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ABSTRACT

This study aims to enhance our understanding of anchorage capacity in reinforced concrete
structures with corrosion-induced cover spalling. The objectives were to study the effect of
high corrosion attacks leading to cover spalling through application of detailed numerical
analysis, and to validate an existing one-dimensional (1D) analysis, based on one-dimensional
bond-slip differential equation. Thus, earlier developed bond and corrosion models suited for
detailed 3D finite element (FE) analysis were first combined with a new computational scheme
to simulate corrosion-induced cover spalling. The 3D FE analysis and the 1D analysis were
both validated with experiments. The application of 3D FE analysis to eccentric pull-out
specimens showed that corrosion of stirrups advances the time to cracking and spalling, while
the remaining bond strength is not significantly influenced by stirrup’s corrosion. Moreover, it
was shown that the magnitude of stresses in stirrups induced due to corrosion in the main bar
highly depends on the spacing of main bar. Therefore, closely spaced main bars may cause
large tensile stresses in stirrups which may need to be taken into account when shear capacity
of RC structures is of concern.

Keywords: corrosion, reinforcement, deformed bar, cracking, cover spalling, bond-slip,
anchorage, analytical model, numerical model,



1 Introduction

Infrastructures represent a large capital in all developed countries. To establish a sustainable
development, it is of great importance that infrastructures generate a return and the investments
result in safe structures with predictable response. Despite significant advances in construction
design and practice, corrosion in reinforced concrete (RC) structures is still a leading cause of
deterioration world-wide, Sustainable Bridges (2008). This has led to a growing concern for
better assessment of existing concrete structures and revealed a need for improved

understanding of the structural effects of corrosion.

Service life of reinforced concrete structures, according to the classical model of (Tuutti 1982),
is divided into two phases: initiation and propagation. The initiation phase is defined as the
period leading to depassivation of steel governed by the critical chloride concentration at the
depth of the reinforcement (Silva 2013). Concerns about structural integrity of reinforced
concrete arise during the propagation period when corrosion leads to a reduction in sectional
area of reinforcing bars, (Almusallam 2001), (Cairns et al. 2005), and a change in the ductility
of steel bars, (Du 2001), (Du et al. 2005). Furthermore, the volume expansion of corrosion
products, that generates splitting stresses in the concrete, eventually cracks the surrounding
concrete cover, (Andrade et al. 1993), (Rasheeduzzafar et al. 1992), (Molina ef al. 1993), and
adversely affect the bond between the reinforcement and concrete, (Al-Sulaimani et al. 1990),
(Cabrera and Ghoddoussi 1992), (Clark and Saifullah 1993), (fib 2000), (Lundgren 2007),
(Saether 2009). For larger corrosion penetrations, the splitting stresses may lead to cover
spalling, (Coronelli ef al. 2011), which alters the resisting mechanism in the cross section,
(Cairns and Zhao 1993), (Regan and Kennedy Reid 2009); stirrups then become the primary
source of confinement (Zandi Hanjari 2010), see Figure 1. Therefore, the anchorage capacity
of the structure is influenced by cover cracking (Lundgren 2007), cover spalling (Regan and
Kennedy Reid 2009), as well as by the corrosion of stirrups (Higgins and Farrow I11 2006) and
(Regan and Kennedy Reid 2004). The structural behaviour of concrete structures with
corrosion-induced cracking have been studied in several earlier works, (Zandi Hanjari et al.
2011d), (Coronelli and Gambarova 2004), (Rodriguez et al. 1995), (Almusallam et al. 1996),
(Rodriguez et al. 1995), (Almusallam et al. 1996). However, the structural consequence of
corrosion-induced cover spalling and of stirrups’ corrosion is not yet fully understood; the

former is the focus of the present study.

Cover spalling results in a decrease in the concrete cross-section and a loss of confinement. A
reduction in the concrete cross-section leads to a decrease in the internal lever arm on the
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compressive side, which in turn decreases the bending moment, (Rodriguez et al. 1997) and
(Zandi Hanjari et al. 2011c). Loss of cover to, and full exposure of, tension reinforcement may
change the structural behaviour from flexural to tied arch with secondary effects, (Cairns and
Zhao 1993). Tests carried out on highly corroded beams with over 20% bar weight loss have
shown that relatively high residual load-carrying capacity was reached when corroded beams
failed in bending, see Azad et al. (2007), and Zhang (2008). Cover delamination may also
reduce a member's resistance to shear cracking (Regan and Kennedy Reid 2010). Nevertheless,
it is the impact of cover spalling on bond capacity and anchorage behaviour which, in most
cases, is of the highest concern. (Regan and Kennedy Reid 2009) studied this by testing beams,
cast without concrete cover, in which bars were either flush with the concrete surface or
exposed to mid-barrel. A reduction of the bond strength up to 90% was observed for the bars
exposed to mid-barrel; however, the volume expansion of rust and the effect of corroded
stirrups were not taken into account. After all, the indicative values for the residual bond
strength of corroded reinforcement given in Model Code 2010 (Zandi Hanjari 2006) covers
only up to 5% corrosion weight loss, while the bond capacity for higher corrosion leading to

cover spalling is still an open question. The present work is an effort in this direction.

This study aims to enhance our understanding of anchorage capacity in reinforced concrete
structures with corrosion-induced cover spalling. The objectives of the work were (a) to study
the effect of high corrosion attacks leading to cover spalling through application of detailed
numerical analysis, and (b) to validate an existing one-dimensional (1D) analysis, based on
one-dimensional bond-slip differential equation, for a case with corrosion-induced cover
spalling. Thus, earlier developed bond and corrosion models suited for detailed 3D finite
element (FE) analysis were first combined with a new computational scheme to simulate
corrosion-induced cover spalling. The 3D FE analysis and the 1D analysis were both validated
with two series of experiments and one empirical model available in the literature for anchorage
capacity of corroded RC structures with cover spalling. The 3D FE analysis was then used to
further investigate the influence of stirrups corrosion, corrosion distribution around a bar, and

location of the bar at middle or corner positions of a concrete section.
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Figure 1. Delamination and corrosion of main bars and stirrups, Skurubron, Sweden; photo

by Magnus Lindgvist.

2 Local bond-slip constitutive model after spalling

An analytical local bond-slip constitutive model for uncorroded reinforcement has been
formulated in Model Code 1990 (CEB 1993). In an earlier work by (Lundgren et al. 2012a),
the local bond-slip model in Model Code was extended to include corroded deformed bars. The
bond-slip model for an uncorroded bar was first reformulated into a plasticity model. This
allowed to conveniently incorporate corroded reinforcement, and made the model applicable
for reversed and cyclic loading conditions. An interpolation scheme between the two extreme
cases of “confined” and “unconfined”, i.e. ductile pull-out failure and brittle splitting failure
respectively, was proposed according to cover thickness and the amount of transverse
reinforcement. Thereafter, based on the assumption that corrosion and anchorage action have
a similar structural effect on surrounding concrete, as in both cases splitting stresses are
induced, the bond-slip response of corroded reinforcement was obtained by shifting the bond-
slip curve of uncorroded reinforcement along the slip axis. The extent to which the curve is
shifted, ax, depends linearly on the corrosion penetration, see Figure 2. The model was earlier
shown to give results that are on the safe side for cases when cover spalling has not taken place,
(Lundgren et al. 2012a). However, the reflection of the model on cases with cover spalling had

not been explored; this is studied in the following.

At cover spalling, the available confinement, kspaiiing, to the reinforcement is correlated to the

contribution of transverse reinforcement only as:
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SwW ASW
kspalling = (f—> (g) <1 (D

TTmax,con

where kspaiiing cannot be greater than 1.0.

Assuming “Good” bond conditions, the bond strength for “confined” and “unconfined” cases,

based on Model Code 1990, are determined as in Equations (2) and (3), respectively.

Tp,conf = 0.40 - Tmax,con = 0.40 - (Z'SV]CC = \/E (2)
Tpunconf = 0.15- Tmax,uncon = 0.15- (Z-O\Iﬁ: =0.3- f;: (3)

Thereafter, the bond-slip relation is assumed to be the weighted sum of the bond-slip curves

for “confined” and “unconfined” cases, according to

Tp,spalling = kspalling *Tf conf +(1- kspalling) *Tf unconf 4)

and that the bond strength at cover spalling for “Good” bond conditions is calculated as:

TTTmax,con

Tp1,spalling = (0-3 + <M> (%)) ’ \/ﬁ Q)

where 0.3,/ fc < Tp1 spaning < +/ fe; see Figure 2. Similarly, the bond strength at cover spalling

for “All other” bond conditions is calculated as:

Tp2,spalling = (0-15 + (M> (%)) ’ \/]Tc (6)

TTmax,con

where 0.15\/E < Tpz,spalling < 0.5\/E.. The dimensionless function (Asg’) has also been used

o
by (Regan and Kennedy Reid 2009) to relate the performance of a bent cantilever of stirrup
providing restraint to the movement of the bar anchored in concrete. The function has been

derived from test specimens in which the main bars were at the corners of stirrups. It has been

recommended to assume (‘%") = 0 for bars, single or bundled, placed away from the corner

of stirrups, and (%) for bounded bars positioned at the corner of bent stirrups. These are

advised to be adopted in Equations (5) and (6).
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Figure 2. Local bond-slip reltion at cover spalling for "Good” bond conditions.

3 Empirical model for anchorage after spalling

Most empirical models for the anchorage of corroded bar are primarily concerned with
relatively low corrosion attacks. To the author’s knowledge, the only empirical model for the
anchorage of bars with corrosion-induced cover spalling has been proposed by (Regan and
Kennedy Reid 2009). The model is based on pull-out, beam, slab and splice tests carried out
on specimens cast without cover to the main bars, which were either “flush” with the concrete
surface or exposed to “mid-barrel”. Regardless of the length of the bar embedded in concrete,

the nominal bond stress (change of bar force per unit length divided by @) is expressed as:

ASS
fousn = (0.3 +15°2)/f, < 0.7,/f; 7
fb,mid—barrel = (0-1 + 15%)\/% < 0.7 fc (8)

where the characteristic bond resistance specified in the British codes, 0.7,/ f.., has been chosen
. . . . (A
as the upper bound value. As mentioned before, the dimensionless function (SLV‘)”) was used to

express the stirrup restraint, where the effective stirrup area, Agg, is suggested to be equal to
the stirrup area, A,,, for a single or bundled bar placed at the bent of a stirrup and equal to zero
when it is placed away from the bent of the stirrups. Its extensions to other cases are justified
to a greater or lesser extent in (Regan and Kennedy Reid 2009). It is important to note that the
corrosion of stirrups, which is often severe at their bends and can cause loss of anchorage, is
not counted for. The authors further clarify that the proposed bond stresses do not give
characteristic values. They are however intended to be used in the analysis of beams and slabs
for predictions of ultimate loads, which can reasonably be regarded as at a characteristic level,
provided that the models in which they are used are in equilibrium and respect other relevant

stress limits. A comparison of the bond strength after cover spalling based on the empirical
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model of (Regan and Kennedy Reid 2009) and the analytical model of (Lundgren et al. 2012a)
for varying transverse reinforcement contents and compressive strength is shown in Figure 3.
The empirical model does not account for any additional confining effect for a transverse
reinforcement content of higher than 0.04. The analytical model however relies on additional
confining effect of transverse reinforcement even for Asw/s¢ higher than 0.04, provided that a
“Good” bond condition is assumed. Overall, the prediction of the two models seems to highly
depend on compressive strength as well as the choice of spalling pattern (flush and mid-barrel)
and bond conditions (“Good” or “All other”). The models’ predictions are later compared with

experimental data and numerical simulations in section 5.2.
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Figure 3. Comparison of the empirical and analytical models for bond strength after cover

spalling by (Lundgren et al. 2012a) and (Regan and Kennedy Reid 2009), respectively.

4 Numerical modelling of anchorage, corrosion and
spalling

The anchorage capacity of deformed bars in concrete is strongly influenced by the actual

confinement conditions. In general, confinement is a result of the surrounding concrete, stirrups

and transverse pressure. Corrosion of reinforcement leads to volume expansion of the steel,
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which generates splitting stresses in the concrete; this influences the bond between the concrete
and reinforcement. At a larger corrosion penetration, the splitting stresses may lead to cover
cracking and, finally, spalling of the concrete cover. While corrosion of longitudinal
reinforcement influences the bond and consequently the composite action, corrosion of stirrups
weakens the confinement due to both the reduction in the stirrups’ cross-sectional area and
extensive cover cracking as a result of stirrups’ corrosion. For a natural corrosive environment,
in which both longitudinal and transverse reinforcements are corroded, anchorage and shear
failures become more probable. These effects can be included in the analysis of reinforced
concrete members with corrosion-induced cover spalling using different approaches with

varying degrees of details, which are described in the following.

4.1 One-dimensional (1D) analysis
The anchorage length needed to anchor the yield force of a bar embedded in concrete can be

calculated from a local bond-slip constitutive model, such as the one described in session 2,
using the one-dimensional bond-slip differential equation (Lundgren et al. 2012b). If the bond-
slip constitutive model is non-linear, the one-dimensional differential equation is also non-
linear and needs to be solved numerically; such an analysis is referred to as 1D analysis in this
paper. The equilibrium equation along a reinforcement bar is

m-d? do
4 dx

m-d-t=0 9)

where d is the rebar diameter, o is the stress in the rebar and 7 is the bond stress. The stress in
the reinforcement is assumed to be in the elastic range according to

_du

o= Ee, £=
dx

(10,11)

where E is the Young’s modulus, ¢is the strain and u is the displacement of the bar. The bond

stress is here assumed to follow an elasto-plastic law
T=D(s —sp), IT] < 7p(K) (12,13)

where D is the bond stiffness, s is the slip, sp is the plastic slip, and z is the bond strength,
which is a function of the hardening parameter «. If deformation of the surrounding concrete is
assumed to be negligible, the displacement of the bar becomes equal to the slip (1 = 5). The
boundary conditions for the problem of pull-out of a bar with length L and a prescribed

displacement u. are:



o =0, uw) =uL (14,15)

The solution of the differential equation gives the deformation (slip) and stress along the bar

as well as the pull-out force.

4.2 Two-dimensional (2D) FE analysis

Today, nonlinear structural analyses with two-dimensional solid (continuum) elements are the
most common approach to model corroded reinforced concrete structures with the finite
element method. In such models, the interaction between reinforcement bars and surrounding
concrete is usually modelled with a bond-slip relation. The effect of corrosion is then
introduced by adapting the local bond-slip constitutive model with respect to corrosion
(Coronelli and Gambarova 2004) and (Zandi Hanjari et al. 2011b). The anchorage capacity
calculated with 2D FE analysis is comparable to that calculated with 1D analysis if they both
incorporate the same local bond-slip constitutive model such as the one in session 2. In both
modelling approaches, the primary effect of corrosion, i.e. area reduction and ductility change

of the reinforcement bars, can be taken into account.

One benefit with 2D FE analysis is the possibility to describe other modes of failure such as
shear and bending in, for instance, a beam configuration, as well as their interaction with the
anchorage action. Another advantage is that the available anchorage length is the output of 2D
FE analysis; whereas, this needs to be known in advance in 1D analysis. However, the volume
expansion of the corrosion products that generate splitting stresses in the concrete and leads to
cracking and spalling cannot be directly accounted for in neither of approaches. A disadvantage
of using a predefined bond-slip constitutive model as input for analysis is that several
conditions must be known in advance, e.g. whether to assume “Good” or “All other” bond
conditions, or how the corrosion of stirrups may influence the results. Therefore, more detailed
modelling of the surrounding concrete and stirrups is required when large corrosion
penetrations lead to extensive cover cracking and spalling, and when stirrups are subjected to
corrosion. Such detailed analyses, validated with experiments, can form a firm foundation base

on which bond-slip constitutive models can be calibrated for extreme cases.

4.3 Three-dimensional (3D) FE analysis

Three-dimensional finite element modelling has proved to be capable of describing the
behaviour of reinforced concrete in a comprehensive way, provided that appropriate
constitutive models are adapted. Furthermore, the effect of corrosion on the reinforcement, on

the surrounding concrete and on their interaction can be simulated more realistically. Although
9



detailed structural analyses are numerically expensive, they allow for a more accurate
description of the corrosion damage at the material and structural levels. Volume expansion of
corrosion products, that leads to cover cracking and spalling, significantly influences the
confinement conditions and consequently the steel/concrete bond. These effects have been
taken into account in bond and corrosion models previously developed by (Lundgren 2005a),
and (Lundgren 2005b), and extended by (Zandi Hanjari et a/. 2013). In this work, these models
were combined with a computation scheme to simulate the effect of corrosion-induced cover
spalling on anchorage capacity. A short overview of the earlier developments of the model
followed by the proposed computation scheme for corrosion-induced cover spalling is given

below.

4.3.1 Overview of earlier developments of the model
In earlier work (Lundgren and Gylltoft 2000), a general model of the bond mechanism was

developed; the model was later combined with the modelling of corrosion attack of
reinforcement (Lundgren 2005a) and (Lundgren 2005b). The modelling approach is especially
suited for detailed three-dimensional (3D) finite element analyses, where both concrete and
reinforcement are modelled with solid elements, Figure 4 (a). Surface interface elements are
used at the steel/concrete interaction to describe a relation between the stresses, o, and the
relative displacement, u, in the interface, Equations (16-18). The corrosion and bond models
can be viewed as two separate layers around a reinforcement bar. Due to equilibrium between
the two layers, the stress, o, is the same in the bond and in the corrosion layers. The
deformations in the bond and corrosion layers are solved in the interface element together with

the condition for equilibrium using an iterative procedure, Equation (19).

The bond model, (Lundgren 2005a), is a frictional model describing the relations between
stresses and deformations based on elasto-plastic theory, Figure 4 (b). The yield lines of the
model are described by two yield functions: one describes the friction, F, assuming that the
adhesion is negligible, and the other, F2, describes the upper limit for a pull-out failure
determined from the stress in the inclined compressive struts that result from the bond action,
Equations (20-21). Consequently, the bond stress depends not only on the slip, but also on the
radial deformation between the reinforcement bar and the concrete. Thus, the loss of bond at

splitting failure or at yielding of reinforcement could be accounted for.

The corrosion model simulates the effect of corrosion as the volume increase of the corrosion
products compared to the virgin steel (Lundgren 2005b), and accounts for the effect of

corrosion products flowing through cracks (Zandi Hanjari et al. 2013). The volume of the
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corrosion products relative to the uncorroded steel, v:s, the corrosion penetration depth into the
steel bar as a function of the time, x, and the volume of corrosion products that flowed through
a crack, V, are used to calculate the free increase of the bar radius, yex; see Figure 4 (c) and
Equation (22). The corrosion time, i.e. duration of the corrosion process, and corrosion rate,
i.e. corrosion penetration depth into the steel bar per unit of time, are inputs to the model and
the corrosion penetration depth, x, is determined theoretically based on Faraday’s law in
Equations (23). The total strain in the corrosion products, €cor, is then calculated using Equation
(24), and the corresponding stresses normal to the bar surface are determined from the normal

strain in the corrosion products, Equation (25).

The volume of corrosion products that flows through a crack, V, is assumed to depend on the
crack width and the normal stress in the corrosion products; see Figure 4 (d). The crack width
closest to the bar, wer, is computed from the nodal displacements across the crack. It is assumed
that the crack had a constant width of wer along its depth. The cross-sectional area of the crack
through which corrosion products flows is then calculated as in Equation (26). A one-
dimensional flow based on a plug flow model, i.e. constant velocity of the corrosion products
flow along a crack, is applied to calculate the volume flow of corrosion products. The motion
of the corrosion products is described with the Lagrangian formulation. The phenomenon is
expressed as an ideal flow, i.e. the friction in the crack is assumed to be negligible. The motion
of corrosion products particles is assumed to be driven by the normal stress in the corrosion
products, o, and thus the external force acting on the section area of the crack is calculated as
in Equation (27). The amount of corrosion products transported across the section area of crack
is then computed in time steps in Equation (28), and the total volume flow of corrosion

products, V, through a crack in Equation (29).

11
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Figure 4. General overview of the model developments: (a) implementation of bond and
corrosion layers (Lundgren 2005a), (b) bond model in the bond layer (Lundgren 2005a), (c)
corrosion model in the corrosion layer (Zandi Hanjari et al. 2013), and (d) rust flow model in

the corrosion layer (Zandi Hanjari et al. 2013).

12



4.3.2 Computation scheme for corrosion-induced cover spalling
Finite element analysis based on smeared crack formulations, including the rotating crack

model, has difficulties in correctly representing geometrical discontinuity after the tensile
softening of a finite element is completed. This results in a too stiff response at cracking due
to spurious stress transfer, so-called stress locking, and spurious kinematic modes at spalling,
so-called numerical instability, due to violation of displacement continuity assumption. A
possibility to overcome stress locking in the smeared crack approach is to remove finite
elements from the mesh as soon as their tensile softening is completed (Rots 1988). With this
technique a gap propagates through the mesh behind the micro crack and the concrete at either
side of the crack is elastically unloaded (Rots 1992). In this paper, a similar approach is adopted
that allows possible changes in the topology of the mesh as corrosion-induced cracks connect

and form a delamination plane.

A computation scheme for three-dimensional nonlinear FE analysis is devised which comprises
several calculation phases. Each load step is applied in one calculation phase. In each phase a
separate analysis is performed and the results from previous phases, typically stresses, are
imposed as initial values. Between each phase a new finite element mesh is adapted excluding
the elements that have completed their tensile softening and those that belong to delaminated
part. However, these elements are excluded from the mesh only after a delamination plane is
formed; in this respect the approach differs from that devised by (Rots 1992). This leads to a
more stable analysis and enormous savings in computing time. Therefore, the poor kinematic
representation of the discontinuous displacement field around a delamination plane after a full

tensile softening is avoided. The computation scheme is outlined in Figure 5.

The examples provided in Figure 5 correspond to eccentric pull-out specimens which have the
shape of a beam-end after inclined shear cracking, (Coronelli ez al. 2013) and (Zandi Hanjari
et al. 2011a). The two specimens differ with respect to the amount of longitudinal
reinforcement; one with no stirrups along the embedment length (Type I) and the other with
four stirrups along the embedment length (Type II). A detailed finite element analysis of these
specimens, based on the approach summarized in section 4.3.1, is presented in (Zandi Hanjari
et al. 2013). The analyses could only be carried out to a corrosion attack equivalent to rebar
weight losses of around 10% and 15% for the specimen types I and II, respectively. These
corrosion levels corresponded to extensive cover cracking, see Figure 5 (g) and (h). For higher
corrosion attacks, the cracks connect and form a delamination plane and result in numerical

instability in the analyses. However, the analyses with the proposed computation scheme could
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be continued with larger corrosion penetration depths to compute corrosion-induced cover
spalling as shown in Figure 5 (i) and (j). The difference in the spalling pattern in the two types
of specimens is related to the amount of confinement. The analysis can thus be used to study
the anchorage capacity of corroded specimens with cover spalling; this is an important
advantage when the proposed computation scheme is used. In general, this scheme can be used
to simulate geometrical discontinuity at cracking or spalling in any given stress state, as e.g. a
splitting failure in a pull out test. However, in this paper the application of the computation
scheme is validated only for corrosion-induced cover spalling. One drawback when using this
approach is the prolonged computation time; therefore, it is recommended to use this in cases

when the behaviour of a concrete member at or beyond cover spalling is of concern.

Without stirrups With stirrups
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Figure 5. Computation scheme to simulate corrosion-induced cover spalling, exemplified with

eccentric put-out specimens by (Coronelli et al. 2013) and (Zandi Hanjari et al. 2011a).

5 Results and discussion of the analyses

5.1 One-dimensional (1D) analysis
The response of the 1D model to variations in stirrup’s content, 4sw/@, and cover-to-bar ratio,

¢/, is discussed here. To this aim, 1D analysis was applied to estimate the bond strength of
eccentric pull-out specimens with dimensions of those tested by (Coronelli ef al. 2013) and
(Zandi Hanjari et al. 2011a). The results are shown in Figure 6 in terms of bond strength
normalized with respect to the bond strength of a specimen with ¢/¢ =5 and Asw/¢p = 0.05 versus

corrosion weight loss.

The importance of stirrup’s content in delaying corrosion-induced bond deterioration can be
recognized for varying corrosion levels at a constant cover-to-bar ratio of 1.5 in Figure 6. The
confining effect of stirrups after cover cracking can particularly been seen at a relatively low
corrosion level, 0% < x.r < 5% associated to crack initiation phase. The contribution of concrete
cover gradually decays with increased corrosion at an intermediate corrosion level of 5% < x¢r
< 30%, where the corrosion induced cracks propagate. At high corrosion levels, xc- > 30%
associate to cover spalling phase, the confining effect of concrete cover is fully exhausted and

the bond capacity solely depends on stirrup’s content and is calculated according to Equation

(5).

The variation of bond strength in relation to varying concrete cover is shown in Figure 6 (b)
and (c) at constant stirrup’s contents of Asw/¢ = 0 and 0.05 corresponding to specimen types I
and II, respectively. In both cases, the bond strength strongly depends on the cover-to-bar ratio
before cover cracking at x.-<2%, and solely depends on the stirrup’s content after cover
cracking at x.- > 2%. For specimens without stirrups, the bond strength after cover cracking
drops to a level that corresponds to bond strength at cover spalling. This is reasonable due to
lack of the confining effect of stirrup. It should be noted that the increase in bond strength for
a very low corrosion attack before cracking, commonly observed in experiments, owing to
increased confinement due to expansion of corrosion products is not counted for in 1D analysis.

Moreover, the interaction between adjacent bars is not included in these analyses either.
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Figure 6. Bond strength of beam-end specimens estimated using 1D analysis with the

assumption of “Good” bond conditions for (a) varying stirrups at c/¢ = 1.5, (b) varying

concrete cover at Asw/s¢ = 0.05 and (c) varying concrete cover at Asw/s¢ = 0.0; where Iy = 210

mm, ¢ =20 mm, fo = 28.7 MPa, Es = 200 GPa, and f, = fy,sw = 510 MPa.

17



5.2 Comparison of 1D and 3D analyses with experiments

The 1D analysis and 3D FE analyses were used to study three test series: the eccentric pull-out
tests and beams with lap splices in region of constant moment by (Regan and Kennedy Reid
2009), and the eccentric pull-out tests by (Coronelli et al. 2013) and (Zandi Hanjari et al.
2011a). The test specimens are shown in Figure 7. The empirical model of Regan et al. for
anchorage capacity after cover spalling is also evaluated with respect to the analyses and
experiments. The 3D FE analyses were carried out in two phases. In the first phase, corrosion
attack was applied in time steps as expansion of the corrosion products using the corrosion
model, see Section 4.3.1. In the second phase, the bottom bar was pulled out using imposed
displacement. An incremental static analysis was made using a Newton-Raphson iterative

scheme to solve the non-linear equilibrium equations.

The eccentric pull-out tests by (Regan and Kennedy Reid 2009) were cast with three concrete
covers of ¢ = 1.5¢ as “reference” specimen, ¢ = 0.5¢ in which the cover is “flush” with the
concrete surface, and ¢ = 0 where the cover is exposed to “mid-barrel”. The results in terms of
bond strength for varying transverse reinforcement contents are presented in Figure 8. These
experiments were a part of the data base for which the empirical models in Equations 7 and 8
were calibrated; therefore, a good agreement is expected. The predictions based on empirical
model as well as 1D and 3D FE analyses are also shown in Figure 8. The 1D analysis with
“Good” bond conditions is on the safe side when compared with experimental data for flush
and the corresponding empirical model. Whereas, the 1D analysis with “All other” bond
conditions seems to be on the safe side only for a transverse reinforcement content higher than
0.01 when compared with experimental data for mid-barrel and the corresponding empirical
model. The two spalling patterns, flush and mid-barrel, in the experimental data and empirical
model as well as the two bond conditions, “Good” and “All other”, in 1D analysis identify the
extreme cases; whereas, an intermediate condition is most likely in reality based on field
observations. This is best reflected with 3D FE analysis across all contents of transverse

reinforcement.

The same three concrete covers as in the pull-out tests were also included in beam tests with
splices in the region of constant moment by (Regan and Kennedy Reid 2009). The compressive
strength of concrete varied slightly in the tests; that seems to be partly the reason for the scatter
seen in Figure 9. The corresponding 1D analysis was therefore carried out with the highest and

lowest compressive strength resulting in upper and lower limits, respectively. Similar to before,
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it seems that the two spalling patterns of “flush” and “mid-barrel” are the two extremes, and

that the 1D analysis makes safe predictions of bond strength at cover spalling.

The last series of experiment used here for comparison is the pull-out tests by (Coronelli et al.
2013) and (Zandi Hanjari et al. 2011a). As the level of corrosion in the experiments was not
enough to result in cover spalling, these tests were only used for comparison of 1D and 3D FE
analyses with the empirical model. The results are presented separately for the bond capacity
of middle and corner bars in terms of normalized bond strength for varying transverse
reinforcement contents in Figure 10. In case of a bar located in a corner position, the estimation
based on 1D analysis remains between the empirical models for “flush” and “mid-barrel” for a
relatively low transverse reinforcement content, and on the safe side with a reasonable margin
for a high transverse reinforcement content. The 3D FE analysis show a slightly higher bond
capacity in comparison with 1D analysis and empirical models for most transverse
reinforcement content. All these observations also hold true for a bar located in a middle
position. Overall, it is important to note that for a case with no transverse reinforcement the
remaining bond capacity may be as small as 5 to 20%, however, the upper limit to this range
can rapidly increase to above 30% in the presence of transverse reinforcement with Asw/¢ >

0.02. The test specimens were used for
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Figure 7. Test specimens and set-ups, all dimensions are in mm.
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Figure 11. Detailed analysis of eccentric pull-out tests by (Coronelli et al. 2013) and (Zandi

Hanjari et al. 201 1a) for varying corrosion levels.
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6 Application of the models

6.1 Influence of corrosion pattern around a bar
Most structures that are exposed to aggressive environment show that the steel bars are

corroded non-uniformly. This is partly because the concrete cover to the surface of the bar
varies all around the bar. More importantly, the corrosive environment surrounding the
structure also varies which causes different corrosion pattern on the surface of a steel bar. The
influence of varying corrosion pattern around a bar on the bond strength was investigated using
3D FE analysis of eccentric pull-out specimens tested by (Coronelli et al. 2013) and (Zandi
Hanjari et al. 2011a). Four corrosion patterns were investigated where full, three quarter, half
and one quarter of the bar’s surface area was exposed to corrosion. Independent of the corrosion
pattern around a bar, the same level of corrosion weight loss was imposed at a given section in
all studied cases. The results of 3D FE analysis in terms of normalized bond strength for
varying corrosion level are shown in Figure 12. This indicates that the bond strength in all cases
is not significantly influenced by corrosion pattern. This observation seems to be valid for all
cases with the same amount of corrosion weight loss; this is because the same pressure is

introduced around the bar and that leads to the same bond loss.
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Figure 12. The influence of corrosion pattern around a bar on the bond strength, based on 3D
FE analysis of eccentric pull-out specimens by (Coronelli et al. 2013) and (Zandi Hanjari et
al. 2011a).
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6.2 Effects of corroded stirrups

A rather common approach in modelling the effect of the corroded stirrups is to take into
account the loss of the cross-sectional area; this does not account for the volume expansion of
rust around the corroded stirrups, which may lead to cover cracking. Field investigations and
laboratory tests have shown that cover delamination is more probable in areas with corroded
stirrups, particularly when the stirrups are closely spaced (Higgins and Farrow III 2006). The
effect of corrosion in stirrups was studied using 3D FE analysis of eccentric pull-out specimens

tested by (Coronelli ef al. 2013) and (Zandi Hanjari et al. 2011a).

The results in terms of normalized bond strength for varying corrosion level are shown in
Figure 13 for three test specimens: with no stirrups along the embedment length (Type 1), with
four non-corroded stirrups along the embedment length (Type II), and with four corroding
stirrups along the embedment length (Type III). The stirrup was modelled with three-
dimensional solid elements, which enabled modelling of the corrosion of stirrups in the
analyses. The results indicate that corrosion of stirrups advances the cracking in early stage of
corrosion. Therefore, more bond strength is occurs at early stages; however, the same bond
strength deterioration is observed after cover cracking. This seems to be true either when a

corner bar or a middle bar is of concern; see Figure 13 (a) and (b), respectively.

This agrees with earlier observations. In an experimental program carried out by Higgins and
Farrow III (2006), the shear capacity of beams with corroded stirrups was studied. An
electrochemical method was used to produce corrosion in stirrups; corrosion of the flexural
reinforcement was prevented. Extensive cracking, partial delamination and staining, were
observed for sectional losses of stirrups of 12%, 20% and 40%. These authors showed that
when stirrups were subjected to corrosion, spacing of the stirrups governed the extent of
damage to the concrete cover. In regions with tightly spaced stirrups, the cover cracks from
neighbouring stirrups interacted and caused larger areas of spalling and delamination. When
stirrups were widely spaced, the damage to the concrete cover was more localized. It has also
been shown that the capacity of the beams was reduced by up to 50% when the stirrups were

highly corroded.
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Figure 13. The influence of corrosion of stirrups on the bond strength, based on 3D FE analysis
of eccentric pull-out specimens by (Coronelli et al. 2013) and (Zandi Hanjari et al. 201 1a).

6.3 Effect of corrosion on the stress in transverse
reinforcement

The expansion that takes place around corroded bars may results in tensile force not only in the
surrounding concrete but also in the surrounding stirrups. If the magnitude of the induced stress
in the stirrups becomes significant, it may lead to compromising the shear capacity of an RC
member. The effect of corrosion of main bar on the stress in transverse reinforcement was
studied using 3D FE analysis of eccentric pull-out specimens tested by (Coronelli ef al. 2013)
and (Zandi Hanjari et al. 2011a). The variation of stresses in stirrups due to 2, 5, 10 and 20%
corrosion in the main bars are shown in Figure 14. This is shown for two cross-sections, one
in which there are two corroding bars on the bottom, Figure 14 (a), and another in which there
are three corroding bars on the bottom and one corroding bar on the top of the concrete cross-
section, Figure 14 (b). The results show that the stresses in the stirrups may be as large as 80
MPa. Moreover, it can be seen that depending on the spacing between the main bars, there
might be an increased stress in the stirrups due to the corrosion in the adjacent main bar. This
agrees with earlier observation that indicates the important of main bar spacing in time to
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cracking and spalling. Therefore, it can be concluded that the shear capacity of a corroded RC

member may be influenced by corrosion, not only due to reduction of the cross-sectional area

of corroded stirrups, but also due to induced stresses in stirrups as the results of corrosion in

the main bars.
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Figure 14. The influence of corrosion of main bar on the stress in stirrups, based on 3D FE

analysis of eccentric pull-out specimens by (Coronelli et al. 2013) and (Zandi Hanjari et al.

2011a).
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