plastic computations and averaging stress over a critical volume obtained by
an optimisation process minimizing the dispersion between experiments and
simulations. The fatigue limit criterion considered is the Dang Van one.
Fatigue tests (tension-compression, bending and torsion) carried out by the
Cetim, are used to calibrate the critical volume.

Keywords: High cycle fatigue design, notched components, multiaxial cyclic loading

1. Introduction

The high-cycle fatigue design of industrial structures is still a not resolved
problem especially in the presence of stress concentrations areas (holes,
notches, indentations etc.). Taking account of these phenomena is par-
ticularly important for predicting the fatigue behaviour of such structures.
In the current industry approaches, it is carried out by semi-empirical
correction requiring a large number of tests and which domain of validity
must be carefully delimited.

The most common approach is based on the concept of stress con-
centration factor K,, defined as the ratio of the maximum stress at the notch
evaluated under the assumption of a purely elastic behaviour and the nominal
stress. However, the fatigue limit of a notched specimen is different from
that of the smooth specimen divided by K;, which led engineers to introduce

G. Pluvinage and A. Sedmak (eds.), Security and Reliability of Damaged Structures 325
and Defective Materials,
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the concept of fatigue strength reduction factor Kj; which is the ratio of the
fatigue limit of the smooth specimen and the fatigue limit of the notched
specimen calculated with the assumption of a purely elastic behavior. This
coefficient is, however, not general. In the presence of residual stresses, the
correction factor previously determined for a particular load a particular
material will be no longer valid for another load nor another material.
Various proposals empirical corrections exist; they require tests database
which are used to carefully delimit the range of validity of the proposed
factors. Another type of approach was proposed by G. Pluvinage,® based on
an adaptation of the stress intensity factor concept to notch. This modelling,
like fracture mechanic, works well for simple uniaxial loading.

Another way to take account of the effects of stress concentration is the
use of theories of critical distances based on elastic stresses. Depending on
the specific form of these theories, the relevant stresses for fatigue analysis
are estimated at a certain distance from the notch (point method) or
averaged along a line (line method) or along an area (area method).*’

The aim of this paper is to study the suitability of the Dang Van
criterion"*  associated with an adequate representative volume element (or
critical volume) for the prediction of the fatigue limit of notched specimens.
This criterion, quite widely used in mechanical industry, is based on a
multiscale approach® and on the shakedown assumption. In order to check
this point, elastic-plastic simulations are performed and calibrated with tests
conducted by the CETIM on smooth and notched specimens subjected to:

e Tension-compression with and without mean value
e Rotating bending
o Alternated torsion

The critical volume is determined as the one which permit to obtain the
best correlation between calculated fatigue limits and experimental ones for
all the tests.

2. The proposed methodology

2.1. DESCRIPTION OF THE MODEL

The methodology used is based on the following features:

1. Cyclic elastic-plastic finite element simulations to calculate the stabilized
mechanical state

2.Use of the Dang Van fatigue limit criterion associated with a material
representative volume (critical volume)

3. Use of an optimization process coupling simulations and experiments to
determine the critical volume
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First, we recall the basic assumptions of the Dang Van fatigue approach.
This model considers two scales, mesoscopic grains scale on one hand and a
macroscopic scale for engineers attached to the notion of representative
volume element (RVE) widely used in the polycrystalline theory. The RVE
must contain a sufficient number of grains to be representative of average
macroscopic mechanical properties. The model assumes that if the material
can elastically shakedown at the two scales (mesoscopic and macroscopic),
there will be no fatigue. The fatigue limit corresponds to the limit of the
ability of the material to shakedown elastically.

The relation between the macroscopic stress tensor (M, ) at point M
(which is a Representative Elementary Volume, RVE) and the mesoscopic
stress tensor o (M, t, m) at point m of the RVE (M), is given by the
following expression:

o (M,t,m)=AM,m):Z(M,t)+ p(M,t,m) (1)

p is the mesoscopic residual stress tensor, A4 is the localization tensor,
which is taken here for simplicity, as equal to the identity tensor and p is the
mesoscopic residual stress tensor. We assume that the material is in an
elastic shakedown state at the macroscopic level; this means that there is a
field of time independent macroscopic residual stress R such as

T (M,t) =Z¢ (M,t) + R(M)

X (M,1) does not violate the macroscopic criterion of plasticity. Z(M,f)
is the macroscopic purely elastic stress calculated with the same loading
under the assumption that the material has a purely elastic behavior. The
mesoscopic stress is then:

6 (H)=X({t)+R+p.

In the previous equation, for sake of simplicity, only time dependencies
are explicitly written.

The first step of our approach, in the presence of a notch, is therefore the
evaluation of the macroscopic stress state composed of the purely (variable)
elastic stress 2 (f) and the constant residual stress R. This consists in a
cyclic elastoplastic computation of the structure, under the fatigue loading,
until a stabilized state (shakedown in this case) is obtained.

The second step is the determination of the mesoscopic residual stress.
They are obtained by constructing the center of the smallest hypersphere
circumscribing the deviatoric purely elastic stress S (7).

And then, the Dang Van criterion is applied. Different RVE are used in
order the find the one giving the best correlation between simulations and
experiments.
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2.2. MATERIAL AND TEST SPECIMENS

The fatigue tests under constant amplitude loading were carried out on
42CrMo4 steel. The material properties are the following: Re = 928 Mpa,
Rm = 1024 Mpa.

Cylindrical specimens are used. These tests consist of tension-compression
fatigue tests (Figure 1 through 3), pure bending, pure torsion and tension—
torsion.
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The first step of the methodology is the identification of the material
elastoplastic behavior from the experimental results (thin curve in Figure 4).
In this case, the material is assumed as von Mises elastoplastic with linear
kinematic hardening (thick curve in Figure 4).

True Stress (MPa)
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Figure 4. The experimental cyclic curve (thin) is modeled by an elastoplastic law with linear
kinematic hardening (thick).

The material cyclic behavior is modeled as von Mises elastoplastic with
linear kinematic hardening and the following parameters: Young modulus
E = 209,000 MPa, tension yield stress o, = 650 MPa and hardening modulus
H = 35,294 MPa. This constitutive law is used for the determination of the
residual stress in the macroscopic specimen. The calculation is performed
by the finite element method. We will present, in what follows, the results
of elastoplastic calculations for the case of tensile load amplitude of 165
MPa around an average value of 500 MPa.

2.3. EXAMPLE: CASE OF THE TENSION CYCLIC LOADING 500 + 165 MPa

The test specimen with &, = 3 (Figure 3) subjected to a cyclic tensile loading
of 500 £ 165 MPa. Figure 5 to 7 show the different results obtained.
The mesh used and the refinement at the notch are shown in Figure 5.
Examples of meshes used for other specimens are shown on Figure 6 and 7.



330 K. DANG VAN, HM. MAITOURNAN AND J.F. FLAVENOT

Figure 5. Mesh of the specimen (k, = 3) with different zooms.

Figure 6. Mesh of the central part of bending specimen (k, = 2).

Figure 8 shows the evolutions of the axial stress ¢, along with a radius
of the center section of the specimen, and calculated:

1.In linear elasticity (square); we can see that the stress concentration
factor is 3.13.
2. In elastoplasticity (diamond).
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Figure 7. Mesh of the central part of bending specimen (k; = 3).
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Figure 8. Elastic (square) and elastoplastic (diamond) axial stresses.

A cyclic elastoplastic simulation is then conducted to determine the
stabilized mechanical cycle. This state is obtained after one loading cycle.
The axial stresses obtained are shown on Figure 9 and the stabilized axial
plastic deformation on Figure 10. The axial residual stresses are shown on
Figure 11.
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Figure 9. Axial elastoplastic stresses along a radius.
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Figure 10. Stabilized axial plastic deformations along a radius.

After determining the macroscopic stabilized mechanical state (sum of
the purely elastic response and the residual one), Dang Van criterion, which
practical application is recalled in the next section, is used to study the
fatigue limit.
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Figure 11. Axial residual stresses after total unloading.

2.4. FATIGUE ANALYSIS

The Dang Van criterion assumes that the material sustain a very high number
(theoretically infinite) of loads cycles without being broken if only elastic
shakedown occurs at the macroscopic and mesoscopic scales. The basic
idea is to write that the mesoscopic must satisfy the plasticity criterion. The
approach can be summarized as follows:

e From the macroscopic loading cycle (i.e. the evolution of the macro-
scopic stresses X(f)), calculate the mesoscopic stabilized stress cycle
5(). -

e The mesoscopic stabilized stress cycle o(f) must satisfy the plastic
criterion of the grain. o

e Rewrite the obtained limitation in terms of the macroscopic stresses.

As a first step, Dang Van proposes to evaluate the stabilized mesoscopic
stresses by the following equation:

6(1)=X(1)+p

where p* is a time independent stress field. Moreover, the mesoscopic

stress field verifies the plastic criterion:
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To take into account the experimental observations on the influence of
the hydrostatic pressure on the fatigue limit, Dang Van postulates in 1973 a
criterion for grain plasticity in the following form:

VnVt f(g,t)+af9(l)£b

where p (t) and 7 ( n,t ) are the mesoscopic hydrostatic stress and the shear

on a plane with normal vector n. This criterion can be rewritten as:

max {maxl:f(g,t)+a f?(t)]} <b

t

The problem now is to assess p (t) and f(Q ,t) from the macroscopic

stresses 2(¢ ) . It is very easily done for the hydrostatic stress since:

ﬁ(t)zP:%tr(;(t))

The mesoscopic shear is the maximum shear stress due to the mesoscopic
stresses.

2.5. RESULTS

Figure 12 represents the loading paths obtained at the fatigue limit for the
following fatigue tests:

1. Fully reversed tension-compression (R = —1) on the specimen with &, = 1
(Figure 1), with a stress amplitude of 508 MPa

2. Push-pull on the specimen with &, = 1 (Figure 1), with a stress amplitude
of 467 MPa around a mean stress of 400 MPa

3. Fully reversed tension-compression (R = —1) on the specimen with &, = 3
(Figure 3), with a stress amplitude of 220 MPa

4. Push-pull on the specimen with &, = 3 (Figure 3), with a stress amplitude
of 165 MPa around a mean stress of 500 MPa

5. Fully reversed torsion (R = —1) with a stress amplitude of 320 MPa

6. Rotating bending (R = —1) on the specimen with k, = 1, with a stress
amplitude of 540 MPa

7.Rotating bending (R = —1) on the specimen with &, = 2, with a stress
amplitude of 267 MPa

8.Rotating bending (R = —1) on the specimen with &, = 3, with a stress
amplitude of 180 MPa

9. Push-Pull £, =2, 252 MPa around om = 500 Mpa
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The results show that, except for the cases &, = 2 and 3 in bending, a
critical layer of 100 pum is suitable (Figure 13).

4e+08 T T T T [
L 0 4
&
A \ i
3e+08 - 'y |

BB tcnsion ki=1 sa=508 depth=0
B tension kt=1 sa=508 rev=100microns
€&— tension ktl sa=467 sm=400 dcpth=0
E tension ktl sa=467 sm=400 rev=100microns
i A tension ki3 sa=220 rev=100microns
b tension ki3 sa=220 depth=0
@—& torsion sa=320 depth=0
2e+08 @& torsion 5a=320 ver=100microns
H flexion kt] sa=540 depth=0
@@ bending ktl sa=540 rev=100microns
|| =7 bending kt2 sa=267 depth=0
7 bending kt2 5a=267 rev=50micros
O bending kt3 sa=180 depth=0
bending kt3 sa=180 rev=50microns
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¥ tension ki3 sa=500 sm=165 rev=100microns
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Mesoscopic shear (Pa)
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Figure 12. Loading paths in Dang Van diagram (hydrostatic stress (Pa) — mesoscopic shear (Pa)).

3. Conclusion

In Figure 13 are represented all the loading paths resulting from elastic-
plastic computations, which allows us to take into account the residual
stresses when they are not null. The fatigue limits are very well predicted if
one calculates the macroscopic stress X as an average over a depth of 100
um, excluding results for alternating bending on notched specimens with
k; =2 and 3, where these values are too low. But a depth of 50 um is more
suitable for these cases. However, the experimental results for these two
cases seem to be problematic when compared to those of similar but
notched specimens subjected to cyclic tension around an average value of
high tension. The stress amplitudes in alternate bending are comparable to
the stress amplitudes in tension around very high mean values. In addition,
it is well known that in general the fatigue limits are higher in bending than
in tension. This leads us to believe that there is a problem with these tests
bending. Apart from this observation, we can see that taking into account
the residual macroscopic associated with a REV of the order of 100 pm
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allows interpreting simply and in a consistent manner, the overall results for
smooth and notched. This method can be easily and unambiguously extended
to other geometry accidents and defects of any shapes.

4e+08

3.5¢+08
¢

3e+08

v A0

2.5e+08

gg tension ll:tZI sa=508 .\\

H tension ktl sa=467 sm=400
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H @@ torsion sa=320

@—® bending ktl sa=540

1.5e+08 [ \7—<7 bending kt2 sa=267

| | -© bending kt3 sa=180

*—* tension kt3 sa=500 sm=165

letog U B tension kt2 sm=500 sa=252
0 1e+08 2e+08 3e+08 4e+08 5e+08 6e+08 7e+08

Hydrostatic stress (Pa)

Mesoscopic shear (Pa)

Figure 13. Limits points for the different loading path in the (p,t) diagram.
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Abstract This paper reviews techniques for measurement of basic mecha-
nical properties of thin films. Emphasis is placed on the adaptations needed
to prepare, handle, and characterize thin films, and on adaptations of fracture
mechanics for adhesion strength. The paper also describes a recent develop-
ment, the use of electrical current as a controlled means of applying thermo-
mechanical stresses to electrical conductors to characterize their fatigue
behavior.

Keywords: Delamination, grain size, strain, strength, substrate, testing, tensile,
yield strength, Young’s modulus

1. Introduction

From the time of Galileo to the late twentieth century, mechanical testing
evolved at the macro scale, with specimen dimensions of the order of
centimeters and even meters in some cases. This was a natural match to the
structures being analyzed, which included bridges, pipelines, pressure vessels,
aircraft and their engines, rockets, and so on. The appreciation that larger
structures produce mechanical constraints that promote brittle fracture became
widespread only after many tragic failures, which are well documented.
Wide plate testing was developed to examine the conditions under which a
small crack or inhomogeneity such as a weld can be tolerated by a large
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structural element. The need to control catastrophic brittle failure led to the
first serious attempt to understand size effects in mechanical behavior,
specifically, the development of structural fracture mechanics in the mid-
twentieth century. This understanding was applied both to the structures
themselves and to the test protocols, so that specimens small compared to
the structures of interest could be used to explore and verify material behavior.
These specimens were and still are macroscale: they can be manufactured
with lathes and milling machines; they can be mounted by hand with no risk
of damage to the specimen; and they can be tested without the need for
microscopy.

The next push toward smaller scale mechanical testing came with the
rise of thin film technology for microelectronics, and the related micro-
electro-mechanical systems (MEMS) technology, where photolithography
is used to create structures that provide mechanical functionality with
critical dimensions on the scale of micrometers. Analytical tools from the
macro world were adapted to design against the surprisingly high stresses
that arise in integrated circuits; the source of these stresses is the difference
in thermal expansion rate among the different materials that are bonded
together in thin layers to produce integrated circuits, combined with the severe
temperature excursions seen in these structures in both production and use.
But numerical analysis alone was not enough; the results of a numerical
analysis depend on the material properties data used, and thin film materials
have properties much different from those of the same materials in bulk
form. These property differences are a natural consequence of the much dif-
ferent microstructures between thin film and bulk materials. The micro-
structures are a consequence of the novel production methods used for the
thin film materials, for example, physical vapor deposition for thin films as
opposed to rolling and annealing for bulk materials. While measurements of
basic mechanical properties, such as elastic modulus and yield and ultimate
strength, of materials with dimensions around 1 pum are well established and
widely practiced, fracture mechanics has recently found a mode of application
in the microscale that differs in emphasis from the practice in macroscale
structures.

Delamination of thin films from rigid substrates, of which delamination
of an aluminum film from a silicon wafer would be a simplified example, is
a critical issue for integrated circuits and other thin film structures. This
failure mode is of relatively low importance in macroscale structures, which
rarely utilize bonds between large flat sheets as critical structural elements.
The testing of the adhesion between film and substrate has been attempted
by a multitude of approaches, but it is now recognized that the strength of
an interface can most accurately and usefully be described in terms from
fracture mechanics, in particular, energy per unit area of the bond between
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film and substrate and magnitude of stress singularities at critical locations.
Inspection for delaminations, for example by ultrasonic means, has been
applied to larger scale features of integrated circuits. Acceptance criteria are
couched more in terms of the quality of the bond than in critical crack sizes;
such “quality” criteria are reminiscent of earlier practices in welding in
macroscale structures. Finer-scale inspection and quality control techniques,
down to the use of atomic force microscopy, are being developed for
application to the understanding and detection of delamination. However,
100% inspection of every interface will never be applied to structures as
complex as modern integrated circuits; the structures are simply too
complex, too numerous, and too cheap, to allow such an effort.

This paper reviews techniques for measurement of basic mechanical
properties of thin films, including adaptations of fracture mechanics for
adhesion strength. For films with thicknesses on the order of micrometers,
these measurements are well developed. The materials are generally well
understood, and their behavior can be interpreted using concepts such as
grain size and dislocation-mediated plastic strain, which are familiar from
macroscale materials. Progress in extending these methods to films with
nanoscale thicknesses will be noted. The paper will also describe a recent
development, the use of electrical current as a controlled means of applying
thermomechanical stresses to electrical conductors.

2. Mechanical properties measurements at the micrometer scale

This section draws heavily on the book chapter “Thin Films for Micro-
electronics and Photonics: Physics, Mechanics, Characterization, and
Reliability,” by D. T. Read and A. A. Volinsky.' The main methods in current
use for mechanical characterization of thin films include microtensile testing
and instrumented indentation, also referred to as nanoindentation (NI). Other
methods in wide use include wafer curvature, the pressurized bulge test, and
a variety of tests of the adhesion of a film to its substrate.

2.1. MICROTENSILE TESTING

Tensile testing is the standard means of obtaining basic mechanical pro-
perties of structural metals. Because the stress field is uniform throughout
the gage section, the Young’s modulus, yield strength, and ultimate tensile
strength can be obtained from an accurate force-displacement record. So it
was natural to apply this time-tested method to thin films. Early attempts to
pull thin films in conventional testing machines used specimens lifted from
their substrate. This operation depended on special separation layers beneath
the specimen film, such as water soluble sodium chloride. Excessive wrinkling
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often occurred during placement of the specimen on the grips. Despite the
obstacles, meaningful data were gradually obtained. Early tests of metal
films revealed the main phenomena still seen today: high strength, and low
elongation to failure.”> There is at present no standard test method for
microtensile testing of thin films; individual investigators adapt the standard
methods for bulk metal specimens to fit their specific specimen geometry.
Standardization is hindered by the multitude of specimen sizes and designs
that are in use, which has resulted from the difficulty of fabricating micro-
tensile specimens.

The problems with the early methods led to improved procedures. It
became evident that since films in actual devices are always produced on
substrates, the use of the substrate to support the thin film specimen is
appropriate. But the substrate is always much more massive than the film,
so it must be removed at least from beneath the gage section of the spe-
cimen. Ding et al.’ reported the use of a silicon frame design for testing
doped silicon. The first realization of this scheme for metal films was the
silicon frame tensile specimen.” Bulk micromachining of MEMS devices
had been developed by this time, demonstrating the concept of etching
away a selected portion of the substrate to form a useful device. To produce
the silicon frame tensile specimen, photolithographic patterning was used to
form a straight and relatively narrow gage section with larger grip sections
on a silicon frame. The substrate beneath the gage section was removed by
a suitable etchant. The silicon frame, carrying its tensile specimen of a thin
film, was mounted on a purpose-built test device capable of supplying force
and displacement.” The silicon frame was cut, while leaving the specimen
undamaged. This step has been accomplished manually with a dental drill,
using a temporary clamp to hold the specimen in place, and by the use of a
cutting wheel mounted on a moveable stage.’

All the tensile testing techniques include measurements of force and
displacement. The force is measured using a load cell, either commercial or
custom-built. For specimens of thin films with cross sectional areas of the
order of 200 um’, the force might amount to 0.1 N. Commercial load cells
with this range are available. Displacement has been measured by inter-
ferometric techniques such as electron speckle pattern interferometry (ESPI),
for example as in,® or by diffraction from markers placed on the specimen
surface.” Even with measurement of displacement directly on the specimen
gauge section, modulus measurements are difficult. Successful attempts to
use grip or crosshead displacement for accurate strain measurements are
unknown to this author.

The specimen fabrication challenge with these techniques was the
chemical selectivity required to etch through hundreds of micrometers of
silicon without damaging the metal specimen. Aqueous hydrazine has been
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used, but this material is hazardous. Another disadvantage is the large width
of the gage section, 100 pum or more, by comparison with the line widths
used in interconnect and also with typical film thicknesses of the order of 1 pm.

A new generation of smaller-scale specimens, and complementary test
techniques, has been developed. In this version, the specimen width is
around 10 pm and the gage length is around 200 pum, while the thickness
remains near 1 um, Figure 1.* The surface micromachining concept is used;
the substrate is removed to a depth of around 100 um beneath the specimen
by use of xenon difluoride. This etchant is less hazardous than hydrazine,
and is very selective for silicon masked by SiO,, aluminum, copper, etc.
Young’s modulus can usually be measured in these specimens, but
Poisson’s ratio has been measured only by special techniques on relatively
large specimens,” because the transverse displacements are so small on a
few-micrometer wide specimens. In an early version of this test, the
specimen was loaded by engaging a tungsten probe tip, 50 um in diameter,
to a hole in the loading tab, Figure 2. A recent variant of the surface
micromachining approach is the membrane deflection tensile test, applied to
a series of face-centered-cubic (FCC) metals by Espinosa et al.,'” Figure 3.

A new advance is the co-fabrication of a specimen and a protective
frame that includes a force sensor, Figure 4."" This specimen is suitable for
use inside a transmission electron microscope (TEM).

A recent round robin showed reasonable agreement among several
laboratories in the strength of polySi (polycrystalline silicon), although
most labs required their own unique specimen geometry. The different
geometries were produced on the same MEMS chip.'> The strength values
obtained for polySi were impressively high, of the order of 1/30 of the
polycrystalline Young’s modulus, which is the usual estimate of the
theoretical strength of a solid.

Figure 1. Microtensile specimen of aluminum, fabricated through the MOSIS process. The
loading tab, with its 50 pm diameter hole, is to the left. The gauge section, with “ears” for
use in digital image correlation for displacement measurement, is to the right. The silicon
substrate has been etched away to a depth of 60 um or more. The three slender aluminum
lines connecting the field to the loading tab are tethers that are manually cut just before
testing.
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Figure 3. Setup for the membrane deflection tensile test.'® (Figure courtesy of H. Espinosa).
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Figure 4. Tensile specimen assembly including aluminum tensile specimen and MEMS
support assembly and force gage for use in the TEM.!! (Figure courtesy of T. Saif.)

2.2. INSTRUMENTED INDENTATION

The nanoindentation test is similar to the conventional hardness test, but is
performed on a much smaller scale using specialized equipment — a nano-
indenter.” The force required to press a sharp diamond indenter into tested
material is continuously recorded as a function of the indentation depth, as
indicated schematically in Figure 5. The actuation mechanism can be based
either on electromagnetic or electrostatic application of force. Since the depth
resolution is on the order of angstroms, it is possible to usefully indent even
very thin (~100 nm) films. The nanoindentation load—displacement curve,
similar to one shown in Figure 6, provides a “mechanical fingerprint” of the
material’s response to contact deformation. Elastic modulus and hardness
are the two parameters that can be readily extracted from the nanoindentation
load-displacement curve. Elastic property measurements by nanoindentation
were originally proposed by Loubet et al.'* Later, Doerner and Nix'’
suggested that a linear fit to the upper 1/3 of the unloading portion of the
indentation curve could be used to determine film stiffness, S = dP/dh,

from which the reduced elastic modulus, £, could be found as
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Jr

E =sY (1)
24

Here A is the contact area and the reduced modulus is a combined

elastic property of the film and indenter material. Since the indenter material

itself has finite elastic constants, its deformation contributes to the measured
displacement. The reduced modulus E, is

1 1-v? 1-v;
= @

E. E E,

In this equation E is the elastic modulus, v is the Poisson’s ratio, and
the subscripts f andi refer to the film and the indenter materials respectively.

A more elaborate power law fit to the unloading portion of the load-
displacement curve was suggested by Oliver and Pharr,'® and is widely
known as the Oliver and Pharr method.

Force, Actuator
displacement

data recorder |

Diamond indenter tip

Specimen film (< 1 um thick) |

Substrate (> 100 pm thick)

Figure 5. Schematic of instrumented instrumentation measurement.
Hardness H, a material’s resistance to plastic deformation, is defined as

H =t ()

A
where A is the projected area of contact (a function of the indentation
depth) at the maximum load P

max *
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Figure 6. Load—displacement record from an instrumented indentation test.

The expressions for both elastic modulus and hardness contain the
contact area, which is correlated to the indentation depth both theoretically,
through the known geometry of the indenter, and experimentally, by indenting
a material with known elastic modulus. This tip calibration procedure con-
sists of indenting a standard material (often fused quartz or single crystal Al)
to various maximum indentation depths. Since the contact area is determined
from tip calibration, various tip geometries can be used, with the most
common being the Berkovich three-sided pyramid geometry. From the
manufacturing standpoint, a three-sided pyramid always ends as a point,
and the tip radius can be as sharp as 10-50 nm. Other geometries are also
used, and include Vickers (a standardized square pyramid), cube corner,
conical and wedge indenters. The unloading slope, dP/dh is related to the

tip geometry as
ar _, ,B\/éE,. 4)
dh T
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where /4 is the indentation depth, and £ is a constant, near unity, for a
given tip geometry. King et al. calculated £ values for different tip geo-

metries using finite element analysis.'” One should note that the tip calibration
does not account for either plastic pile-up or sink-in of both the standard
and the specimen materials, which causes inaccuracies in indentation depth
and contact area determination. In addition, the total test compliance, i.e.,
the inverse of stiffness, is affected by the indentation contact. One should

also account for the test frame compliance, C > as it offsets the total test

compliance:

Jr

—C, +— 5)
total f 2—\/ZE

In order to avoid substrate effects on the measured mechanical properties,
a film should be indented only up to a certain percentage of its thickness (up
to 10-20%). There is also an influence of the residual stress and substrate
effects that are hard to account for in the analysis.'"" Indentation curve
analysis has been extended in the past few years with new finite-element-
based models being developed.***!

A comprehensive review of the method applied for magnetic storage
and MEMS materials was reported by Li and Bhushan.*

C

2.3. OTHER TECHNIQUES

2.3.1. Wafer curvature

The basic principle of the wafer curvature technique is that differential
thermal expansion between a specimen film and a silicon substrate produce
measurable curvature of the substrate (the wafer); the curvature is related
directly to the product of stress and thickness in the film through the Stoney
equation.”?* This phenomenon is used in evaluating and adjusting film
deposition procedures, to measure residual stress in the deposited films.
High values of residual stress, especially tension, may make a film less
resistant to delamination from the substrate.

Wafer curvature measurement was adapted for characterization of
mechanical behavior by Nix.*® The substrate with its film is placed in a
furnace equipped for measurement of the substrate curvature. The temperature
is cycled, while the curvature is recorded. Given the film thickness, the film
stress can be plotted against temperature. The accessible range of temperature
is limited only by the eventual breakdown of the specimen film by melting
or chemical reaction. The stress depends in turn on the difference in thermal
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expansion between the specimen film and the substrate, and the elastic
constants of the specimen film. Deviations from linear behavior with
temperature imply plastic deformation of the specimen film; the nature of
this deformation is confirmed by the hysteresis loop observed at least on the
first temperature cycle. The advantages of the wafer curvature technique
include the simplicity (in principle) of both the experimental technique and
the specimen, which is a film on the same substrate used in actual manu-
factured products, without the necessity of selectively removing the sub-
strate beneath the film. Analysis of the results using Eq. (1) does not require
knowledge of the elastic properties of the deposited film, only those of the
substrate. The disadvantage is that the ultimate tensile strength and elongation
to failure cannot be measured, and that only certain combinations of Young’s
modulus, flow stress, and temperature are accessible. This technique has been
very successful in providing insight and data on deformation mechanisms,
particularly in aluminum films.”

2.3.2. Pressurized bulge testing

The name of the bulge test is descriptive: by etching away the substrate
beneath a region of the specimen film, the film can be exposed to stress by a
pressurized fluid introduced beneath the substrate. The mechanics of a pres-
surized membrane can be used to analyze the observed behavior. The shape
of the pressurized region is chosen based on the purpose of the test; circular,
square, and rectangular shapes have been explored. The out-of-plane defor-
mation of the membrane can be measured by interferometry or related
optical techniques. This technique has been used to explore the elasticity of
thin films; care must be taken to properly characterize the initial state of the
film, including the possibility of residual stress,®*’ Figure 7. It has also
been used to measure the adhesion between the film and the substrate.*®

P>0, h P=0+, ho

<~
P=0

Figure 7. Schematic diagram of the bulge test specimen, showing stages in the loading: slack
(zero pressure), infinitesimal, and finite pressure.
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2.3.3. Deformed and Resonant Cantilever

Micromachined cantilevers have been used as specimens in thin film pro-
perties measurements.***° Photolithography can be used to define the canti-
lever geometry. Cantilevers can be deformed by loading with, for example,
an instrumented indenter, or can be excited to resonance, to measure film
elastic properties. The relationship between the mechanical stiffness or the
resonant frequency and the elastic constant of the film depends sensitively
on the dimensions of the cantilever.”' The ideas of the bulge test and reso-
nance can be combined in the resonant membrane test, which can be used to
determine the product of film elastic modulus and mass per unit area. If the
thickness and mass density of the film are known, the elastic modulus can
be measured.

3. Adhesion tests based on fracture mechanics

Adhesion between layers of different materials is a critical issue in micro-
electronic packages, and also within the chips themselves. While the time-
honored “scotch tape” adhesion test is still in use, quantitative tests, developed
in recent years based on the concepts of fracture mechanics, provide material
characteristics that can be compared to calculable stress- and strain-based
driving forces, and are therefore suitable for use in lifetime predictions.’
Reviews by Volinsky et al.”* and by Lane®® provide useful summaries. The
basic idea, as in macroscale fracture mechanics, is that it is useful to quantify
the conditions under which an existing crack may advance. The crack, in
this case, is assumed to be a small delamination of the film from the sub-
strate. The driving force for crack propagation is taken as the strain energy
release rate, which depends on the geometry and the stress state.

3.1. FRACTURE MECHANICS FOR DELAMINATION

Both tensile and compressive stresses in thin films promote adhesion
failures; a thin film in compression buckles, delaminates and spalls from the
substrate when its strain energy release rate exceeds a critical value that is
characteristic of the adhesion between film and substrate.”> A general,
simplified form of the strain energy release rate, G, in a stressed film,
regardless of the algebraic sign of the stress is
2
G=22". ©
E,
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where o, is the stress in the film, 4 1is the film thickness, E / is the

modulus of elasticity, and Z is a dimensionless cracking parameter. More

accurately, the energy release rate averaged over the front of advancing
isolated crack is

z(1-v*)o’h

G=g(a,pf)————— 7

gl f)——+ ™

S
where g(a, f) is a function of the Dundurs parameters « and S, and can

be found in.***7 This strain energy release rate is the driving force for
fracture. Film fracture or delamination is observed when the strain energy
release rate exceeds the toughness of the film, G » or the interfacial tough-

ness, I, respectively (G > G, or G >1T7). One can avoid these types of

failures by either reducing the film thickness, or the stress, or by increasing
adhesion. Practically, the film thickness is easier to control. For a given
stress level, there is a certain critical film thickness at which failures are
observed. As an example, Figure 8 shows through-thickness cracks in a
low-k dielectric film 2 pm thick. Thinner films showed no signs of failure.
If a film has fractured, and if its residual stress and thickness are known,
Eqgs. (6) and (7) can be used as upper bound estimates for adhesion.

Figure 8. Optical and AFM images of cracks in low-k dielectric thin film.

In the case of compressed films, telephone cord delamination is
commonly observed (Figure 9). The geometry of the buckles can be used to
asses thin film adhesion. The following analysis is based on Hutchinson’s
and Suo’s developments for buckling-driven delamination of thin films.*
Upon buckling, the stress in the film, op, is estimated as
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where / is the film thickness, b is the blister half-width, and £ and v are
Young’s modulus and Poisson’s ratio, respectively. The buckling stress acts
in the vertical direction. The compressive residual stress, o, , responsible

for producing buckling delamination is
o 2303(5—2+1j 9)
o4\
where o is the blister height. The film steady state interfacial toughness in
the direction of blister propagation (Figure 10a) can be estimated as
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Mode-dependent interfacial toughness in the buckling direction, per-
pendicular to blister propagation is:
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Figure 9. Telephone cord delamination in a 1 pm tungsten film.
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3.2. SUPERLAYER TEST WITH INDENTATION

The superlayer indentation test provides information on local film adhesion
at the microscale. A superlayer film, selected for high stress, high strength,
and high adhesion, is deposited on top of the film to be tested. Indentation is
used to initiate delamination. The highly stressed hard superlayer provides
additional driving force for interfacial crack propagation, and prevents
plastic deformation of the tested film around the indenter. As the indenter
tip is pressed against the superlayer film stack, it supplies additional energy
necessary for crack initiation and propagation. The blister radius is measured
optically (Figure 10a). The indentation volume is obtained from the plastic
depth of the load—displacement curve (Figure 10b) and the tip geometry.
Both the blister radius and the indentation volume are then used to calculate
the strain energy release rate (measure of the practical work of adhesion).
Calculations for adhesion measurements were made by following the solution
developed by Marshall and Evans®® that was further expanded by Kriese and
Gerberich for multilayer films.*** Figure 11a shows a typical delamination
blister seen from making indents with a conical tip at 300 mN maximum
load and a corresponding load—displacement curve. From Figure 11b, the
plastic indentation depth is obtained by using the power law fit of the top
65% of the unloading curve,'® and used to calculate the indentation volume,
based on the tip geometry. It is assumed that the volume is conserved, and
plastic deformation around the indenter results in the elastic displacement at
the crack tip, allowing calculation of the indentation stress, and ultimately
the strain energy release rate, a measure of the practical work of adhesion.
Adhesion results for several microelectronics-relevant film materials are
summarized in.*'
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Figure 10. Analysis of the telephone-cord delamination of a tungsten film shown in the
previous figure. (a) Telephone cord delamination in a 1 um tungsten film on top of a 2 nm
diamond-like carbon (DLC) film on Si. (b) Corresponding blister heights profile.
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Figure 11. (a) Indentation-induced delamination blister in tungsten film; and (b) corresponding
load—displacement curve.

3.3. FOUR-POINT-BEND TEST FOR THIN FILM ADHESION

Because the interfacial energies found in films are numerically much lower
than those in bulk metals, for which fracture toughness testing was developed,
the four-point-bend bar with a cracks propagating along its length from a
central notch has been found useful.>**** Below, we briefly describe this
technique, to show a specific application of fracture mechanics in thin film
adhesion. The many reports of adhesion measurement methods in the litera-
ture testify to the importance of the problem, the difficulty of the measurement,
and the ingenuity of the researchers, but a detailed review is beyond the
scope of this article.

The delaminating beam test specimen, Figure 12, is a four-point-bend
bar with an interface of interest built into the interior of the beam along the
whole length. A “sandwich” beam made with the substrate on the top and
bottom, and the surface layers bonded together in the center, is a typical
geometry. The substrate layers are much thicker than the interface layer,
and give the assembly sufficient stiffness to handle. In the bending beam,
the outer fiber in tension is often located on the upper side, and is con-
ventionally referred to as the top of the specimen. The bottom fiber is in
compression. The top section is carefully cut without notching the bottom
section. Cracks are intentionally nucleated to grow away from the notch
along the interface layer being tested. While the crack length significantly
exceeds the thickness of the cut layer, the energy release rate is constant
until the cracks reach the inner loading points of the four-point-bend specimen.



RELIABILITY OF THIN FILMS 353

The energy release rate is evaluated from the load and displacement, spe-
cimen geometry, and elastic properties of the support layers of the specimen.
An advantage of this test is that the parameters needed to evaluate the
adhesion do not include the residual stress on the film, which may be
difficult to measure. Becker** points out that properties measured with this
specimen may depend on the specific geometry, contrary to the case for
standardized fracture toughness specimens. This is not considered to be a
serious disadvantage for testing materials for chips and electronic packages,
because actual-size specimens can be tested.

All the fracture toughness techniques highlight a critical problem in the
design of electronic packages and chips: some commonly used interfaces,
such as polymer-metal interfaces, have very low fracture toughness,*
around 10 J/m’.

Force, F/2 Force, F/2

Advancing crack tips

Figure 12. Delaminating beam specimen for measuring the energy required to separate an
adhesive interface.

4. A new development: electrical testing for mechanical reliability

It has been proposed that the cyclic stresses produced by the combination of
joule heating by AC (alternating current) and differential thermal expansion
in conductive films on silicon substrates may be useful in evaluating the
mechanical reliability of thin films. Interest has arisen in the use of this
electrical test to extract information about the mechanical behavior of inter-
connect structures because of the problems associated with more conventional
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approaches to mechanical characterization of very small thin-film structures.
Microtensile testing requires special test structures, which must become
much more sophisticated as the linewidth of interest falls below 1 pum.
Nanoindentation with conventional indenter shapes requires an area of at
least a few square micrometers. The use of atomic force microscopy to extract
mechanical properties is in its infancy. And all of these require that the film
to be tested be exposed; none are applicable to buried lines. On the other
hand, interconnect lines within the damascene structure are commonly tested
electrically during development of advanced interconnect designs by industry.
So a further development of electrical testing, to a point where it could
produce mechanical information about narrow, buried lines or about other
small, inaccessible structures, would be a significant advance.

The AC fatigue test technique® uses cyclic Joule heating to apply thermal
cycles to metal lines and vias in damascene dielectric structures on silicon
substrates. Cyclic stresses from differential thermal expansion produce elastic
and possibly plastic deformation in the metal line and its surrounding
dielectric. The use of high-amplitude, low-frequency alternating current in
tests of thin-film copper lines was explored by Ménig et al.*’; they reported
surface topography changes that appeared to be mechanical in origin. Tests
of aluminum lines under by AC fatigue produced topographic damage in
the form of regular undulations or wrinkles.* Extensive TEM and SEM
examination of these aluminum lines revealed that the AC stressing pro-
duced dislocations, grain growth, and grain rotation in various regions of
the specimen.*’*

Barbosa et al. plotted the behavior of aluminum lines under AC stress as
S-N curves, familiar from metal fatigue.49 They showed that their data could
be fit by the Basquin law for fatigue in the appropriate range of cyclic
temperature, and that the values of the exponent in the fit were within the
same range as those for mechanical fatigue of bulk metals. The stress pre-
factor in the Basquin law is an estimator of the ultimate tensile strength in
metals; they proposed this same relationship for the AC fatigue test. They
were able to deduce a value of this stress prefactor that agreed with the
ultimate tensile strength for their thin film, as measured by the microtensile
test.” AC fatigue data for copper and aluminum films on substrates appear
consistent with conventional mechanical fatigue tests where the temperature
reached in the AC fatigue test is not too high (R.R. Keller, 2008, Personal
communication). Figure 13 shows mechanical fatigue data from the literature
plotted for comparison with AC fatigue data. The stresses for the AC data
points were calculated using the simple biaxial stress formula. For both the
copper and the aluminum data in this figure, the AC data are offset ver-
tically from the bulk data, indicating different values of the fatigue stress
prefactors in the Basquin fits to the data sets. We ascribe these differences
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to the difference in grain sizes between the bulk and the thin film materials;
other effects, such as crystallographic texture and effects of added mecha-
nical constraint by the substrate, may also play a role. The grain sizes for
the bulk materials are noted on the plot; the thin films have average grain
diameters of less than 1 um.
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Figure 13. Fatigue stress vs lifetime data plotted as S-N curves. The plot includes literature
data from mechanical fatigue tests and recent data obtained with the AC fatigue test, and
shows similar behavior for all cases. The vertical offsets are a result of differences in the
grain sizes and possibly other differences between bulk and film materials as noted in the
text.

5. Conclusion

The state of the art of measurements of mechanical properties for thin films
has advanced significantly in the past 20 years. Measurements of microscale
films, with thicknesses of 0.5 um and above, and in-plane dimensions of
tens of micrometers, are made routinely by multiple techniques. The tensile
properties of these micrometer-scale films can be understood by use of the
Hall—Petch relation. Fracture of the films themselves has not proved to be a
problem of general relevance, but fracture mechanics has been found to be
the appropriate framework for quantitative treatment of layer-to-layer and
film-to-substrate adhesion. Some of the tests now in use for interfacial
adhesion have been described. Nanometer-scale materials now represent the
latest new challenge in understanding and measuring the mechanical
behavior of materials.
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Abstract A discretization procedure for the cohesive model of a fractal
crack requires that all pertinent entities describing the influence of the
cohesive stress that restrains opening of the crack, such as effective stress
intensity factor, the modulus of cohesion, extent of the end zone and the
opening displacement within the high-strain region adjacent to the crack tip
are re-visited and replaced by certain averages over a finite length referred
to as either “unit step growth” or “fracture quantum”. Thus, two novel
aspects of the model enter the theory: (1) degree of fractality related to the
roughness of the newly created surface, and (2) discrete nature of the pro-
pagating crack. Both variables are shown to increase the equilibrium length
of the cohesive zone. At the point of incipient fracture this length becomes
the characteristic material length parameter L..

Novel properties of the present model provide a better insight and an
effective tool to explain multiscale nature of fracture process and the
associated transitions from nano- to micro- and macro-levels of material
response to deformation and fracture. These multiscale features of any real
material appear to be inherent defense mechanisms provided by nature.

As the degree of fractality increases, the characteristic material length is
shown to rapidly grow to the levels around three orders of magnitude higher
than those predicted for the classic case. Such effect is helpful in explaining
an unusual size-sensitivity of fracture testing in materials with cementitious
bonding such as concrete and certain types of ceramics, where fractal cracks
are commonly observed.

In the limit of vanishing quantum fracture and/or reduced degree of
fractality the quantized cohesive model of a fractal crack, as presented here,
reduces to the well-known classic models of Dugdale—Barenblatt or to the
LEFM or the QFM fracture theories.

* E-mail: mpw@uwm.edu

G. Pluvinage and A. Sedmak (eds.), Security and Reliability of Damaged Structures 359
and Defective Materials,
© Springer Science + Business Media B.V. 2009



360 M.P. WNUK

Keywords: Fracture, deformation, cohesion, fractals, discrete process, multiscale,
nano, meso, macro

1. Introduction

Cohesive models of cracks cf. Figure 1 have been remarkably successful in
explaining certain essential features of fracture process such as a finite
stress at the crack tip, a non-zero crack opening displacement at the tip of
the crack, and a certain equilibrium length of cohesive zone. This length
increases with the applied load up to the point of incipient fracture and it
serves as a measure of the material resistance to crack propagation.
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Figure 1. Cohesive crack model created by extending the crack to a new length, which
incorporates the length of the physical crack and the length the equilibrium cohesive zone.
For quantized fracture mechanics (QFM) the unit growth step or the fracture quantum A is
embedded within the cohesive zone and located next to the crack tip. This quantity enters all
equations pertinent to the QFM representation of fracture.

We shall begin with re-visiting this model and then go on to incorporate
fractal and discrete nature of fracture occurring in real materials. Recent
research on nano-cracks, cf. [supov and Mikhailov (1998) and Ippolito et al.
(2006), indicate that the classic failure criteria break down for very small
cracks. Such examples show the need for novel non-local failure criteria for
design of structures, in which multiscale fracture mechanisms are present.
In order to refine available mathematical tools and to extend their validity
for nano-scale and for fractal (rough) cracks we will merge here the basic con-
cepts of the cohesive crack model with the fractal view of the decohesion
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process. At the same time we shall employ the non-local criteria, which
remain valid at atomistic or nano-scale levels. The present model is used to
predict the upper and the lower bounds for the cohesion modulus, which is
used as a measure of material resistance to initiation and to propagation of
fracture.

The concept of discrete nature of fracture has been investigated by many
researchers, beginning with Neuber (1958), Novozhilov (1969), Wnuk (1974),
Seweryn (1994) and Pugno and Ruoff (2004). Comparison of various
fracture criteria used to describe discrete fracture process suggests that a
certain finite length parameter, determined either by the microstructural or
atomistic considerations, must be introduced into the basic equations under-
lying the theory of fracture. Even though various names and symbols have
been used in describing this entity, such as “Neuber particle” by Williams
(1965), “unit growth step” by Wnuk (1974) and “fracture quantum” by
Novozhilov (1969) and Pugno and Ruoff (2006), the physical meaning of
these length parameters is the same, and it can be accounted for mathe-
matically by a discretization technique, cf. Wnuk and Yavari (2008) and
Pugno and Ruoff (2006).

A discretization procedure for the cohesive model of a fractal crack
requires that all pertinent entities describing the influence of the cohesive
stress that restrains opening of the crack, such as effective stress intensity
factor, the modulus of cohesion, extent of the end zone and the opening
displacement within the high-strain region adjacent to the crack tip are
re-visited and replaced by certain averages over a finite length referred to as
either “unit growth step”, cf. Wnuk (1974) or “fracture quantum”, cf. Williams
(1957, 1965), Novozhilov (1969) and Pugno et al. (2004). Thus, two novel
aspects of the model enter the theory: (1) degree of fractality related to the
roughness of the newly created surface, and (2) discrete nature of the pro-
pagating crack.

The basic concepts needed in the present analysis were discussed by
Barenblatt (1959, 1962), Balankin (1997), Borodich (1997), Carpinteri (1994),
Carpinteri and Chiaia (1996), Cherepanov et al. (1995), Mosolov (1991),
Murray (1984) and Taylor (2008). The fractal crack model described here
is based on a simplifying assumption, according to which the original
problem is approximated by considerations of a smooth crack embedded in
the stress field generated by a fractal crack, cf. Wnuk and Yavari (2003).
The well-known concepts of the stress intensity factor and the Barenblatt
cohesive modulus, which is a measure of material toughness, have been
re-defined to accommodate the fractal view of fracture. Specifically, the
cohesion modulus, in addition to its dependence on the distribution of the
cohesion forces, is shown now to be a function of the “degree of fractality”
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reflected by the fractal dimension D, or by the Hausford fractal roughness
parameter, H. It is also a function of the unit growth step, the so-called
fracture quantum and depends on the form of the “decohesion law”. As
expected in the limit of the fractal dimension D approaching 1 and for the
disappearing magnitude of the fracture quantum, one recovers the cohesive
crack model known from the fracture mechanics of smooth cracks.

In what follows we shall solve the problem assuming that we are dealing
with a fractal crack represented by a cohesive model and that propagation of
fracture is not continuous but discrete. Naturally, when the problem is reduced
to that of a smooth crack and when the discrete nature of decohesion act is
neglected; the present model yields the results identical to those known in
classical fracture mechanics. This is analogous to the “correspondence
principle” used in Quantum Mechanics to recover the solutions pertinent to
continuum.

2. Preliminaries — Classic cohesive crack model

When a cohesive model is designed, the length of the physical crack c is
extended by an adding the cohesive zones at both ends of the crack, as
shown in Figure 1. Within these zones the restraining stress S counteracts

the separation process. If the length of each cohesive zone is R, then the

half-length of the extended crack becomes a = ¢ + R. In order to solve the
pertinent mixed boundary value problem one needs to assume the following
distribution of pressure applied along the surface of the extended crack

O',OS|x|£c

p(x)= (M

O'—S,cS|x|Sa

This is later superposed with the uniform tension p(x) = —c thus gene-
rating a stress-free crack with two cohesive zones, in which the S-stress is
present. The second boundary condition is expressed in terms of the
displacement component u,, which is set equal zero along the symmetry

axis outside the crack for|x| < a. The resulting solution is the familiar stress

field, which in the vicinity of the crack tip contains the dominant term
controlled by the stress intensity factor. This is the singular term, and it will
be subject to annihilation. Such requirement of disappearance of the
singular term is known as the “finiteness condition”.
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Before we can proceed to set up such condition for the crack pictured in
Figure 1, we need to evaluate K-factors associated with stresses ¢ and S.
Applying the well-known LEFM expression

/a“ p(x)
K =2 |—| ——
! 73!\/az—x2 ) @

we substitute Eq. (1) for the pressure p(x) to obtain the stress intensity
factor describing a cohesive crack

_ s |a ) odx (o—8)dx
KTOT_z\/;{O[\/aZ—X j\/a }
SGlEies e

It is seen that both ¢ and S contribute to the total stress intensity factor.
Using the notation

lat odx

K =2|—|—/7—

72--([ [a2 _x2

at Sdx
K,=2,— | — 4
= @

we rewrite Eq. (3) as follows

Kror =K, =K ®)

With constant ¢ and S the integrals are easy to evaluate and the two

K-factors become
K_=o47z(c +R)
. j = S\7(c+R) {gcos‘1 [ CRH (6)
c+

c+R T

R
K =28 °r cos_l(
7

These two stress intensity factors remain in equilibrium K, = Kg during
the process of loading up to the point of incipient fracture. The function K>
can be thought of as a “driving force”, which forces the crack to open up,
while K¢ represents material resistance. It is noted that Kg reduces to zero
for a vanishing length of the cohesive zone. For a physically important case
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of R being small compared to the crack length ¢ the second equation in Eq.
(6) acquires a simple form

(K] {\EJ%} - \/%S (&) o

S=const

This relation proves that the length of the cohesive zone R can indeed
be used as a measure of the fracture toughness. We will now proceed to
show that this characteristic material length parameter assumes substantially
different values depending upon the basic assumptions underlying the physical
model of fracture. Four such models will be discussed here:

1. Griffith case as represented by the LEFM crack model
2.Dugdale—Barenblatt cohesive crack model for continuous fracture

3. Modification of the DB cohesive model for a discrete fracture

4. Fractal version of the cohesive crack propagating in a discrete manner

Variable A in Eq. (7) represents the distance measured backwards from
the outer edge of the cohesive zone. Restraining stress spatial distribution S(A)
will of course influence the final form of the material cohesion characteristic
Ks. In this limiting case the cohesion modulus does not depend on the crack
size. It is expressed in terms of the magnitude of the cohesive stress and

the length R measured at the point of incipient fracture, when R = R..
Equating expression (7) with fracture toughness K. and inverting the
equation produces the ubiquitous result

2
Ro=r, =25
8§

This formula defines the characteristic material length parameter deter-

®)

mined through the cohesive model of fracture. Three essential variables R,

S and K, are related via this equation (subject to the restriction R.<<c).
When the restriction of R being much smaller than X is removed, the
general expressions (6) must be used, and then the fourth variable enters all
pertinent results. This variable is the fracture quantum a,. Parallel with the
characteristic length (8) we shall define an equilibrium cohesive zone

length R = R /ay. The term “equilibrium” used here means that for any given
applied load there exists a single-valued cohesive zone length complying
with the condition K, = Ks. At the point of incipient fracture this length

becomes the characteristic material constant L. For arbitrary R /c ratios the
Eq. (6) should be applied along with the finiteness condition K, = Kg. Thus
we arrive at
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%—Scos"]( C~j=0 9)

c+R

With Q denoting non-dimensional loading parameter, Q = nc/2S, one
can readily solve Eq. (9) for the length of the cohesive zone, namely

Rp =c(secQ—1),or

(10)
R, =X(secQ-1)

This is the celebrated Dugdale’s formula valid for arbitrary ratios R/c
or R/X, and to emphasize this fact the subscript “D” has been added. For

small Q the right hand side reduces to (X/2) Q% and Eq. (10) reduces then

to the result analogous to the one given in Eq. (8). For R(=R/ay) small
compared to the crack length X(= c/ag) the equilibrium length of the
Dugdale cohesive zone reads

2
R, :E(&] or
8L S
2
R, ZL(&j
8a,\ S

3. Discretization of the cohesive crack model

(11

In order to account for the discrete nature of fracture process all K-factors
discussed above need to be replaced by their averages. Applying the scheme

ap 1/2
K, —(K,). .. { ! ] Kja’c}

a

ay 1/2
Ky > (K. :{ ! | K;dc} (12)

4

we proceed to evaluate the averages defined in Eq. (12). Symbol a, denotes
the fracture quantum, which is used as a normalization constant for the
length-like variables X and R,

X=cla,

~ 13
R=R/a, =
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The results are

ct+ay 1/2

<K(,—>=O'\/;|:L j (c+1§)dc} =0 ﬁao[c+§+%"jl/2=a\/ﬂ_%EX+R+%j
<Ks>=S\/;(£HLTU (c+1§){cos'l( ¢ Nﬂ dc}
)14 c+R

=Syra, (%){Xil(X+R){cos‘l (X{Rﬂ dX} =S\/ra, (%)I(X,R)l/z

(14)
The auxiliary integral I[(X,R) is defined as follows
X+ 2
I(X,R)= j (X +R) cos_l( X j dx (15)
Y X+R

Substituting Eq. (14) into the equilibrium equation (K_)=(Kj)yields

o

1/2
>3 [X+R+%} =I1(X,R)"? (16)

One can readily solve this equation for the loading parameter Q as a
function of X and R. To distinguish this solution from the classic Dugdale
solution (10) we shall use the subscript D for “Dugdale” and another
subscript “d” for “discrete”. From Eq. (16) it follows

I(X, R)I/Z

Opi =TF——
JX+R+—
2

An interesting simplification of Eq. (17) is obtained for the limiting case
of small ratios R/X. For this case the integral (15) reduces to 2R, and with R
in the denominator of Eq. (17) neglected vs. X, the Eq. (17) can be re-
written as follows

)

[On)en= [ (18)

X+—
2



MODEL FOR FRACTAL CRACKS 367

Now the inverse relationship can be readily provided

e

[RDd]R<<X :#,OV (19)

1
[RDd ]R<<X = [RD ]R<<X (1 +§j

From the expression on the extreme right of Eq. (19) it is seen that the
discretization of the cohesive crack alters the predicted characteristic length
as compared to the Dugdale result Rp. The change, however, is significant
only for the crack sizes comparable to the fracture quantum a, when X = 1.
Otherwise, for large X, the effect disappears as then Rpy > Rp. If arbitrary
values of the R/X ratio are considered, a similar conclusion follows.

We conclude, therefore, that the length of the equilibrium cohesive zone
is enhanced when the discrete nature of fracture is taken into account.
Naturally, the differences are more pronounced for the nano scale levels
when the initial crack length is comparable to the magnitude of the fracture
quantum; examine graphs (a)—(c) in Figure 2.

An interesting limiting case is obtained for the crack length shrinking to
zero, X > 0. From the first equation in Eq. (19) we obtain the relation
between the applied load Q and the equilibrium length of the cohesive zone
R, namely

[0],,,=2VR (20)

At the point of incipient fracture we set R equal to R, = (n/8)(K./S)".
Substituting this value of R in Eq. (20) and replacing Q by the dimensional
load o, we obtain the strength of a virgin material which contains no cracks,
the so-called inherent strength

2

le ra, °

crit ]X:O

Not surprisingly this value of the critical stress is exactly the same as the
inherent strength predicted by quantized fracture mechanics, cf. Pugno and
Ruoff (2004). When this quantity is used as a normalization constant, then
the stress at the onset of fracture due to a cohesive discrete crack subject to
the condition R<<X can be expressed by a remarkably simple formula
Dd 1

crit — (22)
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Figure 2. Equilibrium length of the cohesive zone R as a function of the nondimensional
load for two models: cohesive, labeled by “D” and the discrete cohesive labeled by “Dd”. It
is seen that for cracks within the nano-scale range (X < 1) the differences between two
models increase, but they disappear for X >>1, compare (a), (b) and (c).
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This, again, is identical to the finite (or quantized) fracture mechanics
result (Taylor et al., 2005; Pugno and Ruoff, 2004), and it should be
compared to the Griffith (LEFM) result

O Griffith _ 1
o, V2X

Two curves resulting from Egs. (22) and (23) are shown in Figure 3.
The discrete model predicts a finite critical stress for a crack of zero length.
The differences between the two results diminish as the crack length
becomes much larger than the fracture quantum a, i.e., when X >> 1.

(23)

10

o(X)
5d(X)

0.1

0.01 ' ' ' '
1.1073 0.01 0.1 1 10 100

X

Figure 3. Log-log plot of the critical stress normalized by the inherent strength: straight line
results from the LEFM and it approaches infinity for X > 0. The curve under this line
resulted from the quantized cohesive zone model.

It is noteworthy to see that the equilibrium length of the cohesive zone
is strongly affected by the discrete nature of the cohesive crack model. This
effect is illustrated in Figure 4, which was drawn according to Eq. (17)
valid for arbitrary R/X ratios.

Finally, let us take a look at the cohesion modulus of the discrete
cohesive crack valid for a constant restraining stress S. From Eq. (14) we
have
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K, =(Ks)= %S, [za,1(X,R)" (24)

When the size of the cohesion zone is small compared to the crack

length, the integral in the Eq. (24) reduces to 2R/a,. For this case we obtain
a simplified expression for the cohesion modulus identical to the formula
derived from a continuous cohesive crack model, see Eq. (7). It is noted that
in this limiting case of R/X being small the fracture quantum drops out of
the equation. For a general case, though, described by the Eq. (24) the
fracture quantum remains as one of the independent variables.

1.0 ¢
0.8} — Qp, X=I
....... QDd:X 1
— — Qp, X=3
R 0.6' e QDd,X 3
— e QD’ X=5
041 —==- Qpg X=5
-==- Qp, X=10
B — , X=10
02 Q4

Figure 4. Length of the equilibrium cohesive zone predicted by the Dugdale equation and by
the discrete cohesive crack model. The discrepancies become evident for shorter cracks and
they tend to disappear for crack sizes large compared with fracture quantum. Discrete nature
of fracture process results in an increased levels of the cohesive zone length for a fixed value
of the applied load. When the crack length is substantially larger than the fracture quantum
(X >>1), these differences disappear.

The problem faced by the material engineers consists in finding a right

proportion between S and R; there exists a conflicting trend between the
magnitude of the cohesive strength (approximated by the inherent strength
of the material) and length of the cohesive zone. Increasing S, by increasing
strength without paying attention to cohesion toughness parameter, which
describes the degree of ductility, lowers the length R, and thus it may lead
to undesirable effects of increased brittleness. This is where the theoretical
considerations involving the fracture quantum and the resulting discrete
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nature of fracture at nano levels may prove useful in designing new
materials. The formula (24) shows that indeed there is an additional length
involved in defining the cohesion modulus. This is the length ay. As seen
from Eq. (24) in addition to the inherent strength S there are two other
factors that influence material toughness; these are the fracture quantum and
the ratio of cohesive zone size to fracture quantum. This provides a material
engineer with additional degrees of freedom to work with.

Yet another variable affecting the cohesion modulus and material
toughness is the roughness of the surface created in the course of fracture
process. This phenomenon will be discussed in the next section.

4. Discrete cohesive model for fractal cracks

In this section we shall incorporate two features typical of any fracture
process:

1. Roughness of the newly created surface due to varying degree of fractality
(as opposed to the assumption of perfectly smooth surface employed in
the classical LEFM)

2.Discrete nature of the separation of two adjacent surfaces caused by
decohesion (as opposed to continuous character of the propagation pro-
cess commonly assumed in all local fracture criteria)

We shall consider a fractal crack equipped with the cohesive zone.
Therefore, we shall now be using all equations derived in the previous sections
and modify them to fit the fractal model of Wnuk and Yavari (2005).
Although this model is only an approximation, but that is the only model
available at the present time.

The cohesive model implies existence of two stress intensity factors,
one associated with the applied stress, K, and the other K assigned to the
cohesive stress. Superscript “f”” emphasizes the fact that we are dealing now
with fractal cracks. When the discrete model is employed these two entities
should be replaced by their averages taken over the interval (c,c + a),
where c denotes the half-length of the crack and a, is the fracture quantum.
For each value of the applied load one can determine the corresponding
equilibrium length of the cohesive zone. Let us proceed with the calcula-
tions invoking the finiteness condition

(kI)-(k{)=0 (25)

One needs to evaluate both terms in Eq. (25). Let us use a procedure
similar to the one used in previous section, in which we calculated the
averages. Now we have the following scheme
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C+u0 /2
K, ~>(Kl) .. ={a1—0 [[Klera)] dc}
c+cao 12 (26)
ot e i ]
0 ¢

The resulting functions depend on the fractal exponent a and two
length-like variables X and R. To calculate the K-factors for a fractal crack
we employ the expression given by Wnuk and Yavari' (2003) and obtain

+(a—x)*

2a
2 pyds @)

2a-1/2

X/ = a“’! j(a+x)
S =
T 0 2

a —X

In the first equation in Eq. (26) we substitute o for p(x) and ¢+ R for a.
This leads to

K/ (c,R,a) = y(a)o7(c+R)" (28)

The scalar function appearing in this equation reads

1 2a 2a
1I(1+s) H(l=9) 9)

x(a)= e (1-5%)"

0
Next we evaluate the average
L’+(10

<ch> = y(a)o\mal” { ! I (c+R)™ dc} = y(a)o\mal” {Xr (X'+R)*dX '}

| (30)

The integral is elementary and we obtain

[+ R+ —(x + R ]

(K!)= r(@)ona; NP 31)

It is readily observed that for the fractal dimension D — 1 (orax —>1/2)
expression (31) reduces to the equation valid for non-fractal discretized
cohesive model

! The fractal crack model employed here is based on a simplifying assumption, according
to which the original problem is approximated by considerations of a smooth crack
embedded in the stress field generated by a fractal crack, cf. Wnuk and Yavari (2003).



MODEL FOR FRACTAL CRACKS 373
1 1/2
(K,)=0\ra, (X+R+EJ (32)
Let us define the ratio of the last two K-factors

- (K]

k! = <—> =al"?y (X,R,a) (33)
(K, )

where the new scalar function is defined as follows

1/2

1, (X Ra) = gl RNy

Ra+1)(X+R +5)

The plot of the function y; vs. a is shown in Figure 5. Since y, depends
also on crack length and the cohesive zone size, X and R, these two length-
like variables are used as parameters in plotting the graphs in Figure 5.

2.5 T T T T

zo(1,.1,a)

zo(.2,.02,a)

2o(5, 05,a) 1

xo(2, .2,a)

0.5

Figure 5. Nondimensional average <K U> plotted as a function of the fractal exponent a.
Zero value of a corresponds to the fractal dimension D = 2, while 2 value of o coincides
with D = 1; the case of a smooth (non-fractal) crack.
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The discrepancies in the Y, function are particularly visible for the fractal
dimension D approaching 2 (or o converging to zero). This effect is reflected
by the larger spread of function values at the vertical axis, where o equals
ZEerO0.

For the other limiting case of a approaching '2, when a fractal crack
reduces to a smooth crack, all curves shown in Figure 5 converge to unity,
which means that the effects of fractal nature of the crack disappear and the
solution for the discrete cohesive model is recovered. It can also be seen
that for the crack sizes comparable to fracture quantum the magnitude of the

average <K (f > is enhanced for any o, while for cracks much longer than a,

the value of this average tends to drop below the Value<K6>Va1id for a

smooth cohesive crack. Therefore, one may conclude that both discrete
nature of fracture and its fractal geometry alter the solutions obtained for
the established cohesive crack models.

To further emphasize this point, we will evaluate and discuss the

cohesion modulus as given by<K §> This entity is a function of X, R and
o, and its physical meaning is that of material resistance to initiation and
propagation of cracks. Applying the second equation in Eq. (26) we have

P 1/2

<K§‘>—L ! CTO(C+R)2“dC j' A+9)* +(1=9)" (35)

- P a, (l—SZ)a

c

c+R

Introducing the nondimensional variables X and R we obtain
P 1/2

X+1

(K{y=S\za;{ [ (x+Ry“dx"| [ ®(s,a)ds (36)
X X

'

X'+R

With the inner integral denoted by H(X,R,a) and the auxiliary function
® defined below
1 (145 +(1-s)*

CD(S’a) = 72_20( (I_SZ)a

(37

H(X,R,a)= D(s,ax)ds

[T S——

X+R
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both integrals in Eq. (36) are evaluated numerically. With the notation (37)
we have the final expression for the desired average

X+l 172
(k{)=s mg“{ | (X'+R)2”‘H2(X',R,a)dX'} (38)

X

Written in a somewhat shorter form expression (38) becomes

(K{)=Sra;"G/,(X.R.0)
) X+1 1/2 (39)
G.,(X,R,a)= { f (X'+R)H*(X\R,a)dX }
X

To verify the correctness of these expressions we note that for
o — 1/2 the function H reduces to

2 . c
[H(X,R,a)]a:m —;cos (C-FR) (40)

and the function G, becomes identical with the non-fractal result obtained

coh

previously for a discrete cohesive crack, namely

(Gl :{T(X '+R)(%j{cos'l (%ﬂ dX } =

X

(41)
5 ¥ X' 2 2 )
= j (X'+R)| cos™ (—j dx't  =Z1"*(X,R)
Ty X'+R V4
Thus the cohesion modulus for a > %2 acquires the form
s 2
(K{)  =S\za, ~ 1" (X,R) (42)

as expected.
To better understand the effects of fractality and discrete aspects of
fracture on the cohesion modulus let us examine the ratio

(K{) G’ (X.Ra)
ZS - <KS> - 2 (43)

T

II/Z(X’R)
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Figure 6 provides the diagrams illustrating the dependence of this
function on the fractal exponent a and the two length-like variables X and
R. Best way to visualize the effect of these variables is to think of the ratio
R/X. As seen from the graph in Figure 6 the material toughness measured
for fractal and discrete fracture, as given by expressions (39) and (43), can
be either enhanced or reduced when the set of the independent variables
(X,R,a) is manipulated. The range of s > 1 corresponds to an enhancement
of material resistance to crack initiation due to variations in the degree of
fractality of crack surface. The enhancement is seen to occur for the fractal
dimension D approaching 2 and crack sizes small in comparison to the
constant a,. The effect is pertinent to nano-cracks.

1.4 T T T T

:I:S(.1,1,0L)

x5(.5,1,a)
2S(1,1,0)

xS(2,1,a.)

1

04 | | | |

Figure 6. Effect of the measures of fractality on the modulus of cohesion for a discrete
fractal crack. The extreme values of the measures of surface roughness are o = 0.5 or D = 1
and o = 0 or D = 2 as shown in the graph. The degree of fractality has a pronounced
influence on the cohesion modulus. Note that the ratio of the cohesion zone length to the
crack size, R/c, has been used as a parameter distinguishing the curves shown in the graph.

Now we have all the entities needed to set up the finiteness condition.
Recalling the equality <K g > = <K g > and using Eq. (31) and (39) we arrive at

X R 1 2a+1 _ X R 2a+l1 172
y(a)oma;” (X+R+1) (X+R) =S\ma}* G, (X,R,a)

1+ 2

(44)
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Qf(10,R,.5), Qf(10,R,.4), Qf(10,R,0.3), QDA(10,R), QD(10,R)
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Figure 7. (a) Length of the equilibrium cohesive zone for discrete fracture represented by a
fractal cohesive model plotted as a function of loading parameter Q. Top curve is drawn for
the fractal exponent o = 0.3, next down is valid for a = 0.4 and the lowest is a superposition
of two curves, one obtained from Eq. (45) at a = 0.5 and the other described by Eq. (17)
valid for a discrete cohesive crack. The lowest curve represents the Dugdale result. As the
surface roughness increases the length of the cohesive zone size increases for a fixed
external loading parameter. All curves are evaluated for the crack length X = 10. (b) The
same functions plotted for the crack length X = 2.
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This can be solved implicitly for the loading parameter Q; (= 70 , /28)
as a function of X, R and a. The solution is

9

__ 7z
2x(a)

What we would like to derive from this equation is the functional
dependence of the length of cohesive zone Ryon the loading parameter Q.
This can be done by inverting the function (45). A computer program is
used to plot the inverse of the function defined in Eq. (45). The resulting
graphs of R¢ vs. Qf are shown in Figure 7. When the exponent a varies
within the interval [0,0.5] the curves in Figure 7 pertain to fractal and dis-
crete fracture. For each case shown the length of the cohesive zone at fixed
applied load is demonstrated to increase with increasing fractal dimension
D. Such result proves that fractal crack geometry and/or the discrete nature
of fracture tends to increase the material resistance to crack initiation and
propagation. It also shows that a fractal crack is capable of relaxing the high
stress near the crack tip by generating a larger cohesive zone.

1/2
200 +1
Gif;h (X,R,2) 2a+ 2a+1 (45)
(X+R+D)™ —(X+R)

5. Limiting case of cohesive zone length small compared to the crack
length

Some of the expressions given in Section 4 can be considerably simplified
(and inverted if necessary) when an additional assumption of R being much
smaller than X is applied. Specifically we shall focus attention on (a) the
cohesion modulus for a discrete fractal fracture and (b) the length of the
equilibrium size of the cohesive zone associated with a fractal crack.

Let us begin with the expression for the cohesion modulus of a discrete
fractal crack. From Egs. (37) and (38) we have

1/2

. - X+1 e 1 (I_S)za +(1+S)2a
(K{)=S\mq; )j{(z+R) dt! P dst  (46)
t+R

The physical meaning of the integration variable “t” is that of the
nondimensional crack length X. For R being small compared to X the lower
limit of the inner integral in Eq. (46) is close to one. Therefore, the variable

s” is also close to one. Expansion of the integrand for s > 1 into a power
series gives the dominant term

[q)(s,oz)]s_)1 —>d(s,a) = 5 !

2a na a+
7227 (1—5)

(47)
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Replacing (1 — s) by A changes the inner integral H into

a 1 a R/t a l-a
[H(t,R,a)] - 2 j ds = 2 ﬁ = 2— R (48)
s—1 ﬂ.Za - (1 _S)a ﬂ_Za ﬂ’a 72_205 (1 —(Z)

0 t

Here the symbol m denotes the ratio t/(t + R), thus the upper limit in the
integral in “A” is found to be R/(X + R) = R/X. The expression (46) assumes
now the form

1/2

/ ) ' e 20 ) RIDT
(K{). _ =Sma;q [t dt (49)

v 72_20{ (l_a)Z

The integral can be solved in a closed form yielding the result
) 205 Rl*ll
f _ 2a
<KS >R<<X =S4/7a, o o) 1—a) F(X,a) (50)
in which the function F is defined as follows

(X + 1)172(17205) _ yl-20-2a) 172
1-2(1-2a) }

F(X,a)={ (51)

for all “a” except 0.25. For a = % the auxiliary function reads

F(X)= {m(X; 1]} (52)

Numerical verification of this approximate formula gives satisfactory
results with exception of a being close to zero. To determine the equili-
brium level of the cohesive length R (index “f” is added to distinguish so
designated entity as “fractal”) the expression (50) is set equal to the fractal

stress intensity factor K f , and then the resulting equation is solved for the

characteristic material length associated with a fractal discrete fracture. The
solution reads
1

5 1-2a VAV 1
Rr(X,a)=x(a)a,™ [T[j F(X,a)™ (53)
The coefficient «k is defined as follows

| -z |
| S

(54
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Figure 8 shows the variations of the nondimensional equilibrium cohesive

zone length
1

8 .
\PJ-(X,Q):;K(Q)F(X,Q)PD‘ (55)
4 T T T T
3| _|
TIII(1,00)
(15,00
H_H(Z,(x)
(@)

| | | |
1 1.2 1.4 1.6 1.8
D

Figure 8. Nondimensional length of the equilibrium cohesive zone ¥; shown as a function of
(a) Fractal exponent a and the crack length X
(b) Fractal dimension D and the crack length X
In plotting the graphs shown Eq. (55) was used. Note that the “missing points” or the
“bumps” on the curves correspond to o = % for which F assumes a logarithmic form defined

by Eq. (52).
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The fractal exponent o (or the fractal dimension D = 2(1 — o)) is used as
an independent variable in plotting graphs shown in Figure 8, while the
nondimensional length X is used as a parameter. It appears that for the
fractal exponent a less than % the proposed approximation exaggerates
dependence of the cohesive zone on X. An alternative solution can be found
provided that the discretization procedure is omitted. This leads to the
cohesive toughness

a l-a a 2a l-a
K/ =5 ﬂaga(X-i-R)az—(Rj L2V R

7 (l1-a) X (l-a) X7

X (56)

When this expression is set equal the K [’ ', the following solution for the
length R¢ results

1

3 12 (o f \ig 12
Ry(X,a)=x(a)a,™ [T[J X 1 (57)

Figure 9 illustrates the variations of the function iéf(X ,a). In order to
remove the dimensions from the entity plotted, the length R, has been first

divided by R, =(7/8)(K,/S )2 and then the following nondimensional

ratio was defined

(%)
S 8 1:20(
— 27 - x(a)X (58)

1
1-2a Kf e 7
al—a 1
‘ S

For the range of nano-scale cracks (X = 1) the nondimensional length

A, (X.a) =22

of the cohesive zone associated with a fractal discrete fracture A varies
between 1 for a smooth crack when D = 1, and (8/ 7[3/2) ~1.44 for a very
rough crack, when the fractal dimension D = 2. This represents 44%

increase in the equilibrium length of the cohesive zone due to an increase in
the degree of fractality.
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Figure 9. Characteristic material length parameter A(X,a) predicted by the discrete cohesive
model of a fractal crack, cf. Eq. (58). Top part of the figure (a) shows the dependence on
the fractal exponent a, and the lower portion of the figure (b) illustrates the dependence
on the fractal dimension D. For the nano-size cracks ( X ~ 1) the predicted increase in the
characteristic material length parameter due to “roughness” of the crack is shown by the
lowest curve. At D = 2 (a = 0) the maximum increase compared to the L. for a smooth crack
is about 44%.

6. Conclusions

Relations between applied load and the equilibrium length of the cohesive
zone have been established for three different mathematical representations
of the crack, and these are

1. Cohesive crack model of Dugdale—Barenblatt for a smooth crack des-
cribed by two K-factors K, and Kg corresponding to the applied stress
and the cohesive stress, respectively

2. Discrete cohesive crack model described by the averages <KG> and

c+a0

S/ cta,

3. Discrete and fractal cohesive crack model involving the fractal equivalents
of the averages used in second part, namely <K C{ > and (K _{

c+a, c+ay

For a classic LEFM crack model there is no cohesive zone, and the
crack itself provides a mechanism for relaxing the high stresses in the
vicinity of a stress concentrator. Therefore, the classic representation may
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be thought of as a limiting case of a more general and refined mathematical
formulation involving cohesive zone associated with a crack. For such a
representation the equilibrium between the driving force K,” and material
resistance Kg” defines a unique relation between the length of the equi-

librium cohesion zone, say R, and the applied load, say Q. The equilibrium

between R (=R/ag) and Q is maintained during the loading process up to
the point of incipient fracture.

Cohesive zone generated prior to fracture is related to the material
fracture toughness. It also provides an important mechanism for relaxing
stresses prior to fracture initiated in the immediate vicinity of a stress con-
centrator. Figure 10 shows schematically four sketches of a crack represented
by four mathematical models; (a) the LEFM concept of a Griffith crack
embedded in a linear elastic solid, (b) Dugdale—Barenblatt cohesive model,
(c) discretetized cohesive model and, finally, by (d) a fractal cohesive and
discrete model. The very first crack shown in the figure has no cohesive zone
at all, and the stresses are singular at the tip of the crack. In this case fracture
toughness must be measured by employing the ASTM standards that make
no mention of cohesion. The second crack in the figure corresponds to a
cohesive model suggested independently by Barenblatt (1959) and Dugdale
(1960). With cohesion included we gain a better insight into material res-
ponse to fracture by visualizing the effect of the cohesive zone. In the next
two models considered we have generalized the cohesive crack model by
incorporating material mesomechanical features related to discrete growth
of the crack and with its fractal geometry taken into account. Therefore, in
the most advanced model considered here two new variables enter the
theory: (1) fracture quantum a,, and (2) degree of fractality measured either
by the fractal dimension D or by the fractal exponent a. Accounting for the
discrete and fractal nature of fracture leads to a conclusion that the equili-
brium length of the cohesive zone is indeed significantly influenced by both
the quantum (discrete) and fractal aspects of the subcritical as well as the
propagating crack.

At the micro- and nano-scale the size of the Neuber particle, or process
zone in a more updated nomenclature, becomes important not only for mathe-
matical treatment of the problem, but also for the physical interpretation of
the decohesion phenomenon at the atomistic scale.

It is noteworthy that each of the successive models listed in Figure 10
predicts for a given fixed level of the applied load successively larger cohesive
zone, namely

~f ~ ~ ~
RDd 2RDd 2 RD 2 RLEFM
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a) LEFM Crack - X,
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d) Fractal discrete cohesive model

Figure 10. Near tip region of a crack represented by four different models. The size of the
equilibrium cohesive zone associated with a crack serves as a measure of the degree of stress
relaxation occurring in the crack vicinity. It appears that the two features of the model con-
sidered here, discreetness and roughness of the newly created surface are inherent mechanisms
of stress relaxation provided by nature.

The interpretation of the subscripts is as follows: f — fractal, Dd — Dugdale

discrete, D — Dugdale. Of course the LEFM value of R is zero, but using
the K. value obtained from the tests specified by ASTM one could, in a

hindsight, define an equivalent length R that could be associated with a
LEFM crack. It is noted that all equations given here reduce to the LEFM
results when a fractal crack is replaced by a smooth crack and when the
fracture quantum is allowed to vanish.
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REPARABILITY OF DAMAGED FLUID TRANSPORT PIPES
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Abstract Most of energy fluids and also water are transported over very
long distance by pipelines. There is a quite large spectrum of situations
defined by: nature and pressure of the transported fluid, environmental and
political situations, and economical constraints. If a pipeline is damaged and
becomes unable to continue its service or presents some risks towards the
local population, or is an economical challenge, the question of repairing
appears. Therefore, the technical choices should be optimized with respect
to the induced costs and to the social, economical and, perhaps, political
costs. This paper will present various situations and the available repairing
solutions, with respect to their costs in view to be a guide for the person in
charge to make decision.

Keywords: Pipelines, safety, damage, repairing, economical costs, social costs,
sustainable development, fracture mechanics, fatigue

1. Introduction

The total gas pipelines length was estimated in 2007 to 1 million km
(Pluvinage and Elwany, 2007). For drinkable water, the total length is very
difficult to establish, as networks exists for a time and corresponding data-
bases are very diversely maintained in the different countries. However, the
continuity of distribution of drinkable water is vital for peoples all over
the world, as well as energetic fluids such as natural gas and oil. Moreover,
the project of transporting hydrogen as an energetic vector in pipelines is
a new challenge with respect to safety, due to the particular chemical
reactivity of this gas. Batisse (2007) has presented an extensive review of
repairing methods for pipes. He mainly focused on describing the different
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techniques that may be used. In this paper, we will be interested in detailing
a method of repairing using a fiberglass-epoxy ribbon, which is wrapped
around the damaged tube. This problem was already described for a pipe
containing an external longitudinal notch (Jodin, 2006, 2007)

2. A methodology for cases analysis

For the analysis of a case of damage of a pipeline, it is necessary to esta-
blish a strict methodology, which ensures that all influent parameters that
may correspond to a cost are taken into account. Thus, several steps are
considered by order of occurrence in the process:

1. Situation analysis

2. Methods for establishing service again that are considered

3. Estimated residual life after repairing

4. Assessment of induced costs of the complete event, including eco-
nomical, social and engineering costs

5. Economical and social costs that are considered

6. Final decision

These items are detailed and explained below.

2.1. SITUATION ANALYSIS

This first phase of the process will consider the extension of damage of the
pipeline, with respect to the expected service of the pipe, say:

2.1.1. State of the pipe after discovering damage

First of all, is the pipe broken, and is there a leaking of fluid (gas or liquid)?
Therefore, is it necessary to stop the service?

If the pipe is not broken, is there any leaking from the damaged place
and is there any danger if the pipe service is not immediately stopped?

If the pipe is not broken, and if there is no leak, what is the estimated
damage and what could be the estimated delay before possible break and
leak?

2.1.2. Consequences on environment

In case of leaking, what are the consequences on environment? Fire and/or
explosion danger, pollution of air or soils. Are there nearby people that are
exposed to a danger or a contamination through air or drinking water?

Is the pipe easily accessible and what are the constraints for providing
specialized technicians and materials and machines for repairing?
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What are the economical consequences of stopping the service of the
pipeline, at least for a time? Are there people that would suffer directly
from the sopping of the pipe service? (loss of drinking water, loss of heating
fuel, ...)

All these items have a cost:

e Human costs: loss of human lives, health consequences of a severe
pollution

o Social costs: costs induced by the eventual rehabilitation of living space
in a large area, with consequences on the quality of life in a given area

e Economical costs including:

— Loss of production

— Costs for rehabilitation of living space

— Payments for financial compensation to human and social con-
sequences

2.1.3. Accessibility to the damage place

The assessment of all these costs should take into account the evolution of
the local situation if stopping the flow of the pipe is not instantaneously
possible. Moreover, there could exist delays due to time to access the place
to be repaired and, if any, delay due to local political situation, which could
be dangerous for technicians that will operate on the pipe.

2.2. METHODS TO RESTART THE SERVICE

Methods to restart the service of the pipe are highly dependent on the
analysis made before. On one hand, the safest but most expensive solution
is to completely change a portion of the pipe for a new one, on the other
hand the most hazardous one is to do nothing, which is also the cheapest. Of
course, between these extreme solutions, there is a lot of intermediary ones
that could be examined, especially in view of the economical costs and of
the assumed service life after repairing. The optimal solution would pro-
bably be that which gives an acceptable probability of survival for the
lowest cost. Here is a short review of repairing actions by increasing order
of costs.

2.2.1. Doing nothing

This is the first extreme solution, which could be the applied when the
detected damage is estimated to be without any influence on the integrity of
the pipeline. Of course, this is also the cheapest.
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Decision of application should be taken after examining the harmfulness
of the damage with respect to maximum static loading and to fatigue crack
propagation.

2.2.2. Supervision of the damaged section

In this situation too, no repairing action is undertaken, but a special
supervision programme is launched if there is any doubt about the fatigue
crack propagation phenomenon. Here also, fracture mechanics and fatigue
crack propagation tools will be used.

2.2.3. Repairing without service interruption

There is no leak, but the damage is extended enough to present a danger
with respect to fracture and crack propagation. In this case a repairing by
different techniques such as welding a patch or wrapping and gluing a
sleeve on or around the damaged zone can be used. Moreover, the welding
technique allows metal refilling of external damaged zone, so that the
integrity of the damaged zone is established again.

2.2.4. Repairing with service interruption

This could be the case when there is a leak, which can be dangerous with
respect to repairing techniques. Moreover, the leak may represent a danger
toward environment and a loss for the company which operates the pipeline.
In this case, any repairing technique could be employed, including the
installation of a bypass, which allows establishing again service during
repairing of the damaged zone and delivering of products to final users.
When repairing is completed, the normal service can be restored and the
bypass suppressed.

In certain cases, it will be necessary to monitor the repaired portion to
verify the efficiency of the repairing, especially towards leak of fluids.

2.2.5. Complete change of a portion of pipe

This is the case when the damage is so extended that any tentative of
repairing the original tube is inapplicable. Therefore, either the service of
the pipeline is stopped or a bypass is installed, and change of portion is
possible with the pipeline active.

2.3. ESTIMATION OF SERVICE LIFE AFTER REPAIRING

After a repairing technique is chosen, it is necessary to estimate the service
life of that portion, as the geometry of the pipe could have been modified,
and the material characteristics could have been altered by welding, for
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instance. Tools used in this section are mainly fatigue life, creep estimation
or aging estimation. Other parameters should be considered, when social
and environmental conditions are difficult.

2.4. COSTS ESTIMATION

Estimation of total costs must take into account all technical and economical
costs, but also social costs.

2.4.1. Economical costs
This section includes:

Losses due to stopping of pipeline

Costs of environment rehabilitation

Costs of the different repairing solutions considered
Eventual delayed reparation costs

If there is no stopping of production, the first item vanishes or is
minimized. Environment rehabilitation and penalties are more and more
asked by governments, which should be taken into account in case a risk of
fracture of the repairing is non-negligible.

2.4.2. Social costs

If the initial fracture has provoked loss of human lives or serious health
problems, if there are problems linked to stopping delivery of vital products
such as drinking water or energy, this has a cost which should be taken into
account.

Moreover, if the staff that has to apply the repairing solution is exposed
to health, climate or even political risks, it needs at list an important salary
compensation, which should be added to the other costs.

2.5. CRITERIA FOR A CHOICE OF A REPAIRING SOLUTION

After the up-described analysis has been made, it is necessary to give tools
for decision making to the manager. In the analysis, three main items have
been considered: economy, politics and technique.

If there are several technical possibilities, they probably induce different
costs. It could also exist some political constraints that may influence the
technical choice on a hand and the economical costs, on the other hand. All
these choices should be presented to the manager, who will make decision
with respect to them.
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Once he has made decision, a feedback control is necessary to ensure
that all steps of it will be conveniently applied. This has also a cost that
should be included in the total cost of the action.

2.6. SUMMARY OF THE METHODOLOGY

We have seen that repairing a damaged portion of a pipeline cannot be
reduced to a simple technical operation. Taken into account the importance
of the fluid transported in, technical decisions have economical and social
consequences that should be considered in the costs.

Here the main objective of the engineer would be to design technical
solutions that minimize the economical and social consequences.

3. Different technical solutions

3.1. SUMMARY OF DIFFERENT OPTIONS

It has been seen in the preceding section that there could be several options
in front of a degraded situation of a pipeline. They vary from “do nothing”
to “complete replacement of a portion of tube”. This, of course depends on
the actual situation of the pipe, but also on the available means of observation.

If a portion of pipe is completely destroyed, it is obvious that a complete
change of the destroyed portion is needed. But, if the pipe is not completely
destroyed, it is necessary to have some investigation on the dimensions,
position, shape and nature of the defective part.

If it is a surface pipe, it is relatively easy to an investigation of the
assumed damaged part with eye or camera, with eventual image analysis
for helping diagnostic. But if the pipe is running underground, it is more
difficult to have this investigation, because it is necessary to localize with
some precision the damaged place. Then, an excavation could be made and
visual observation then becomes possible.

In both cases, these observations could hardly give information about
the state of the inner of the tube as well as state of welding cordon. Other
techniques, such as US, gamma ray or insertion of robot vehicle in the inner
tube should be envisaged. The objective is to collect a maximum of data on
the damage for the most accurate evaluation of harmfulness.

3.2. TOOLS FOR HARMFULNESS ASSESSMENT

Once the damage is localized and the dimensions and shape of the defect is
estimated, fracture mechanics tools will be useful for the engineer for
fracture assessment.
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Of course, classical fracture mechanics parameters such as stress inten-
sity factor, COD, J-integral could give a first approach of the risk of fracture,
but they are deterministic.

A further step using a probabilistic approach is to use a failure assess-
ment diagram. This method includes a safety factor, which is related to the
accepted probability of failure. Another way is to use the SINTAP method
coupled with a FORM/SORM (First Order/Second Order Reliability Method)
(Jallouf et al., 2005). Both methods lead to an estimation of the remaining
life of the damaged part, provided the operator accepts a given level of risk.

3.3. REPAIRING SOLUTIONS

There are six main techniques for repairing a damaged tube.

1. Changing the damaged portion
. Installing a bypass

. Grinding

. Metal deposition

. Metallic sleeves

. Composite sleeves

AN AW

3.3.1. Changing the damaged portion

This solution should be used when the damage is so large that the integrity
of the pipe is not asserted, even pipe is already broken. This method needs
stopping tube service for a long time, as it is necessary to replace a portion
of the tube, and, therefore to prepare and carefully realize proper welded
joints. These welds should also be controlled.

3.3.2. Installing a bypass

This operation is also possible before the first one, so that some stopping
service time could be saved, if the replacement operation should be delayed
for any reason. But it also needs stopping the service of the pipe for the
necessary time for bypass installation. However, a new technique of installing
a derivation tape on the tube without stopping the service is proposed by
Furmanite” (Furmanite, 2008).

3.3.3. Grinding

One of the most important characteristic of a geometrical defect (for instance
a notch created by accidental indentation by a diving machine) is the stress
concentration it generates. As tubes are often over designed, a controlled
grinding of the damaged part could be a simple solution to lower stress
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concentration effect. Of course the thickness decrease that is associated with
this grinding must not affect the strength of the tube.

3.3.4. Metal deposition

On the opposite, notches or other surface defects can be filled in by metal
deposition. If material continuity is asserted, then the stress concentration
due to notch effect vanishes. This solution is applicable on tubes made from
steel with good weldability. Combination with grinding can help to obtain a
smooth repair.

3.3.5. Metallic sleeves

Two types of metallic sleeves can be used, which are a function of the
seriousness of the situation. If only local reinforcement is needed, then the
so-called type A is applied. Two half sleeves, which inner diameter is exactly
equal to the outer diameter of the damaged tube are placed around the area
to be reinforced and, then welded together. If necessary, the shape of the
sleeves can be adjusted to exactly match that of the tube. This solution is
applicable when there is no leak and is independent on the weldability of
the tube.

If local reinforcement is needed together with preventing any further
leak, it is therefore addressed to use the type B sleeves. In this type, two half
sleeves are also used (and, if necessary with their shape adjusted to the
shape of the tube), but they also need to be welded to the tube, so that
leaking is prevented. In this case, they have to support higher stresses and
need very skill welding operators for proper realization.

3.3.6. Composite sleeves

The principle of composite sleeves is the same as for metallic sleeves, but
the implementation procedure is different. Of course, there are also several
techniques of implementation, but we will mainly consider here the wrapp-
ing technique. In that case, the product is a wide ribbon made from epoxy
pre-impregnated fabrics, it is relatively easy to implement on-site. The
ribbon is wrapped around the damaged zone so that the desired thickness
is obtained. Moreover, a pre-tension can be applied, so that a part of the
strength, which can be increased due to a notch effect and/or local thickness
reduction is compensated. The sleeve is then cured to create a strong sleeve
around the damaged zone.
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4. Mechanical behavior of the repairing with a composite sleeve

As composite sleeves seem to present several advantages with respect to
steel ones and as notch fracture mechanics is a useful tool for the engineer
who is in charge to suggest a technical solution for repairing a damaged
pipe, we have realized some finite elements computations for a better know-
ledge of stresses and notch fracture mechanics parameters in the repaired
area.

4.1. LONGITUDINAL EXTERNAL NOTCH

This situation has been presented in details in a preceding work (Jodin,
2007). It has been shown that J-integral reduction highly depends on the
thickness of the sleeve and on the quality of adhesion between sleeve and
tube. This is illustrated in Table 1.

TABLE 1. Relative reduction of J-integral for an elliptical longitudinal surface defect in a
tube with respect to sleeve thickness and width and type of joint with the tube.

Sleeve thickness (mm) Sleeve width (mm)
0 36 48

No sleeve 0 1.9336

5 —48.9% —48.3%
Non glued ’ ’

10 —80.5% —78.9%

5 =77.4% =77.2%
Glued

10 —84.0% —83.9%

4.2. TUBE WITH A HOLE DRILLED IN

This situation may occur if somebody drills a hole in the tube to make
uncontrolled taking off. Fast repairing can be achieved by wrapping a
composite fabrics, which should be glued to the tube for ensuring liquid or
gas waterproofness. It is clear that the stresses distribution around the hole
plays an important role in the quality of the repairing and for its duration.
The goal of this study was to evaluate the influence of the hole diameter
and the composite thickness on the stress that is normal to the adhesive plane.
Moreover, two kinds of fiberglass fabrics are considered: one is unidirectional,
the second is bidirectional. Computations were made through Castem® finite
elements programme, using simple prismatic or cubic elements. A portion
of tube (elastic, isotropic), a layer of adhesive (1 mm thickness, elastic
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isotropic) and a layer of composite (elastic, orthotropic or isotropic) were
modelized. The maximum normal stress in the adhesive layer is extracted,
and stress gradient is represented. Results for maximum stresses are shown
in Figures 1 and 2. It is clear that the maximum stress value is highly
dependent on diameter of the hole. Concerning the dependence on the
composite thickness, the maximum stress value decreases while thickness
increases, but trends to vanish with high thicknesses.

Another point is the stress distribution in the adhesive along the border
of the hole. Figure 3a shows the stress gradient when a uniaxial fabrics is
used and Figure 3b when a biaxial one is used. It can be seen that the stress
gradient is higher in the uniaxial case as in the biaxial case.

Normal tensile stress in the adhesive
Uniaxial composite

Normal tensile stress in the adhesive
Biaxial composite

35
30 30
T T
g2 £
s "
g 20 E 20
3 %
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Figure 1. Variation of maximum stress in the adhesive on the border of the hole with hole
diameter.
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4.3. CONCLUSION ON REPAIRING WITH FIBERGLASS COMPOSITE
FABRICS

From a theoretical point of view, repairing a drilled pipe by wrapping fiber-
glass pre-impregnated fabrics composite is possible, provided the thickness
is large enough to ensure hoop stress sustainment and pressure strength. A
sensitive point is the stress distribution in the glue joint around the hole as,
if it overcomes the strength of the adhesive layer, it could initiate a crack
which should be able to propagate. It has been shown that the stress level is
lowered when thickness of the composite increases and that the stress
gradient is lowered when a biaxial composite (say quasi isotropic) is used.

From an engineering point of view, using a composite pre-impregnated
ribbon is relatively easier than welding a steel sleeve, which should be
machined to precisely fit the local shape of the pipe. This could be some-
what difficult, if the pipe is damaged and exhibits some local deformation.

However, it is necessary to take into account in the estimation of the
repairing duration the loss of mechanical characteristics due to aging of
fiberglass-epoxy composite.

5. Conclusion

It has been shown in this paper that the choice of method for repairing a
damaged pipe depends on several factors:

Nature and extension of damage

Leak or pipe service is always possible

Economical and social conditions

Technical abilities of technicians that will proceed to repairing

In some cases, replacement of a portion of pipe is the unique and best
solution, which is quite expensive a may take a lot of time, for providing the
convenient replacement pipe. To restore pipe service, it is possible to install
a bypass, but this increases the cost. An economical balance should be made
before making decision.

In other cases, welding a steel sleeve partially or all around the tube may
be a durable solution, but quite difficult to realize and rather expensive.

At last, wrapping a fiberglass-epoxy composite ribbon around the pipe is
a relatively easy and cheap solution, but not so durable as the previous one.

In all cases, the engineer should realize an economical balance to choose
the best adapted solution. This suppose him to have all necessary data about
materials costs, labor costs, loss of production costs, and also social costs
and environmental conditions.
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At last, decision could also depend on politics, but this does not depend
on the engineer range of responsibility.
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Abstract Civil engineering objects, especially buildings, suffer the damage
and failure under earthquake. Invented DC Damper System can increase the
resistance and strengthen the construction, enabling tougher behaviour
under seismic load. Experimental research and experience in repairing 350
damaged objects on four continents is the base for system development.

Keywords: Damage, seismic load, building, damper, structural integrity, retrofit

1. Introduction

Earthquakes are dangerous impacts on civil engineering structures. It is
practically impossible to understand the behaviour of buildings subjected to
the seismic loads without basic knowledge of the construction members’
behaviour regarding low-cycle fatigue and the stability of the construction
during all phases of earthquake activity, because masonry structures are
sensitive to it. It is well known that these structures have large mass, due to
bad cohesion between bricks (stones) and mortar they suffer damage when
exposed to earthquakes, under non linear post elastic condition. The need to
find an effective object protection and to realize tougher constructions
resulted in a new, the DC 90 Construction System' and associate devices.
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2. Development and testing of the DC 90 Construction System

System DC 90 comprises a number of structural elements which make the
walls more secure, increasing their ductility and toughness. They make floor
slabs and ceilings stiff and capable to transmit the load in their own plane,
and connect them by foundation collars. These elements make structure
stronger to accept the horizontal and vertical loads. This invention is based
on the construction system with dampers — absorbers, which makes the build-
ing structures more resistant and lets them withstand the highest values of
earth tremors through elastic plastic work and plastic deformation control.
The damper member is deformed in low cyclic fatigue in accordance with
the values of accumulated dilatations so that can accept more than three or
four high quakes. The construction is very effective at the masonry objects
of historical value, at the modern nuclear power plants and other objects of
any security importance during the structure life. The constructions capable
to achieve higher level of post elastic non linear condition (that means higher
ductility) are likely to survive the damage that seismic loading may cause to
such structures. Analyzing the behaviour of different type of materials
commonly used for construction of building (concrete, bricks, stone, wood,
plastics) the outstanding ductility of steel elements in building constructions
is doubtless. The need to provide deformation control that due to the
unacceptable large deformation scale may cause the destruction of the
elements or total structure collapse was particularly considered.

The aim of the new device (damper-absorber) is to provide an accurate
and controlled elastic-plastic work.”> The most important parameters that
define the damper construction and its properties are shown in Figures 1 to 3.

Special contribution presents the innovative design of Damper DC 90. It
is patented in the U.S.A.” and awarded by Gold Medal in Brussels. Damper
is involved as a part of vertical stiffener elements, and thanks controlled
fatigue defines position of plastic hinges and instant of its initiation, inten-
sity of load and deformation, and their control, affecting structure behaviour
in seismic condition. The DC 90 Construction System defines the locations
for DC Damper installing and the parameters of low-cycle fatigue.

The hard work from inventing and innovating to testing and final imple-
mentation of the technology over four continents contributed to understand
new technology. The permanent innovation of device design and manu-
facturing process, model testing and in-situ testing for technology transfer
are of the great importance.

Peculiarity of damper design is the middle part shape (“dog bone™),’
with finished surface to eliminate surface cracks and prevent undercuts.
By three limit rings and one movable ring it controls displacement at pre-
determined length of controlled low cycle fatigue caused by variable seismic
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loading, and by reduction of cross section the load intensity is controlled.
Special elements assure local buckling stability of pressed elements. In this
way it is possible to locate and control the position of plastic hinge. The
function is controlled by changing stiffness and dynamic characteristics.

As an illustration, in Figure 1 damper of type IRAN is shown, developed
for retrofit of buildings in Asia, and in Figure 2 damper of type Mionica,
applied for repairing of buildings in the region Kolubara in Serbia after a
heavy earthquake.

The damper behaviour under cyclic activity through time, i.e. number of
cycle, depends on the following factors: accumulated deformation, frequency,
cycle number and damper properties, defined by model testing in the labo-
ratory for dynamic testing.'

DAMPER " IRAN "
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The principal feature of the hysteresis loop in diagram force vs. dis-
placement (Figure 3) enables deformation control.

Diagram displacement vs. number of cycles (Figure 4) shows a good
performance of tested damper even at high number of cycles. It is obvious
that accumulated strain increases with decreasing number of cycles to
collapse. This feature is used to determine the damper dimensions and
application.

Force [kN]

150
50

Displacement [mm]

Figure 3. Hysteresis loops diagram force vs. displacement of DC 90 damper.

Displacement [mm]
(-]

N° of cycles

Figure 4. Diagram displacement vs. number of cycles.*

Energy increases with increasing accumulated strain, but decreases with
number of cycles to collapse of damper, as shown in graph in Figure 5.*

Diagrams force—displacement analyses allow to conclude that low cycle
fatigue is in question. Analyzing ring operation, in displacement control,
permanent plastic deformations occur, that is with increasing number of
cycles material weakens and maximum force reduces (material is weaker
when force decreases for the same deflection). For smaller displacement,
number of cycles needed for failure is greater.
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Accepted approach for development of dampers is to test experimentally
each new model in order to assure best performance for practical use. Data
of one test are presented in Figures 6 to 8.

Dampers for DC 90 system (Figure 6) were tested by variable loading
on MTS servo-hydraulic closed-loop machine (Figure 7) in Military Technical
Institute (VTI), Belgrade.” Obtained hysteresis diagram is given in Figure 8.
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Figure 5. Energy decrease with number of cycles to collapse of damper.*
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Figure 6. Typical dampers of DC 90 system. Figure 7. Damper testing.
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Following experiments were performed, including system models:

1. Hysteresis diagram load vs. displacement of biaxial damper model X

2. Uniaxial testing of damper model F for masonry (hysteresis diagram)

3.Extended testing of damper MIONICA, with different frequencies in
dilatation range 1% to 5% in dependence of loading mode

4. Testing of sensibility to buckling of 24 models in Civil Engineering
Faculty in Ljubljana (Slovenia) in the scope of project PROHITECH®

5. Testing of two stores building wall model by quasidynamic loading, up
to crack occurrence and final fracture, without and with damper, (hysteresis
diagram force vs. displacement, strains measured in vertical and diagonal
system elements, as well as model displacement vs. load relation, with
continuous monitoring of crack initiation and growth)

6. Experimental research of models (1/10) of masonry walls strengthened
by DC 90 system, performed on shaking table in the Dynamic Testing
Laboratory of Institute of Earthquake Engineering and Engineering
Seismology (IZIIS) in Skopje, Macedonia

Figure 9 presents testing by quasidynamic loading of experimental two
store wall, made of hollow blocks 19 x 19 x 25, framed by girders, as classical
solution (left), as strengthened according to DC 90 system (middle) and
during testing after few cycles (right),” performed in the Institute for material
testing (IMS), Belgrade.

Figure 9. Two-store building wall model, before retrofit (left), with dampers installed
(middle) and during testing of strengthened wall (right).”

For sample top point displacement of 10 mm, large flaws (810 mm)
opened in the first field from the point of force application. In the region
of wall constraint, cracks typical for dominant bending stress appeared.’
Measured initial shear stiffness was Ej .., = force/displacement = F/d = 60/6
= 10 kN/mm; after few cycles, at deflection about 30 mm, it was decreased to
E cna=9/6 = 1.5 kKN/mm. This significant decrease of wall stiffness can be
considered as a collapse of the wall and whole building.
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Measured shear stiffness of strengthened — retrofitted wall was initially
Es =20/3.5 = 5.7 kN/mm, and later it slightly decreased, mostly due to yield
of lower anchorage tie, and then it increased again. That leads to the con-
clusion that anchorage must be done properly, and that quality control of per-
formed works must be strict. Wall behaves much tougher at cyclic loading.
For load of 60 kN, and displacement of 25 mm far less cracks occurred,
opened only for 2—3 mm.

Tested stiffener for larger strains exhibited sufficient durability and
probably can, as part of the vertical stiffening frame, save the building at
increasing deflections from collapse, making the building more secure during
earthquake, especially if building is built without girders.

Experimental research of models (1/10) of masonry walls strengthened
by DC 90 system was performed on the shaking table (Figure 10) in the
Dynamic Testing Laboratory of Institute of Earthquake Engineering and
Engineering Seismology (IZIIS)® in Skopje, Macedonia. Three models have
been constructed, 30 cm long, 25 c¢cm high, 3.5 cm thick, made of gitter
bricks, of plane burned bricks and plane dried bricks. Each type of model
was made as conventional and as strengthened by DC 90 System.

Model 1. Hollow brick Model 2. Burned brick Model 3. Dried brick
Figure 10. Shaking table test of a wall model.

The single component shaking table has been used to test the models
under harmonic excitation within the frequency range of 1-100 Hz and
amplitude range (0-10)-g (g stands for gravity). The idea was to compare
dynamic response of models produced by traditional and strengthening
method of construction for the same brick type, and also to compare the
effect of brick type on dynamic behaviour of the models.

The testing program consists of several phases:

— Definition of resonant frequencies
— Definition of elastic response of both models
— Determination of limit state and fracture mechanism
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Results of testing are presented in Table 1. The calculated stiffness
should be related to the scale factor 1/10 to obtain the actual stiffness of the
real wall element. The results have clearly shown increasing of stiffness of
walls by implementation of the elements of System DC 90.

TABLE 1. Calculated lateral stiffness of the models, kN/cm.

Type of the model Strengthened model Non-strengthened model
Model 1 — hollow brick 35.53 24.75

Model 2 — burned brick 19.95 10.49

Model 3 — dried brick 6.48 4.40

The implementation of DC 90 System after performed experimental
testing was not a difficult task, because important data were collected, signi-
ficant experience gained and acceptability of system has been proved. The
orders came from all over the word (Europe, Asia, Africa and America), from
different customers for different applications (residential buildings, important
industrial object, historical monumental buildings). The most important
examples will be presented in Section 4.

3. Numerical modelling of building and its verification

Earthquakes are dangerous impact on civil engineering structures, especially
for masonry structures, what has to be considered in building design. In
order to reduce the costs and to get better insight in the problem, numerical
modelling should be applied, in addition to classical design methods.

3.1. DEVELOPMENT OF NUMERICAL MODEL

Additional contribution to the System DC 90 Damper design is obtained by
finite elements (FE) modelling of building. This approach became inevitable
for analysis before retrofitting by DC 90 technology of damaged building.
Numerical modelling will be successful only if the behaviour of repaired
and stiffened objects is tested. Testing of dampers, including vibro platform,
was performed for verification of developed numerical models.

Typical earthquake damage of two store building made from bricks and
mortar is presented in Figure 11, showing that cracks grow in direction of
cross diagonals started from openings (windows, doors).

The damage was analysed applying convenient modelling approach. The
analysis, performed for two directions of earthquake effect, shows that
the largest tensile stress, responsible for cracking, occur between holes on
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the building (Figure 12). The earthquake is represented in model by con-
venient El Centro response.” Based on gathered information the building
design was strengthened, and new model is presented in Figure 13.°

Figure 12. Largest tensile stresses found in Figure 3. Finite elements model of rede-
corners of openings by model. signed building.’

Vertical elements — walls are strengthened by vertical stiffeners that
connect all horizontal slabs and the foundation. Vertical stiffeners — trusses
consist of the vertical ties, which are pre-stressed, and the other elements
are diagonals with the seismic energy absorber, and horizontals as a part
of stiff floor slabs. Walls strengthened in this way exhibited sufficient
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toughness and capacity to accept the alternative horizontal dynamic dis-
placements. If horizontal elements are not stiff in their own plane, floor
slabs and ceilings have to be strengthened by impregnation with a thin,
slightly reinforced, concrete slab or incorporating horizontal bracings, linked
to vertical stiffeners. The foundation structure is confined with a proper
collar, connected by anchors, in which the vertical stiffening elements are
anchored.

3.2. TESTING OF RETROFITED AND NON-RETROFITED OBJECTS

Experimental testing for verification of numerical model was performed on
both, non-retrofitted (Figure 14) and retrofitted object (Figure 15) in the
region of earthquake attack, Mionica, Serbia.'

Figure 14. Experimental testing of non-  Figure 15. Experimental testing of retrofitted
retrofitted building. building.

Applied testing methods of ambient and forced vibrations by Institute
for earthquake engineering and engineering seismology (IZIIS),” Skopje,
have shown that dominant frequencies of built objects are within the range
of 6-8 Hz, while after retrofit stiffness raises up to approximately 35%.

From numerical analysis performed during this study and from
experimental results it could be concluded that System DC 90 is powerful
tool for engineers to solve problems of retrofitting of damaged building
structures. Since this system is cheap, fast and applicable in side, it could be
applied properly and broadly for earthquake regions, as it is done in
Kolubara region, Serbia, and in Algeria.

4. Examples of DC 90 System application

Thanks to its attractive performance, DC 90 System became very popular.
It has been successfully applied on four continents: America, Africa, Asia
and. Europe, Most interesting applications will be shortly presented.
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4.1. WALL CONSTRUCTION IN HALL OF BORNUDA HYDROELECTRIC
POWER PLANT, QUEBEC, CANADA

The wall construction of the engineering hall at Bornuda Hydroelectric
Power Station in Quebec, Canada highlights some basic properties of applied
“Mionica+” type damper. The designed damper construction was tested in
VTI, Belgrade, and as presented wall model testing (Figure 10) in IZIIS,
Skopje.” Testing of more than 50 specimens was conducted at Civil
Engineering Faculty, Ljubljana, Slovenia, and VTI, Belgrade.

The estimated seismic loading of 0.20-g and frequent appearance of
minor quakes in the area of large hydroelectric objects in Quebec region,
Canada, motivated the “Hydro Quebec” company to analytically approach
the problem of damage risk estimation of company’s objects. Numerous
detailed tests of materials and constructions, model testing and numerical
analyses were conducted to cover the topic. The numerical analyses were
made by Canadian, Britain and Indian expert teams, dynamic model testing
was executed by means of the vibrating platform at IZIIS, Skopje, and
dynamic testing of objects by ambient vibration method was made in
Canada. The requested damper model testing in VTI, Belgrade, preceded to
these actions.

4.1.1. Numeric modelling

Numeric modelling of damper performance designed for wall construction
of engineering hall in “Beauharnais” Hydroelectric Power Plant in Canada
is made based on following elements of stress—strain curve (o —¢)'":

1. Initial modulus to linear elastic limit £, = 20.000 kN/cm? (valid for
strain values up to & = 0.0011 and stress values up to o= 22 kN/cm?).

2. Elasticity modulus at yielding £, = 4.333 kN/cm” (up to & = 0.0060 and
o = 26 kN/cm®). As number of cycles and frequency increase
(strain/s), the elasticity modulus decreases due to accumulated strain.
For strain range from 0.0011 to 0.0060, stress values of initial phase
vary from 22 to 26 kN/cm?, it is about to yield limit. It can be presented
by any approximate curve. However, for simplification it is done by
means of COSMOS software as a bilinear curve.

3. Elasticity modulus (actually, slope of curve of damper operation in plastic
regime) £, = 120 kN/cm” (for € > 0.006, 0=26-32 kN/cm®). The elasticity
modulus increases with number of cycles and frequency increase.

The values of E; and E elasticity modules depend on:

— Cycle number
— Accumulated strain
— Values of accumulated strain through time
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The Coffin—Manson relation is given as:

Ae,NP = C, (1)

where e, is the cyclic plastic strain range (accumulated strain), Ny is the

number of cycles to failure, C; and o are material constants. The exponent o

usually varies between 0.5 to 0.7, and depends on whether torsion or axial

loading is in question. The constant C; is defined from damper serial test.
The Palmgren—Miner cumulative damage rule proposes that:

Zﬂ/Nf = (I’l]/Nﬂ) + (I’lg/NfQ) + o =1.0 (2)

where n; is the number of cycles at the stress or strain range level 1, Ny
corresponding number of cycles for fracture, and so on. The problem of
low-cycle fatigue and operation of damper in large strain range up to 5%
can be presented by numerical methods, but bilinear relation is sufficient for
this analysis.

4.1.2. General information on applied DC90 damper performance

The damper behaviour (approximate damper operation) can be presented by
bilinear stress—strain curve, valid for the ascendant and £, curve. The slope
of the ascendant curve decreases depending on the number of cycles and
accumulated strain — Coffin—Manson law (Eq. (1)), the function of two
parameters: the number of cycles, Nyand the value of accumulated strain, ¢,,.
When it is necessary to limit the displacement, e.g. by 5 mm, that
corresponds to the maximum strain of 5%, it is possible according to cal-
culated average slope of the ascendant curve. The slope of E; curve for this
damper type is 3—10% of the ascendant curve slope, obtained by experiments.
Consideration of frequency effect additionally complicates the diagram.
In plastic range DC 90 damper works in 100 mm weakening length. The
pipe, sized 16 x 1 mm, should be weakening by two axial cuts 7 mm long.
The pipe cross section surface is P = 0.50 cm’. The surface of the
weakened cross-section is P — 2 x 0.7 x 0.1 = 0.36 cm’. Damper design
prevents lateral bending and local buckling by means of external and
internal elements built into the pipe (micro reinforced polymer concrete and
pipe covered by aluminium foil). The overall damper weakening length
should be covered by plastics. It is about 100 mm. For simplification, one
can consider the average values of strain and stress for total weakening
length, i.e. the length situated in plastic zone. Besides, to sustain the fatigue
(low cycle fatigue) the surface of the pressed part should be removed to
exclude the possibility of any local or surface cracks (damages).
The damper is made of structural steel of high ductility produced by
“US Steel” Company (Smederevo, Serbia). All the dampers should be made
of the steel of same composition of guaranteed mechanical characteristics.
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There is a variety of steel compositions with different tensile properties
found, but all were inside the specified values.

The initial part of curve slope (E — elasticity modulus) should be at
standard level, as well as yield limit. But in this case the E, curve, as well as
total strain increases, that provides damper effects (behaviour) at low cycle
fatigue. The deformation is controlled by distance control elements (rings).
The lead addition affects the reduction of stroke and brittle fracture as well
as damper behaviour and work.

Anyhow, the above described design is supposed to provide high strain
(accumulated strain) during large earthquakes.

4.1.3. Residency of Finland Ambassador in Algeria, Afvica

The detailed research of construction condition, as well as non linear
dynamic analysis and seismic strengthening of the object were performed to
meet requirements of Ministry of Foreign Affaires.'” For that, an intensive
technological research was necessary during realization of this object.

The realization of the object was aimed to investigate the technological
process in aspects of humanization, economical realization and modifying
or simplifying construction solutions of the system in this work.

4.1.4. Principle features of the object

Object dimensions: 27.00 x 17.75 x 13.02 m
Floors: basement, ground-floor, first floor, second floor, tower
Walls: made of stone, thickness d = 80 cm
Inter-storey structure: steel bracings 1180 with bow of bricks (h =40 cm)
Foundation: stone wall, d = 80 cm
The view of the object during repairing action is presented in Figure 16.

Figure 16. View of residency of Finland ambassador in Algeria under retrofitting.
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4.1.5. Technology and process features

Weight of steel elements: 3,552 kg

Total number of dampers-absorbers 41 pieces, consisting of 18 pieces of
type “Algeria”, 19 of type “Mionica” and 4 pieces of ®30

Total number of displacement compensators: 29

Total number of wall connectors: 59

Total time spent on cracks and splits repairing: 553 h

Time duration of cracks and splits repairing — from 21 to 28 November
2006, duration of object strengthening — from 06 to 30 December 2006.

Total working time spent on construction strengthening: 2,280 h

Working hours: 10 h/day with eventual breaks caused by rain

Engaged experts staff included two civil engineers, one interpreter, four
metal structure experts, six experts in erection and assembling, one assistant,
and the cook.

Equipment: pipe and movable aluminium scaffolding, diamond saw
“Stihl”, drilling hand tools “Bosch” and “Hilty”, injecting pump, welding
equipment, concrete mixers, dozers, digital weighing machines, control and
measuring equipment and necessary small instruments and appliances.

4.1.6. Technologies applied on the object

Vertical wall bracings with dampers

Horizontal tension of inter-storey structure by means of displacement
compensators — time deformations

Vertical tension of the tower by means of damper and displacement
compensators through time

Wall connectors at the positions of wall conjunction to preserve wall
integrity and avoid separation

4.1.7. The conclusions made after technological research and analysis

The technological problems of high noise and huge dust during wall cutting
are solved applying hydraulic machines with diamond saws and dust
aspirators. Moistening the surface during wall cutting was an alternative.

The problem in construction, significant wall destruction after cutting
procedure, particularly of “Algeria” type of ®100 mm diagonal bracings,
were solved by applying all bracing members (vertical, horizontal, diagonal)
of filled steel square or circular pipes, of size minimum 20 mm.

The technology of concrete pressing should be used. The concrete must
have an adequate consistence (W/C).
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4.1.8. Design solutions

The system should be based on the following assumptions:

1. All the members (vertical, horizontal, diagonal) have filled square or
round cross-section. The construction members can be built inside or
outside the walls with specially designed details which provide the con-
nection between walls and construction elements.

2. The connection details should be typified and unified.

3. The life span of all steel elements is of great importance. The problem will
be studied by the experts in technology and structural integrity and life.

4.2. AZERBAIDJAN PRESIDENT RESIDENCE, BAKU (ASIA)

“SERBAS” Company, Baku, applied the DC 90 System technology to
provide seismic strengthening and protection of the Azerbaijan President
Residence building in Baku."

The conclusions and recommendations gathered in previous activity
were used in the Azerbaijan President Residence rehabilitation project.
They contributed much to technology promotion and to avoid unfavourable
observations and comments during realization of project in Baku.

4.3. SOME EXAMPLES OF APPLICATION OF DC 90 SYSTEM IN EUROPE

In Serbia, Montenegro and in Slovenia many retrofitting projects have been
realized on different objects, mostly on the residential houses (Figure 15).
In January 2001 DC 90 System Innovation Centre accepted an order for
experimental strengthening of the six different objects damaged by earth-
quake in Kolubara region (Figure 11) in Ljig place.

After detailed experimental verification the technology was applied to
repair 350 objects in trussed Kolubara region in Serbia. The experimental
reconstruction of house (property Lazi¢) and object strengthening by apply-
ing DC 90 System technology are presented in Figure 17."

Figure 17. Experimentally reconstructed house, Lazi¢ property (left) and strengthen object (right).
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5. Project “PROHITECH”

The project "PROHITECH” is an Euro-Mediterranean project aimed to
provide an earthquake protection of historical heritage objects.’ It is leaded
by Professor F. M. Macovani from Naples University, who invited the
Innovation Centre for Seismic Engineering, Belgrade, to take part in the
project. The participants of the project are from Italy, Greece, Portugal,
Morocco, Romania, Macedonia, Belgium, Slovenia, Turkey, Israel, Egypt
and Algeria. The DC 90 System technology was analyzed and tested in six
FW projects “PROHITECH”. As the research is under way some finding are
presented here without any analysis or comment.

6. Discussion

It is well known for that people always wish to preserve their buildings
from destructions of any kind, including earthquake. The process of crea-
tion, innovation and implementation of the invention in how to save or
retrofit the integrity of building enabled to apply new damper system all
over the world (America, Africa, Asia and Europe).

It is reasonable here to cite the reflexion about his invention topic of
great scientist Nikola Tesla, probably the most brilliant inventor born.
“Invention is a crown of intellect. The development of human kind is sub-
stantially dependent on the invention, as most important product of the
creative brain. Final goal of mankind is to master the nature by intellect and
to exploit its power for mankind needs”. Nikola Tesla recognised well that
science can’t be realised only by theory and mathematics, since the possi-
bility for demonstration by symbolised process are minor and of less
significance compared to great truth gathered by experience in practice.

It is not possible to imagine development of mechanics without basic
knowledge of material and physical fields (electrical, magnetic, gravity),
not only on macro, but also at micro and nano level, and also beyond.
“Beyond” is always present. It is difficult to explain how at the end of infi-
nity there is also next point, and how it is possible to divide infinitesimal
value on two, so it is impossible to predict development of mechanics and
its unforeseeable capacity. In that sense we are prone to think that presented
simple innovation is a contribution in mastering the nature. In same
category belongs the development and implementation of new materials and
structures, in this moment at the level of nano structures.



SECURITY OF BUILDINGS 415

New design of dampers will ask for new, tougher material, and in the
scope of science and invention, this topic is steadily present.

7. Conclusion

Performed researches and investigation made it clear that the system for
seismic strengthening of object needs to be innovated continuously, cover-
ing new systems design, technology, and numerical modelling as well.

The analysis at levels of crystals disarrangement and interatomic connec-
tions weakening, and even beyond that, determines the materials behaviour
in non-elastic zone of major importance. It can stimulate the discovery of
different materials or structural members reacting properly at seismic loads.

As far as bridge construction is concerned the investigations should be
directed to numerical analysis that can provide necessary damping per-
formances (relations between stresses, strains, forces, displacements).

For special objects (nuclear power stations) the investigation should be
made in the same direction according to the design schemes, necessary
damper performances should be obtained by the numerical analysis.

It is undoubtedly that further innovations will give numerous new and
better solutions of constructions and damper devices designed for different
building structures. The technological research of the process conducted at
experimental and exhibited objects is one of the strategies of the “DC 90
System” Innovation Centre for Seismic Engineering.

The loss of fracture ductility during the low-cycle fatigue process was
investigated regarding small surface cracks. The crucial cause for the loss of
fracture ductility was elucidated on the basis of microscopic observations.
The results are summarised as follows:

1. The low-cycle fatigue process in an annealed medium carbon steel
(0.46% C steel) was almost 100% dominated by the growth process of a
single crack. In an extreme case, microcrack initiation was observed on
the surface of a plain specimen during the first stress cycle.

2.1f the surface of fatigued specimen is removed by machining and
thereafter by electro-polishing excluded the possibility of surface crack,
there is no sign of the fracture ductility loss. The conclusion has been
derived that the fracture ductility loss during low cycle fatigue is caused
by the existence of fatigue cracks on the specimen surface.

3. After the material constants C, and o are determined the “DC 90
System” damper behaviour obeys satisfactory both, the Coffin—Manson
law and the Palmgren—Miner rule.
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