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PREFACE

Concrete is one of the most used materials in the construction industry. In
structural systems, the combination of concrete and steel reinforcement bars
gives rise to reinforced concrete (RC), which is widely applied in the civil
engineering field due to its adequate mechanical strength, durability, and fire
resistance. Steel-rebar reinforced structures are subjected to structural
deterioration when subjected to extreme loadings such as earthquake, fire,
impact loadings and cyclic loading, consequently reducing the expected life
and performance of structures. To enhance the structural performance, the RC
structures are usually retrofitted or strengthened. This book reviews design,
performance and applications of reinforced concrete.

Chapter 1 — Fibre reinforced polymer (FRP) is used extensively nowadays
in construction industry to reinforce and strengthen reinforced concrete (RC)
structures to enhance the structural performance of the structures under various
loading conditions. Finite element analysis is an efficient and accurate method
for modelling the structural behavior of FRP strengthened RC structures
especially under extreme loadings such as cyclic loading. For accurate
numerical modelling of the structural behavior of FRP strengthened RC
beams, appropriate material models of each component and bond behavior are
essential. In this chapter, the developed materials models for concrete, FRP,
steel rebar and adhesive and the bond stress-slip models for FRP/adhesive/
concrete interfaces are reviewed. In addition the developed finite element
models for analysis of FRP strengthened RC beams under static and cyclic
load are also reviewed.

Chapter 2 — The nonlinear behavior of reinforced concrete (RC) structures
can be represented using the continuum damage models. The goal of this
approach is the description of the processes of mechanical damage and the
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subsequent implementation in structural analysis programs. In continuum
damage models, the damage evaluation is carried out across the entire
structural domain, which significantly increases the computational effort.
Alternatively, lumped damage mechanics allows for an accurate mechanical
modeling of non-linear behavior of concrete without representing damage over
the total structural area. This theory combines concepts of fracture mechanics
with the plastic hinge idea and it can be used accurately in one-dimensional
structural elements. In this chapter, this theory is applied to the mechanical
analysis of one RC beam and one RC frame. The results are compared with
numerical and experimental responses available in the literature. Good
agreement is observed among the results shown in the references and those
obtained by the lumped damage model.

Chapter 3 — This study aims the mecano-probabilistic modelling of
reinforced concrete structures subjected to reinforcements’ corrosion. The
corrosion time initiation due to the carbonation or the chloride penetration is
assessed by diffusion approaches. The tree of failure is utilized for determining
the probability of individual and global failure modes. The structural
mechanical resistance is evaluated according to the Brazilian design code NBR
6118/2014. The penalizations over the reinforcements’ cross section area and
over its yield stress, both caused by the corrosion process, are accounted. The
loading is modelled by the extreme value process. Probability of failure curves
for the corrosion time initiation; mechanical failure and reinforcements’ steel
loss along time are presented. In addition to the assessment of the probability
of individual failure modes, the progressive collapse paths along 50 years are
analysed. The results obtained show that relevant changes on the predominant
mechanical failure mode occur along time. Moreover, major values for the
reinforcements’ steel loss and the probability of mechanical collapse are
observed at the end of 50 years, even accounting for the design code
recommendations.

Chapter 4 — Studies concerning with atmospheric corrosion of metals have
been carried out during many years. Havana City could be considered as one
of the zones of higher atmospheric corrosion in the world. In the present
chapter, the methodology often used in studies of atmospheric corrosion in
metals is applied to study the atmospheric corrosion of steel-reinforced
concrete. It is possible to reduce the premature deterioration in the structures
in conditions of a coastal city located in a tropical island through the
evaluation of the corrosion behavior of different types of concrete and
covering thicknesses.
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The use of reinforced concrete with water cement ratios 0.5 and 0.6 and
covering thicknesses 20 and 40 mm does not assure an adequate durability and
useful life for structures submitted to corrosivity categories of the atmospheres
very high (C5) and extreme (CX) in a coastal-industrial atmosphere. It is
required the use of w/c ratio 0.4 and cover thickness 40 mm to assure an
adequate durability.

Chapter 5 — The reinforced concrete structures must beings able to absorb
the forces applied to them throughout their lives and support the alterations
over time and the environment to which they are exposed. In this context, an
experimental study was conducted on a public-use building which has
structural disorders using non-destructive testing (NDT). The rebound hammer
test, the ultrasonic device and the chemical test are used in the field of non-
destructive tests to determine respectively the compression strength, the
ultrasonic pulse velocity (UPV) and the rebar corrosion in the concrete.
Indeed, the test results were analyzed to identify the different disorders in
order to offer adequate compensation method and protection against future
attacks. Test results have shown that the concrete exhibits good compressive
strength. The steel was completely corroded as a result of a chemical attack.
The method of jacketing has been proposed for strengthening of building
columns.
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Chapter 1

FINITE ELEMENT ANALYSIS OF FIBRE
REINFORCED POLYMER STRENGTHENED
REINFORCED CONCRETE BEAMS

Prabin Pathak and Y. X. Zhang"

School of Engineering and Information Technology,
University of New South Wales, Canberra,
Australian Defence Force Academy, ACT, Australia

ABSTRACT

Fibre reinforced polymer (FRP) is used extensively nowadays in
construction industry to reinforce and strengthen reinforced concrete
(RC) structures to enhance the structural performance of the structures
under various loading conditions. Finite element analysis is an efficient
and accurate method for modelling the structural behavior of FRP
strengthened RC structures especially under extreme loadings such as
cyclic loading. For accurate numerical modelling of the structural
behavior of FRP strengthened RC beams, appropriate material models of
each component and bond behavior are essential. In this chapter, the
developed materials models for concrete, FRP, steel rebar and adhesive
and the bond stress-slip models for FRP/adhesive/concrete interfaces are
reviewed. In addition the developed finite element models for analysis of
FRP strengthened RC beams under static and cyclic load are also
reviewed.

* Corresponding Author Email: y.zhang@adfa.edu.au.
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Keywords: bond-slip, cyclic loading, Fibre Reinforced Polymer (FRP), finite
element analysis, RC beams

1. INTRODUCTION

Reinforced concrete (RC) structures possess many advantages such as
durability and strength, and they have been very widely used globally. Steel-
rebar reinforced structures are subjected to structural deterioration when
subjected to extreme loadings such as earthquake, fire, impact loadings and
cyclic loading, consequently reducing the expected life and performance of
structures.

To enhance the structural performance, the RC structures are usually
retrofitted or strengthened. In late 1980s and early 1990s, steel plates were
often used for the rehabilitation and strengthening of concrete structures.
However disadvantages of steel such as tendency to corrode, heavy weights,
deterioration of the bonds at their steel-concrete interfaces and the requirement
of massive scaffolding during installation (Arockiasamy 1995) made it not so
attractive. Since 1990, there has been an increasing interest in the use of high
strength composites for repair and rehabilitation of reinforced concrete
components. Fibre reinforced Polymers (FRPs) are being used increasingly as
promising composite materials for enhancing the RC structures. FRP, a
composite material made of a polymer matrix reinforced with fibres, such as
glass, carbon, basalt fibres, is of superior characteristics such as high strength
to weight ratio, excellent corrosion resistance, excellent fatigue resistance,
good durability, and cost effective fabrication (Hollaway and Leeming 1999).

FRP has been used to strengthen RC beams, which is one of the most
basic structural elements as well as an indispensable part for most civil
constructions. In engineering practice, many RC structures including beams
are subjected to dynamic loadings in their service life, such as cycling loading.
For example, a typical RC bridge deck system may experience up to 7 x 108
stress cycles during the course of a 120-year life span (Hollaway and Leeming
1999), and an overpass on a typical highway with a design life of 40 years can
experience a minimum of 58x 102 loading cycles of varying amplitude (Ferrier
et al. 2011). Under cyclic loading, internal cracking of concrete may occur,
which could degrade the stiffness and load-carrying capacity of the structures
(Loo 2010). FRP is used in different ways such as externally bonding,
wrapping and near surface mounting as per need of the structures. FRP plates
or sheets are usually glued to the bottom or tension side of a reinforced
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concrete beam to increase the flexural strength, whereas FRP plates are
normally applied on sides of a reinforced concrete beams to strengthen the RC
beam in shear.

A large number of experimental studies have been conducted on the
structural flexural behaviour of FRP strengthened RC beams. Although
experiment provides the source of reliable data and results, it is usually very
time and resource consuming. Finite element method is one of the most
powerful numerical methods for analysis of engineering structures, especially
for those with complicated geometries, loading and boundary conditions. A
large number of numerical analysis of FRP strengthened RC beams have been
conducted, with most focusing on the static behaviour with a perfect bond
assumption between FRP, adhesive and concrete. However, in practice, the
structural performance of FRP strengthened RC beams depends not only on its
components such as concrete, steel, FRP and adhesive, but also on the bond
behaviour between FRP, adhesive and concrete. The bond between concrete,
adhesive and FRP laminates plays a significant role in transferring the stress
from the former to the latter, and bond behaviour is the critical aspect for the
structural performance of FRP strengthened RC beams (Teng 2015). For an
accurate numerical modelling of the structural behavior of FRP strengthened
RC beams, appropriate material models of each component and bond behavior
are essential.

In this chapter, the developed materials models for concrete, FRP, steel
rebar and adhesive and the bond stress-slip models for FRP/adhesive/concrete
interfaces are reviewed. In addition the developed finite element models for
analysis of FRP strengthened RC beams under static and cyclic load are also
reviewed. For accurate finite element analysis of FRP strengthened RC beam
under cyclic loading, the material degradation and bond-slip degradations
should be considered and these models are also reviewed in this chapter.

2. MATERIAL MODELS

A FRP strengthened RC beam consists of four major components, i.e.,
concrete, steel, FRP and adhesive, and each of these components has their own
unique properties. So, for the accurate modelling of structural behaviour of
FRP strengthened RC beams, each of these components should be modelled
properly and proper selection of material models are essential. The material
models for the concrete, steel, FRP and adhesive are reviewed herein.
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Figure 1. General stress-strain relation of concrete in compression.

Table 1. Concrete compressive models
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2.1. Material Models for Concrete

Concrete is a quasi-brittle material, which is strong in compression and
generally weak in tension. For the numerical modelling of concrete, the
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material models in compression and tension are both essential. Many models
have been developed for the stress-strain relationship of concrete.

2.1.1. Concrete Compression Model

Concrete compression material model is the relationship between
compressive stress and strain developed in concrete. A typical curve is shown
in Figure 1. The stress—strain relationship of concrete in compression is
comprised of an ascending and a gradual descending branch, which is termed
as softening branch. In general, the stress-strain relation of concrete under
compression remains linear till 30% of the compressive strength after which
the curve becomes nonlinear followed by softening of concrete until the
ultimate strain (Bangash 1989). Several compression models for concrete have
been developed and a few of the popular models are listed in Table 1.

2.1.2. Concrete Tension Model

Generally, the stress-stress relation of concrete under tension is assumed
to be isotropic and linearly elastic up to the tensile strength after which crack
occurs and stress gradually reduces to zero as shown in Figure 2. Tension
stiffening in RC concrete members is usually caused by the increase in
stiffness of a cracked member due to the development of tensile stresses in the
concrete between the cracks. Concrete does not crack suddenly and completely
but undergoes progressive micro-cracking and the intact concrete between
neighbouring cracks carries considerable tensile force (Teng 2013). After
cracking, tension stiffening effects becomes significant and should be included
in the analysis. A few developed stress-strain relation of concrete in tension
with tension stiffening effect is shown in Table 2.

Stress

fs

Strain

Figure 2. General stress-strain behaviour of concrete in tension.
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Table 2. Different stress-strain relations of concrete in tension
Concrete Equations Diagram
tension model
Izumo et al. For (g < & < 2¢y), g
(1992) o = f;
For (g, = 2¢y), 0, =
(20/0)"*
Nour et al. ForO0<e <&, 0=
(2007) Ece
Foreg < g < é&,0, =
fll=@ -]
Fore, <& < &,0; =
Bfe
For&; < & < &parys
_ Epar,y—€
o =PrG, ) 0 El £1  Ebar
where J is the tension-
stiffening factor, €4,
is yield strain of steel
ANSYS Tc is the multiplier for
(2013) the amount of tensile
stress relaxation.

2.2. Material Models for Steel

A typical stress-strain relationship for steel is shown in Figure 3. Steel
generally exhibits a linear stress-strain relationship up to a well-defined yield
stress. Beyond the yield point, as deformation continues the stress increases
due to strain hardening until it reaches the ultimate tensile strength. At the
ultimate tensile stress, the neck forms, and tensile strength decreases. Beyond
the maximum tensile strain, the steel fractures and ultimately fails with the
loss of load capacity. For general engineering practice, the elastic-plastic
model is usually used with or without use of strain hardening (Supaviriyakit

et al. 2004).
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Stress

Strain

Figure 3. A typical tensile stress-strain curve for reinforcing steel rebar.

Three techniques are usually employed to model steel reinforcement in
reinforced concrete structures, i.e., the discrete model, the embedded model,
and the smeared model (Tavarez 2001). In the discrete model (Figure 4(a)), the
reinforcement is modelled using bar or beam elements which are connected to
concrete mesh nodes. Concrete and steel occupy the same region, and the
concrete and steel reinforcement mesh share the same nodes. In the embedded
model (Figure 4(b)), the stiffness of the reinforcing steel is evaluated
separately from the concrete elements. In this model, the reinforcing steel
displacements remain compatible with that of the surrounding concrete
elements. For a complex modelling, this model is good, however this model
also increases the number of nodes and degrees of freedom, making it cost and
time inefficient. In the smeared model (Figure 4(c)), the reinforcement is
uniformly distributed over concrete elements in a specific region of the finite
element mesh. This type of model is useful in large scale model where
reinforcement does not significantly contribute to the response of structure.

2.3. Material Model for FRPs

FRP composites are light-weight linearly elastic materials formed by
embedding continuous fibres in a resin matrix. The fibres are the main load-
carrying components while the matrix binds the fibres together. Though the
fibres are the main load carrying component of the FRP composite, the
binding resin matrix has equally important function. It actually aligns the
fibres in a prescribed geometrical arrangement, and helps to transfer the force
among the fibres. It also helps to prevent buckling of fibres under compressive
action, and protects it from environmental agents.
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(a)

\ r— Concrete element

\ ’% Concrete node

Compatible displacements
between concrete and
reinforcement

Reinforcement node

(b)

f Concrete element

/ |—)Concrc1c' node

Shared node between steel and
concrete

Reinforcement element

(c)

—— Concrete element

Concrete node

Smeared properties of
steel in concrete
elements

Figure 4. Modelling reinforcement in reinforced concrete (Tavarez 2001): (a) discrete
model; (b) embedded model; and (c) smeared model.

The fibres may be made of carbon, glass or aramid while commonly used
polymer based resins are epoxy resins, unsaturated polyester resins and
vinylester resins. Carbon fibers are conductive, have an excellent combination
of high modulus and high tensile strength, and offer good resistance to high
temperatures. Glass fibres have got a lower stiffness with a lower cost. Aramid
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fibres have got the structural and mechanical properties in-between of carbon
and glass fibres (Piggott 2002). Glass fibre reinforced polymer (GFRP) is
durable in harsh environments and also light in weight. It has a high tensile
strength but it is weak in shear, and it can have problems in alkaline
environments, such as concrete. Aramid fibre reinforced polymer (AFRP) is
less used than the other two types. It has high resistance against heat, but it is
usually weak against moisture and ultraviolet radiation, and painting and
coating are usually needed to protect AFRP against ultraviolet radiation
(Minouei 2011).

The properties of different types of FRPs are presented in Table 3. The
stress-strain relation of FRP is normally regarded as linear until it reaches the
maximum tensile strength, after which it ruptures, and strength immediately
reduces to zero. Figure 5 shows a typical stress-strain relationship of a FRP.
An isotropic linear elastic model is usually used to model FRPs (Camata et al.
2007).

Table 3. Typical material parameter for materials used in retrofitting
(Prince 2011)

Material Tensile Strength(MPa) Modulus of elasticity (GPa)
CFRP 1720-3690 120-580
AFRP 1720-2540 41-125
GFRP 480-1600 35-80
Steel - 190-210
Stress

Jr

Strain

Figure 5. A typical stress-strain relation of a FRP.
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2.4. Material Model for Adhesives

Generally an adhesive needs to be used to bind two different or same
materials to avoid their separation. The use of adhesives offers many
advantages over other binding techniques such as sewing, mechanical
fastening, and thermal bonding. These include good ability to bind different
materials together and to distribute stress more efficiently across the joint, cost
effectiveness for an easily mechanized process, improvement in aesthetic
design, and increased design flexibility (Kinloch 1987).

The most common adhesives for structural application between FRP and
concrete are epoxy, acrylic and urethane. Epoxy provides very high bond
strength with high temperature resistance, whereas acrylic has moderate
temperature resistance with strength and rapid curing. The stress-strain relation
of an adhesive is generally regarded as linearly elastic. A typical stress-strain
relationship is shown in Figure 6.

3. MATERIAL MODELS UNDER CYCLIC LOADING

Generally, fatigue is considered as a distinctive behaviour of materials
under cyclic loading. During application of cyclic loading, the first symptom
of fatigue failure is micro-cracking, which is ultimately followed by fracture.
Normally under cyclic load, the structure fails when the peak stress is
considerably low compared to that under static load.

The number of loading cycles causing failure of a component is regarded
as fatigue life. For analysis of FRP strengthened RC beams under cyclic
loading, it is very essential to consider the effect of cyclic load on the concrete,
steel, FRP and the interfacial behavior. Hence it is necessary to discuss the
degradation of the material properties of these components under cyclic load.

Stress

Strain

Figure 6. Stress-strain relation of an adhesive.
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3.1. Concrete

Concrete is a heterogeneous material which is inherently full of flaws such
as pores and air voids. The properties of concrete under cyclic load are a
function of the accumulation of irreversible energy deformation, which
manifests itself as inelastic strains in the form of cracks and creep (Loo 2010).
Under cyclic loads, the strain of concrete increases significantly beyond the
value observed after the first load cycle, which is similar to the behaviour of
concrete under sustained stress. The fatigue strength of a typical concrete
member corresponding to a life of ten million cycles is about 55 percent of the
initial static strength of the member. This behaviour of concrete depends on
the factors such as range of load, rate and frequency of loading, loading
eccentricity, history, material properties and environmental conditions (ACI
Committee 215, 1974). The softening of concrete in its stress-strain behaviour
under cyclic load causes the slope of stress-strain curve to change as the
number of cycles increases.

A number of investigators reported that concrete specimens under cyclic
compressive loadings received progressive changes within their concrete
matrix due to growth of micro cracking. Generally, the failure in concrete
includes three processes: crack initiation, propagation and failure. The first
stage occurs in the weak region of the concrete or mortar and it is termed as
flaw initiation. The second stage is characterised by slow and progressive
growth of the inherent flaws to a critical size and is generally known as micro
cracking. In the final stage, when a sufficient number of unstable cracks are
formed, a continuous or macro crack will develop, eventually leading to
failure. In the first stage, the degradation rate is high but decreasing, the
second stage (the longest stage) is characterized by a constant rate, and finally
the degradation grows very quickly until failure is reached in the third stage.

Some experimental studies on concrete under cyclic loads (Dillman et al.
1981, Ople et al. 1966) indicated that with the increase in the number of
loading cycles, stress redistribution occurred. Stress redistribution is the
process of stress transfer from the most initially damaged compression zone to
less fatigued areas while permanent and total strains are growing.

Various stress-strain relationship of concrete under cyclic loads has been
developed and they are summarised as follows.

Holmen et al.’s Model (1982)
Holmen et al. (1982) proposed that the total maximum strain at any time
and at any number of cycles was the sum of the two components as given in
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Equation (1). The strain component & is related to the endurance of the
specimen, and the creep strain & is a function of the loading time.

€max = €e t &t (l)
It was observed from the tests that strain development followed three
distinct phases: a rapid increase from 0 to about 10% of that at the total fatigue
life, a uniform increase from 10% to about 80%, and a rapid increase until

failure. Holmen et al. (1982) proposed the following equations to describe the
first and second phases.

For 0.0 <+ < 0.1,
Ny
1 N 0.5
Emax = 7 [Smax + 3.18(1.183 — Spnr) (N—f) 140413 +
1073513 1n(t + 1) @)

For0.1 <~ <08,
Ny

0.5
Emax = 5 [1 + 0.677 (Ni) ]+ 0.413%10735."®n(t +1)  (3)
sec f
RMS = (SmintSmax)®® (4)

8

where &4, IS the maximum strain; Eg,. is the secant modulus at the first
cycle; S;qx 1S the ratio of maximum stress to concrete strength; S is the
characteristic stress level and is given as Sm+ RMS, in which Sy is the mean
stress ratio and is equal to 0.5(S;ax + Smin); SminiS the ratio of minimum
stress to concrete strength, and N is the number of load cycles; N is the
number of load cycles to failure for a specified probability of failure; t is the
duration of the alternating load (in hours); RMS is the root mean square value
of the stress ratio.

Balaguru and Shah’s Model (1982)

According to Balaguru and Shah (1982), the cyclic creep strain of
concrete can be expressed as the sum of a mean strain component and a cyclic
strain component as shown in Equation (5)-(7).
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1 1
£c = 1290,,t2 + 17.86,,AN3 (5)
maxtOmin
O = % (6)
Omax—Omin
A= B @)

in which g, is the cyclic creep strain of concrete, g, is the mean stress ratio, A
is the stress range, N is the number of cycles, t is the loading time, g,,,, and
Omin 18 the maximum and minimum applied stress, respectively, and f; is
compressive strength of concrete.

Zanuy et al.’s Model (2009)

Zanuy et al. (2009) proposed the following equations to evaluate the
maximum strain of the concrete, which also includes stress redistribution in
concrete under constant amplitude cyclic loading for the material behaviour of
the concrete under cyclic loading.

For 0.0 <~ < 0.1,
Ny

Emax __ i i 2
e = A+ BGD) 8)

€o

For0.1 <~ <08
Ng
max N
87 =&+ €z(N—f —0.1) ©)
For08<— <1
Ng

max N N
fmax — g, + sz(N—f -0.1)+ C(N—f —0.8)? (10)

€o

where N is the number of cycles, Nt is the number of cycles at failure, ¢, is the
initial strain at the first load cycle (N = 1), and

A=20(g_,—1)— & (11
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B =100(1—¢&,_,) + 10¢, (12)
C =25 (8{;‘:” e, — 0.952) (13)
€12 = ;ij: (14)

- s
& = % (Ezu - 51—2) (16)

where Sp,qx is the ratio of maximum stress to concrete strength, Ny is the
failure number of cycles, and &, is the strain at Ng.

3.2. Steel

Many experiments have been conducted to understand the behaviour of
steel under cyclic load, which is either embedded in concrete or tested in air.
Crack propagation takes place with number of cycles of load to some critical
size, a size at which the remaining uncracked cross section of the part becomes
too weak to carry the imposed loads, eventually causing sudden fracture of the
remaining cross-section. Crack initiation typically occurs at a location of the
largest stress concentration, usually at the intersection of transvers and
longitudinal reinforcement (Papakonstantinou et al. 2001). In addition to the
material properties and loads, the analysis of steel under cyclic load must take
into consideration the type of applied loading (uniaxial, bending, or torsional),
loading pattern (either periodic loading at a constant or variable amplitude or
random loading), magnitude of peak stresses, overall size of the part,
fabrication method, surface roughness, presence of fretting or corroded
surface, operating temperature and environment, and occurrence of service-
induced imperfections (Boardman 1990). A few material models for steel
under cyclic load are reviewed as follows.

Muralidharan and Manson’s Model (1988)
This is a strain-based approach, which includes elastic and inelastic
behaviour of steel under cyclic load. It includes the relationship of ultimate
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tensile strength, fatigue limit, ductility, and fatigue strength coefficient. In this
model, the influence of ductility in elastic strain component is considered
as negligible. However the level of plastic strain component is strongly
influenced by the ratio of ultimate tensile strength to elastic modulus, and
hence includes an extra ductility term in plastic strain component.

£y = 0_623(1;_3;)0.832(2Nf)—0.09 n 0_0196(£su)o.155(1;_3;)—0.53 (2Nj)~056
(17

where &g, is the steel’s strain, f, is the yielding stress, E is Young’s modulus,
Ny the number of loading cycles, and &, is the ultimate strain of the steel.

CEB -FIP-Model (1993)
According to the CEB-FIP-Model, the failure cycle Ny of a reinforcing
steel bar under a constant amplitude loading can be expressed as follow.

For Ag < Aoy,
log Ny = log(N™) + k;(logAo — logAay-+) (18)
For Ag = Aoy,
log Ny = log(N™) + k;(logAoy- — logAo) (19

where Ag is the stress range in the steel, Aoy~ is the stress range at N* cycles
and k;And k, are the stress exponents.

Mander et al.’s Model (1994)

Mander et al. (1994) proposed a model for steel under cyclic load with
variation in Coffin-Manson relationship which includes elastic and plastic
strain components.

1
Esn = E—y X (2Np)? + €5y X (2Np)© (20)

where e, is the steel’s strain, f,, is yielding stress, E; Young’s modulus, N¢ is

the number of loading cycles, b and c are -0.14 and -0.5, respectively, and &,
is the ultimate strain of the steel.
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3.3. FRPs

The failure mechanism of FRPs under cyclic load is more complicated
than that of plain concrete or steel. With each load cycle, cracks are formed by
fatigue at the weak points and then grow progressively. Composite materials
often have a much greater fatigue life than other homogenous materials
(Papakonstantinou et al. 2001). If an individual fibre within an FRP composite
develops a defect, this defect will not propagate across to other fibres,
reducing the extent to which cracks can grow. Once the FRP composite is
damaged, the damage propagates along the matrix between unidirectional
fibres and does not pass through adjacent fibres (Kim and Heffernan, 2008).
According to Adimi et al. (2000), the failure of FRP composite is the
combination of different degradation mechanisms including matrix cracking,
fibre breakage, fibre-matrix debonding and delamination. Even if the surface
fibres fail under cyclic load, the remaining fibres continue to support the
redistributed load and this behaviour continues until total failure occurs. Some
available models for FRP under cyclic loading are given below.

Adimi et al.’s Model (2000)

logo,ax = 343 —0.06741logN (21)
where g,,,,, = maximum tensile stress (MPa); N = number of cycles to failure.
Ferrier et al.’s Model (2011)

Efn =m—n Xlog(N) (22)

where m (in N/mm?) is the Young’s modulus under static loading, n is 1100,
Efy is Young’s modulus of FRP after N number of cycles of loading.

4. BOND BEHAVIOR

Many experimental studies on FRP strengthened RC beams demonstrated
that debonding was one of the most critical failure modes. Thus it is important
to consider the compliance of the bond between concrete, adhesive and FRP in
numerical modelling.
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Figure 7. Bond-slip curves from existing bond-slip models (Teng 2013).
Table 4. Different bond-slip models
Bond- Ascending | Descending Tmax So St By Graph
slip branch branch
model
Neubauer | (i) 0 1.8, f; | 0.202 X B, T
and M0
Rostasy
(1999) ( —s
Nakaba Timax (i) [3/(2 + (1)3)] 3,5)‘60‘lg 0.065 T
etal. So So P
(2001)
.
Monti et s sp—s | 1.8B,f; ta | 0.33B,, t
al. (2003) | "mer (so) Tmax (m) * | 25tmar(g,
50 [ ™
+=)
E. ! ~
Savioa et | ; (i) [2.86/ 3.5£,%190.051 T
al. (2003) | ™ \so
(1-86(;)”6)] \
L —
Luetal. S, sp—s\ | 1.5, f: | 0.01958,f; Gy i
@oos) | x5y | T (W) Y
L " 5
where 7 is the local bond stress, t,,,, IS the maximum local bond stress, s is a local slip, s, is a local

slip at 7,45, Sy is a local slip when bond stress T reduces to zero, Gy is the interfacial fracture
energy, B, is width ratio factor, f; is concrete tensile strength, by is the width of FRP plate, and
b, is the width of the concrete.
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4.1. Bond-Slip Models under Static Loading

A bond stress-slip model is used to describe the interfacial behaviour as a
relationship between the local shear stress (1) and relative displacement (S)
between concrete/ adhesive/FRP interfaces. Despite the difficulty in obtaining
local bond-slip curves from tests directly, local bond-slip models for FRP/
adhesive/concrete interfaces have been developed based on strain
measurements or load-slip curves (Lu et al. 2005). A few bond stress-slip
relationships have been proposed and employed in finite element analysis of
FRP strengthened RC beams. Different bond stress-slip models and the
relationship between bond stress and slip reported in literatures are discussed
below.

Neubauers and Rostasy’s model (1999) is a linear-brittle model which is
very different from other available models. The fact that the bond stress
reduces to zero at the ultimate slip dictates that there exists an effective bond
length beyond which an increase in the bond length will not increase the
ultimate load. Other models (Nakaba et al. 2001, Savoia et al. 2003, Monti et
al. 2003, and Lu et al. 2005) have indicated that the bond-slip curve should
comprise of both an ascending and descending branch. The models of Nakaba
et al. (2001) and Savioa et al. (2003) are quite similar and consist of nonlinear
ascending and descending curves while those of Monti et al. (2003) and Lu et
al. (2005) are bilinear. The maximum bond stress, slip at the maximum stress
and ultimate slip at zero bond stress are the key parameters, which play
significant roles in bond stress-slip relationship. It is found that the maximum
bond stress and interfacial fracture energy (area under bond-slip curve) of each
of the models of Nakaba et al (2001), Savioa et al. (2003) and Monti et al.
(2003) are larger than the value predicted by Lu et al. (2005). Different bond-
slip models are presented in Table 4. A comparison between these models is
shown in Figure 7.

4.2. Bond-Slip Models under Cyclic Loading

Several cyclic loading tests were conducted to study FRP/adhesive/
concrete bonded interface and it was found that the interface debonding
propagated progressively with the increase of fatigue cycles (Bizindavyi et al.
2003, Tan et al. 2003).

Test methods used to evaluate the bonding behaviour of externally-bonded
FRP composite sheets and plates under cyclic loading include the single shear
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test (single lap joint) (Bizindavyi et al. 2003, Mazzotti and Savoia 2009),
double lap joint test (Ferrier et al. 2005), pull-out specimen method for
measuring peeling stresses (Khan et al. 2011) and the partially bonded beam
test (Gheorghiu et al. 2004). Under fatigue loading, there are normally three
distinct phases for the FRP/adhesive/concrete bonded joints. In the first phase,
the bond mainly sustains damage in the form of micro cracks that cause
residual plastic strain with negligible stiffness degradation. During second
phase, the joint retains its load resisting ability, though macro cracks cause
degradation of stiffness. In the third stage, when joint loses its stiffness and
load resisting capacity, the debonding and fracture occur (Mahal 2015). It is
clear that the bond stress degrades with number of cycles, and this affects the
structural behaviour of the FRP strengthened RC beams. In the following, the
bond-slip models under cyclic loading are reviewed.

Bizindavyi et al. (2003) investigated the behaviour of FRP/adhesive/
concrete joints of FRP strengthened RC beams under cyclic loading using the
single lap joint test method. The test was set in such way that the progression
of crack propagation during shear tests could be visualized. It was found that
in the first and last quarter portions of the bonded joints, cracks propagated
into the concrete core, while a cohesive debonding at the interface between the
concrete and the adhesive or between the FRP and adhesive occurred in the
central region of the joint. From the test, fatigue life curves were obtained and
described by Equation (23)

In(Atgye) = a — cln(Ny) (23)

where At,,, is the cyclic mean bond stress range, Nris the number of cycles to
failure, and a and ¢ are constants ranging from 0.08 to 1.06 and 0.041 to 0.095,
respectively.

It was found that as the number of loading cycles increased, the FRP/
adhesive/concrete bond slip increased. Also, the higher the applied cyclic
stress, the greater the slip and the shorter the fatigue life of the bonded joint.

Ferrier et al. (2005) conducted experiment using the double-lap shear test
method to understand the fatigue behaviour of the adhesive layer between
concrete and FRP. In this test, two concrete blocks, attached by two parallel
composites strips separated by 20 mm, were applied with tensile load. An
alternate load was applied with frequency of 1 Hz. The test suggested a linear
relation between the maximum strength (Az,4,) Of concrete/adhesive/FRP
interface and the logarithm of the number N of load cycles to failure. The
linear relation is given by Equation (24).
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Aty qn = mlog(N) + b (24)
where m = -0.07 and b=0.98

Parameters m and b are fitted with experimental data. The Atgg, - N
curve revealed that the shear stress should be limited to 0.80 MPa to have a
fatigue life of 10 million cycles at 1 Hz frequency.

Loo et al. (2012) calculated the fatigue life from the point where the slip
(Smax) that is associated with the bond stress at the maximum cyclic load
(Tave,max) Tor a given cycle N. When this maximum slip equals the slip
obtained from a static bond-slip test at the stress of 74,¢ 1mqx. failure occurs. A
model similar to that developed by Holmen (1982) for concrete in
compression may be used to describe the fatigue response of FRP-to-concrete
bond. Based on a regression analysis of Dai et al.’s (2005) and Yun et al.’s
(2008), the following relationships were proposed:

_ Tavemax b [ ATave ¢
Smax =~ p = [1 + a(logN) .(—Mave‘) ] (25)
— B Atgye Y
Eb = Eb0[1+a(logN) . m (26)

where s,,4, 1S the slip (in mm) at the maximum applied average bond stress
(Tavemax); Ep is the modulus (in N/mm?3) at cycle N; Ejgis the modulus (in
N/mm?3) at the first cycle; Nt is the number of cycles at failure; At,,, is the
average bond stress range; Az, r is the average bond stress at failure; and the
constants a to ¢ and a to y are the parameters to fit the experimental data.

4.3. Finite Element Modelling of Bond-Slip for FRP
Strengthened RC Structures

Most of the developed finite element models for modelling of FRP
strengthened RC structures with bond-slip neglected the adhesive component
in the FRP strengthened RC structures, and considered the bond-slip between
FRP and concrete interface. However, among different types of debonding
failure, cohesive failure in concrete, adhesion failure at the concrete/adhesive
interfaces and FRP/adhesive interfaces dominate (Holmer (2009)). Hence to
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analyse the bond-slip behaviour of FRP strengthened RC beams accurately,
the bond-slip behaviour between concrete/adhesive interface and between
adhesive/FRP interface should be included with proper bond-slip law.

Two approaches are generally used in modelling the debonding failures in
FRP strengthened RC structures. One approach is to employ a layer of
interface elements between the FRP, adhesive and the concrete (Wong et al.
2003, Wu et al. 2003) and debonding is simulated as the failure of the interface
elements. The success of such an approach depends on the constitutive law
(i.e., the bond-slip model) specified for the interface elements. In the second
approach, the use of interface elements is avoided, and instead, debonding is
directly simulated by modelling the cracking and failure of concrete elements
adjacent to the adhesive layer. This is referred to as mesoscale analysis (Lu et
al. 2004, Pham et al. 2007). It requires a very fine mesh for the interface
between the concrete and adhesive, with an element size smaller than the
thickness of the concrete layer (Lu et al. 2004). Recent work on the modelling
of debonding failures using the second approach has shown that it is difficult
to simulate debonding using the concrete constitutive models available in
commonly used general-purpose FE software package such as ANSYS,
MSC.MARC or ABAQUS (Teng 2013).

Generally, two types of interface elements have been used to model the
interface between FRP, adhesive and concrete, including link element such as
spring element and 1D contact element. For the bonding model of concrete/
adhesive interface, the concrete must be double nodded, and one set of nodes
is used for the concrete elements, while the other is used for the adhesive. In
adhesive-FRP interface, another set of nodes of adhesive element is used for
the FRP. The nodes of these two interfaces are connected by bond elements
that allow relative displacement, i.e., slip, to take place between concrete,
adhesive and FRP. As a link element doesn’t have its own physical dimension,
the two connected nodes have the same spatial coordinates. An alternative is
the use of contact element as that developed by Goodman et al. (1968), and
further developed by Hoshino and Schafer (Keuser and Mehlhorn 1987),
which provided the continuous connection between two adjoining elements. It
is an isoparametric element which in its deformed state has no dimension in
the transverse direction. The simplest form has two double nodes and is based
on a linear displacement function. In each pair of double nodes, one node is
connected to a concrete element while the other is connected to the adhesive
element, or one node is connected to an adhesive element while the other is
connected to the FRP element. In the unloaded stage, the coordinates of the
nodes at each end of the contact element are identical. Once loading begins,
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the nodes behave independently, resulting in a relative displacement between
the two connected points (Wong et al 2003).

5. NONLINEAR FINITE ELEMENT ANALYSIS OF RC BEAMS
UNDER STATIC LOADING

5.1. Nonlinear Finite Element Analysis of RC Beams
under Static Load with Perfect Bond Assumption

Abundant amount of researches have been conducted on finite element
analysis of FRP strengthened RC beams subjected to static load without
considering bond slip between FRP, adhesive and concrete. For example,
Hashemi et al. (2007) conducted finite element analysis of CFRP strengthened
RC beams under four-point loading using ANSYS. The concrete, steel
reinforcement and FRP were modelled using SOLID65 element, LINK8
element and SOLID45 element respectively. Steel reinforcement and CFRP
were modelled using elastic-perfectly plastic model and a linear model up to
the failure respectively. The concrete in compression was modelled as a
linearly elastic-perfectly plastic material, and tension was modelled as linearly
elastic until the maximum tensile strength after which strength gradually
reduced to zero. Sundarraja et al. (2008) analysed the structural behaviour of
GFRP strengthened RC beam under four-point loading using ANSYS. In the
modelling, the concrete was modelled using the Desayi and Krishanan’s
(1964) material model for compression and linear elastic model until crack for
tension with strength gradually reducing to zero after cracking. For steel
reinforcement the elastic- perfectly plastic material model was used. Hu et al.
(2004) conducted finite element analysis using ABAQUS to predict the
ultimate loading capacity of reinforced concrete beams strengthened by CFRP
under uniformly distributed load. The stress-strain curve for concrete under
compression was based on Saenz’s (1964) model, whereas under tension, the
relation was assumed to be linear until it reached the maximum tensile strength
after which it reduced gradually to zero. Steel was assumed to be elastic-
perfectly plastic. The stress-strain relation of FRP was based on Hahn and
Tsau (1973). The reinforced concrete was modelled using 8-node solid
elements with three degrees of freedom per node where reinforcement was
smeared throughout the element section. FRP was modelled using a four-node
shell element assuming perfect bond with concrete.
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5.2. Nonlinear Finite Element Analysis of FRP Strengthened RC
Beams with Bond Slip under Static Load

Three-dimensional models can capture failure modes which are not
available for two dimensional elements such as spalling and anchorage failure
in support regions (Ingason 2013, Baky et al. 2007). For accurate prediction of
local deformation and fracturing process of concrete, a three-dimensional
finite element model is essential (Imperatore et al. 2012). The developed finite
element models with bond-slip are categorized broadly as two-dimensional
and three dimensional finite element models.

5.2.1. Two Dimensional Finite Element Models

Wong et al. (2003) conducted finite element analysis of RC beams
strengthened with externally bonded CFRP subjected to three-point loading.
The analysis was based on the Modified Compression Field Theory proposed
by Vecchio and Collinns (1986), and the constitutive relation given by
Vecchio (1989, 1990). Steel reinforcement was assumed to be elastic-plastic
with strain hardening effects, whereas FRP was assumed to be linearly elastic
with brittle fraction in tension. The bond stress-slip relationship between
concrete and FRP was based on the elastic-plastic models of Homam et al.
(2000) and a one-dimensional contact element was used to model the interface
between concrete and FRP. FRP was modelled using the truss element. It was
found that the linear elastic bond law was appropriate only when failure was
dominated by a sudden delamination of FRP plate for a low strength of epoxy,
and that for stronger epoxies, elastic-plastic bond slip model was appropriate
when failure was due to peeling of concrete cover. Wu et al. (2005) used
DIANA for the finite element analysis of debonding mechanisms of RC beams
strengthened with CFRP composites under three-point loading. Concrete, steel
reinforcement, FRP were modelled by the Drucker-Prager plasticity model,
elastic—perfectly plastic model, and linearly elastic model respectively. For
concrete cracking, the discrete crack model was used, and FRP/concrete bond
was based on Niu and Wu’s model (2001). Concrete was modelled by four-
node plane stress elements, whereas reinforcing bars and the FRP sheets were
modelled by two-node linear truss elements. The FRP/concrete bond was
modelled by zero-thickness interface elements. Stirrups and adhesives were
not considered in this model.

Neale et al. (2006) used ADINA to conduct the numerical simulation of
CFRP strengthened RC beams. The constitutive laws for compression and
tension used to model the concrete were based on ADINA (2004b). The basic



24 Prabin Pathak and Y. X. Zhang

features of the constitutive model are: i) a nonlinear stress-strain relation to
allow for the weakening of the material under increasing compressive stresses,
(if) failure envelopes to define both failure in tension and crushing in
compression, and (iii) a strategy to model the post-cracking and post-crushing
behaviour of the material. A uniaxial elastic-plastic stress-strain relationship
and a linear elastic orthotropic constitutive relation was adopted for steel
reinforcement and FRP composites, respectively. The bond slip model used for
FRP/concrete interface was a slight modification of the precise model
developed by Lu et al. (2005), which imposed a linear relationship between the
bond stress and the slip in the pre-peak zone, and the descending part of the
relationship was the same as that in the precise model. Adhesive was neglected
in this model. FRP/concrete interface and concrete were modelled by the 2-
node interface element and quadrilateral 9-node plane stress elements
respectively. Steel reinforcement and FRP laminates are modelled using the 3-
node truss element. Most of the beam failed through debonding, and it was
found that the bond-slip law proposed by Lu et al. (2005) was efficient and
accurate for the FRP/concrete interface.

Aram et al. (2008) used ATENA for finite element analysis of CFRP
strengthened RC beams under four-point bending load, and two finite element
models FEM1 and FEM2 were developed. For the FEM1, the uniaxial stress—
strain diagram and biaxial stress failure criteria were based on Kupfer et al.
(1969). The SBeta material property of ATENA was used for the quadrilateral
concrete elements. This SBeta material property consists of all nonlinear
behaviour of concrete including softening behaviour of concrete. The stress-
strain relation of concrete in compression is based on CEB-FIP model (1993)
whereas under tension, the relation was assumed to be linear until it reached
the maximum tensile strength after which it reduced gradually to zero.
Smeared crack model was used for concrete. The steel reinforcement and FRP
plate were modelled using bar elements. The behaviour of the FRP/concrete
interface was defined according to the bond-slip relationship given by Ulaga et
al. (2003). Steel reinforcement was assumed to behave in an elastic—plastic
manner with strain hardening effects, while the FRP reinforcement was
assumed to behave linearly elastic with brittle fracture in tension. In FEM2
model, the FRP plate and the adhesive layer were modelled by two-
dimensional quadrilateral elements. The FRP plate was modelled by elastic
plane stress elements. Normal stress could not be given in FEM1 because of
the use of one dimensional bar elements for the CFRP reinforcement.

Aktas et al. (2014) modelled CFRP strengthened reinforced concrete
beams subjected to four-point bending load using ABAQUS. The Hognestad’s
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model (1955) which was modified in CEB-FIP (1993), was employed as the
stress-strain relationship under compression for concrete. A bilinear model
(Coronado and Lopez 2006) was adopted for the tensile behaviour of concrete.
The concrete damage plasticity model was used to model damage in concrete.
Steel and CFRP were modelled as elasto-perfectly plastic and linearly elastic
material until reaching failure strain respectively. The bond-slip model for
concrete, adhesive and FRP interfaces was based on the bilinear model of Lu
et al. (2005). The concrete, steel, CFRP and epoxy were modelled as four-node
plane strain element (CPE4R), two-node truss element (T2D2), four-node
plane stress element (CPS4R), and four-noded solid element (COH2D4)
respectively.

Zhang and Teng (2014) used MSC. MARC for finite element analysis of
RC beams strengthened in flexure with externally bonded CFRP under three-
point and four-point bending load. In this model, the concrete was modelled
using four-node plane stress elements and both the steel bars and the FRP
reinforcement were modelled using two-node beam elements. The bond
behaviour between FRP and concrete was modelled using four-node cohesive
elements. The uniaxial compressive stress—strain curve which was modified by
Elwi and Murray (1979) and Saenz’s (1964) curve was employed. The
exponential tension-softening curve of concrete in tension proposed by
Hordijk (1991) was used to represent the tensile behaviour of concrete in
which the maximum tensile strength of concrete was calculated based on
CEB-FIP (1993). The cracking of concrete was simulated using the smeared
crack model available in the general-purpose FE package MSC. MARC. The
FRP was modelled as an elastic and isotropic brittle material, and the steel bars
including the steel tension bars, steel compression bars and the stirrups were
modelled as an elastic-perfectly plastic material. The bond-slip model for
concrete/FRP interface was based on Lu et al.’s simplified bond-slip model
(2005).

5.2.2. Three Dimensional Finite Element Models

Kishi et al. (2005) used DIANA for the numerical analysis of RC beams
strengthened with FRP sheets (AFRP and CFRP) under four-point loading.
Steel rebar and FRP sheets were modelled as eight-node solid element, and
concrete as six-node solid element, and stirrup as embedded reinforcement
elements. Geometrical discontinuities due to debonding of the FRP sheet were
taken into account using the FRP sheet debonding model, which was based on
Coulomb friction concept. Concrete in compression was defined based on
JSCE (2002), and in tension region a linear softening model was used. For
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rebar and stirrup a bilinear isotropic-hardening model was used, and for FRP a
linearly elastic material model until rupture was used. Adhesive was neglected
in this model.

Obaidat et al. (2010) modelled the flexural behaviour of CFRP
strengthened RC beams subjected to four-point bending load using ABAQUS.
Concrete was modelled according to plastic damage model with two main
assumptions, i.e., two failure modes are tensile cracking and compressive
crushing. In tension, the stress—strain response of the concrete was assumed
to be linearly elastic until the value of the failure stress was reached. Beyond
the failure stress, the material was represented by a softening stress—strain
response where strength reduced to zero gradually. The stress—strain
relationship proposed by Saenz (1964) was used as the uni-axial compressive
stress—strain curve for concrete. Steel reinforcement was assumed to be elastic
and perfectly plastic. Two different material models were used for CFRP, i.e.,
a linearly elastic-isotropic and a linearly elastic-orthotropic model. Both
perfect bond model and cohesive zone model based on Lu et al. (2005) were
used for the CFRP/concrete interface. Four-node linear tetrahedral elements
were used to model concrete, reinforcement steel and CFRP in this model, and
eight-node three-dimensional cohesive element was used to model the
interface layer between concrete and FRP.

Choi et al. (2013) used ABAQUS to conduct finite element analysis of
FRP (CFRP and GFRP) strengthened RC beams under three-point bending
loading. The concrete beams were modelled using three-dimensional eight-
node solid elements and the FRP was modelled using four-node shell
elements. FRP/concrete interface was modelled using a three-dimensional
eight-node cohesive element. Concrete was regarded as an elastic material
with tension stiffening and plasticity of concrete was obtained from the
compressive and tensile material tests. For FRP composites, a linearly elastic
material model was used, and for epoxy cohesive modelling approaches was
used to model elastic traction material behaviours and debonding damage
behaviours initiated by the maximum stress criteria. Stirrups were not
modelled in this model, and adhesive was not modelled as a separate
component. An earlier debonding was predicted from FE models than that
from the experimental investigation.

Hawileh et al. (2013) used ANSY S to conduct numerical simulation of RC
beams externally strengthened with CFRP subjected to four-point bending.
Concrete, steel reinforcement, FRP and epoxy were modelled using eight-node
SOLID65 brick element, two-node LINKS8 element, SHELL99 element and
SOLID45 element respectively. The interface between FRP and concrete was
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modelled as the 3D eight-node linear interface element (INTER205 element).
The compressive behaviour of concrete was modelled using Hognestad et al.’s
model (1955) and the concrete tensile stress-strain response was regarded as
linearly elastic behaviour up to the tensile rupture strength. After the peak
tensile stress, a linearly descending tensile stress-strain curve was used. The
steel reinforcement and CFRP were assumed to be elasto-plastic and elastic
orthotropic respectively. The bond-slip between CFRP, adhesive and concrete
was based on an exponential form of the cohesive zone model developed by
Xu and Needleman (1994). Most of the FRP attached with concrete with
epoxy adhesive failed by plate end debonding.

Pathak et al. (2016) developed two simple finite element model for accurte
and effective analysis of structural behavior of FRP strengthened RC beams
with and without bond-slip effect under four-point bending loading using FE
analysis software ANSYS. All the components of the beam were considered in
the models. The three-dimensional eight-node Solid65 element was used to
represent the concrete, steel reinforcement was modelled using two-node
Link180 element, four-node Shell181 element was used to model FRP, which
was smeared as thin plates, and the epoxy adhesive was modelled using eight-
node Solid45 element. For the bond slip between FRP, adhesive and concrete
interfaces, two-node nonlinear spring element COMBIN39, which had no
physical mass and dimension, was employed. The nonlinear stress-strain
relationship by Nitereka and Neale (1999) consisting of an ascending curve
and linear descending branch was adopted to represent the compressive
uniaxial stress-strain relationship of the concrete. The stress-strain curve of
concrete in tension is assumed to be isotropic, linear and elastic up to the
tensile strength after which crack occurs and stress gradually reduces to zero.
The steel rebar is assumed to be elastic and perfectly plastic which behaves
identically in tension and compression with stiffness only in axial direction.
FRPs are assumed to be linear and elastic until the tension stress reaches its
ultimate strength, after which brittle rupture occurs and stress then reduces to
zero. A bilinear bond-slip model under static loading developed by Lu et al.
(2005) was adopted to model the bond-slip behaviour between FRP, adhesive
and concrete. Parametric studies were also carried out to learn the effects of
types and thickness of FRP on the structural behavior of FRP strengthened RC
beams based on the developed model.

To sum up, most of the developed finite element models are two-
dimensional models with a few three-dimensional models. Adhesive has not
been considered in most of the developed models assuming bond-slip between
concrete and FRP interface. Debonding can take place in between concrete
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layers, concrete/adhesive interface, adhesive-concrete interface, and hence
bond-slip behaviour should be considered in both interfaces.

6. NONLINEAR FINITE ELEMENT ANALYSIS OF FRP
STRENGTHENED RC BEAMS UNDER CYcCLIC LOAD

6.1. Nonlinear Finite Element Analysis of FRP Strengthened
RC Beams under Cyclic Load Assuming Perfect Bond

El-Tawil et al. (2001) modelled the reinforced concrete beams
strengthened with CFRP under four-point loading using T-DACS (Time-
Dependent Analysis of Composite Sections). The first series of beams were
subjected to low moment range from 44 to 89 kN-m, and the second series was
subjected to 44 to 132 KN-m. Concrete in compression was modelled using the
compression model by Thorenfeldt et al. (1987) and Popovics (1970). In
tension, concrete was modelled by ACI 318 code (2014). It was assumed that
the modulus of elasticity of the reinforcing steel and FRP remained unchanged
during the cyclic loading. The CFRP was assumed to be an elastic-perfectly
plastic material. The FRP/adhesive/concrete interface was assumed to be
perfectly bonded. The steel reinforcement was modelled as an elastic-plastic
material with a postyield strain hardening of 1%. The fatigue behaviour of
concrete was based on the linear stress-strain relationship of Holmen (1982).
The variation of secant modulus with number of cycles was based on the test
results from Bennet and Raju (1971) and Holmen (1982). Results obtained
from the analysis were stiffer than the experimental results. The material
degradation behaviour of steel and FRP were suggested for accurate prediction
of the structural behaviour of FRP strengthened RC beams.

Al-Rousan et al. (2011) conducted a numerical simulation of reinforced
concrete beams externally strengthened with CFRP sheets under cyclic four-
point bending using ANSYS. Concrete was modelled as a quasi-brittle
material and the stress-strain curve in tension was linearly elastic up to the
ultimate tensile strength after which concrete cracked and the strength reduced
to zero. Steel reinforcement was modelled as an elastic-perfectly plastic
material. FRP and epoxy were assumed as orthotropic materials with linear
elastic properties. Perfect bond was assumed between concrete, adhesive and
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FRP. Concrete, steel, and FRP were modelled by SOLID65 element with
smeared crack approach, LINK8 element, and SOLID46 element respectively.
It was found that the ultimate capacity of FRP strengthened RC beams under
cyclic loading decreased by more than 5% compared to that under static
loading. Effect of the number of cycles on the properties of components of
FRP strengthened RC was neglected.

Zhang et al. (2008) conducted numerical modelling of GFRP strengthened
RC beams under three-point cyclic loading using ANSYS. The constitutive
relation of concrete under compression was based on Popovic’s model (1970)
and Park et al.’s model (1975). Under tension, the concrete was assumed to be
linearly elastic before rupture and the stress then gradually reduced to zero
after cracking. FRP and steel rebars were modelled as isotropic linear elastic
materials. The 8-node SOLID185 element was used to model the rebar and
concrete, and the 4-node elastic SHELL63 element was used to model the FRP
composites. Adhesive was neglected, and degradation of properties of
concrete, steel and FRP with number of cycles was not considered.

Pathak and Zhang (2016) developed a simple and effective finite element
model for nonlinear finite element analyses of structural behavior of FRP
strengthened RC beams under cyclic loading. All the components of the beam
including concrete, steel rebar, FRP sheet, adhesive and shear strengthening
stirrups were included in the model. Material nonlinear properties of concrete
and steel rebars were accounted for, while the FRP and adhesive were
considered to be linearly elastic until rupture. The degradation of each material
under cyclic loading was considered and defined using the user-programmable
features in ANSYS. Parametric studies were also carried out to learn the
effects of types, thickness, and length of FRP on the structural behavior of
FRP-strengthened RC beams based on the FEM-C model.

In most of the reported numerical studies, the material degradation of
components with the number of cycles has not been considered, leading to an
inaccurate prediction of the structural behaviour. In order to assess the
behaviour of FRP strengthened RC beams under cyclic load accurately, it is
necessary to include the effects of cyclic loading on all the components of the
beam. Erki and Heffernan (2004) suggested that the bond strength of the
FRP/concrete interface may reduce with number of cycles of load, hence it is
very important to consider proper bond strength degradation model with
number of cycles.
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6.2. Nonlinear Finite Element Analysis of FRP Strengthened
RC Beams under Cyclic Load with Bond-Slip

Ferrier et al. (2011) modelled CFRP strengthened RC beam under cyclic
loading. The concrete in compression and in tension was deduced from a
strain—stress model by Varastehpour and Hamelin (1997). The mechanical
behaviour of steel was characterised by elastic-yielding. The FRP was
assumed to be linear and elastic until failure. The bond-slip between concrete,
adhesive and FRP was based on the analytical solution provided by Téljsten
(1997). Material degradation property of concrete with number of cycles of the
load was based on Aas-Jakobsen’s model (1970) and the decrease in Young’s
modulus was based on Balaguru and Shah’s model (1982). The model for
reinforcing steel was based on Mander et al.’s model (1994). The response of
FRP and adhesive joint subjected to cyclic load was based on Ferrier et al.’s
model (2011).

Loo et al. (2012) conducted a numerical simulation of CFRP strengthened
beam under cyclic loading. The constitutive relation of material behaviour of
concrete, steel reinforcement, FRP and bond stress-slip relation was based on
Chong et al. (2004) and Khomwan et al. (2010). For the fatigue analysis, the
stress—strain relationship for concrete in compression under fatigue loading
was modelled based on Holmen (1982). The steel reinforcement was based on
CEB-FIP model (1993). Elastic-brittle stress-strain relationship was used for
FRP assuming the strength of FRP would not change with fatigue. The
proposed FRP to concrete bond-slip model (Loo et al. 2012) under cyclic load
was used for the FE analysis. The four-node isoparametric concrete element
was used for concrete, bar element for steel reinforcement, elastic-plastic truss
elements for FRP composites, and 1D bond interface element based on
Khomwan et al (2010) for bond slip between concrete and FRP interface.
Degradation of FRP properties with number of cycles was neglected in this
model although it was recommended to be included in future research.

Pathak and Zhang (2016) modelled the the structural behavior of FRP
strengthened RC bheams under cyclic loading considering the bond-slip
between FRP, adhesive and concretet. The degradations of material properties
of concrete, steel reinforcement, and FRP due to cyclic loading were taken into
account.
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CONCLUSION AND FUTURE RESEARCH

Bond behaviour of FRP/adhesive/concrete interfaces play important role
in determining strucutural character of FRP strengthened RC beams along
with its material properties of components such as concrete, steel, FRP and
adhesive. Investigations in structural behaviour of FRP strengthened RC
beams subjected to cyclic loading have suggested that the properties of
components of FRP strengthened RC beam degrades with the increase of the
number of cycles of load. Proper selection of material properties along with its
degradation with number of cycles, and bond stress-slip law is very important
for the accurate and efficient analysis of FRP strengthened RC beams. In this
chapter, these models are reviewed and the developed finite eelment models
are also reviewed. It is found that

e Most of the finite element analyses on FRP strenghened RC beams
focus on the structural behavior under static loading with a perfect
bond assumption between the FRP/concrete/adhensive, leading to
inaccurate modelling of the structural performance;

e There is a lack of the finite element anlaysis of the structural behavior
of FRP strenghend RC beam under cylic loading;

e The material property of concrete, FRP and steel degrade under cyclic
loading. However in most of the reported numerical studies of the the
structural behavior of FRP strenghend RC beam under cylic loading,
the material property degradtion under cyclic loading has not been
account for although it will affect the accuracy of the prediction
significantly;

o Adhesive is an important component of hte FRP strenghened RC
beam and play important role in the strucutral behavior. However In
most of the reported numerical studies, adhesive has not been
counsidered in the modelling, leading to inaccurate prediction of the
structural behavior.

e Finite element models developed so far for FRP strengthened RC
beams under static and cyclic load in literature is lack either proper
material properties or bond stress-slip laws, hence simple, effective
and accurate three-dimensional finite element model whcih includes
all the compoents, proper material properties and bond stress-slip law
is in demand and should be developed in the future research for more
effective and acute structural analysis and design.
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Chapter 2

THE MECHANICAL BEHAVIOR MODELING
OF REINFORCED CONCRETE STRUCTURES
BY THE LUMPED DAMAGE MODEL

Karolinne Oliveira Coelho, Edson Denner Leonel”

and Julio Flérez-Lopez
School of Engineering of Sdo Carlos, Department of Structural
Engineering, University of Sdo Paulo, Sdo Carlos, SP, Brazil

ABSTRACT

The nonlinear behavior of reinforced concrete (RC) structures can be
represented using the continuum damage models. The goal of this
approach is the description of the processes of mechanical damage and
the subsequent implementation in structural analysis programs. In
continuum damage models, the damage evaluation is carried out
across the entire structural domain, which significantly increases the
computational effort. Alternatively, lumped damage mechanics allows for
an accurate mechanical modeling of non-linear behavior of concrete
without representing damage over the total structural area. This theory
combines concepts of fracture mechanics with the plastic hinge idea and
it can be used accurately in one-dimensional structural elements. In this
chapter, this theory is applied to the mechanical analysis of one RC beam
and one RC frame. The results are compared with numerical and

* Corresponding Author E-mail: edleonel@sc.usp.br.



50 K. Oliveira Coelho, E. Denner Leonel and J. Flérez-Lépez

experimental responses available in the literature. Good agreement is
observed among the results shown in the references and those obtained by
the lumped damage model.

Keywords: lumped damage, reinforced concrete, finite element method

INTRODUCTION

The concrete is one of the most used materials in the industry. In structural
systems, the combination of concrete and steel reinforcement bars gives rise to
the reinforced concrete (RC), which is widely applied in the civil engineering
field, because of its adequate mechanical strength, durability, fire resistance
and easier of forming in complex geometries. Currently, the design of
reinforced concrete frames and structures is made considering the elastic
behavior. However, in many cases, it is also necessary to consider concrete
cracking and reinforcement’s yielding, i.c., the inelastic behavior. Thus, for the
inelastic mechanical modeling of reinforced concrete, three approaches are
currently used: plasticity theory, damage mechanics and fracture mechanics.

The application of elastoplastic criteria was one of the first inelastic
approaches used to describe the non-linear mechanical behavior of reinforced
concrete. The main drawback of this method consists in the limitations of
the plasticity theory in describing correctly the reduction of the mechanical
strength after the critical load (negative hardening) and the stiffness
degradation process. Therefore, it became necessary the development of new
models.

The work of Kachanov [1] is considered the beginning of the classic
damage mechanics. Between the 60s and 70s, the continuum damage
mechanics developed considerably [2]. However, the models based on
continuum damage mechanics had few practical applications. This was due to
the lack of convergence, or mesh-dependency, of the damage analyses. Some
efforts have been devoted to the solution of such difficulties, such as the
development of non-local damage models. However, some of these
mathematical adjustments had poor physical basis. Moreover, often the
implementation of computational algorithms was complex and inefficient,
making difficult the use of such approaches for the analysis of tridimensional
structures or with complex geometry and boundary conditions.

Within the framework of continuum damage mechanics, the damage
theory developed by Mazars [3] is one of the most frequently used in the



The Mechanical Behavior Modeling of Reinforced Concrete ... 51

analysis of inelastic structural systems. Despite being a simplified approach,
the modeling based on the concepts of Mazars damage gives good results, as
described in the literature [4-7]. However, such a model requires a fine
longitudinal discretization, and, additionally, the division of the cross section
in fibers, where each one of them represents the mechanical behavior of
steel or concrete. Thus, the computational cost of these models can derail
the analysis of complex structures (such as offshore and other industrial
structures), or the reliability analysis of structures.

Damage evolution, i.e., the propagation of micro defects in the material,
generates consequences on the macro scale through the appearance of cracks.
While damage theory aims to quantify the effects of the propagation of
micro defects in the material response, fracture mechanics analyzes crack
propagation in discrete form. The fracture mechanics theory is consolidated in
the inelastic analysis of structures. Thus, it is widely applied in structures
with simple geometry and homogeneous material. The description of the
propagation of a small number of cracks in a continuum in this context can be
carried out successfully [8]. However, in reinforced concrete structures, some
complicating factors may prevent its use. For instance, the fact that the
concrete is a physically non-linear, heterogeneous, material and the presence
of the reinforcement.

Thus, to perform numerical analysis, simplified models can be used if they
do not lose the representativeness of the phenomena involved. Lumped
damage mechanics is an alternative to the models of the classic damage
mechanics. This approach consists in the coupling of damage and fracture
mechanics concepts with the plastic hinge idea [9]. Thus, the damage is
incorporated into the plastic hinges, which thus become inelastic hinges. These
models, although simpler, are efficient and present results as good as those
obtained with more complex and refined constitutive equations. In addition,
due to the large reduction in computational cost, lumped damage models can
be used for the analysis of complex structures, 3D frames, cyclic or impact
loadings and reliability analyses.

Several studies show how lumped damage mechanics can be successfully
applied in various types of structures as [10-12, 13] evaluated plane frames
with lumped damage models. Studies were also conducted in 3D frames, as in
the work of [14], and reinforced concrete arches [8, 15]. Good results can also
be obtained for cyclic loadings, high cycle fatigue, impact loads or explosion
[14, 16].
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Figure 1. Finite element of RC and the corresponding model of lumped damage.

In this study, a lumped damage model was implemented into a platform of
finite elements (FEM). The numerical model was used in the simulation of a
beam and a plane frame, which were previously analyzed numerically and
experimentally in other works available in the literature. Thus, the force versus
displacement curves obtained by lumped damage model are compared with the
results described in [17] and [18], and the results of a continuum damage
analysis presented by [19]. It was achieved good correlation between the
results obtained by the lumped damage model and the responses given in the
literature.

LuMPED DAMAGE MODEL

Consider a structural element in RC as shown in Figure 1, which is
subjected to bending moments m; and m;, applied at its ends i and j,
respectively. It is assumed that concrete cracking and reinforcements’ yielding
occur at the element ends. Plasticity in the steel rebars is represented by the
formation of plastic hinges. It is also considered cracking at the element ends.
Then, damage variables are added to the plastic hinges (di, dj), which will be
considered as inelastic hinges [9].

The finite element presents generalized strains that are represented by the
matrix ® shown in Eq. (1).
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where ¢i e ¢; represent relative rotations and ¢ is the elongation of the element,
as illustrated in Figure 2.

The strain equivalence hypothesis [9] states that matrix {®} be
decomposed into elastic, plastic and damage parts (Eq. (2)), respectively,
{®e}, {Dp} and {Dg}. It is then assumed that reinforcement’s yielding as well
as concrete cracking generate relative rotations.

(0= (0.} {0, }+[0,) o

Generalized stresses, strains, rotations and damage values are computed
using Kinematic relations, equilibrium and constitutive laws. The latter
considers evolution laws of damage and plasticity. Figure 3 shows a flowchart
that describes the steps required for the structural analysis using a lumped
damage model. Their respective relationships are presented in the following.

- @::_

Figure 2. Generalized strains of the finite element.

Consider a finite element for a planar frame with six degrees of freedom,
three for each at the two nodes of the element: horizontal displacement u,
vertical w and rotation 6. The generalized displacement matrix is built as
shown in Eq. (3):
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Generalized displacements and strains are related by the kinematic
equations that are obtained by geometrical considerations. In the case of plane
frame element, this matrix is presented in Eq. (4), [9].

{AD}=[B, ]{AU} @)

The [B] matrix indicates the kinematic transformation, which is obtained
by geometrical relations. Considering the frame finite element, this matrix is
defined as follows [9]:

| sen(a) _cos(a) . _sen(a) cos(a) O_
L L L L
[B,]- senL(a) _coslfa) 0 _senL(a) coslfa) 1 e
—cos(a) -sen(a) O cos(a) sen(a) O

where o is the angle between the horizontal direction and the element axis.
The equilibrium equation is presented in Eq. (6) neglecting the nonlinear
geometrical and inertia effects.

[Bo] (M (t)}={P(t)} ©)

where P is the nodal forces matrix. Matrix M(t) represents the generalized
stress matrix conjugated with ®.
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Figure 3. Flowchart for lumped damage analysis.

It includes bending moments at the element ends and the axial force as
indicated in Eq. (7).

m, (t)
M (t)}=4m; (1)
n(t) 0

The constitutive law relates generalized strains and stresses though the
matrix expression shown in Eqg. (8), [9].

(o-0,}=[F(D))iM}+{oy) o

where [F] is the flexibility matrix of a damaged element and {®o} is the matrix
of initial strains.

Considering the strain equivalence hypothesis, the flexibility matrix of a
damaged element can be computed by Eqg. (9), [9].

[F(D)]=[R]+[c(D)]

where [Fo] is the flexibility matrix of the elastic element and [C(D)] represents
the additional flexibility due to the concrete cracking.

)
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Then, introducing the damage variables for the planar frame di and d;, the
flexibility matrix of a damage element can be computed as shown in Eq. (10).

L L

3EI(1-d,) 6EI

[F(D)]=| - -

6El 3EI(L-d,))

0 0 —
L AE | (10)

The damage evolution law is based on the energy criterion formulated by
Griffith. The generalized Griffith criterion introduces an energy release rate
during the crack propagation phase as the derivative of the complementary
energy with respect to the damage parameters.

For the frame element, the strain energy is defined as shown in Eq. (11)
[14].

1 T 1 T 1 T
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Therefore, the energy release rates for hinges i and j of the finite element
is defined by Eqgs. (12) and (13).
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The damage evolution law is obtained by comparing the energy release
rate with the crack resistance of the inelastic hinge (see egs. 14 and 15). They
establish a nil damage variation if the energy release rate is lesser than

the crack resistance. For damage increments, energy release rate and crack
resistance have the same value.
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{Adi =0,5e G, <R

G =R,seAd, >0 (14)

{Adj =0,5e G, <R,

Gj=Rj,seAdj>0 (15)

The crack resistance function of an inelastic hinge is based on an
experimental analysis that relates this parameter with the damage variable. The
crack resistance function is given by Eq. (16), [9].

In(1-d)

R(d)=R,+
where Ro represents an initial resistance.

The second term of the equation describes a gain in resistance due to the
presence of the reinforcements, which hinders the propagation of cracks in the
concrete.

The parameters Ro and ¢ depend on the characteristics of the element and
is computed from the first cracking and the ultimate moment of the cross-
section. It is possible to establish a relationship between damage and bending
moment, by making G equal to R, as shown in Eq. (17). It is then obtained the
graph presented in Figure 4.

2
me ~SELE=0) o 89BNy 4)in(a-a)
L L 17)

When the bending moment reaches the value of the critical moment, it is
assumed nil damage in the hinge, and with that, the Ro value is given by Eq.
(18).

M, L

°  BEI (18)
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Figure 4. Bending moment as a function of damage.

The value of q is determined by the ultimate moment and its respective
damage value. This ultimate damage, as shown in Figure 4, is determined by

deriving the function shown in Eq. (17) with respect to the damage variable
and equating it to zero.

The plastic strain evolution laws is defined by Egs. (19) and (20).

{d% =0,sef <0

f.=0,sed 0

' b # (19)
{dqﬁpj =0,sef, <0

f.=0,sed¢ =0

] ¢Pj (20)

The vyield function f includes damage and kinematic hardening. The
dependence of the yield function is obtained considering an equivalent
moment and the hypothesis of equivalence in strains [9]. Then:

m
f = m—c¢p _kO

(21)
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where ¢ and ko are element-dependent constants.

In reinforced concrete structures, the first cracking moment is lower than
the yield moment. Thus, the values of ¢ and ko are computed as a function of
the yield damage d, through the aforementioned relationship (17).

When the value of yield damage is reached, it is assumed that the plastic
rotation is nil as well as its the yield function. Thus, it can be observed that ko
is the effective yield moment as shown in Eqg. (22).

P (22)

The vyield function is also equal to zero when the ultimate bending
moment is reached. Therefore, the Eq. (23) is obtained for the computation of
the coefficient ¢ as a function of the ultimate plastic rotation.

C=— —
4, \1-d, 1-d,

APPLICATION 1: RC BEAM, MECHANICAL ANALYSIS

(23)

The previously presented lumped damage model was applied in the
mechanical analysis of the four-point bending test illustrated in Figure 5.

F F
| } MLV
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D 0,30
| |
»{97 ‘ , m% 3610
’ 0.80 ’ 0.80 ) 0.80 )

Figure 5. Four-point bending test on a reinforced concrete beam
(dimensions in meters).
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Table 1. Beam data

Parameter Variable Value
Yield stress of steel fy (MPa) 500
Elasticity modulus of steel Es (MPa) 196000
Elasticity modulus of concrete E: (MPa) 29200

The specimen was experimentally tested by [17] and simulated by [19]
using the Mazars’ damage model. The material parameters presented by [17]
are included in Table 1.

The longitudinal reinforcements consisted in Brazilian CA-50 bars with a
yield stress of 500 MPa. Plastic hardening was also considered with an
ultimate stress equal to 1.1fy, i.e., 550 MPa, at an ultimate strain of 0.8%. The
transversal reinforcements consisted of ¢ 5 mm bars with a separation of 12
cm. The concrete cover was 1.5 cm. The incremental load used steps of 2 kN.
The concrete resistance foi« was equal to 38 MPa. This value was computed
with the equation of the elasticity modulus proposed in [20], as shown in Eq.
(24).

E, =4700,[f, o

The distribution of stresses in the concrete was determined according to
[20] (Eq. (25))

2
f =1, zi—(ij
ch ch

where & is equal to 0.002 and &y is the maximum strain of the concrete given
by Eq. (26).

(25)

340,29,

E e S ¥ S
“ "~ 145f, —1000 26)

Once damage and concrete cracking are distributed along the central part
of the beam due to the constant bending moment, it is adopted a function to
penalize the elastic stiffness of the finite element. [20] suggests that the
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effective moment of inertia (ler) be computed as a function of the bending
moment applied over the element ends (m) and the first cracking moment
(M), as shown in Eq. (27).

{2 ]

where leq is the inertia moment of the entire cross-section and Iy is the inertia
moment corresponding to the ultimate bending moment computed by Eq. (28).

1 k d' d'
el 53]
2 3 d d 28)

where b is the cross-sectin thickness, d is the effective height, d’ is the
distance from the most compressed fiber to the steel bar, p is the positive
reinforcements ratio, n is the relation between steel and concrete elasticity
modulus, k is the position of the neutral axis given by Eq. (29) and f. is a
coefficient defined by Eq. (30).

(27)

k= \/(np)z (1+4) +2np(1+ JiA %) —np(L+4.)
(29)

_mp
/Bc - np (30)

where m is another parameter defined as 1 - n and p’ is the negative
reinforcement ratio.

The lumped damage analysis was carried out using a mesh with only four
finite elements as shown in Figure 6. The computer program required only
0.140 seconds in a standard desktop to finish the numerical analysis. The
results obtained by [19] using the Mazars model required six finite elements
with seven Gauss-Lobato integration point across the cross-section height.

Figure 7 presents the curves of force versus displacement at the mid-
section of the beam for the experimental results presented in [17], the
numerical ones obtained by [19] and the model proposed in this chapter.
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Figure 6. Finite element mesh for the lumped damage analysis.
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Figure 7. Force x displacements curves for the four-point bending test.

The two damage models are capable to predict accurately the value of the
experimental critical load. It is noteworthy that even with the simplifications,
the lumped damage model has good agreement with the experimental curve,
both during the elastic phase and in the second part of the curve, after
the concrete cracking. A better approximation to the experimental curve is
observed in the lumped damage model when compared to the Mazars’ model.
However, in both numerical models, largest displacement values are obtained
for collapse after the reinforcements’ yielding. This can be attributed to the
steel hardening effect, since no experimental data on the ultimate stress and
strains values were provided.

APPLICATION 2: RC FRAME, MECHANICAL ANALYSIS

The second application concerns the reinforced concrete frame analyzed
experimentally by [18], as shown in Figure 8. In this analysis, two loads of
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700 kN at the end of the two columns were firstly applied. Next, it is applied a
horizontal displacement u at the upper right node of the frame until structural
collapse. The parameters presented by [18] are described in Table 2.

Table 2. Frame data

Parameter Variable Value
Yield stress of steel fy (MPa) 418
Ultimate steel stress fsu (MPa) 598
Elasticity Modulus of Steel Es (MPa) 192500
Elasticity Modulus of Concrete foc (MPa) 30
700kNi l'/()OkN
—A
s I=ITHINNIINS | 040
— La —
— — 1,60
= = =
=ilinnn=E | 040
] LA — I
=" ==l 1,80
L — | L — |
=z =
[T TN TTT T ITT] o
Lc
' 0,90 10,40‘ 3,10 A0,40A 0,90 ‘
AA BB CcC
$0304 oomm +23% 4420mm 80 1420mm
4$p20mm 4$p20mm 11$p20mm

Figure 9. RC frame (dimensions in meters).
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In this application, the following values of ultimate strains were adopted:
0.8% for steel and 0.35% for concrete (also computed according to Eq. (26), as
in the previous application). The concrete cover in the columns was 3 cm, 2
cm for the beams and 4 cm for the foundation elements. Stirrups in all the
cross-sections consisted in ¢ 10 mm bars at each 12.5 cm. The elasticity
modulus is calculated as proposed by Eq. (24), and a value of 25743 MPa was
obtained.

The finite element mesh for this problem is shown in Figure 9. Only six
finite elements are used and the computer program solves the problem in a
total time of 1.373 seconds on a standard desktop.

The equilibrium path of node 3, obtained with the lumped damage model,
is shown in Figure 10, along with the experimental results [18]. Notice that the
numerical simulation is similar to the experimental behavior throughout the
charging process.

The equilibrium path of node 2 is also considered, as shown in Figure 11.
Note that for this node, the lumped damage model also exhibits results quite
close to the experimental response.

. 3,50 )

-+ 3. O 4 -+
2,00 2,00
2 5
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2,20 2,20
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Figure 9. Finite element mesh for the RC frame (dimensions in meters).
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Figure 10. Load x displacement curve. Node 3.
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Figure 11. Load x displacement curve. Node 2.

CONCLUSION

This study presented a Ilumped damage model and its FEM
implementation. In the two applications analyzed, the results obtained with the
lumped damage model are in good agreement with the experimental and
numerical responses available in the literature. In the case of structures that
have a stretch of continuous damage, the use of functions that reduce the
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inertia (stiffness) in combination with the lumped damage provides a good
degree of accuracy, as shown in the application 1.

It is also noteworthy that the lumped damage concept leads to meshes
with less finite elements and therefore lower computational cost without
compromising the results accuracy. This permits the application of models of
lumped damage in structures with a higher degree of complexity, allowing the
inelastic analysis of problems that have high computational cost if modeled via
continuum damage mechanics.

It is intended to apply the model developed in this study in structural
reliability analysis. Thus, simulation methods can be applied since the
processing time is no longer a limiting factor.
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Chapter 3

MECANO-PROBABILISTIC ASSESSMENT
OF REINFORCED CONCRETE STRUCTURES
SUBJECTED TO REINFORCEMENTS’
CORROSION TRIGGERED BY CARBONATION
AND CHLORIDE PENETRATION

Karolinne Oliveira Coelho and Edson Denner Leonel”
School of Engineering of S&o Carlos, Department of Structural
Engineering, University of Sdo Paulo, Sdo Carlos, SP, Brazil

ABSTRACT

This study aims the mecano-probabilistic modelling of reinforced
concrete structures subjected to reinforcements’ corrosion. The corrosion
time initiation due to the carbonation or the chloride penetration is
assessed by diffusion approaches. The tree of failure is utilized for
determining the probability of individual and global failure modes. The
structural mechanical resistance is evaluated according to the Brazilian
design code NBR 6118/2014. The penalizations over the reinforcements’
cross section area and over its yield stress, both caused by the corrosion
process, are accounted. The loading is modelled by the extreme value
process. Probability of failure curves for the corrosion time initiation;
mechanical failure and reinforcements’ steel loss along time are
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presented. In addition to the assessment of the probability of individual
failure modes, the progressive collapse paths along 50 years are analysed.
The results obtained show that relevant changes on the predominant
mechanical failure mode occur along time. Moreover, major values for
the reinforcements’ steel loss and the probability of mechanical collapse
are observed at the end of 50 years, even accounting for the design code
recommendations.

Keywords: reinforcements’ corrosion, carbonation, chloride ingress, structural
reliability

INTRODUCTION

The performance of reinforced concrete structures may become
inadequate during its service life due to the pathological manifestations.
Several phenomena trigger these pathologies. Among them, it is worth
mentioning the reinforcements’ corrosion. The corrosion is a chemical or
electrochemical process of material degradation caused by an external agent
[1]. Large efforts have been dedicated by public and private sectors over the
last years for maintaining and repairing reinforced concrete structures [2, 3].
The costs with inspection, maintenance and repair on structures subjected to
corrosion processes vary between 3% to 4% of the Gross Domestic Product
(GDP) in industrialized countries and overcome US$ 1.8 trillion worldwide [3,
4]. In Brazil, the monetary loss caused by the corrosion in the structural
context overcome US$20.79 billion/year [1, 4].

The reinforcements are chemically protected by the passivating layer,
which is chemically stable due to the PH of the aqueous solution at the
concrete pores. However, the presence of CO», in carbonation case, or Cl, in
chloride ingress case, affects the chemical stability of such passivating layer
[5]. The diffusion of CO; into concrete pores triggers carbonation reactions
with sodium, potassium and mainly calcium cations. These chemical reactions
create the carbonation front, in which the concrete PH is reduced from 14 to 9
approximately. When the front reaches the reinforcements, the depassivation
process occurs and uniform corrosion starts [6]. On the other hand, the
corrosion triggered by chloride ingress starts when the chloride concentration
at the passivating layer reaches the threshold value. In such a case, punctual
destabilizations at the passivating layer appear. Then, the corrosion occurs in a
punctual form named as pits [7]. The corrosion process in reinforced concrete
structures leads to the reduction of rebar’s cross section and to the reduction of
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the rebar’s yield stress value. Moreover, the expansive chemical components
produced during the corrosion cause concrete cracking, rebar’s adherence loss
and, in advanced stages, the spalling [8].

Several approaches have been presented in the literature for handling the
corrosion in reinforced concrete structures. Most of them propose
deterministic methods and analysis procedures for simplified type of
structures. However, the corrosion phenomenon in reinforced concrete
structures is only addressed properly through probabilistic approaches.
Uncertainties are inherent in such a problem. Moreover, the uncertainties have
major importance on the mechanical performance assessment [9-11].

Many efforts have been dedicated to the modelling of corrosion triggered
by carbonation. Several experimental studies are observed in the literature. In
addition, analytical models were proposed accounting for these experimental
data. An experimental study of carbonation is presented in [12]. The
carbonation front for one exposed structural surface was analysed and
experimental data were presented. The authors emphasize the large
randomness into the data obtained. The influence of the global climatic change
on the carbonation phenomenon is studied by [13], which emphasizes the
importance of this engineering problem for the society worldwide. A
numerical model for CO, diffusion is presented by [14]. The results obtained
were compared with references data. A numerical approach is introduced by
[15] aiming the description of random damage fields in reinforced concrete
structures subjected to reinforcements’ corrosion. The salt induced corrosion
was considered in the study. A mathematical-numerical model of carbonation
process in reinforced concrete structures is presented in [16]. Analytical
equations were applied and random fields were described. An analytical
technique for carbonation prediction in early-aged cracked concrete is
presented by [17]. The CO; diffusion of pore water in sound concrete and in
cracked concrete were considered.

Several researchers worldwide have studied the reinforcements’ corrosion
triggered by chloride penetration. In this context, [15] proposed a probabilistic
model for reinforcements’ corrosion in bridges beams. The influence of the
temperature and the moisture on the chloride diffusion into concrete pores was
studied by [18], which proposed an approach for this purpose. The mechanical
degradation processes caused by reinforcements’ corrosion, concrete cracking
and bio deterioration agents are studied by [19] taking into account
uncertainties. The mechanical degradation of the concrete cover caused by
corrosion processes in non-cracked stages and in partially cracked stages is
analysed by [20]. The mechanical behaviour of reinforced concrete girders as a
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function of time is represented by the model proposed in [21]. In such a model,
the Fick’s law represents the chloride diffusion along time, empirical laws
were adopted for quantifying the reinforcements’ cross section loss and the
Monte Carlo simulation method applied to carry out the probabilistic analysis.
The assessment of the probabilistic corrosion time initiation was performed by
[22, 23], which utilized the coupling of Fick’s law and reliability approaches.
In this study, the influence of uncertainties associated to the concrete cover
depth, environment aggressiveness and water-cement ratio on the probability
of structural service life failure was analysed. Moreover, interaction abacuses
were proposed in order to determine proper values of concrete cover according
to inspection/maintenance time fixed a priori. A deterministic mechanical
model is proposed by [24] for the durability assessment of reinforced concrete
structures subjected to reinforcements’ corrosion. This model is based on the
coupling of Fick’s law, damage mechanics and elastoplastic criteria, which
were included in a robust finite element code.

In the present study, probabilistic analyses involving corrosion time
initiation, reinforcements’ cross section reduction and mechanical collapse of
hyperstatic beams due to carbonation and chloride ingress are presented. The
corrosion time initiation is modelled by the Fick’s diffusion approach for the
chloride ingress case [25]. Such a time is assessed by the diffusion approach
introduced by [26] for the carbonation case. Thus, the parameters related to the
concrete-mix design and, consequently, to the concrete porosity have major
importance in this analysis.

The reinforcements’ cross section reduction and the reinforcements’ yield
stress reduction during the corrosion are represented by empirical approaches,
which were previously introduced in the literature [27]. The reinforcements’
corrosion process is triggered differently by carbonation and chlorides ingress,
as previously mentioned. Thus, different approaches were utilized for the
modelling of these effects. For carbonation case, the approaches presented by
[28] were utilized whereas for chloride ingress case the approaches introduced
by [29] were applied.

Finally, the evolution of the probability of mechanical failure along time
for hyperstatic beams is studied. The model utilized accounts for the
mechanical degradation mechanisms caused by the corrosion process. The
mechanical model adopted is based on the equilibrium assumptions provided
by the NBR 6118/2014 [30]. Moreover, the external loading is described by
the extreme value process [31, 32], thus, it is not constant along time. This
loading modelling assumption is one contribution of this study. In addition, the
evolution of the probability of individual failure modes and the global failure
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mode along time is studied. The predominant failure path is determined along
time, which is another contribution of the present study. The results obtained
show that the predominant mechanical failure path change along time due to
the corrosion effects. Therefore, failure modes do not predict in the design
phase may occur due to the corrosion. This study contributes to the modelling
and prediction of the probabilistic mechanical behaviour of reinforced
concrete structures subjected to reinforcements’ corrosion. Moreover, this
study contributes to the comprehension of the mechanical effects caused by
the corrosion into the mechanical structural resistance.

CORROSION TIME INITIATION MODELLING

The reinforcements’ corrosion triggered by chloride ingress starts when
the chloride concentration at the passivating layer that surrounds the
reinforcements reaches the threshold value. Thus, punctual destabilization
along the passivating layer occurs and pit corrosion is observed. The chemical
reactions involved in this corrosion type have large randomness [5].
Especially, the threshold value for the chloride concentration [33], which may
vary from 0.1% to 1.96% of the mortar volume. The randomness observed in
the corrosion triggered by chloride ingress occurs because such phenomenon
depends on the water cement ratio (w/c), the chemical composition of
cement, chemical composition of steel and the environmental effects such as
temperature and moisture, which are inherent random. In the Brazilian
territory, the reinforcements’ corrosion caused by chlorides is critical at the
coastal regions. Thus, the chloride disperse into the environment is another
important random parameter involved in this problem. To determine the
concentration of the disperse chlorides into the environment, recent studies
have been developed in Brazil as presented by [34] in Fortaleza, [35] in Jodo
Pessoa and [36] in Macei6.

The chloride diffusion into concrete pores is modelled by the non-steady
state approach provided by the second Fick’s law. Fick’s laws for diffusion are
applicable for homogeneous, isotropic and inert materials. Moreover, the
mechanical properties related to the diffusion process are assumed as identical
along all directions and kept constants along time. These hypotheses are not
completely satisfied for concrete case because such a material is well known
heterogeneous, anisotropic and chemically reactive. However, the methods
commonly adopted for chlorides transportation modelling in concrete consider
this process as governed only by the ionic diffusion. Thus, it assumes that the
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concrete cover is completely saturated. Therefore, it makes the hypotheses of
Fick’s laws acceptable for the chloride ingress modelling because, in this case,
the material is assumed as completely saturated with unidirectional chloride
flux, i.e., from the exterior surface to the concrete depth [37]. The Fick’s law
represents the diffusion problem through the following equation:

2 %)

The solution for the equation previously presented is given by:

cob = 2etfc’ {%} ﬂ/Dz‘ini

G @
in which Ciim is the threshold chloride concentration, Co indicates the chloride
concentration at the structural surface, D is the chloride diffusion coefficient,
cob represents the concrete cover depth and tin is the time for corrosion
initiation.

The chloride diffusion coefficient required to solve Eq. (1) can be
determined by different methods. Empirical approaches may be applied, as
presented by [38], as well as electrochemical analyses, as introduced by [39].
Numerical method may be applied to solve Eq. (1) [40]. In such case, the
parameters that govern the problem are assumed as time dependent. The
model adopted in this study for obtaining the chloride diffusion coefficient
is introduced by [25]. This model is based on experimental data and its
prediction relates D to the concrete-mix design parameters as presented in

Eq. (3).
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in which Do indicates the chloride diffusion coefficient into an infinite
solution, whose value is 1.6.10-° cm2/s for NaCl. pc is the concrete density and
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pag the aggregate density, wic represents the water/cement rate and ag/c
represents the aggregate/cement rate.

The concrete is a high alkalinity media due to the presence of hydroxides
of sodium, potassium and calcium. The CO; penetrates into concrete pores and
reacts with these alkaline composites. As a result, carbonate salts are
produced. These reactions are named carbonation, which reduce the concrete
PH from 14 to 9, approximately [6, 41]. The PH reduction causes the loss of
the chemical passivating layer that surrounds the reinforcements. Thus, in
this case, uniform corrosion is triggered. This type of corrosion is observed
commonly in underground parkings, bridges and tunnels, for instance.
Moreover, the CO; concentration may reach 0.3% in global metropolis. In
exceptional conditions this concentration may reach 1% [6, 42].

Several approaches have been proposed in the literature to represent the
CO; diffusion into concrete pores [43, 44]. However, these approaches require
chemical parameters from the concrete, which have complex obtaintion in real
applications in civil engineering. Therefore, the CO, diffusion process is
modelled commonly by the approach presented in [26], which is based on the
association of the Fick’s diffusion law and empirical data calibration. This
approach requires the parameters related to the concrete-mix design. Thus, the
determination of the time for corrosion initiation by this approach follows Eq.

(4):

cob=0.35p,

v/ 14 Q2/0 e N]Cco 24100,

Ny
(chw/c] 1000 g,

1000 4

in which RH is the relative air moisture, Cco2 is the CO, concentration in the
environment.

PROBABILITY OF FAILURE IN STRUCTURES SUBJECTED
TO CORROSION PHENOMENON

The limit state function describes a structural problem by involving the
material resistance and the external loading. Both variables are random X, as
illustrated in Eq. (5) [45]:
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®)

The probability of failure in the structural context can be defined as the
probability of the structural system do not accomplish one or more than one
design requirements [45]. Therefore, the failure is characterized when g(X)
becomes lesser than zero.

Pf:PLg(X)SOiI ©)

In the present study, the mechanical structural resistance is determined by
the equilibrium equations presented in [30]. Bending and shear resistances are
accounted. Moreover, the reinforcements’ cross section reduction and the
reduction on the reinforcements’ yield stress along time due to the corrosion
process are accounted. In addition, the external loading is represented by the
extreme value process.

RESISTANCE

The corrosion process leads to the mechanical degradation over the
reinforcements’ steel. Consequently, the reinforcements’ cross section reduces
after the time for corrosion initiation. Such reduction is determined by the
corrosion rate, which indicates the velocity that corrosion reactions occur. This
parameter is calculated differently for carbonation and chloride corrosion
types.

The uniform corrosion is observed during the corrosion processes
triggered by CO,. For the carbonation mechanism, the diameter reduction is
calculated as presented in Eq. (7), [27]:

Ad=0.0232i, (¢-1,,) ©)

in which icorr is the corrosion rate (W/mm2), A4 is the reduction on the
reinforcements’ diameter and 7 is the actual time instant in years.

The carbonation reactions, and consequently the corrosion rate, are
affected by the temperature, T. Therefore, for the carbonation case, the icorr
may be evaluated as proposed by [28]:
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iy =i (14K (T-20))

(8)
in which icorr-20 is the corrosion rate at 20°C and Kc represents a coefficient
equal to 0.025 if T <20°C or 0.073 if T > 20°C.

For pitting corrosion, the reinforcements’ cross reduction is determined by
calculating the pit’s cross-sectional area, given by Eq. (9) [27, 29].

A+ A, ifp)< %
A= a4 i <p<d
pit 4 1 2 \/5 0
T iepyzd,
4 9)
where:
b=2p@) 1—(MJ

do (10)

A, =0.5{

(8]

A, = 0.5{02 P2 —b%f)z}

0

(12)

6, = 2arcsin (ﬁj
d, (13)

0,= Zarcsin[ ’ j
2900 "
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P(#)=0.0116/, Rt 15)

in which do is the initial rebar diameter, p(t) is the pit depth, b is the pit width
and R is the pitting factor (ratio between the maximum pit depth and the
corrosion penetration) adopted as 5.08 [27, 29].

The icorr value is evaluated using the wi/c rate for corrosion processes
triggered by chloride ingress [46]. Then:

i 37.8(1—% )1‘64

cob (16)

corr

where cob is the concrete cover value in cm.

The degradation on the reinforcements’ yield stress is evaluated by the
approach presented in [29]. This empirical approach recommends that the
yield stress be penalized by the following equation:

_ 0.046i,, (1-1,,)
£, =(1-0005| ———2 | S

17

in which /and Z represents the yield stress before and during the

corrosion process, respectively.

In this study, the mechanical structural resistance is assessed by the
recommendations of the Brazilian design code [30]. Obviously, the
reinforcements’ cross section reduction and reinforcements’ yield stress
reduction are accounted by the Eq. (7), Eq. (8) and Eg. (9).

The resistant bending moment is determined by enforcing equilibrium
conditions along the structural cross section. Therefore, assuming a
rectangular cross section, such a moment is determined as follows:

M, =0.68bxf,, (d-0.4x) 18)

in which My is the resistant bending moment, b is the cross section thickness,
fca is the compressive concrete resistance, d is the distance between the tensile
reinforcement and the cross section top and x is the neutral axis position.
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The equilibrium of forces, which involves the concrete and reinforcements
resultant of forces, leads to the determination of the neutral axis position.
Then:

X:1,25d 1- ’ﬁ
’ Ja (19)

(20)

When the cross section is on the domain 3 of strain [30], & varies from
0.628 to 0.259 for CA-50 steel. In such a case, the resistant bending is the
following:

M, = f,A(d-0,4x) 21)

in which fyq is the reinforcements’ yield stress and As the reinforcements’ cross
section area. During the corrosion process, both variables vary along time.

On the other hand, when the cross section is on domain 4 of strain [30],
the compression reinforcements’ resistance is accounted. Thus, the resistant
bending moment is composed by the bending moment on domain 3 and 4
(Mss), in addition to the bending moment due to the compression
reinforcements (Mz). Thus, one defines:

M, =M, +M, (22)
My = 1A (4-0,4x;,) (23)
M, = fMAJ'(d—d’) (24)

The resistant shear effort is determined by the coupling of two
mechanisms. The first is named complementary truss mechanism (V.) and the
second transversal reinforcements’ mechanism (Vsw). These mechanisms
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depend on the design model chosen, model | or model 1I, which are described
in [30].

The model | assumes that the angle between the compression concrete
struts is fixed in 45°. Therefore, in such a model V. is constant. As a result, V.
and Vs are determined as follows:

]7: = 0.6611,2 clrlbwd (25)

S

Vo= (AW j0.9d fw I:Jm (a) + cos (a)]

(26)

in which Asw is the transversal reinforcements’ cross section area and S
indicates the transversal reinforcements’ spacing. o is the angle between the
transversal reinforcements axe and the structural axe, which may vary from
45° to 90°. fywa represents the transversal reinforcements yield stress, which is
equal to fys, for stirrups, or 0.70 fq and limited to 435 MPa for bent
reinforcements. Finally, a is defined as follows:

250 27)

azQ

in which fywq in (MPa)

On the other hand, the model Il assumes that the angle between the
compression concrete struts may vary from 30° to 45°. Consequently, V. varies
according to the value of Vs In such a case, the resistant shear effort is
evaluated as follows:

{ V.=V,=06f,b,d i1, sV,

T/;w = (A;u ]094 f)m, I:COtg (Cl) + cotg (6)] Sen(a)
' | (29)
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in which @ is the angle between the compression concrete struts and Vrd,u
indicates the maximum stress along the compression concrete struts, which is
evaluated by the following equation:

Viean =0.54a, f,,bd [sen2 (0)} [cotg (a) + cotg (6)] 30)

LOADING PROCESS

The Brazilian design code for reinforced concrete structures [30] predicts
as service life 50 years for usual reinforced concrete structures. Therefore, the
assumption of time-constant load in its maximum value during a reliability
analysis over the entire structural service life is unreal. Thus, to represent in a
real form the loading process in time dependent problems the extreme value
process is utilized.

The cumulative maximum distribution function for a sampling of n
random variables is defined as follows [31]:

E () =[FE.W»] (31)

in which Fx(y) indicates the function of cumulative distribution.

The extreme distribution presented above tends to limiting forms as n
becomes higher. Such forms are named as asymptotic extreme distribution,
which may be classified as: Gumbel, Frechet and Weibull (types I, Il e Il
respectively), according to the type of the original distribution assumed Fx(y)
[32].

In the present study, the accidental loading is represented by the Gumbel
distribution for maximum, which cumulative probability function is defined as
follows [31]:

Fy (%) = exp| -exp[ -0 (x-,) ] (32)

in which w represents the form parameter and u, the maximum characteristic
value given by Eq. (33) and Eqg. (34). x and ¢ indicate the mean and standard
deviation, respectively.
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w

_
Voo @)

0,577216
@ (34)

n

The maximum characteristic of a given extreme distribution is defined as
follows:

_ <, V=1L
Fy(n,)=P{X <u,}]=1 » (35)

Consequently, the maximum characteristic value for 50 years is known,
i.e., such a value for the structural service life is defined. Then, the

characteristic values for any other time n is achieved by utilizing the Eq. (34)
and Eq. (32). Thus, the Eq. (36) is obtained:

( (50 3 D%
u,=u,+In| -In

MONTE CARLO SIMULATION

The Monte Carlo simulation method is a numerical simulation procedure
widely utilized for solving reliability problems. In such a simulation method, a
sampling of random variables is applied for describing the failure and the
safe spaces. The sampling is constructed accounting for the statistical
distribution assigned for each random variable in the problem. In time
dependent problems, the sampling is assessed at each time step. The Monte
Carlo approach deals the simulation of the limit state function. Therefore, the
spaces’ description and the probabilities of failure are accurately achieved as
larger be the sampling adopted.

The structural failure is observed when the sampling points lead to the
failure domain. Otherwise, safety condition is observed. The series schemes
define failure if at least one limit state function be violated. Otherwise, the
parallel schemes define failure when a set of critical limit state functions is
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violated. These sets of limit state functions are defined taking into account the
structural system and the failure paths available. Optimization approaches,
such as the First Order Reliability Method (FORM) and the Second Order
Reliability Method (SORM), can be adopted for assessing the probability of
failure. These approaches are based on the determination of the reliability
index, which is associated to the probability of failure. The probability of
failure is calculated, for the Monte Carlo simulation, using the following
equation [46]:

1 <& .
P, = [ IIE (o = — D[, = -

+ J=1 ’ (37)

in which n is the range sampling and ns the number of failures observed. I|x]

is 1 for failure condition and nill for safe condition.

It is worth mentioning that Monte Carlo requires a large number of limit
state function simulations when the probability of failure is small. This is a
disadvantage of this approach. In such a case, the computation cost becomes
this approach non-recommended. Nevertheless, this method is applied in the
present study once the limit states accounted are described analytically.

In general structural systems or even in individual structural elements
more than one failure mechanism may lead to the structural failure. Therefore,
the probability of failure in such cases is addressed consistently by the system
reliability approach. This approach aims at identifying and systematizing the
failure modes paths. Then, the probability of structural failure is achieved by
the sum of the probability of failure of each failure mode path. For this
purpose, the tree of failure has to be constructed, which divides the failure
modes as series or parallel schemes [47]. In series failure modes, the failure of
one link leads to the structural failure. On the other hand, in parallel failure
modes, the structural failure is characterized by the failure of all parallel
links. Isostatic structures are classified as series system whereas hyperstatic
structures are classified as parallel system, for instance.

APPLICATIONS

In the present study, fourteen random variables describes the
environmental, mechanical and geometrical characteristics of the structural
system. The environmental conditions for both carbonation and chloride
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ingress corrosions are assumed as high aggressiveness, as presented in Table
1. The chloride concentration values at the structural surface are based on [34],
which present such a concentration for the coastal regions of Fortaleza and
Maceid. The statistical properties for the threshold chloride concentration at
the reinforcements’ interface are based on [33]. For the corrosion triggered by
carbonation, the structure is assumed as placed into an industrial region, i.e.,
the CO> concentration at the atmosphere is assumed as higher than 0.3% [42].

The permanent load is described by the Gaussian distribution whereas the
variable load is described by the Gumbel distribution for maximum [11]. The
reinforcements’ steel is the CA-50, with coefficient of variation of 10% [11].
The variables ag/c and aggregate density are assumed as deterministic, which
value are 5 and 2560 kg/m3, respectively.

The time for corrosion initiation is analysed in three different scenarios,
named (a), (b) and (c). The difference among them concerns the characteristic
concrete resistance, fc, the w/c rate and the concrete cover value, as presented
in Table 2.

For the first case, (a), mean values are adopted for the three variables
mentioned in order to attend the recommendations of [30]. On the other hand,
the cases (b) and (c) account for higher values of w/c rate and lower values for
the characteristic concrete resistance in order to analyse the influence of these
parameters on the time for corrosion initiation.

Table 1. Random variables used in reliability analysis

Parameter Distribution Mean Standard Deviation
fy (MPa) Lognormal 500 50
Relative Moisture (%) Normal 60 12
Temperature (°C) Uniform 30 10
icorr-20 (LA/cm?) Lognormal 0.431 0.259
CO; (%) Lognormal 0.5 0.5
Ciim (kg/m3) Lognormal 0.403 0.088
Co (kg/m3) Lognormal 0.773 0.214
g1 (KN/m) Normal 3.125 0.391
g1 (KN/m) Lognormal 20 4.30
g2 (KN/m) Normal 3.125 0.391
g2 (KN/m) Lognormal 7.5 1.63
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Table 2. Random variables and cases. These variables follow

Gaussian distribution

Case Parameter Mean Standard Deviation
@) Concrete cover (cm) 5.0 0.5
fc (MPa) 45 6.75
wic 0.45 0.09
(b) Concrete cover (cm) 4.5 0.45
fc (MPa) 40 6
wic 0.5 0.1
(c) Concrete cover (cm) 4.0 0.4
fc (MPa) 35 5.25
wic 0.6 0.12

Application 1: Hyperstatic Symmetric Beam

The first application of this study concerns the hyperstatic beam presented
in Figure 1. The beam has 5 meters of span length and rectangular cross
section of 25 cm x 50 cm (thickness x high), which is subjected to an uniform
distributed load. The Figure 1 presents the static scheme applied on this beam
and the maximum bending moment and shear effort values. There are two
maximum bending moments: the negative at the central support and the
positive at the semi-span. The maximum shear effort occurs at the
central support. These efforts are described, respectively, by the following

expressions:

M, = 9(g1 +%)L2
128

M, = (g1+71)L2
8

- 5(4, ;%)L

(38)

(39)

(40)
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Figure 1. Static scheme 1 — load; bending moment and shear effort diagrams.

The beam illustrated in Figure 1 was designed following the
recommendations of [30]. Moreover, this desing accounts for the mean load
values presented in Table 1. The design of this beam is illustrated in Figure 2.

In the context of progressive mechanical collapse path, hyperstatic
structures are described consistently by parallel systems. Then, the mechanical
collapse is observed when the amount of local collapses is equal to the
hyperstatic degree plus one. The beam analysed has hyperstatic degree equal
to one. Therefore, the mechanical collapse is accomplished when at least two
local collapses are observed.

Initially, the failure occur due to the negative or positive bending moment
(A or B, respectively), or shear effort (C). These failure modes are orderly
assembled in a failure tree, as showed in Figure 3.

If the first failure mode occurs, due to the negative bending moment (A),
two other failures may occur: failure due to the positive bending moment or
shear failure. A similar case is observed when the first failure mode is the
positive bending moment. However, if the first failure mode is the shear,
structural collapse is assumed.

When the first failure mode is the bending moment, the shear and the
bending diagrams are shifted due to the formation of plastic hinges in the
failure zone. Therefore, the conditional failure probabilities are defined
according to the new beam static configuration.
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Figure 2. Design 1 — Hyperstatic symmetric beam.
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Figure 3. Failure tree 1.

If the first failure mode is the positive moment, the hinge formation will
provide a large negative bending moment increment. Then, the positive
moment failure mode leads automatically to the failure of the negative bending
moment. On the other hand, when the first failure is the negative bending
moment, the conditional probabilities must be analysed in order to determine
the critical path. This analysis leads to the failure probability determination
presented in the EqQ. (41).

b, =P A)(P[B| 4]+ P[C] A])+ P[B]P[A| B+ P[C] )

Application 2: Cantilever Hyperstatic Beam

The second application concerns a beam one-time hyperstatic. The beam
first spam has 4 m length and the second 3 m length. The beam has a
cantilever region of 2 m length. The cross section is 25 x 50 cm (thickness x
high) along the entire beam length.

Shear effort and bending moment diagrams are illustrated in Figure 4.
There are three maximum bending moments, two negatives and one positive.
Moreover, there is a maximum shear effort, which are calculated with the
following equations:
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Figure 4. Static scheme 2 — load; bending moment and shear diagrams.
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The beam design is illustrated in Figure 5.

Analogously to the previous application, the failure tree is defined by
determining the critical paths and the probability of failure (see Figure 6). Four
initial failures modes, three of them relative to bending moment (A, B and C)
and the other relative to shear efforts (D), are considered.

A plastic hinge is formed at the zones of failure due to the bending
moments. Thus, new diagrams are utilized for the new static configuration.
When the failure occurs at the negative bending moment zones, three other
failures may occur: due to the positive or the negative bending moments, at
points B or C, or shear effort at D. If the first failure mode is due to the
bending moment at B, it is assumed that the plastic hinge formation largely
increases the negative bending moment in A. Then, in this path, the second
failure occurs automatically in A. On the other hand, the failure mode due to
the bending in C generates a hypostatic zone (cantilever region). Thus, in this
case, structural collapse is assumed. Lastly, the failure due to the shear effort
also leads to the collapse of the beam.

Therefore, the probability of failure can be calculated with Eq. (46).

P, =P[A)(P[B| A]+P[C| AJ+P[D| A])+P[B]P[A| B]+ P[C]+P[D] “6)

RESULTS AND DISCUSSION

Time for Corrosion Initiation

The probabilistic analysis for the corrosion time initiation is performed by
the Monte Carlo simulation. The limit state function is given by Eq. (47).

g(X)=t-1,(X)

(47)

The probability curves of corrosion initiation due to the carbonation and
the chloride ingress are presented in Figure 7. Three cases are considered: (a),
(b) and (c). For the case (a), a high probability of reinforcements’
depassivation, for both types of corrosion, is observed before 50 years.
This result was obtained with the parameters recommended in [30] for
environments with high aggressiveness.
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Figure 5. Design 2 — Cantilever Hyperstatic Beam.
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Figure 6. Failure tree 2.

As observed in the other curves of Figure 7, the probability of corrosion
initiation grows with the increase of the w/c rate.

In the critical case, with the highest w/c rate and lowest concrete cover, a
significant probability of reinforcements’ depassivation is observed after 5
years. The corrosion curves present different behaviours due to the distinct
corrosion mechanisms: the carbonation is related to the uniform corrosion and
the chlorides are associated to the pitting corrosion. The corrosive process due
to the chloride ions largely increases in the first years whereas the growth is
uniform for carbonation.

Application 1: Hyperstatic Symmetric Beam

As illustrated in Figure 8 and Figure 9, the large increase in the probability
of corrosion initiation generates substantial reductions in the rebar’ diameters.
Such a reduction achieves 90% for corrosion due to the chloride ions. In this
corrosion type, higher values for reinforcements’ cross section reduction are
obtained if compared to the carbonation.

The curves of reinforcements’ mass loss present different behaviour
according to the aggressive agent. Therefore, environments with high chloride
concentration and high porosity concretes, for instance, lead to faster
reinforcements’ mass loss. Because pit corrosion is localized, only a small
region lose the passive film. It generates a major ion concentration, which
accelerates the corrosive reactions.
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Figure 7. Probability of corrosion initiation.

The velocity of the reinforcements’ mass loss influence the increment on
the probability of failure along time. The Figure 10 presents the probability of
failure along time for carbonation and chloride corrosion cases.

In the carbonation case, high rebar’ diameter reduction was observed after
10 years of beam construction. However, substantial effects on the probability
of failure were observed only after 20 years. High values of probability of
failure were obtained at the end of 50 years. For the worst scenario — case (C) —
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the probability of failure equal to 0.032 was obtained. For the chloride
corrosion case, the probability of failure highly increases in the first years,
where the probability of corrosion initiation and reinforcements’ mass loss are
accentuated.
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Figure 8. (Continued)
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Figure 8. Percentage reinforcements’ mass loss curves for carbonation corrosion: (I)
negative reinforcement; (1) positive reinforcement; (111) shear reinforcement.

The analyses for the most probable failure path and the individual
probabilities of failure along time were accomplished for carbonation and
chloride corrosion cases. The results are presented only for the case (c), since
this one has the highest probability of failure.

The analyses of carbonation corrosion show that the main failure mode
may change across time. Then, the mechanism of failure observed at the
beginning of the corrosive process may not be the same to the observed at the
end of the service life. In carbonation case (see Figure 11), the most probable
failure mode is the positive bending moment in the beginning of the corrosive
process. However, the most probable failure mode changes after 34 years. The
negative bending moment becomes the most probable.

This scenario could be explained by analysing the individual probabilities
of failure. The positive bending moment is more susceptible to the failure at
the beginning of the corrosive process, when the reinforcements’ mass 10ss
grow, the failure due to the negative bending moment becomes most
significant and had a large increase.

The change on the failure modes is not observed in chloride corrosion
case, as observed in Figure 12. It occurs because the reinforcements’ mass 10ss
is high in the first years. Then, over 50 years, the collapse mechanism is the
first failure due to the negative bending moment (A), following by the failure
in the positive (B).



96 Karolinne Oliveira Coelho and Edson Denner Leonel

Application 2: Cantilever Hyperstatic Beam

The probability of failure curves are presented in Figure 13 for each of the
three cases analysed, for corrosion due to the carbonation and the chloride
ingress. The curve of the carbonation corrosion is different from the others.
The expected failure curve grows along time. However, for carbonation, a
smooth decrease is observed after the peak failure.
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Figure 9. Percentage reinforcements’ mass 10ss curves for chloride corrosion: (1)
negative reinforcement; (1) positive reinforcement; (111) shear reinforcement.

0,10 -
0,09;
0,08 -
0,07;
0,06;
0,05;
0,04;
0,03;
0,02;

0,01 -

0,00

Case (a) Carbonation
- — -Case (b)

=== Case (c)

0 10 20

Time (years)

Figure 10. (Continued).



98 Karolinne Oliveira Coelho and Edson Denner Leonel

1,04

Case (a) Chlorides
/= —-Case (b)
== Case (0
0,8 -
06| P
.,"
Kd
] .
s
,
044 s
;
’ -
i ” .-
5 -
0,2 i -
’. - -
[} e
! > -
00 < - T T T T T T T |
0 10 20 30 40 50
Time (years)
Figure 10. Probability of failure — Application 1.
0,20 =— P[a]
=—P[B]
a—P[C]
0,15
L}
-
-
--
0,10 -
-
-
R
o . .I-
-
c ]
0,05 o o
. -
-
£ -
i L]
e --
---
Dlljn HWW{DHM!:-'u'-L-'&I --------- it OGOt b S L
] 10 20 30 40 50
Tirme (years)
M

Figure 11. (Continued)



Mecano-Probabilistic Assessment of Reinforced Concrete Structures ... 99

M —a—PlAIPEIA]

—o—P[AIP[C|A]
| —2=P[C]

—v—P(EIPIAIE] ¥

"
o
0.02 - o
o
od
o
o
.
o
0.01 - .-"
'f T
o
r.-'-?'_'ﬂ.vl.-

0.00 : : :

1] 10 20 30 40 50
Time (years)

(1
Figure 11. Failure modes due to the carbonation corrosion — Application 1: (1)

individual probabilities; (I1) failure paths.

06 - —=— P[A]
o— P[E]
—a—P[C]
05—
I-IIIIIIII_'._.-..--.-
.
I--‘.
04 - ¥
L]
-
=
03 r

»

..'

02 -

-

II'

0.1 ."

| .ri'ml:l:':& 1 .
00 ..mwx;zumh%mmmxwmmmﬂ
] 10 20 30 40 50
Time (years)
M

Figure 12. (Continued).



100 Karolinne Oliveira Coelho and Edson Denner Leonel

% - - PIAPEIA]
- o= PIAIPICIA]

- 2= P[C]

T e .’.II-III-l—II-I-llll
0.2 -

u®

0.1

) |
.’.’
-r‘
o
r
L]
¥f
| |
i
-
i
-
0
[y ] _mew
o 10 20 30 40 50
Time (years)

(1

Figure 12. Failure modes due to the chloride corrosion — Application 1: (1) individual
probabilities; (I1) failure paths.

0,20 -

Case (a) Carbonation
= = =-Case (b)
{ === Case (g)
0,15
0,10
0,05
.’.
Cd
0.00 s
o 0

Time (years)

Figure 13. (Continued)



Mecano-Probabilistic Assessment of Reinforced Concrete Structures ...101

0.6
Case (a) Chlondes
1 == =Case (b) R
05— Case (d) I
..-"I,.
0.4 - ra
_J
.'r.’
0ad /
/
i
I
0z |
i
i
01§ -
i -
H -
i -
i PR
0.0 £ = , -
1] 10 20 fLli} 40 50

Time (years)

Figure 13. Probability of failure — Application 2.

This atypical behaviour is explained if the failure paths are analysed along
time. The probability of failure for the negative bending moment at C has been
dominant from the beginning of the analysis until 42 years, Figure 14. This
localized failure causes the collapse of the beam, once the cantilever region
becomes a hypostatical system. However, the failure path modifies after 42
years, with the increase of the reinforcements” mass loss. Then, the first
collapse becomes the negative bending moment at A. Then, it is necessary
another failure (B, C or D) calculated by conditional probabilities, for the
beam mechanical collapse.

For chloride corrosion case, the curve behaviour is different from the
observed in carbonation case. This difference is visualized by the analyses of
the individual failure modes. Analogously to the previous application, the
reinforcements’ mass 10ss is higher in the first years. Then, the first failure is

always the negative bending moment in A.

CONCLUSION

This study presented the mecano-probabilistic analysis of reinforced
concrete structures subjected to reinforcements’ corrosion. Trees of failures
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were proposed which enable determining the most probable failure path. The
results showed that the most probable failure path could change along time.
This information has major importance during a performance analysis once
unexpected collapse mechanisms appear.
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Moreover, the corrosion type, i.e., carbonation or chloride ingress,
influences the structural behaviour on the collapse. The critical failure path for
chloride corrosion case did not change for the two applications presented. The
dependence of this corrosion type on the reinforcements’ mass loss explains
this behaviour. Then, for other environmental scenarios with lower rebar
diameter reduction, these changes could appear.

The corrosion triggered by chlorides has the severe reinforcements’ mass
loss. The mass loss reached 90% at the end of 50 years for w/c = 0.6. Lower
values for carbonation case were obtained. However, the reduction of the
carbonation case cannot be disregarded. The reduction of more than a half of
the reinforcements’ cross section area (58.9%) was observed. These reductions
have major importance over the probability of failure. Especially in the
chloride corrosion case.

The analyses followed the recommendations of [30]. Then, w/c = 0.45,
concrete cover equate to 5cm and f. equal to 45MPa were adopted. However,
high values for the probability of reinforcements’ depasstivation were
observed before 20 years. Chloride corrosion case presented large sensibility
to the increase of w/c rate. For carbonation case, the growth is uniform with
the wi/c increase.
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ABSTRACT

Studies concerning with atmospheric corrosion of metals have been
carried out during many years. Havana City could be considered as one of
the zones of higher atmospheric corrosion in the world. In the present
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chapter, the methodology often used in studies of atmospheric corrosion
in metals is applied to study the atmospheric corrosion of steel-reinforced
concrete. It is possible to reduce the premature deterioration in the
structures in conditions of a coastal city located in a tropical island
through the evaluation of the corrosion behavior of different types of
concrete and covering thicknesses.

The use of reinforced concrete with water cement ratios 0.5 and 0.6
and covering thicknesses 20 and 40 mm does not assure an adequate
durability and useful life for structures submitted to corrosivity categories
of the atmospheres very high (C5) and extreme (CX) in a coastal-
industrial atmosphere. It is required the use of w/c ratio 0.4 and cover
thickness 40 mm to assure an adequate durability.

Keywords: building screening, corrosion aggressivity, reinforcing steel,
reinforced concrete, coastal city, chloride deposition, tropical climate.

INTRODUCTION

Atmospheric corrosion of steel-reinforced concrete is the phenomenon
that most influence in the deterioration of reinforced concrete structures,
principally in coastal cities [1-4]. The costs in maintenance and repair works
of structures have been economically very significant worldwide [5-8].

An alternative to assess the durability and useful life of reinforced
concrete structures has been the application of computer-processing software.
However, most current software does not consider temporary transient
processes occurring in the atmosphere such as: marine aerosol penetration
caused by chloride deposition [CI”DR], variations in relative humidity-
temperature complex, speed and wind flow direction, as well as the distance
from the sea [9-13]. These processes accelerate the phenomenon of
atmospheric corrosion not only of steel reinforced concrete, but also in the
metallic materials most frequently used in the construction industry, such as:
carbon steel, zinc, copper and aluminum.

The application of electrochemical techniques has allowed obtaining
featured results about corrosion of steel reinforced concrete in the last years.
To predict chloride diffusion coefficient in reinforced concrete an equivalent
circuit of the steel/concrete interface was fitted by Electrochemical Impedance
Spectroscopy. It is an alternative method [14, 15]. On the other hands, some
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results suggested that harmonic analysis technique was capable of providing
higher degree of accuracy than EIS and Tafel extrapolation in the
determination of corrosion current (CR) in steel-reinforced concrete [16]. The
influence of cracks on chloride-induced corrosion of steel in the concrete of
high performance submitted to different loading conditions was studied from
microcell corrosion measuring techniques such as Linear Polarization
Resistance (LPR) and potentiodynamic (cyclic) polarization [17]. An Evans
diagram representing the corrosion system of the steel corrosion in cracked
concrete using the evaluation of macro cell and microcell ratef romTafel
polarization response was developed [18]. Free corrosion potential (FCP), EIS
and LPR techniques were used in the electrochemical investigation of
chloride-induced of black steel rebar under simulated serviced condition [19].
Many interesting results have been obtained in the last years from the
analysis of corrosion products in the steel/concrete interface. A relation
between the radial pressure induced by the expansion of corrosion products
and weight loss percentage of corroded steel was developed [20]. On the other
hand, an analytical model based in the mechanical damage and elastic
mechanical damage to predict the concrete cracking due to corrosion of steel
reinforced concrete was developed too [21]. The use of Gaussian functions to
describe the non-uniform spatial of distribution of the corrosion products by
chlorides in the reinforced concrete specimen exposed using backscattering
electro imaging and image analysis was proposed [22]. Corrosion products can
be accumulated at steel/concrete interface, penetrate into cement paste and
deposit within hydration products and air voids, where only a small amount of
this corrosion products is needed to induce visible cover cracking [23].
Nevertheless, the corrosion of steel reinforced concrete using
electrochemical techniques, as well as from corrosion products in the
steel/concrete interface have been analyzed under laboratory and outdoors
accelerated conditions in the last years. Accelerated conditions simulate higher
corrosivity categories due to direct action of chloride ions, without take into
account the temporary transient processes occurring in the atmosphere.
Atmospheric corrosion for the metallic materials most frequently used in
the construction industry (carbon steel, zinc, copper and aluminium) submitted
to outdoor exposure conditions has been studied using statistical regressions.
The most used types of regressions are shown (Table 1).
The regression type number 4 has been very often used to analyze the
behavior of atmospheric corrosion respecting time of exposure.
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Table 1. Statistical regressions most often used in
atmospheric corrosion studies

Regression No. References
Teorr = @ = b[CI"DR] + c[SO; DR] + d[Cl~DR][SO; DR] + e[Cl"DR]? 1 [24]
* f[SOz DR]?
Teorr = @ = b[CI"DR] + c[SO; DR] + d[W] + e[HR] + f[T] £ g[TOW] 2 [25-27]
Teorr = at”[CL” DR]°[[W]/[D]]* 3 [28,29]
Toory = at? 4 [27] [30-38]

Where:

T,op- COITOSiON rate by loss mass (g m?).

[CL™DR]: Chloride deposition rate (mg m2d?).

[SO; DR]: Sulphur compounds deposition rate(mg m2d™).
[W]: Rainfall amount (mm).

[HR]: Relative Humidity (%).

[T]: Temperature (°C).

[[W]/[D]]: Amount of rainfall/number of rainy days.

[t]: Time of exposure (months or years).

a,b,c,d, e, f, g: Constants

Atmospheric corrosion of steel-reinforced concrete has not been
frequently studied under outdoor exposure conditions in a coastal city located
in a tropical island using statistical regressions (Table 1), taking into account
other factors that influence in the phenomenon. These factors are: compressive
strength, effective porosity, vacuum effective porosity, ultrasonic pulse
velocity and free and total chloride content in the surface and at different
penetration depths in the concrete. Others factors to consider are: the time of
exposure, distance from the sea, concrete covering thickness, as well as, an
important evaluation of the atmospheric environment on different types of
concrete.

A detailed parametric study involving the critical chloride concentration,
structural configuration, distance from the sea, concrete covering thickness
and rebar diameter, to understand their effects on chloride ingress into
concrete was carried out. Qualitative comparison of damage induced on
concrete covering as a result of non-uniform corrosion layer formation around
rebar is presented through time-to-corrosion initiation (TCI) profiles [39].

The influence of the atmospheric environment on different types of
concrete was the main study of the CYTED project DURACON, conducted
throughout 11 Ibero-American countries (Cuba was not included). The initial
results showed that in coastal atmospheres, the chloride content in the
environment should be considered a decisive factor when evaluating the
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probability of corrosion of steel reinforced concrete during the first years of
study [40, 41]. Chloride deposition on testing devices is due to the salt
particles that impact and remain on the apparatus surfaces during the transport
of marine aerosol to the inland. The wet candle device is frequently used for
this purpose, as part of standardized procedures for measuring the amount of
chloride salts captured from the atmosphere on a given exposed area of the
apparatus [42, 43].

Cuba is an archipelago with a climate characterized by annual average
values of temperature and relative humidity of 25°Cand 75%, respectively.
Due to its shape and geographic location, the chloride deposition [Cl™DR] is
the main aggressive agent because the of marine aerosol penetration from the
sea occur in almost all the national territory [44, 45]. On the northern coast of
Havana, specifically in zones very close to the sea, not characterized by the
artificial and natural shielding, dissimilar reinforced concrete structures show
damage, due to atmospheric corrosion of steel reinforced concrete [46, 47].

The main objectives of the present chapter are: (1) Study the atmospheric
corrosion of steel- reinforced concrete following the methodology established
for atmospheric corrosion tests of the metallic materials. (2) Determine the
corrosivity categories of the atmospheres in different types of concrete in a
coastal city located in a tropical island. (3) Determine other factors influencing
on atmospheric corrosion of steel-reinforced concrete under outdoor exposure
conditions. All these objectives are important in order to design a correct
maintenance and protection program on the northern coast of Havana,
specifically in zones very close to the sea, not characterized by the artificial
and natural shielding.

EXPERIMENTAL PART

Exposure Sites

Seven outdoor exposure sites located at different distances from the sea
(m) in an experimental zone of tropical coastal climate of Havana, Cuba were
selected (S1-20 m, S2-170 m, S3-600 m, S4-1 356 m, S5-1 762 m, S6-2 364 m
and S7-4 911 m).

Havana is located on the north western coast of Cuba (23°07'00"LN and
82°23'00"WL), and is characterized by shielding condition to marine aerosol
penetration due to existence of the great high structures (Figure 1).
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Figure 1. Location of Havana north western coast of Cuban Isle, distribution of
outdoor exposure sites in experimental zone. No shielding conditions due to great high
structure are present only in the exposure site 1 (S1-20 m).

Every outdoor exposure site was composed by:

e Wooden rack with four atmospheric pollutants devices: Two dry plate
devices (150 x 150 mm) for chloride deposition rate determination
[Cl”DR] and two cellulose filters plates (150 x 100 mm) for sulphur
compounds deposition rate determination [SO;DR] (device is
sensible to all sulphur compounds presented in air). The wooden racks
were oriented toward the sea and were placed at minimum height of
3m from the ground, under a shed to avoid the washing effect of rain.

e Three specimens of reinforced concrete with different water cement
ratio (0.4, 0.5 and 0.6) remained for a time of exposure of three years.
The first year from October/2007 to September/2008, the second year
from October/2008 to September/2009 and the third year from
October/2009 to September/2010. Another three probes of each water
cement ratio remained in the laboratory with the objective to be used
as reference in the comparative analysis of the results.

Outdoor Pollutants

Cl"DR (mg m2 d?) based on Cuban standard using dry plates device
method was determined [48]. Dry plate device consisted in a piece of
absorbent cloth of size 150 mm x 150 mm located at 45 degrees to the
horizontal and in front to the sea. Two pieces of cloth were used for every site,
perfectly cleaned and washed with distilled water. The pieces of cloth were
exposed monthly during one year. Chlorides deposited on the pieces of cloth
by chemical analysis were determined. The pieces of cloth after retired, were
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kept into plastic bags up to chemical analysis. Two values of CI” DR for every
month of exposure (in the period October/2007 to September/2008) were
obtained: one for device 1 and other for device 2, for every outdoor exposure
site (total = 24). The principle of this method is the same than Wet Candle
device described on 1SO: 9225:2012 [49]. Outdoor monthly average data (12)
were plotted for each month of exposure, as well as annual average data (7
sites) were plotted with respect to distance from the sea.

SO.DR (mg m? d?') was determined based on Cuban standard using
alkaline plates device method [50]. Alkaline plate device consisted in a piece
of absorbent cellulose paper of size 150 mm x 100 mm located at 45 degrees
to the horizontal and in front to the north direction. Pieces of cellulose paper
were immersed in NaCO3; 70% and subsequently dried at a temperature of
60°C on the stove. Two alkaline plates device were used for each test site.
After drying, alkaline plates device were exposed on each test site. After
retired, alkaline plates device were kept into plastic bags up to chemical
analysis. Two data of SO, DR for every month of exposure was obtained: one
for device 1 and other for device 2for every exposure site, for a total of 24 in
one year. The principle of this method is described on 1SO: 9225:2012.
Outdoor monthly average data (12)were plotted for each month of exposure, as
well as annual average data (7 sites) were plotted with respect to distance from
the sea.

Annual average deposition rate for both atmospheric pollutants in
conjunction with the annual average of relative humidity (RH in %) and
temperature (T in °C) to every outdoor exposure site can be used as an indirect
estimation of the corrosion rate (reorin um y?) of the metallic materials most
used in the construction industry (carbon steel, copper, aluminum and zinc)
using dose-response functions established in 1SO 9223:2012 standard to
estimate corrosivity categories of the atmosphere under outdoor exposure [51].

Meteorological Parameters

Relative humidity and temperature average monthly data determined
during three years of study were obtained from the Cuban Meteorological
Center, corresponding to exposure site 4 (S4-1 356 m) (Figurel). The wind
speed flow was determined from east-northeast to west-northwest directions
(wind speed flow coming from the sea).
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Reinforced Concrete Specimens

Twenty-four reinforced concrete specimens, eight for each water cement
ratio, with straight rectangular prisms form of dimensions 200 mm x 200 mm
x 200 mm and concrete mix with water cement ratios of 0.4, 0.5 and 0.6 were
elaborated. Two reinforced steel bars with covering thickness of 20 and 40
mm in each probe were placed (Figure 2). Carbon steel molds coupled with
screws were used. Molds were previously moistened inside before to pour the
mix, and removed it after placed the concrete mix at 24 hours.

Water cement ratios 0.5 and 0.6 and the steel covering thickness of 20 mm
are one of the design conditions more frequently used in the construction of
reinforced concrete structures in Cuba. The concrete mix used was calculated
bearing in mind to obtain a minimum percentage of holes between the fine and
coarse aggregates. The composition of the concrete mix was: Ordinary
Portland Cement: 365 kg; Havana calcareous sand: 750 kg; Hard limestone
gravel (nominal size 19 mm): 1 030 kg. Superplasticizers admix to obtain a
concrete mix with fluid consistency and assure a good compaction was used.
Abrams cone method for determining the settlement was used. A mix of fluid
consistency and good work ability for the three water/cement ratios tested
were obtained (Table 2).

@12.5mm

200mm

Figure 2. Dimension of reinforced concrete specimen.
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Table 2. Water and admix volume used in concrete probes preparation

Water Cone settlement Real water volume Admixure used
cement ratio (cm) (U] (%)
0.4 15 148 1.7
0.5 17 186 1.2
0.6 18 222 1.0

Water immersion curing process was used to submit the twenty-four
reinforced concrete specimen elaborated during 28 days at room temperature
[52].

Carbon steel reinforced bars(d = 12 mm and | = 200 mm) were submitted
to chemical cleaning in 36% hydrochloric acid solution to eliminate the poor
corrosion products existing on the surface [52]. For a total length of 200 mm,
160 mm were immersed in the concrete mix and the others 40 mm remained in
the outdoor exposure conditions to be connected with the instrument and
measure the corrosion current intensity. Adhesive tapes as temporal protection
against the atmospheric corrosion in outdoor zones were used.

Twenty four single concrete probes in cylindrical form (eight for each
water cement ratio d = 150 mm and | = 300mm) and six in straight rectangular
form but without steel reinforced bars of the same dimensions (two for each
water cement ratio) were elaborated. These specimens were submitted to the
same curing process and were used to determine some properties like:
compressive strength, effective porosity, vacuum effective porosity and
ultrasonic pulse velocity.

Characterization of Concrete Mixes

Concrete mixes with water cement ratios (w c) of 0.4, 0.5 and 0.6 were
characterized. The following tests were performed to characterize the concrete
mixes physically and mechanically:

Compressive strength (fu in MPa)-twenty four cylindrical probes (d = 150
mm, | = 300 mm), eight for each w/c ratio [53].

Ultrasonic pulse velocity (UPV in m s)-three concrete specimens (one for
each water cement) with straight rectangular prisms form of the same
dimensions. The propagation time of the wave transmission was measured
using direct method between transmitters [54].



Table 3. Compressive strength (fck), Ultrasonic pulse velocity (UPV), Capillary porosity (€) and vacuum capillary
porosity (€.y) determined for eight specimens corresponding to three different mixes of w ¢ ratios

we & Eev fek UPVv we & Eev fek UPV we & Eev fek UPV
(%) | (%) | (Mpa) | (ms?) %) | (%) | (Mpa) | (ms™) (%) | (%) | (Mpa) | (ms?)
04 |70 16.0 | 36.8 4160 | 0.5 116 | 176 | 304 4109 | 0.6 19.7 | 204 | 25.3 3900
9.7 16.3 | 36.7 4280 9.8 18.0 | 295 4110 199 | 19.6 | 25.7 3910
7.4 159 | 3538 4200 123 | 176 | 30.0 4170 195 | 204 | 25.8 3910
7.2 159 | 36.4 4290 149 | 19.1 | 30.3 4100 213 | 200 | 25.6 3930
6.3 16.0 | 35.3 4270 157 | 175 | 30.1 4050 206 | 213 | 255 3930
6.7 16.1 | 36.2 4270 135 | 184 | 313 4070 18.3 | 20.0 | 25.8 3960
8.6 164 | 36.0 4240 149 | 175 | 29.8 4090 172 | 208 | 25.7 3980
6.6 16.1 | 36.5 4 260 140 | 178 | 294 4150 202 | 198 | 256 3970
Av. | 7.4 16.1 | 36.2 4246 | Av. 133 | 179 | 30.1 4106 | Av. 196 | 20.3 | 25.6 3936
SD |11 0.18 | 0.49 4470 | S.D 196 | 057 | 06 39.24 | SD 130 | 057 | 0.16 30.20
CVv|148 |116 | 138 1.05 Cv | 147 |317 | 199 0.95 CV |665 |204 |0.65 0.76
(%) (%) (%)
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Capillary porosity (€. in %) using Fagerlund procedure [55] and vacuum
capillary porosity (Eev in %). Both procedures described in DURAR Network
Members, Manual for Inspecting, Evaluating and Diagnosing Corrosion in
Reinforced Concrete Structures [56]. Eight data were obtained for every
three different mixes of w/c ratios (Table 3). Capillary porosity and vacuum
capillary porosity were determined in specimens of cylindrical form (d =
60 mm, | =20 mm).

Determination of Chloride Content in Concrete

Determination of chloride content in concrete was carried out only in the
exposure site 1 (S1-20 m). Two dust samples weighing 40 g were extracted
from the surface, 20 mm and 40 mm of depth. Extraction was carried out for
one, two and three years of exposure for each w ¢ ratio (0.4, 0.5 and 0.6). The
samples were placed in plastic flasks. The extraction in the surface was made
at a depth not lower than 3 mm. A previous cleaning of the drill (diameter of
14 mm) using a synthetic fibers brush was always executed, including changes
of probes and changes of depth.

For each dust samples of 40 g, eight values of total and free chloride
content (% concrete mass) in 5 g of dust in the surface and for each
penetration depth (20 mm and 40 mm) were determined [57, 58]. Solution pH
for chloride content determination in concrete always varied between 12.3 and
12.7. Therefore, there was no alteration in pH by the penetration of sulfate ions
or carbonation processes that may have occurred within the concrete.

Corrosion Current Intensity

Corrosion current intensity (Ic- HA cm) as indicator of the atmospheric
corrosion of steel-reinforced concrete, was measured annually; that is to say,
the first, second and third year of exposure. Instrument (corrosimeter)
GECOR-8TM brand GEOCISA was used, always before the extraction of the
dust samples.

The zone of measurement of the reinforced concrete probe that remained
in front of the sea was always well moistened. A humidified cloth was placed
between the surface of the probe and the sensor of the instrument (guard ring),
with the purpose to improve the electric conductivity of the measurement
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system. The sensor of the instrument was pressed with the hand on the probe
in the zone where the reinforced steels bars are located at 20 and 40 mm of
covering thickness (Figure 3). The instrument uses the LPR technique with
potential range of +20 mV and sweep speed of 12 mV s. The polarization
area introduced to the instrument was 65.25 cm?.

Four data of the corrosion current intensity for each reinforcement steel
bar with 20 and 40 mm of covering thickness in the three probes with water
cement of 0.4, 0.5 and 0.6 ratio were obtained. Eight data of the corrosion
current intensity obtained for each covering depth were plotted versus the time
of exposure in the exposure site 1 (S1-20 m).

Annual average data obtained from eight values of the corrosion intensity
for each covering depth were plotted at different distances from the sea for
third year of exposure.

Data of corrosion current intensity were classified using the intervals
established in the DURAR Network in order to determine the initiation time
(Ti) and propagation (Tp) of corrosion [56]. The sum of both times allowed to
know the useful life for reinforced concrete structures submitted to coastal
tropical climate of Havana.

Figure 3. Measurement system used to determine the corrosion current intensity in the
reinforced concrete probes.
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Scanning Electron Microscopy (SEM)

Scanning electron microscopy tests in two hardened cement paste samples
for each water cement ratio, were carried out. Small samples of hardened paste
cement, separated mechanically without polishing, were introducing into the
microscope camera. Samples were dried first with a manual desiccator and
coated with a metallic gold film in ionic gold electron equipment of SPI
MODULE SPUTTER COATER of US-made for better scanning electronic.
Environmental scanning electron microscope secondary electron of PHILIPS
XL 30 ESEM mark of Dutch made was used.

RESULTS AND DISCUSSION

Characterization of the Atmospheric Environment

Analysis of the Relative Humidity-Temperature Complex

The relative humidity and temperature were recorded during the three
years of the study. Lower values of relative humidity (RH) and temperature
were observed during the months corresponding to winter season. Higher
[CI~DR] is determined during winter season due to entry of cold fronts.

Nevertheless, monthly and annual average data for relative humidity
(RHa) and temperature (Ta) are higher than 74% and about 25.0°C
respectively (Figure 4).

Zezza and Macri [70] established that after marine aerosol generation,
drops equilibrate with the environment and, depending on the temperature and
the conditions of RH, these drops can be composed by salt solution having
different concentrations or salt crystals when RH falls below 70-74%.
Therefore CI”DRand maybe SO, DRare deposited as salt solutions. Thus,
corrosivity categories of the atmospheres increase in the coastal tropical
climate in Havana.

Time of wetness data for three years of the study obtained from analysis
of the relative humidity-temperature complex were: 3 408 h y!, 3 120 h y?
and 3 072 h y! respectively. They classified in the rank 2 500 <& < 5 000, as
an example of occurrence of outdoor atmospheres in all climates (except for
dry and cold climates) ventilated sheds in humid conditions; unventilated
sheds in temperate climates. As it is known, the time of wetness is
underestimated by the time that the temperature exceeds 0°C and 80% RH.
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Figure 4. Behavior of monthly RH and temperature during three years of study.

Hence, the environment shall have high (C4), very high (C5) and extreme
(CX) corrosivity categories of the atmosphere, particularly for structures
located a short distances from the sea without shielding conditions in the city.

Comparative Behavior of CI” DR and SO, DR versus Time
of Exposure

ClI"DR and SO, DR data show a similar behavior respecting time of
exposure.Cl~DRon site 1 was analyzed separately due to the large difference
between this site and the others (S1-20 m). Higher deposition for both
aggressive agents was obtained in the outdoor exposure site 1 (S1-20 m)
during the winter season in Cuba (November to March), see Figure 5 a) and b)
and Figure 6).

According to relevant data obtained in the Cuban Meteorological Center,
corresponding to outdoor exposure site 4 (S4-1 356 m), it is valid to highlight
that during the winter season, a total of 17 frontal systems (cold fronts)
penetrated in Havana City. Of these fronts, seven were classified as moderate
intensity because the maximum wind speed flow sustained was over 9 m s,
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Thus, the higher deposition for both aggressive agents was obtained precisely

during the winter months.
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Considering the linear regression established by Corvo [31] in the coastal
tropical climate of Cuba between dry plate and wet candle test devices for
annual average ofCl”DR:

[CI"DR]y ¢ = —54.5 + 1.6[CI"DR]p p 7 = 0.98 p < 0.005 @)

where:

[CI™DR]y ¢ = annual average determined using wet candle method
[CI™DR]p p= annual average determined using dry plate method.

Annual average of CI™DR estimated from wet candle method using linear
regression (1) in the exposure site 1 (S1-20 m) wasl 176.58mg m=2d-t. Annual
average determined using Dry plate method was 769.43 mg m2d. Thus for
both methods, annual average CI™DR is in the range between 300 < S3 < 1
500 according to the classification category established by the 1SO 9223-2012
standard. CI~DR during the winter months in Cuba was over 1 500 mg m-2d-
respecting dry plate method (Figure 5 a).
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The 1SO 9225-2012 standard establishes: “Chloride deposition rates
determined by the dry plate method and by the wet candle method differ
because the kind and shape of deposition surface are different (wet/dry
surfaces, cylindrical/plate format of the deposition surface). There is little
difference in the deposition rates determined by the two methods at locations
with very low deposition rates, i.e., <10 mg m?d?. On the other hand, at
higher chloride deposition rates, the wet candle method gives deposition rates
that are approximately twice as high as those given by the dry plate method.
Both these measurements give values with low correlation for monthly
sampling periods due to the great variation in weather characteristics. A high
correlation exists for annual average values ([CI"DR]y ¢ = 2.4[CL"DR]pp)”.

Considering the latter correlation, annual average C1~ DRfrom wet candle
test device was 1 799.11 mg m2d-%. Data is over 1 500 mg m-2d-taccording to
classification category established by the ISO 9223-2012 standard.

Only in five (>1 176.58 mg m2d*)and six (>1500 mg m-d1)outdoor
exposure sites in cities having coastal tropical climates around the world,
average annual Cl~DRwas over threshold obtained by the criteria established
in 1ISO 9223-2012, as well as the obtained by linear regression (1) respectively
(Table 4).

Table 4. Annual average values of CI” DR and SO, DR in cities with
coastal tropical climates around the world

Chloride deposition rate

Exposure site/Country CI"DR (mg m2d?) References
Veracruz/Mexico 1483.0 [27]
Tuxtla/Mexico 3378.0
Cabo Raso/Portugal 1392,0 [40, 41]
Sriharikota/India 5000.0 [59]
Cabo Vilano/Spain 1905.0 [60]

Sulphur compounds deposition

Exposure site/Country SO;DR (mg m?d?) References
Minatitlan/Mexico 76.35 [27]
Puebla/Mexico 64.6
Quintero/Mexico 155.0
Puerto Chaca/Chile 58.0 [61, 62]
Isla Pascua/Chile 73.0
Petrox/Chile 65.2
Arica/Chile 99.0
Leix0es/Portugal 69.2 [63]
Bilbao/Spain 81.0
Alicante/Spain 126.0
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Regarding to SO, DR, only in ten outdoor exposure sites located at longer
distances from the sea, data was higher in comparison with the outdoor
exposure site close to the sea without shielding conditions. Annual average
SO; DR in the outdoor exposure site 1 (S1-20 m) was 57.5 mg m2d.
Therefore, the northern coastline of Havana without shielding conditions, due
to the abundance of high structures, could be considered one of the areas
showing most corrosive category of the atmosphere around the world. A
significant deterioration is observed, not only in reinforced concrete structures
due to atmospheric corrosion on steel reinforced concrete, but also in the
structures built with metallic materials more often used in the construction
industry (carbon steel, zinc, copper and aluminum).

Comparative Behavior of CI” DR and SO; DR Annual Average
at Different Distances from the Sea

ClI"DR and SO;DR annual average versus distance from the sea is
represented in Figures. 7 a) and b) as a way to show the significant corrosion
aggressivity in the northern coastline of Havana. Datas were fitted to the
models: (CI"DR = Cl™DyR + Ae "®) and (SO; DR = SO DR + Ae~P™))
respectively. These models are based on a decreasing exponential function of
deposition versus distance from the sea. When C1™DyR = 0 in case of chloride
deposition, it means that big salt particles originated in the breaking wave’s
zone are deposited at short distances from the sea in the region under study
(Figure7a). It also means that small particles formed in the ocean can travel
longer distances and deposited in the land. The parameter A can be considered
as Cl~DRin the breaking wave zone, in the coastline.

Similar results respecting C1~DR versus distance from the sea have been
reported in several coastal zones in the world [64-68]. They did not establish
corrosivity categories of the atmosphere to steel reinforced concrete, as well as
to metallic materials more used in the construction industry.

According to C1~ DR annual average (Figure7 a), deposition in the outdoor
exposure site 1 (S1-20 m) represents 88% of the total deposited chloride in all
exposure sites at different distances from the sea. Therefore, deposition of big
salt particles originated in the breaking waves occurs at short distances from
the sea. In this region many reinforced concrete structures without shielding
conditions are damaged by atmospheric corrosion of steel-reinforced concrete.
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On the others hands, it is noteworthy how the value of the exponent b in
the model corresponding to CI™DR annual average was higher (Figure 7 a)
and b) respecting SO, DR. This means that SO, DR salt particles coming from
the sea and transported in the marine aerosol could settle at higher distances
from the sea. The inverse value of b could represent the distance from the sea
to which big salt particles were deposited; b =~ 32 m and 50 m, for the CI”"DR
and SO; DR annual average respectively. In the exposure site 1, for the last
aggressive agent, deposition is the 32% of the total.

Considerable decrease ofCl~DRoccurred at a distance from the sea much
lower than established by Corvo [31] and Morcillo [69] (between 150 and 200
m) in coastal zones of Cuba and Spain without shielding condition and without
fitting models based on a decreasing exponential function of deposition versus
distance from the sea.

SO, DR is usually produced by industrial or urban sources (mainly
composed by SOy, very aggressive acid gas). Dependence between SO; DR
and distance from the sea is not obtained frequently. No reports have been
found on this subject. It means that one of the main sources of SOy DR is the
sea (mainly composed by sulphate aerosol). In case of this type of pollutant
(Sulphate, SO,, SOs, SH; and other Sulphur compounds can be included in
S0, DR) sulphate ions can be produced by the sea. When SO; DyR = 19.95 it
could mean that it is the average deposition determined at a distance starting
from 170 m from the sea (Figure 7b). It also implies that sulphate coming
from the sea is an important contribution to Sulphur compounds deposition
determined in the zone. Really what happens is the incorporation of sulphur
compounds to horizontal flow of marine aerosol coming from the sea. sulphate
particles show a lower weight and size respecting chloride. It causes them to
travel and settle at higher distance from the sea respecting chloride particles.

The device used is sensitive to sulphate deposition from marine aerosol
and other sulfur compounds coming from other sources like industry and
urban activity. Some industries are located outside the city, as well as the
intense automobile traffic.

According to classification ranges of SO; DR presented in ISO 9223-2012
standard, it is possible to classify the type of atmosphere at different distances
from the sea. The outdoor exposure site close to the sea (S1-20 m) is classified
as coastal-industrial (Table 5). This type of atmospheres exercises a high
influence on the atmospheric corrosion, not only on steel-reinforced concrete,
but also in the metallic materials more use in the construction industry, such
as: carbon steel, zinc, copper and aluminum.
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For the rest of the outdoor exposure sites, the most predominant type of
atmosphere was urban due to SO, DyR = 19.95. Nevertheless, in the outdoor
exposure site 4 (S4-1 365 m), the atmosphere is classified as industrial-coastal.
Annual average of SOy DR= 27.7 mg md. The outdoor exposure site was
located near from Havana Bay where a significant number of industries related
to oil refining processes exist (Figure 1).

Corrosivity Category Classification

Corrosivity categories of the atmospheres at different outdoor exposure
sites estimated according to dose-response functions presented in 1ISO 9223-
2012 standard and type of atmosphere classification are shown (Table 5).

Table 5. Corrosivity categories estimated for different exposure sites using
dose-response functions established by 1SO 9223:2012

Exposure Carbon steel Zinc Copper Atmospheres
site
— 3 ~ | 8 ~ | &8
£ 5 5 ~ £ 5 5~ cS | 5~
SE [ 8L | 2|88 | S| 8
2| = S| = 2|
o (§] o
S1-20m 407.16 | CX 21.81 CX 4.52 C5 Coastal-
Extreme Extreme Very industrial
high
S2-170 m 3549 | C3 1.84 C3 1.02 C3 Urban
Medium Medium Medium
S3-600 m 3224 | C3 1.63 C3 0.92 C3 Urban
Medium Medium Medium
S4-1365m | 50.31 | C4 2.80 Cc4 1.38 C4 Industrial-
High High High coastal
S5-1772m | 2831 | C3 1.36 C3 0.79 C3 Urban
Medium Medium Medium
S6-2365m | 26.09 | C3 1.18 C3 0.71 C3 Urban
Medium Medium Medium
S7-4911m | 2548 | C3 1.17 C3 0.78 C3 Urban
Medium Medium Medium
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Corrosivity categories were estimated using the values Cl”DR,,. obtained
from the relationship already established on 1SO 9225-2012 [49] between
Cl™DR determined by dry plate and wet candle methods. To use the dose-
response functions presented in ISO 9223-2012 standard, data of annual
average Cl~ DR should be obtained by wet candle method [1].

Aluminum is not included on ISO 9223-2012 standard to calculate the
corrosion rate from dose-response functions. Aluminum experiences uniform
and localized corrosion. The corrosion rates shown are calculated as uniform
corrosion. Maximum pit depth or number of pits can be a better indicator of
potential damage. It depends on the final application.

Corrosivity category classification ranges from C3 Medium to C5 Very
High (Copper) and from C3 Medium to CX Extreme (Carbon steel and Zinc)
are shown. For the outdoor exposure site located at 20 m from the sea (S1-20
m) without shielding conditions, corrosivity categories estimated were C5
Very High for Copper and CX Extreme for Carbon Steel, and Zinc (Table 5).

ISO 9223-2012 standard establishes the parameters used in the derivation
of dose-response functions where annual average C1~DR must fall between
0.4 and 760.5 mg m2d1. Annual average determined using dry plate method
was 769.43 mg m2d.

On the other hand, in spite of the large difference of the uncertainty level
between estimation (-33% to 55%) and determination (+2%) of corrosivity
categories for carbon steel, zinc and copper, the results obtained coincide with
those obtained by Corvo [31, 32]. The annual average of corrosion rate in the
other outdoor exposure site located at a distance from the sea of 10 m in
Havana City and very close to the one selected in this study (S1-20 m) was:
for the carbon steel 3 487.7 g m2 (CX Extreme), for zinc 84.3 g m? (CX
Extreme) and for copper 38.8 g m2 (C5 Very High). Therefore, for coastal
tropical climate in Havana particularly on the northern coast without shielding
conditions, under coastal-industrial atmosphere, corrosivity categories of the
atmospheres obtained from estimation and evaluation for the metallic material
more used in the construction industry coincide. Hence, a high level of
deterioration in the reinforced concrete structures, as well as in the structures
built with the metallic material more used in the construction industry from
atmospheric corrosion phenomenon exists.

From the outdoor exposure site located at a distance from the sea of 170 m
(S2-170 m), corrosivity category estimated was C3 Medium, except for
outdoor exposure site located a distance from the sea of 1 365 m (S4-1 365 m)
where corrosivity categories estimated was C4 High. Annual average of
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corrosion rate to carbon steel was 512.6 g m (C4 High) for the last outdoor
exposure site.

There is a sudden change of corrosivity category of the atmosphere
between outdoor exposure site 1 (S1-20 m) and 2 (S2-170 m) (Table V).
Higher corrosivity category of the atmospheres from the exposure site 2 and
maybe 3 (S3-600 m) was expected, but it did not happen.

The zones of corrosivity categories of the atmospheres CX and C5 (S1-20
m) are shorter in comparison with data reported for zones without shielding
condition up to a distance from the sea of 1 km in the north shoreline (Atlantic
Ocean) in the coastal tropical climate of Cuba [71, 72]. The specifications
related with the Map of corrosion aggressivity of the atmosphere in Cuba were
taken into account in the elaboration of Cuban Standards to establish the
requirements of durability and useful life of the reinforced concrete structures
in order to ensure adequate primary protection provided by the concrete cover
to steel reinforcement.

Nevertheless, as result of this study, it seems that shielding conditions in
coastal tropical climate in Havana influences on decrease of corrosivity
categories of the atmospheres, aspect that must be included in the standards by
durability and useful life in any coastal city around the world of high
constructive potential.

Analysis of the atmospheric corrosion versus time of exposure the outdoor
exposure site 1 (S1-20 m) for covering thickness of 20 mm, atmospheric
corrosion of steel -reinforced concrete increases slightly versus time of
exposure for water cement ratio 0.4. The increase in atmospheric corrosion
rate was higher for concretes of water cement ratio 0.5 and 0.6 (Figure 8a).

Atmospheric corrosion of steel-reinforced concrete increase was less
significant for covering thickness of 40 mm. In the case of concrete of water
cement ratio 0.4, atmospheric corrosion did not increase with time of exposure
up to three years (Figure 8 b).

Atmospheric corrosion rate versus time of exposure was higher when
covering thickness was20 mm. No reports have been found about the influence
of covering thickness, water cement ratio and time of exposure in atmospheric
corrosion of steel-reinforced concrete under outdoor exposure conditions in
coastal tropical climate, in a coastal-industrial atmosphere, without shielding
conditions and under corrosivity categories of the atmospheres C5 and CX
(obtained from estimation and evaluation of corrosion). An early deterioration
in reinforced concrete structures due to atmospheric corrosion on steel-
reinforced concrete could be expected.
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Figure 8. Behavior of atmospheric corrosion of reinforced steel vs the time of exposure
and water cement ratio. Covering thickness of 20 mm a). Covering thickness of 40 mm
b). Tutti’s model c).

Table 6. Fitted regressions for values of atmospheric corrosion
in the time of exposure

Covering thickness 20 mmn =24 Covering thickness 40 mmn =24
wc Regression r R? p Regression r R? p
Teorr = at? (%) Teorr = at? (%)
0.4 Teorr = 0.02t%4° | 0.95 | 91.0 | 0.0000 | - - - -
0.5 Teorr = 0.11¢215 | 0.94 | 98.0 | 0.0000 | 7., = 0.06t%72 | 0.99 | 98.0 | 0,0000
0.6 Teorr = 0.18t%43 | 0.94 | 81.0 | 0.0000 | 7, = 0.14t%°1 | 0.99 | 98.0 | 0,0000

Atmospheric corrosion rate and time of exposure data was fitted to
regression equation 7., = at?. It has been used in several atmospheric
corrosion researches [27] [30-38]. Good fitness was obtained for all water
cement ratio (w c) excepting 0.4 at covering thickness 40 mm (Table 6). It is
very interesting to note the value of b coefficient.
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Morcillo et al. [73], states that when b coefficient is close to 0.5 it could
be related to an ideal diffusion controlled mechanism when all the corrosion
products remain on the metal surface. This situation seems to occur in slightly
polluted inland atmospheres. On the other hand, b values higher than 0.5 arise
due to acceleration of the diffusion process (e.g., as a result of rust detachment
by erosion, dissolution, flaking, cracking, etc.). This situation is typical of
marine atmospheres, even those with low chloride contents. Conversely, b
values lower than 0.5 could be interpreted as a decrease in the diffusion
coefficient with time through recrystallisation, agglomeration and compaction
of the rust layer. In the special case when b = 1, the mean atmospheric
corrosion rate for 1-year exposure is equal to a, the intersection of the line on
the bilogarithmic plot with the abscissa for t = 1 year. There is no physical
sense in b > 1, as b = 1 is the limit for unimpeded diffusion (high permeable
corrosion products or no layer at all). Values of b > 1 occur practically as
exceptions, for example, due to outliers in the weight loss determinations. As a
rule, b < 1, b coefficient could be used as an indicator of the physicochemical
behavior of the corrosion layer and hence its interactions with the atmospheric
environment. The value of b would thus depend both on the metal concerned,
the local atmosphere and the exposure conditions.

If b > 1 (Table 6), it indicates a marked acceleration of atmospheric
corrosion of steel reinforced concrete versus time of exposure according to the
fitted regression. The values of b were higher than those usually obtained for
atmospheric corrosion of carbon steel (b = 1.10) under heat trap conditions
[74, 75], as well as for the same metallic material (b = 1.09, b =1.98, b = 1.38)
in outdoor exposure conditions, in both cases in coastal tropical climate of
Cuba [28, 31-33]. Values of b coefficient were higher also than those obtained
for atmospheric corrosion of carbon steel in outdoor exposure conditions in
coastal tropical climate of India (b = 0.49) [34].

Values of b have been also higher in the evolution of atmospheric
corrosion of carbon steel with exposure in severe marine atmospheres in:
Wanning, China (b = 1.79) [77], Arraialdo Cabo, Brazil (b = 1.76) [33].

However, values of b in atmospheric corrosion of carbon steel were very
similar in a tropical marine environment of China [35](b = 2.15, b = 2. 43) for
water cement ratio 0.5 and 0.6 for covering thickness 20 mm and water cement
ratio 0.6, covering thickness 40 mm (Table 6).

Values of b > 1, indicating a marked acceleration of atmospheric corrosion
of carbon steel due to high amount of CI~DRin coastal exposure site.

The marked acceleration of atmospheric corrosion on steel-reinforced
concrete could be due to electrochemical corrosion process itself under the
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influence of a high C1~DRin coastal tropical climates like Cuba, under coastal-
industrial atmosphere and corrosivity categories of the atmospheres C5 and
CX. An electrochemical mechanism that has been widely accepted is the
following [56]:

(a) Dissolution of iron at the anodic sites (anodic half-cell)
2Fe + 6Cl™ — 2FeCl; + 4e™ Q)
FeCl3 + 20H — Fe(OH), + 3Cl~ (m

(b) Reaction of dissolved oxygen in the pore water with the electrons on
the cathode (cathodic half-cell)

2H,0 + 0, + 4e~ — 40H" D)

Due to Cl™ ion remain unchanged in this process and corrosion does not
halt by the high iron content in the carbon steel vicinity, the process can
continue by itself autocatalytically. The presence of water depends on concrete
manufacturing processes (curing water), as well as its exposure in coastal
climate. It is characterized by high relative humidity, particularly in concrete
of wc ratios 0.5 and 0.6 which are characterized by high effective porosity [76]
(Table 3).

It seems that atmospheric corrosion of steel reinforced concrete can be
studied following the methodology based in fitting to equation regression
T.orr = atPalways when corrosivity categories of the atmospheres are C5 and
CX under coastal-industrial atmosphere.

Atmospheric corrosion of steel reinforced concrete increases with the time
of exposure, allowing to establish the useful life of the project for structures
that are intended to build under outdoor exposure conditions for coastal
tropical climate of Cuba without shielding condition under coastal-industrial
atmosphere and corrosivity categories of the atmospheres C5 and CX.

Useful life was calculated taking into account the sum of initiation time
(t) and propagation time (t,) of atmospheric corrosion of steel reinforced
concrete in years according to specifications of Tutti’s model (Figure 8c).

Initiation time was considered when atmospheric corrosion current falls in
the range 0.1-0.5 pA cm?, corresponding to medium level. Propagation time
was considered when atmospheric corrosion current falls in the range 0.5-1.0
HA cm?, linked to high corrosion level and data above this value (> 1.0 pA
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cm?) indicates a very high corrosion level (Figure 5 a) and b), according to
ranges established in DURAR Network. Initiation time (t;), propagation time
(to) and useful life (U.) for different concrete and covering thickness are
shown (Table 7).

Useful life of reinforced concrete structures built with water cement ratio
0.5 and 0.6 does not exceed the five years for both covering thickness in
coastal tropical climate of Cuba without shielding conditions, under coastal-
industrial atmosphere and corrosivity categories of the atmospheres C5 and
CX.

The end of useful life of project for reinforced concrete structure
considered in Cuba is five years, the times after are called: service useful life,
last useful life and residual useful life. Intensive and costly repair works are
executed with the purpose of return the esthetics, functionality and especially
security to reinforced concrete structures.

Table 7. Initiation time (t;), propagation time (t,) and useful life (UL)
for different concrete and covering thickness

water Covering thickness 20 mm Covering thickness 40 mm
cement ti tp UL ti tp UL
ratio (years) | (years) | (years) | (years) | (years) | (years)
0.4 3 <20 +23 - - -
0.5 1 3 4 2 3 5
0.6 1 2 3 1 2 3

Results were somewhat similar to those obtained in the CYTED project
DURACON, conducted throughout 11 Ibero-American countries (without
Cuba) [40, 41]. Initiation time of the atmospheric corrosion of steel- reinforced
concrete for water cement ratio 0.65 was one year at a covering thickness 20
mm in the exposure site located in Cabo Raso Portugal at a distance from the
sea about 20 m without shielding conditions. Corrosivity categories of the
atmospheres were very high for the metallic materials more used in the
construction study.

Initiation time for water cement ratio 0.4 and covering thickness 20 mm
was reached at three years; however, there is a high probability that
propagation time could be reached before 20 years because b values were
higher to 1 in the fitted regression 7,,,,» = at®. A useful life + 20 years could
be expected. Initiation time was not reached for covering thickness40 mm
during the three years of study (Table 7). Therefore, reinforced concrete
structures submitted to corrosivity categories of the atmospheres C5 and CX
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under coastal-industrial atmospheres without shielding condition should be
built tacking account as requirements for durability and useful life water
cement ratio equal or less 0.4 for minimum covering thickness 40 mm. Thus,
costly maintenance and repair works are extended in the time of exposure. The
guarantee of a good placement, compaction and curing of concrete it must be
considered on site.

The rapid appearance of initiation time is indicative of Cl™arrival to
reinforcement steel causing the breakdown of the passive layer, as well as, the
start of maintenance works in order to prevent that atmospheric corrosion of
steel reinforced concrete increase its development over time of exposure.

On the other hand also confirms the poor quality of concrete for water
cement ratios 0.5 and 0.6 where values of porosity (E) were higher than 10%
(13.3% and 19.6% respectively) although values of ultrasonic pulse (UPV)
have indicated a high concrete quality (4 106 m s* and 3 936 m s*
respectively) according to ranges established in DURAR Network.

Visual Observation of Reinforced Concrete Probes in
the Outdoor Exposure Site 1

During the third year of exposure, in the outdoor exposure site 1 (S1-20
m), fissures and cracks are observed in the reinforced concrete probes of water
cement ratios 0.5 and 0.6, caused by atmospheric corrosion of steel reinforced
concrete. The cracks caused by oxides expansion perpendicularly to reinforced
concrete probes surface was higher for covering thickness 20 mm (Figure 9).

Visual observation confirms that crack propagation time in reinforced
concrete probes of water cement ratio 0.5 and 0.6, exposed during two and
three years, respectively, for both covering thicknesses, corresponds with the
cracks appearance in outdoor exposure conditions.

No formation of fissures and cracks in the reinforced concrete probes of
water cement ratio 0.4 confirm the propagation time estimated in20 years for
covering thicknesses 20 mm and 40 mm under outdoor exposure conditions
for coastal tropical climate of Cuba without shielding conditions, in a coastal-
industrial atmosphere and under corrosivity categories of the atmospheres C5
and CX.

A higher penetration of aggressive agents like CI~occurs due to cracks.
Thus, atmospheric corrosion of steel reinforced concrete increases (values of
b > 1) accelerating the deterioration of reinforced concrete structure. A good
protection as physical barrier between atmospheres and reinforced steel is not
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guaranteed using concrete having water cement ratios 0.5 and 0.6 for both
covering thickness tested. The cracks appearance also confirm that reinforced
concrete structure built with concrete of water cement ratio 0.5 and 0.6 does
not exceed five years of useful life. Reinforced concrete structures begin to
lose its features and initial design conditions like aesthetics, functionality and
security. The cracks presence is a direct indicator of the end of useful life
project. A period of residual life is initiated. Thus costly repairs works are
increased.

Time of exposure three years

20 mm

Covering thickness

40 mm

Distance from the sea 20 m
Without shielding condition

Figure 9. Visual observation of reinforced concrete probes in the outdoor exposure
site 1.

Factors Influencing in Atmospheric Corrosion
of Steel Reinforced Concrete

It is interesting to show the influence of other physico-mechanical,
physico-chemical and chemical factors (directly linked with the increase of
water cement ratio) in the atmospheric corrosion of steel reinforced concrete
exposed in Cuban outdoor conditions.
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These factors are:

e Compressive strength [f,,in MPa] and Ultrasonic pulse speed [UPV
in m s!] decreases as physicomechanical and physicochemical factors
also decrease (Table 3).

e Capillary porosity [e.in %] using Fagerlund procedure and capillary
porosityvacuum [e.,in %] increase as physicochemical factorsalso
increase (Table 3).

e Total [Cl] and free [Clgs]chloride content increase in the surface;
total chloride content at 20 mm and 40 mm of depth (Cliz0-40)
increase and free chloride content increase too at the same depth
(Clgz-40 ), all in % concrete mass.

The influence of all factors was shown through multiple regressions
(Table 8). The influence of physico-mechanical and physico-chemical factors
on atmospheric corrosion of steel reinforced concrete was demonstrated by the
following multiple regression:

[p=a* b[fck] t C[Se] t d[gev] telUPV] )

On the other hand, the influence of chemical factors was demonstrated
through the following multiple regression:

Ic = a £ b[Clys| + c[Clis] £ d[Clizo_s0] + e[Clrzo_so] ©)

The sum of both regression models (3) permits to show if atmospheric

corrosion of steel reinforced concrete in a coastal city located in a tropical

island without shielding conditions could be influence by chemical, physico-

chemical and physico-mechanical factors or a synergistic effect as happened in

the atmospheric corrosion research for the metallic materials more used in the
construction industry:

Ie = @+ blfu] £ clec] £ dleey] & e[UPV] & f[Clys] & g[CL] & AlClizosol £ i [Clizo-so] (4)
It is valid to reiterate that the analysis was carried out for each year of

exposure (first year, second year and third year) in function of an increase in
water cement ratio.
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The three models in function of water cement ratio increase were fitted for
each year of study. It was necessary the simplification of each models (Table
8) for the purpose to show the factors having more influence in the
atmospheric corrosion of steel reinforced concrete in outdoor exposure
conditions, for coastal tropical climate without shielding conditions (S1-20 m),
under coastal-industrial atmosphere and corrosivity categories of the
atmospheres C5 and CX (obtained from estimation and evaluation) for the
metallic materials more commonly used in the construction industry.

It can be appreciated, in relation to regression2, how compressive strength
[f.i 1decrease was the main factor influencing in the atmospheric corrosion of
steel reinforced concrete, principally to covering thickness of 20 mm followed
by the effective porosity [e.] increase for both covering thickness. Ultrasonic
pulse velocity [UPV] increases too, during the three years of study (Table 8).

It is important to obtain concretes with a good compaction and
compressive strength high (f. = 35 Mpa) before undergoing environmental
exposure conditions principally for coastal tropical climate without shielding
conditions (S1-20 m) under coastal-industrial atmosphere and corrosivity
categories of the atmospheres C5 and CX in order to obtain terms of useful life
higher than 50 years. If no, an increase in time of costly maintenance and
repair works in the structures takes place. The fact to have a concrete with a
compressive strength about 30 Mpa (water cement ratio 0.5) does not ensure
adequate durability, as well as, terms of useful life higher than50 years
(Figures 8 and 9). Concrete with water cement ratio 0.5 could present average
values of effective porosity around 13% (Table 3). As is well known, quality
of reinforced concrete is moderate if effective porosity values are over 10%.
The need to obtain concretes of water cement ratio 0.4 with effective porosity
below 10% (7%) and compressive strength equal and or perhaps slightly
higher than 35 Mpa is confirmed. It is very necessary to consider as
fundamental elements onsite the warranty of good placement, compaction,
vibration, projection and curing of concrete.

The fact that ultrasonic pulse speed is included in the regression (1) fitted
at covering thicknesses of 20 and 40 mm in the second and third years of study
does not mean that this factor or parameter is reliable to establish terms of
useful life higher than 50 years (Table VII). Although average data of this
important parameter indicated generally high and durable qualities of concrete
due to the average higher than 3 000 m s (Table Ill), a notable atmospheric
corrosion of steel reinforced concrete in probes of water cement ratio 0.5 and
0.6 for both covering thicknesses is observed (Figure 9).



Table 8. Multiple and linear regression where factor most influence in atmospheric corrosion of steel reinforced
concrete are showed

First year n = 24

Covering thickness 20 mm Covering thickness 40 mm

No. Regression R? Regression R?
(%) (%)
1 I, = 0.49 — 0.012[f] 84 I. = 0.01 + 0.006[e,] 82
2 I, = 0.08 + 0.76[Cly50] + 1.88[Cley] 89 I, = 0.09 4 0.93[Cligo] + 1.79[Clrgo] 92
I, = 0.08 + 0.76[Cly50] + 1.88[Clyy] 20 I, = 0.09 4 0.93[Cliyo] + 1.79[Clryo] 92

Second year
1 I. = 0.49 + 0.012[e,] 91 I. = 3.58 — 0.02[f.;:] + 0.0003[UPV] 93
2 I, = 2.84 + 1.92[Clyp] + 2.84[Clyy) 97 I, = —0.64 + 7.13[Clygo] + 2.37[Clrgo) 92
I, = 3.48 — 0.14[f.;c] + 2.99[Cl3] 97 I. = 1.60 + 0.01[&,] + 0.66[Cl,4] 95

Third year
1 I. = 0.49 — 0.012[f,] — 0.002[UPS] 86 I. = 2.93 — 0.07[f,] 91
2 I, = —1.81 + 0.87[Clg] + 3.49[Cly0] 96 I, = —0.66 + 2.83[Clys] + 1.73[Clpyo] 89
I. = 1.89 — 0.08[f.ie] + 2.54[Cly5] 97 I. = 2.93 — 0.07[f.ie] + 1.08[Cl,40] 91
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No report have been found showing the influence of physico-mechanical,
physico-chemical and chemical factors on atmospheric corrosion of steel
reinforced concrete in outdoor exposure conditions for coastal tropical climate
without shielding conditions. However, strength and durability characteristics
of reinforced concrete structures are seriously affected by the action of
environmental factors such as acid rain, alternate wetting and drying,
temperature variations and ground moisture. Considering the fall in
compressive strength from 32.1 N mmto 23.35 N mm-? corresponding to the
second and final coring tests, up to 27.6% strength loss could therefore be
registered in the concrete of an exposed structure within a period of 5 years. A
7% ultimate strength loss in exposed steel reinforcement may occur within
similar years of exposure [78].

On the others hand, an experimental work was dedicated to characterize
the porosity of the concrete covering zone using the capillary absorption test,
and establishing the links between open porosity characterized by the initial
absorption, the compressive strength and carbonation depth. The correlations
obtained between the amount of water absorbed in 1 h, the carbonation depth
at 180 days and the compressive strength at 28 days were acceptable [79].

In order to total [Cl.s] and free [les] chloride content increase in the
surface, as well as, total chloride content at 20 mm and 40 mm depth
(Cliz0-40) increase and free chloride content increase too at the same depth
(Clrzo-40) (regression 3) it is noteworthy how atmospheric corrosion of
steel-reinforced is not only influenced by an increase in free chloride content
(Clsa0-40 ), but also by total chloride content (Cly0-40) increase at 20 mm
and 40 mm depth, during the three years of study (Table 8).

A marked difference between free chloride content (Clr;o-40) increase
and total chloride content (Cl;,0-40) increase at 20 mm and 40 mm depth in
atmospheric corrosion of steel reinforced concrete was not showed. The free
chloride content has been considered as one of the main factors in the
atmospheric corrosion of steel reinforced concrete mainly under laboratory
and outdoor accelerated conditions.

It is confirmed, that total chloride content (Cl;5o—40 ) increases in function
of water cement ratio, it is a very reliable indicator about the initiation and
propagation of atmospheric corrosion in steel reinforced concrete under
outdoor exposure condition. The local pH decrease in the pore solution (up to
9) is linked to localized corrosion (pitting corrosion) due to electrochemical
reaction between free chlorides and ferric ions (1) results in the break of the
ionic bond between the chlorides bonded chemically with the chemical
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compounds of cement. Therefore, these chloride ions (in the pore solution) are
included in the total chloride content determined in the whole mass of the
concrete.

On the others hand, the presence of an increase in total [Cl.s] and free
[les] chloride content in the surface during the third year of study is
observed (Table 8). Therefore, the need to apply secondary protection systems
of high efficiency to increase de durability and the useful life of the reinforced
concrete structure is showed. The secondary protection systems based on
acrylic paintings have showed a high efficiency in the reinforced concrete
structure undergoing environmental exposure, conditions occurring principally
for coastal tropical climate without shielding conditions [46].

From the sum of both regression models (regression 4), it is seen how the
free chloride content (le20_40) increase and total chloride content
(Cliy0—40) increase were the most influential factors in the atmospheric
corrosion of steel reinforced concrete during the first years of study (Table 8).
This result is equivalent to the rapid arrival of chloride ions at the surface of
reinforcing steels located in the built structure having concrete of high water
cement ratio (between 0.5 and 0.6).

However, a combination between physico-mechanical and chemical
factors, as well as, between physico-chemical and chemical factors begins at
the second year of study (Table VII). Atmospheric corrosion of steel
reinforced concrete not only is influenced by an increase in total chloride
content at 20 mm and 40 mm depth (Cls,9_40 ). Compressive strength [f,,in
MPa] decreases for covering thickness 20 mm and Capillary porosity [e,in %]
increase using Fagerlund procedure.

A combination between compressive strength [f.,in MPa] decrease and
total chloride content (Cl;,0—40) increase for both covering thickness tested
influenced in the atmospheric corrosion of steel reinforced concrete during
three year of study.

No report have been found showing the influence of total and free chloride
content increase and compressive strength [f.,in MPa] decrease for covering
thickness 20 mm and 40 mm in the atmospheric corrosion of steel reinforced
concrete at three years of exposure.

Regarding regression (2) and (4), compressive strength [f; in MPa]
decrease has been the most influencing factor in the atmospheric corrosion of
steel reinforced concrete. Compressive strength [f.in MPa] decrease is a
factor to take into account before building a structure under coastal-industrial
atmosphere and corrosivity categories of the atmospheres C5 and CX
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(obtained from estimation and evaluation) for the metallic materials more
commonly used in the construction industry. Hence, the importance of
obtaining concretes of water cement ratio 0.4 with compressive strength 35
Mpa or higher.

Behavior of Atmospheric Corrosion of Steel Reinforced
Concrete at Different Distances from the Sea

Annual average data obtained from eight values of atmospheric corrosion
of steel reinforced concrete (corrosion intensity) for each covering thickness
were plotted at different distances from the sea after three years of exposure
(Figure 10). The behavior to annual average CI~DRversus distance from the
sea is similar. No reports have been found about the behavior of atmospheric
corrosion of steel-reinforced concrete at different distances from the sea
considering the water cement ratio and covering thickness.

Atmospheric corrosion of steel-reinforced concrete showed a considerable
decrease between the exposure site 2 (170 m) and 3 (600 m) mainly for
concretes of water cement ratio 0.5 and 0.6 for both covering thickness tested.

Steel-reinforced concrete keeps in its passive state at a distance from the
sea of 170 m. Atmospheric corrosion of steel reinforced concrete did not
increased with the time of exposure mainly for reinforced concrete of water
cement ratio 0.5 and 0.6 in both covering thickness tested (Figure 10).

Annual average of atmospheric corrosion rate remained below 0.1 pA cm?
for reinforced concrete probes having water cement ratio 0.4 and covering
thickness 40 mm for all exposure sites located at different distance from the
sea. Annual average determined for references probes of water cement ratio
0.4 is also shown (Figure 10).

The placement of reinforcing steel at covering thickness 40 mm in
reinforced concrete with water cement ratio 0.4 assures a better primary
protection against atmospheric corrosion under coastal-industrial atmosphere
and corrosivity categories of the atmospheres C5 and CX.

The primary protection of reinforced steel based on the quality of the
concrete covering thickness is the most employed in the world. The primary
protections lead to very favorable economical results in the durability and
useful life increase in the reinforced concrete structures. Concretes as primary
protection must possess a good placement, compaction, vibration, projection
and curing. The combination between a good primary protection and
secondary protection systems based on acrylic paintings have showed a high
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efficiency in the reinforced concrete structure undergoing environmental
exposure conditions principally for coastal tropical climate without shielding
conditions [46].

The behavior of atmospheric corrosion of steel-reinforced concrete at
different distances from the sea allows showing that reinforced concretes of
water cement ratios 0.4, 0.5 and 0.6 for both covering thickness tested show
resistance to high (C4, industrial-coastal atmosphere)and medium (C3, urban
atmospheres) corrosivity categories of the atmospheres(Table 5). Chlorides
ions do not reach reinforcing steels to start and develop the atmospheric
corrosion.

Another deterioration phenomenon such as efflorescence have been the
main cause of steel reinforced concrete corrosion in the structure at 170 m of
distance from the sea in Havana City [46]. The use of sea sand has also been
another factor in the corrosion of steel reinforced concrete.
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Figure 10. Behavior of atmospheric corrosion of steel reinforced concrete at different
distances from the sea after three years of exposure.
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Corrosivity Categories of the Atmospheres at Different Types
of Concrete in Havana City

Behavior of atmospheric corrosion of steel reinforced concrete in the
time of exposures and at different distances from the sea, as well as the
behavior of CI~"DR at different distance from the sea and confirmed with
visual observation of reinforced concrete probes, allowed determining
corrosivity categories of the atmospheres at different types of concrete in
Havana City (Table 9).

Corrosivity categories of the atmospheres extreme (CX) for the metallic
materials more commonly used in the construction industry in the exposure
site 1 (S1-20 m without shielding condition)should be considered for
reinforced concrete of water cement ratio 0.5 and 0.6 and covering thickness
tested during three years of exposure. Corrosivity categories of the
atmospheres very high (C5) for reinforced concrete of water cement ratio 0.4
and covering thickness 20 mm should also be considered (Table 9).

Corrosivity categories of the atmospheres regarding reinforced concrete
having water cement ratio 0.4 and covering thickness 40 mm can be
considered low (C2). Initiation time of atmospheric corrosion of steel
reinforced concrete was not reached after three years of exposure.

Corrosivity category of the atmosphere low (C2) is expected at a distance
from the sea of 170 m for reinforced concrete having water cement ratios of
0.4, 0.5 and 0.6 for both covering thickness tested (Table 9).

Table 9. Corrosivity categories of the atmospheres at different types of
concrete in Havana City

Exposure Water cement ratio
site (m) 0.4 05 | 0.6
Covering thickness
20 mm 40 mm 20mm | 40 mm | 20 mm 40 mm

S1-20 C5 C2 CX CX CX CX

S2-170 C2 Cc2 Cc2 C2 Cc2 Cc2

S3-600 C2 Cc2 Cc2 C2 Cc2 Cc2

S4-1 365 Cc2 Cc2 Cc2 C2 Cc2 Cc2

S5-1772 Cc2 Cc2 Cc2 Cc2 Cc2 Cc2

S6-2 365 C2 Cc2 Cc2 C2 Cc2 Cc2

S7-4 911 C2 Cc2 Cc2 C2 Cc2 Cc2
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Corrosivity categories of the atmosphere obtained for the metallic
materials more commonly used in the construction industry differs (Table V)
in comparison of corrosivity categories determined for different types of
concrete in Havana City at a distance from the sea of 170 m (Table 9). A good
primary protection against atmospheric corrosion for concrete of water cement
ratio 0.5 and 0.6 for both covering thickness tested is insured.

There is a sudden change of corrosivity category of the atmosphere
between exposure site 1 (S1-20 m) and 2 (S2-170 m) (Table 9) as happened
for the metallic materials more commonly used in the construction industry
(Table 5). The shielding conditions also influence on corrosivity categories of
the atmospheres decrease for reinforced concrete. This aspect must also be
included in the durability standards respecting useful life in any coastal city
around the world of high constructive potential with shielding conditions.

Scanning Electron Microscopy Observation

Observations in the hardened concrete paste samples by SEM confirmed
that when water cement ratio increases, the number of capillary pores
increases too (Figure 11 a), b) and c).

It was appreciated how in concrete with water cement ratio 0.4 there
was no appreciable capillary pores formation. It was necessary to increase
magnification during the test performance (Figure 11 a). However, in
concretes with water cement ratio 0.5 and 0.6 it was easily observed capillary
pores formed around 175 pm and 250 um long respectively (Figure 11 b
and c).

The observed microstructure of concrete elaborated with water cement
ratios 0.5 and 0.6 does not show the required quality to ensure proper values
of durability and useful life when submitted to corrosivity categories of the
atmospheres very high (C5) and extreme (CX) under coastal-industrial
atmosphere.

This result, based in the concrete quality assessment is matches with the
effective percentages of capillary porosity values (Table 3) determined by
capillary flow of water absorption method. Therefore, to concrete quality
assessment before submitting to outdoor exposure conditions in Cuba or in
other coastal zones of high constructive potential in the world, in addition to
compressive strength and ultrasonic pulse velocity testing, capillary flow of
water absorption testing is very necessary to carried out.
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Capillary pores are uniformly distributed in the hardened cement paste and
concrete mass mainly at water cement ratios 0.5 and 0.6 (Figure 11 b and c).

wc 0.4

c)

Figure 11. SEM images of the hardened concrete paste samples at different water
cement ratios.
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[1]

CONCLUSION

The following are the most relevant conclusions of this work:

1)

2)

3)

4)

5)

Atmospheric corrosion of steel-reinforced concrete can be studied
following the methodology established for atmospheric corrosion tests
of metallic materials in a coastal city located in a tropical island.
Determination of corrosivity categories of the atmosphere of different
types of concrete and covering thicknesses showed that it is possible
to reduce premature deterioration in structures in conditions of a
coastal city located in a tropical island, particularly for structures that
are intended to be built in the area closest to the sea without the effect
of artificial and natural shielding.

Atmospheric corrosion of steel-reinforced concrete increases in the
time of exposure. Reinforced concrete with water cement ratios of 0.5
and 0.6 and covering thickness of 20 and 40 mm did not guarantee
adequate durability and useful life under corrosivity categories of the
atmospheres very high (C5) and extreme (CX) and coastal-industrial
atmosphere. It was confirmed with visual observation in reinforced
concrete probes, as well as in SEM images of the hardened concrete
paste samples at different water cement ratios.

According to the behavior of Chloride deposition rate and Sulfur
compounds deposition rate at different distances from the sea, Havana
City (without shielding conditions) could be considered one of the
zones of higher atmospheric corrosivity category in the world.
Compressive strength decrease was the factor showing more influence
in the atmospheric corrosion of steel reinforced concrete. An effect
between compressive strength decrease and total chloride content
increase at 20 mm and 40 mm covering depth also influences in the
phenomenon.
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ABSTRACT

The reinforced concrete structures must beings able to absorb the
forces applied to them throughout their lives and support the alterations
over time and the environment to which they are exposed. In this context,
an experimental study was conducted on a public-use building which has
structural disorders using non-destructive testing (NDT). The rebound
hammer test, the ultrasonic device and the chemical test are used in the
field of non-destructive tests to determine respectively the compression
strength, the ultrasonic pulse velocity (UPV) and the rebar corrosion in
the concrete. Indeed, the test results were analyzed to identify the
different disorders in order to offer adequate compensation method and
protection against future attacks. Test results have shown that the
concrete exhibits good compressive strength. The steel was completely
corroded as a result of a chemical attack. The method of jacketing has
been proposed for strengthening of building columns.
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pulse ultrasonic test, chemical test, jacketing

INTRODUCTION

Nondestructive testing (NDT) is the process of inspecting, testing, or
evaluating materials, components or assemblies for discontinuities, or
differences in characteristics without destroying the serviceability of the part
or system. In other words, when the inspection or test is completed the part can
still be used.

These destructive tests are often used to determine the physical properties
of materials such as impact resistance, ductility, yield and ultimate tensile
strength, fracture toughness and fatigue strength, but discontinuities and
differences in material characteristics are more effectively found by NDT.

Strengthening of existing structures has become a major part of the
construction activity in many countries. This can be attributed to the problems
of concrete structures aging, steel corrosion, variations in temperature,
freezing-thawing cycles and exposure to elevated heat (Fukuyama et al. 2000).

The susceptibility of the existing buildings to structural damages largely
depends on the quality of design, detailing and construction. The engineer in
many cases can extend the life span of a building by utilizing a simple repair
or strengthening technique (Frangou et al. 1995). The choice of repairing or
strengthening technique becomes therefore the decisive factor as the high cost
would prevent many building owners from executing essential repair works
(Sheikh 2002; Vandoros and Dritsos 2006).

Non-destructive methods of investigation are used for the control of the
size of the members, the establishment of certain characteristics of the
concrete (strength, density, module of elasticity, a.0.), verifying the position of
the reinforcement and/or the presence of metallic pieces, embedded in the
concrete, detection of hidden defects in the concrete or the reinforcement
(segregations, cracks, etc.), and for determining the condition and risk of
corrosion of the reinforcement embedded into concrete (Sanayei et al. 2012;
Almir and Protasio 2000; Rens and Kim 2007; Jedidi and Machta 2014; Dias
and Jayanandana 2003).

When making a diagnosis concerning intervention measures for the
rehabilitation of the structures exposed to aggressive environments, one must
consider not only the effect on the building materials, but also the on the
broader issues of design and execution of intervention works for different
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categories of structures (Kamal and Boulfiza 2011; Shiotani et al. 2009; Terzic
and Pavlovic 2010; Shah and Hirose 2010; Ervin et al. 2009).

This paper presents state-of-the-art non-destructive methods for the
diagnostic testing of building structures and examples of their application.
Jacketing of the columns is the method of repair and reinforcement which was
chosen based on the nature and degree of importance of disorders recorded
during diagnosis.

NDT METHODS

Figure 1 shows a proposal of general division of the non-destructive test
methods useful in assessing the durability of structures made of concrete. The
classification is based on (ACI 1998;Bungey et al. 2006; Carino 1999; Davis
2003; Drobiec 2010).

1. Investigation of the Reinforced Concrete Structures

The investigation of the damage state of the structure in service is made
by means of the following investigation methods:

e The visual examination;

e The use of non-destructive testing methods;

e The use of methods that require the taking of samples, but which do
not endanger the service safety of the structure.

The visual examination of the state of the structure, and of the
anticorrosive protection applied on their surfaces, includes: the appreciation of
aspect changes of the concrete and the reinforcement surfaces; the presence of
degradation due to corrosion; the evaluation of the changes in condition of the
anticorrosive protection. The results of the visual examination are registered in
the form of surveys of degradations on the lay-outs and sections of the
construction, with details on the investigated members, indicating their
position and the extent of the damage, in order to provide their identification
on the structure.

A detailed list of equipment is necessary to perform a visual examination.
Depending on the structures this list may be supplemented, but also reduced.
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The most important equipment for measurements are: double meter stencil
to cracks, graduated magnifying glass, etc. and for document auscultation:

record, writing materials including marking chalk, camera flash, etc.

NDT METHODS AND TECHNIQUES

OPTICAL METHODS

- Visual mspection
- Microscopy

- Geodesy
-CCTV

ACOUSTIC METHODS

- Impulse response

- Impact-echo

- Parallel seismic

- Ultrasonic

- Ultrasonic somography
- Acoustic emission

FADIOLOGICAL
METHODS

- Badiographic technigues
- Computer tomography

ELECTROMAGNETIC
& ELECTRO METHODS

- Electromagnetic induction
- Fadar technigques
- Electrochemical

- Laser static techniques
- Laser dynamic techniques

SCLEROMETRIC
METHODS

- Static techmigues
- Dynamic techniques

THERMOGRAPHIC
METHODS

- Passives techmiques
- Active technigues

- Static proof loads
- Dynamic procf loads

Figure 1. Non-destructive methods for diagnostic testing of building structures.
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2. Diagnosis of the Reinforced Concrete Structures

The diagnosis is the result of investigation and represents the basis for
adopting intervention measures.The diagnosis concerns first evaluation of the
damage state induced by corrosion, specific to the analysed environments, and
second, the initial defects and the degradations induced by other causes.

The main steps which lead to the establishment of a diagnosis are:

1) The preliminary examination of the construction and its project,
consisting mainly of the visual analysis of the bearing members of the
construction and the engineer evaluation of their state in the context of
the knowledge of their general structural construction. As result of the
preliminary examination conclusions can be drawn up for temporary
measures, in order to prevent imminent or potential accidents.

2) The detailed investigation by means of measurements and both in situ
and laboratory tests, aimed to point out: defects and damages, other
than the ones induced by corrosion, with an explanation of their
causes; defects of the technological installations, which are one of
the major causes of corrosion induced degradations; other defects,
on ventilation, exhaust and waste water sewage equipment,
waterproofing.

3) Data processing and analysis of the safety degree of the construction
by interpreting the data, estimation of loads on the service time of the
construction.

4) The establishment of the diagnosis and proposals concerning
intervention measures.

All the information above concerning the investigation, analysis and

diagnosis will be centralized in a written report drawn up by the experts who
performed these activities.

TEST PROCEDURES

1. Schmidt Rebound Hammer Test

The Schmidt rebound hammer is principally a surface hardness tester. It
works on the principle that the rebound of an elastic mass depends on the
hardness of the surface against which the mass impinges. There is little
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apparent theoretical relationship between the strength of concrete and the
rebound number RN of the hammer (Figure 2).

(a) (b) (c) (d)
Instrument ready Body pushed Hammer is Hammer
for test toward test released rebounds
object

Indicator Latch

Hammer

-Plunger

Figure 2. Principal schema of Schmidt rebound hammer.

This test was performed on the specimens according to standards EN
12504-2 (EN 12504-2 2001) and EN 12309-3 (EN 12309-3 2003). Schmidt
rebound hammer test gave values of RN. The compressive strength of the
concrete was derived using the chart provided with the device (Aydin and
Saribiyik 2010). No action has been located within 40 mm of the flat faces of
the specimen. The hammer has to be used against a smooth surface, preferably
a formed one. Open textured concrete cannot therefore be tested. If the surface
is rough, e.g., a trowelled surface, it should be rubbed smooth with a
carborundum stone. RN was equal to the median of 27 measures spread over
the three generators of the specimen tested (Figure 3).
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Figure 3. Schmidt rebound hammer test. (a) Schmidt rebound hammer, (b)
Carborundum stone, (c) Chart for determining the resistance as a function of RN.
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2. Pulse Velocity Test

The equipment consists essentially of an electrical pulse generator, a pair
of transducers, an amplifier and an electronic timing device for measuring the
time interval between the initiation of a pulse generated at the transmitting
transducer and its arrival at the receiving transducer (Figure 4).

Figure 4. Ultrasonic pulse velocity tester with microprocessor.

The pulse velocity test was determined in accordance with the
requirements of EN 12504-4. The device used was an electronic tester with
microprocessor in a portable case. It is capable of measuring transit time over
path lengths ranging from about 100 mm to the maximum thickness to be
inspected to an accuracy of +1%. The transducers used were in the range of 50
to 60 kHz. Calibration using a calibration bar (known in time course) was
carried out before the measurements and after an hour of use as recommended
by the manufacturer.

A pulse of longitudinal vibrations is produced by an electro-acoustical
transducer, which is held in contact with one surface of the concrete under test.
When the pulse generated is transmitted into the concrete from the transducer
using a liquid coupling material such as grease or cellulose paste, it undergoes
multiple reflections at the boundaries of the different material phases within
the concrete. A complex system of stress waves develops, which includes both
longitudinal and shear waves and propagates through the concrete. The first
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waves to reach the receiving transducer are the longitudinal waves, which are
converted into an electrical signal by a second transducer. Electronic timing
circuits enable the transit time T of the pulse to be measured. Longitudinal
ultrasonic pulse velocity is given by:

L

UPV = = Q)

where, L is the distance between two probes and T is the time required to
travel the distance between two transducers.

Pulse velocity measurements made on concrete structures may be used by
placing the two transducers on either (Figure 5):

e  Opposite faces (direct transmission);
o Adjacent faces (semi-direct transmission); or
e The same face (indirect or surface transmission).

Since the maximum pulse velocity is transmitted at right angles to the face
of the transmitter, the direct method is the most reliable one from the point of
view of transit time measurement. Also, the path is clearly defined and can be
measured accurately, and this approach should be used wherever possible for
assessing concrete quality.

Direct Transmission Semi-direct Transmission Indirect Transmission

Figure 5. Ultrasonic pulse velocity test methods.

3. Chemical Analysis

Reinforcing steel bars embedded in concrete depassivate when a certain
amount of chlorides is built up in their surrounding, being the risk for
reinforcement corrosion related to the chloride content in the concrete.
Therefore, reliable chloride analysis in hardened concrete becomes a key
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parameter in the evaluation of existing structures and in the prediction of
future service life. Drill dust samples are collected from various pre-
determined points in the structure, generally from different depths, for chloride
content determination. The samples are investigated in a laboratory to
determine the chloride content in accordance with theEN 14629 standard (EN
14629 2007)using the chemical analysis apparatus.

EXPERIMENTAL RESULTS AND DISCUSSION

1. Compressive Strength

Table 1 gives the results of the compressive strength (Rc) measurements
determined by the rebound hammer test on the first meters of the columns,
stringers and soles witch exhibit some cracks and corrosion. According to the
calculations of reinforced concrete, the minimum acceptable value of the
compressive strength of concrete is 22 MPa. According to the results of the
table 1, we note low values of the Rc for the columns (Rc = 17.7 MPa), but
acceptable results for stringers and soles (respectively 22.8MPa and 22.2MPa).
The outer surfaces of the stringers and soles do not show cracks or
deterioration. Indeed, during the foundation work, the company has used a mix
concrete with HRS cement, which has better resistance to aggressive agents
and chemical attacks such as chloride and using a greater coating distance
equal to 4 cm.

Table 1. Rc of the columns, stringers and soles

Tested element Columns Stringers Soles
1 17.3 22.7 22.5
2 18.1 22.5 22.3
3 17.7 23.2 21.8
Mean value (MPa) 17.7 22.8 22.2

2. Pulse Velocity Test

The object of this method is basically to measure the velocity of the pulses
of longitudinal waves passing through concrete. The velocity of an ultrasonic
pulse is influenced by the properties of concrete which determine its elastic
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stiffness and mechanical strength. Thus the variations in the pulse velocity
values reflect a corresponding variation in the state of concrete under test.
There is a reduction in the pulse velocity if the concrete under test has low
compaction, voids or damaged material. The pulse velocity increases or
decreases as the concrete matures or deteriorates or changes with time. Table 2
gives the concrete quality accordingly to pulse velocity.

Table 2. Concrete quality accordingly to pulse velocity

UPV (m/s) Concrete quality garding
Above 4500 Excellent

3500 to 4500 Good

3000 to 3500 Medium

Below 3000 Doubtful

The results of Table 3 show the ultrasonic pulse velocity values (UPV
value) for some RC columns of the structure. It can be observed that the values
are between 3000 m/s and 3500 m/s. However, based on the pulse velocity
values and Table 2, the columns present a medium quality of concrete.

Table 3. UPV values of the RC columns

Columns L (m) T(s) UPV (m/s)
C1 0.30 9.1510°% 3280
C2 0.30 8.80 10 3410
C3 0.30 8.9510° 3350
C4 0.30 8.8510° 3390
C5 0.30 9.40 10° 3190

3. Chemical Analysis

Table 4 gives the values of the chemical analysis of concrete relative to
the cement mass. It is recommended that average values of chloride ion
diffusion coefficient are calculated from three specimens. The concrete was
wet and oxygenated; the allowable threshold corresponds very roughly to a
rate of 0.40% compared to the weight of cement. The result of the chemical
analysis of the specimens gives a rate of 0.90% of chloride contents which is
well above the permitted level.
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Table 4. Result of the chemical analysis

Specimens Chloride contents (%)
1 0.90
2 0.92
3 0.88
Average value 0.90

Chloride attack or chloride induced rebar corrosion is a process that aims
the steel on the concrete composite. This could lead the reduction of tensile
strength, aesthetic defects; also, it could create moisture, oxides points that
could accelerate the corrosion.The chloride could penetrate through the
concrete until rebar bars by pore spaces and micro cracks (Shi 2012).
The sources of chlorides is vast, this could be derivate of paste composition,
sea environments and contaminated aggregates (Broomfield 1997). The
mechanism consists of chlorine ions breaking the passive layer and corroding
the mild steel in pitting form.

On the other hand, water infiltration from the drain of waste water under
the building was detected. The corrosion of steel in contact with concrete is a
problem that should be avoided.Concrete is a porous material with high
concentration of soluble calcium, sodium and potassium.These elements, in
presence of water, form hydroxides, responsible for maintaining the pH of the
area in around 12. In this situation, a passive layer is formed in the steel. It
consists of a dense and impenetrable thin film, which protects the steel from
further corrosion.

Table 5 gives the values of the chemical analysis of water sample. The
results have shown that it is acid waste water as the pH varies from 4 to 5.

Table 5. Result of the chemical analysis of water

Water sample
PH 4-5

REPAIR OF CONCRETE ELEMENTS IN THE STRUCTURE

The intervention measures on the bearing structure of the construction are
proposed in correlation to the nature and degree of the damage, presented by
the members of the investigated construction.
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In our case the diagnosis of the building, we opted for jacketing of the
columns because the building is in operation at the floor. Moreover, the
mechanical characteristics of the structural elements must be improved so that
they provide better strength serviceable and ultimate resistance state. The
jacketing process could start by the following steps:

1)

2)
3)
4)
5)

6)

Adding steel connectors into the existing column in order to fasten the
new stirrups of the jacket in both the vertical and horizontal directions
at spaces not more than 50cm.Those connectors are added into the
column by making holes 3-4mm larger than the diameter of the used
steel connectors and 10-15cm depth.

Filling the holes with an appropriate epoxy material then inserting the
connectors into the holes.

Adding vertical steel connectors to fasten the vertical steel bars of the
jacket following the same procedure in step 1 and 2.

Installing the new vertical steel bars and stirrups of the jacket
according to the designed dimensions and diameters.

Coating the existing column with an appropriate epoxy material that
would guarantee the bond between the old and new concrete.

Pouring the concrete of the jacket before the epoxy material dries. The
concrete used should be of low shrinkage and consists of small
aggregates, sand, cement and additional materials to prevent
shrinkage.

The previous steps are illustrated inFigure 6.

Step 1 Step 2 Step 3 Step 4
Cleaning and Installing dowels Installing the Coating the
roughening for fastening the new stirrups and surface with

the surface stirrups steel bars epoxy

Figure 6. The jacketing process of column.
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It is noted that the strengthening of an element by increasing its concrete
section (Figure 7) directly influences the mass of the structure compared to
other means of reinforcements, which are characterized by their relative
lightness. That is why the structure of the soles was checked and jacketing has
been achieved.

Figure 7. Increasing the section of column by reinforced concrete jacketing.

CONCLUSION

The present paper has presented results of an experimental study
conducted on a public-use building having disorders located in Sfax, south of
Tunisia. The investigation used non-destructive testing (NDT) to determine
respectively the compression strength and the rebar corrosion in the concrete.
The test results were analyzed to identify the different disorders in the
construction. The following conclusions have been drawn from the
investigation:

1) The visual inspection of the state of the structure was performed to
quickly assess the damage and determine the appropriate way of
expedient examinations.

2) The results of the visual inspection were registered in the form of
surveys of degradations on the lay-outs and sections of the
construction, with details on the investigated members, indicating
their position and the extent of the damage, in order to provide their
identification on the structure.

3) The results of the measurements determined by the rebound hammer
test showed low compressive strength values for columns (RC = 17.7
MPa) but acceptable values for stringers and soles (respectively
22.8MPa and 22.2MPa).
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4) The ultrasonic pulse velocity values (UPV value) for some RC
columns of the structure showed that the columns present a medium
quality of concrete.

5) The result of the chemical analysis of the concrete specimens gave a
rate of 0.90% of chloride contents which is well above the permitted
level. The steel was completely corroded as a result of chemical
attack.

6) The jacketing techniques was used to improve the mechanical
characteristics of the structural elements in order to provide better
strength serviceable and ultimate resistance state.
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