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Abstract

Reinforcing bar corrosion induces splitting cracks in concrete along the bar axis and leads to bond deterioration. This can
adversely affect the crack spacing in an RC member and have a serious effect on its serviceability. This study looks at
axial nonlinearity in corroded RC members under tension and shows that fewer transverse cracks with greater spacing
occur as steel corrosion progresses. The open-slip coupled model, which takes into account the transverse action associ-
ated with longitudinal bond stress transfer in the bond transition zone, is extended to cover corroded reinforcement and is
successfully used to simulate the behavior of RC members in tension. Modeling of the bond transition zone and of the
layer of corrosion products is found to be crucial to understanding residual bond performance after corrosion has oc-

curred.

1. Introduction

Reinforced concrete (RC) members exposed to chloride
attack are vulnerable to corrosion. In general, chloride
ions migrate into the concrete through the surface and
cause depassivation of protective oxide layers on the
surfaces of reinforcing bars, which in the end leads to
corrosion. Corrosion products fill the concrete-steel
interface and volume expansion initiates splitting of the
concrete cover. As a result, the bond between steel and
concrete may deteriorate significantly (Al-Sulaimani et
al. 1990; Amleh ef al. 1999; Auyeung et al. 2000; Fang
et al. 2004).

Besides the question of the remaining reinforcement
capacity of these corroded members (Rodriguez et al.
1997; Coronelli and Gambarova 2004), their residual
serviceability may raise a critical engineering issue with
regard to life cycle assessment and management (Enright
et al. 1998; Li 2003). Among the factors affecting ser-
viceability, including crack width and deflection, resid-
ual bonding plays an important role (Zhang, et al. 2009)
and the magnitude of its deterioration needs to be quan-
titatively evaluated.

The one dimensional (1D) bond-slip models have
been developed for evaluation of crack width and seis-
mic assessment in engineering practice (Hawk et al.
1982; Chou ef al. 1983; Shima et al. 1987; Cervenka,
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2002). These models are so powerful solely for axial
nonlinearity simulation of RC members free from cor-
rosion in tension. But, the 1D models may no longer
treat the transverse action that causes splitting cracks of
concrete cover along reinforcing bars (Tepfers 1979; Xu
et al. 1994; Fardis 2009). It must be noted that the split-
ting cracks are more frequently found in corroded RC
members because of the coupling effect of ring tension
and corrosion pressure around bars. Then, the model of
corroded RC members should have a capability to treat
the mechanistic ring tension stress field concurrently.

In the past decade, lots of effort (Coronelli 2002;
Berra et al. 2003; Lundgren 2005, 2007; Amleh et al.
2006) has been made to investigate residual bonding
action after corrosion. The focus has been on the corro-
sion-induced pressure at the concrete-bar interface and
this has been found to be greatly affected by the state of
confinement; e.g., the presence of web reinforcement
and/or a skin steel. Different approaches to the study of
corrosion pressure have been reported in the literature.
Berra et al. (2003) model the rib geometry by finite
element analysis in which an inherent corrosion pressure
is assumed, while Lundgren (2005, 2007) and Amleh
(2006) use friction models for the relationship between
bond stress and interfacial pressure.

However, the effect of reinforcing bar strain on local
bonding characteristics has rarely been incorporated into
numerical models. Consequently, these models are im-
plicitly forced into an unrealistic assumption; i.e., they
assume that the local bond-slip relation is rigidly de-
fined in structural analysis regardless of the location of,
or damage to, the bond transition zone.

As a matter of fact, detailed experimental observations
by Chou et al. (1983) have proved that the local
bond-slip relation in axial tension as well as the results
of pull-out tests using bars with relatively short embed-
ded length depend on the location. This loca-
tion-dependent relation between bond stress and slip
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was successfully generalized into the concept of
strain-dependent local bond stress-slip by Chou ef al.
(1983). The local bond stress is reduced where the lon-
gitudinal reinforcement strain increases, a behavior that
is thought to denote micro defects in a bond transition
zone with bond cracks (Goto 1971; Mackawa et al.
2003).

Shima et al. (1987) implemented pull-out experiments
with a long embedded steel bar and an aluminum bar
with the same geometry, respectively, and showed that
the local bond stress of the aluminum bar is smaller than
that of the steel owing to the greater strain in the alumi-
num bar at a particular location. This provides further
direct proof of the strain effect.

The authors of this work fully accept this under-
standing as a fundamental core part of the bond mecha-
nism and adopt it in the newly developed open-slip cou-
pled model (Shang et al. 2010), which is capable of
simulating both three-dimensional confinement, the
ring-tension stress field, and the effects of bar strain on
bonding within a finite element analysis scheme. Here,
the term ‘strain effect’ will be used as shorthand for this
effect.

The objective of this study is to extend the
three-dimensional open-slip coupled model to include
the case of corroded reinforcement, clarifying the effect
of transverse action and damage in the bond transition
zone and that of steel corrosion on the remaining bond
with regard to crack spacing in corroded RC members.
To verify the analytical model, axial tensile loading ex-
periments are carried out on corroded RC members set
up systematically with various parameters.

2. Crack spacing of corroded RC members
in tension

In this section, the authors discuss the uniaxial tension

loading experiment carried out using corroded RC
members. Figure 1 shows that all specimens have the
same cross section (100mm*100mm) and the same
length (1000mm), each also having a 20mm reinforcing
bar embedded at the center of the cross-section. The
relatively large reinforcement ratio (3.14%) and large
relative length are selected so as to ensure large numbers
of transverse cracks even after corrosion cracking of
different magnitudes; this means that reliable macro-
scopic nonlinear events are obtained reliably. A total of
10 specimens are studied.

Following curing for 28 days after casting, gal-
vanostatic-corrosion was imposed on each specimen
using a constant current power supply to control the
corrosion crack width. A 20mm length of the edged steel
bar at each end of each specimen is coated with epoxy
resin before casting to avoid localized corrosion.

After each specimen received a certain amount of
electric charge, the galvanostatic corrosion was termi-
nated and the corrosion-induced crack width was re-
corded. Thereafter, a static tensile force was applied to
each damaged specimen; the corroded RC specimen was
laid horizontally and supported on rollers and plastic
plates to reduce friction with the supports on the floor.
Clear splitting crack was found on specimen-All fol-
lowed by spalling of concrete cover even though the
specimen was loosely wrapped with cloth during load-
ing tests as protection. Then, the concrete pieces were
securely sustained after the spalling.

Any transverse cracking was carefully monitored
during the loading experiments and marked on the sur-
face of each specimen. Loading continued until no more
transverse cracks appeared. After loading, the cover
concrete was removed and the weight loss of the cor-
roded bar was measured.

Table 1 summarizes the concrete compressive
strength at loading time, the degree of corrosion, the
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maximum number of transverse cracks, the applied load
at initiation of the first transverse crack, and the ultimate
capacity. A few shrinkage cracks (less than 0.1mm wide)
were observed close to the edge of some specimens be-
fore the loading test.

Even though concrete shrinkage may affect transverse
crack spacing, comparatively small numbers of trans-
verse cracks were observed in the corroded cases. Fur-
thermore, the greater the splitting crack width caused by
corrosion-induced ring tension, the smaller the number
of transverse cracks produced (that is, the average
transverse crack spacing increases). The cloth-wrapped
Specimen-All exhibits more transverse cracks than
Specimen-A10, despite the high corrosion loss of the
latter. This is thought to be attributable to the
three-dimensional confinement effect on the bond.

Similar experimental results have been reported by
Amleh et al. (2006), as shown in Table 2. Most corre-
spond to cases of severe corrosion (greater than 10% of
the corrosion loss) and wide splitting cracks (greater
than 3mm). Hence, most of the experimental cases lined

up in Table 1 fall within the middle or light corrosion
range, which is more often encountered in practice.

This behavior can be explained by microscopic de-
formation in the concrete-steel transition zone caused by
corrosion of the reinforcement, resulting in less local
bond stress. Thus, a greater development length along
the bar is needed for transverse cracking to occur in the
specimen. The ultimate number of cracks that develops
may represent the magnitude of corrosion and the re-
duced stiffness of the RC member in tension. With this
understanding, cases Al to A10 are thought to be ap-
propriate for use in verifying the simulation developed
in this work. The experimentally obtained relations for
load-elongation for each specimen are shown along with
the crack patterns in the appendix.

3. Modeling of transverse action —
open-slip coupled model

When the bond action arises together with the rust pro-
duction to case corrosion pressure, the ring or hoop ten-

Table 1 Results of post-corrosion axial tensile experiment.

Concrete Average Load at the Ultimate
. C appearance . Number of
. strength at Corrosion splitting load applied
Specimen Lo . of first . transverse
loading time loss crack width (ransverse in the test cracks
J¢ (MPa) (mm) crack (KN) (KN)
Al 434 0.0% 0.00 23.5 125.0 8
A2 414 0.0% 0.00 24.0 125.0 8
A3 45.1 0.6% 0.00 Before load 125.0 9
A4 49.6 1.6% 0.20 Before load 125.0 7
A5 344 2.2% 0.10 20.0 125.0 7
A6 48.1 2.0% 0.40 Before load 125.0 7
A7 374 2.5% 0.55 10.0 90.0 6
A8 42.0 3.9% 1.78 14.0 90.0 4
A9 42.7 5.7% 1.45 10.0 90.0 5
Al0 43.5 7.4% 3.80 6.0 90.0 1
All 45.1 8.1% Cover 10.0 90.0 2
spalling

Table 2 Axial tensile experiment on corroded RC specimens by Amleh et al. (2006).

Measured Load at the Ultimate
. . appearance . Number of
Spec Corrosion splitting load applied
pecimen . of first . transverse
loss crack width in the test
(mm) transverse (KN) cracks
crack (KN)
SS1 0.0% 0.00 12.0 127.0 10
SS2 0.0% 0.00 12.5 127.0 10
CS1 4.0% 0.15 15.0 125.0 9
CS2 5.5% 0.20 2.3 124.0 8
CS3 11.0% 6.0 2.93 115.0 3
CS4 11.5% 1.5~3.0 1.27 112.0 5
CS5 12.0% 1.5~4.0 0.64 111.0 3
CS6 17.5% 9.0 - 100.0 0
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sion around the bar will be magnified. Then, for the
mechanistic analysis of bond of corroded reinforcing bar,
ring-tension must be consistently presented in the nu-
merical simulation approach. To meet the challenge, the
authors select the open-slip coupled model of bond
(Shang et al. 2010) as the simulation platform.

As illustrated in Fig. 2, the bond transition zone is
defined as a cylindrical finite volume of concrete that
encompasses the induced periodic local cracks associ-
ated with the lugs of the deformed reinforcing bar (Goto
1971). The thickness of this bond transition zone is of
the same order as the bar radius. Both longitudinal and
transverse forces are transferred through this transition
zone to the large outer volume of concrete solids. The
open-slip coupled model (Shang et al. 2010) is a simple
representation of the 3D kinematics of this bond transi-
tion zone, which is a zone of locally high complexity.
The direction of transferred stress is not parallel to the
longitudinal axis of the bar; rather, there is also a trans-
verse component of stress. In three-dimensional analysis,
a rational formulation of this component is crucial so as
to ensure that so-called ring (or hoop) tension as well as
cracking along the bar arises. The open-slip model
represents the stress field of bond transition zone by
assuming an imaginary tilted slope. Deformational
kinematics is represented by the relative displacement
of the two tubular surfaces of the transition zone be-
tween which the micro-bond cracking (Goto crack) takes
place. The extension and opening of bond cracks are
converted into equivalent relative displacements in the
longitudinal and transverse directions. If concrete is
assumed to be a rigid body, the displacement kinematics
is simply converted to the open-slip micro-plane as also
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illustrated in Fig. 2. Here, the plane is set skewed ac-
cording to the bond crack direction (Goto 1971). Then,
the imaginary shear slip along the micro-plane mostly
corresponds to the width of the local bond cracks, and
the kinematics normal to the micro-plane is thought to
be associated with inelasticity in compression.

Open-slip at the micro level (u,, v,) on the mi-
cro-plane is linked with the macro-level open-slip (@
and o) along the bond transition zone as,

u, =0sinf—-wcosd )
v, =0cosf+wsind

where @is the inclined angle of the micro-plane.

Here, the bond stress denoted by 7 and the dilatant
stress p on the bond transition zone may be derived from
the micro-plane stresses o, and 7, by coordinate trans-
formation as,

T= l(o;, sin@+7, cosd)

—~

, 7,=E 0O 2)

14 2
p= z(—o-ﬂ cos@+17,sinb)

where L denotes the spacing of bar lugs; and 7, £, and
0, are the torsional shear stress, average stiffness, and
twist angle around the axis of the bar. As a matter of fact,
the torsional degree of freedom is unavoidable in for-
mulation where the mathematical completeness of 3D
space is required. But, since torsion around the bar axis
is minimal in general, linear elasticity with relatively
large stiffness is assumed as above.

As reported by Shima et al. (1987), the local bond
characteristics, which may develop over the bond tran-
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Fig. 2 Modeling of bond transition zone for finite element analysis.
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sition zone, are strongly dependent on bar strain. The
authors assume the same sensitivity in terms of bar
strain as that proposed in Shima’s original model (1987)
as,

O_0

. €)

o =—2"—
" 1+ex10”

where ¢;° denotes the intrinsic normal stress corre-
sponding to &=0 (see Equation (4)), and A=3.5 (Shang et
al. 2010). The bar strain is the averaged value for the
bond transition zone of the concrete including bond
cracking (Goto 1971), because concrete and steel share
the same displacement at each bar lug.

In Fig. 3, which plots Eq. (3), it is clear that there is a
large reduction in local contact stress when the longitu-
dinal steel strain exceeds 100, which is approximately
equal to the cracking strain of the concrete. For simplic-
ity, the authors assume an elastic and perfectly plastic
model, as follows:

0 _ _ aEf(un—u ), u,=u
o —f(un)—{o, et )

where E,’ is the equivalent stiffness of the inclined
compression strut and « is its effective area. Taking an
extreme condition, « will be nil when the macro-open
mode of the bond transition zone exceeds the height of
the bar ribs. Then, for simplicity, we have,

1, w<0
a= 1—a/, 0<w<h (5)
Oa C()>h

where /1 denotes the height of the rib.
The variable u, indicates the plastic component of
relative normal displacement, which is formulated as,

u = Uax ™ Uiims Upax 2 U, (6)
P
> Upnax < Ujiny

max
where U, is the maximum normal displacement in the
loading history and u;, is its elastic limit. Then, the local
compression yielding strength, f, is calculated when the
bond transition zone is completely closed as,

f,= El?ulim (7

Li and Maekawa (1987) introduced the analogy of
idealized inclined micro-plane interactions and contact
density modeling for cracking shear transfer. Since the
stiffness and strength of steel are much greater than those
of concrete, contact stiffness £, and local yield strength
Jy can be defined in a similar manner to this cracking
shear transfer (Mackawa et al. 2003) as,

E} =3437'" (MPa/mm) ®)
f, =137 £!""Y (MPa/mm)

Cracking strain of concrete

0.0 1.0e-4 1.0e-2 1.0

Longitudinal strain of corresponding steel solid (mm)

Fig. 3 Strain effect on local normal contact performance.

This is also analogous to local transverse action (fric-
tion) along the micro-plane. Then, we apply the
Mohr-Coulomb law as,

{drn =aG,dv, )
jpulh dT" < IUO-n

where G, is the tangential stiffness along the micro-plane
and v, is the relative shear displacement. Then we have,

G, =0.5E, (10)

According to experiments by Xu et al. (1994), uis
around 0.2-0.3 (in this paper, ¢=0.25). By simultane-
ously solving equations (1)-(10), the three dimensional
stress field developing inside the bond transition zone
can be formulated. This modeling procedure as shown
in Fig. 4 has been verified for wide ranges of embedded
length of reinforcement and concrete cover with and
without splitting cracks (Shang et al. 2010). The authors

New loading step |* Convergence check

1 i

=0 at the 1% st Refresh &from each
e e corresponding steel
l solid

Transfer to each
interface element

I

Interface element
stress / stiffness
computation

Matrix Solving

Global stiffness
computation

Fig. 4 Methodology for steel strain transfer in computa-
tion.
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apply this open-slip coupled modeling method to cor-
roded reinforcement in the following section.

4. Coupling model with corrosion products
around steel bar

When corrosion products form around the steel bar, the
bond transition zone exhibits mechanistic anisotropy
(Toongoenthong et al. 2005) and this plays an important
role in post-corrosion bond stress transfer (Lundgren
2005).

The corrosion coupled system in the longitudinal di-
rection is assumed to consist of parallel springs, as
shown in Fig. 5, one representing the bar with a reduced
cross section and the other the rust layer. The axial stiff-
ness of the corrosion products is negligible, so only the
bar component is considered in the analysis. Here, the
reduced modulus and yield strength of the steel solid is
assumed proportional to the degree of corrosion.

As the depth of corrosion product layer is rather small
(0-10°um) compared with the reinforcing bar diameter,
the influence of this layer on the transverse action of the
bond transition zone is formulated by extending the
mechanical model in the radial direction based on the
open-slip model. As corrosion products develop at the
concrete-bar interface, a fictitious spring component can
be used to represent it numerically. Then, the overall
equivalent contact spring (see Fig. 5) can be written as,

oL, (a1
Eb Eb Kcor

Longitudinal direction (modeled in steel solids)

Corroded Rebar
ssssassmessasess < in Concrete

Radial direction
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<>

Thicklnesls=0
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Steel i product 1777
----------------------- Steel
£

_do, _G,de_G, a2

cor d]] d77 77

where K, is the rigidity of the corrosive rust layer
(MPa/mm), E\, is the equivalent stiffness at the interface
after corrosion, Ebo is the equivalent of Ey, as used in
equations (3)-(12), for use in the computation of cor-
roded cases, 77 is the thickness of corrosion products
layer, and G, denotes the Young’s modulus of the cor-
rosion products (MPa).

A wide range of the Young’s modulus values has been
reported for steel corrosion products, including 0.02GPa
(Yoshioka and Yonezawa 2002), 2-4GPa (Molina et al.
1993), 7GPa (Toongoenthong et al. 2005), and 14GPa
(Lundgren 2002). In fact, the corrosion layer behaves
like a granular material, with stiffness depending
strongly on pressure (Lundgren 2002). Ouglova et al.
(2006) claimed that the stress state of the corrosion
products layer in reinforced concrete can be treated as
similar to that of the assembled corrosion products in an
oedometer test. Figure 6 shows a typical stress-strain
relation measured in oedometer tests by Ouglova et al.
(2006). In this work, the relation is simplified into two
linear stages denoting the confinement effect, with the
lower confinement value of G, being around 100MPa.

Note that high interfacial pressure usually builds up
before the occurrence of a splitting crack in the greater
concrete cover (Lundgren. 2002) and in cases strongly
confined by web reinforcement or skin reinforcement
(Coronelli. 2002). However, for the experiment dis-
cussed in section 2 above, wide splitting cracks were
observed in most of the corroded specimens and no web
reinforcement was used. Hence, a small value of G, is
expected. Here, G, is assumed to be 100MPa and the

Virgin Steel
i Corrosion |
Product

Ingore

1 gioss

Fig. 5 Modeling of corrosion product impact inside the bond transition zone.
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value is further checked in the sensitivity analysis.

5. Simulation of crack spacing in corroded
RC

5.1 Analytical approach

The simulation of residual bonding after corrosion fo-
cuses on a pre-corroded specimen. First, splitting of the
concrete cover resulting from expansion of the corrosion
products is modeled by imposing an isotropic volumetric
strain on the solid elements of the reinforcement. This
action induces radial deformation without any elongation
of the reinforcement. The resultant tensile stress arises in
the concrete in the hoop direction, leading to splitting
cracks in concrete solid elements, as shown in Fig. 7.
Mesh-size dependency was checked in terms of con-
vergence of nonlinear solution beforehand, and the al-
lowable large sized elements similar to the mean size of
coarse aggregates are arranged.

The bond transition zone is of much smaller extent
than the concrete and the reinforcing bars, so the cylin-
drical thickness of this layer is ignored in the interface
elements. The numerically induced volumetric expan-
sion is terminated when the splitting crack reaches the
same value as that observed in the experiment. After
termination, analysis of loading is carried out.

The residual stress and strain states of the concrete
solid and interface elements, as determined in the above
first stage of analysis, are used as the initial values in the
subsequent loading simulation. The residual states of the
steel solid, on the other hand, are initialized. The effect
of damaged concrete cover and confinement on bonding
is consistently taken into account in the simulation. This
stage of analysis is referred to as the 're-start' stage.

Figure 8 shows the finite element mesh used in this
second stage of analysis. Three-dimensional (3D) quad-
rilateral isoparametric solid elements are used for both
the reinforcing bars and the surrounding concrete.
Zero-volume interface elements are placed between the
reinforcement and the concrete, with behavior governed
by the opening-slip coupled model for the bond transi-

z
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\ || element Corrosion Pre-damage
s Y Analysis
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Fig. 7 FEM mesh for simulation of corrosion pre-damage
analytical approach.

tion zone. A one-cighth model with a symmetrical
boundary is used. The reinforcement is assumed to be
perfectly elastic. The surrounding concrete is modeled
using the 3D multi-directional smeared crack approach
so that the interaction between corrosion cracks and local
bond cracks can be simulated. Details of the model are
skipped here, but can be found in past research by
Mackawa et al. (2003) in which the model is verified.
Here, cracking of concrete is introduced normal to the
direction of the maximum principal stress when the
principal stresses exceed cracking criterion. The tension
softening model of concrete is formulated after cracking
in consideration of tensile fracture energy (Maekawa et
al. 2003).
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In order to take into account the effect of concrete
shrinkage in a simplified manner, an apparently reduced
tensile strength is used as,

(13)

where ('is a reduction coefficient taking into account the
effect of self-equilibrated stress induced by concrete
shrinkage. This is an empirical estimate of strength
based on the JSCE code. In cases where shrinkage cracks
are observed before loading, {’is set to 0.5 while in other
cases ¢'is set to 0.7 according to past validations.

As shown in Fig. 8, the thickness 7 of the corrosion
product layer is calculated as,

£, =4(023£"")

n=X+A4 (14)

where A is the difference between the present radius of
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the bar-rust system and the original radius of the virgin
bar. Strictly speaking, Ashould be different from the
value assuming a free expansion of the corrosion prod-
ucts, however it can be approximately calculated as fol-
lows:
A=¢_D/2

expan

(15)

where &epan 15 the input isotropic strain in the corrosion
pre-damage analysis.

X is the equivalent penetration of corrosion products
into the virgin steel and can be calculated as,

X=(01-1-Q)D/2 (16)

where (21is the corrosion loss obtained from the experi-
ment results.

In this second 're-start' stage of analysis, 7 is auto-
matically obtained from the results of the corrosion
pre-damage analysis (the first stage), in which 7 is up-
dated in each step to represent the growth of corrosion
products. Here, 4 computed from the previous step is
used to calculate 7 in the current step during the first
stage of analysis.

Table 3 shows the input parameters used for the finite
element simulation of each specimen.

5.2 Transverse action and damage in the bond
transition zone after corrosion

Residual transverse action and deformation arise in the
bond transition zone due to expansion of the corrosion
products, whereas no longitudinal deformation or bond
stress results from the corrosion process. Since the cy-
lindrical thickness of the bond transition zone can be
computationally ignored in interface elements, the terms
‘open’ and ‘slip’ are used to describe transverse and
longitudinal deformation of the bond transition zone.
‘Pressure’ is the term used to describe the transverse
force. Figure 9 shows the computed results for the cor-
rosion pre-damage stage in the case of specimen Al0.
The states of other specimens are also indicated in the

= “MﬂwHmm,_u»,.,-,T_u‘
A8

Al0

6.0 =+ Bond stress at interface
<-Pressure at interface
0.0 1.0 2.0 3.0 4.0

Average splitting crack width (mm)

Fig. 9 Computed results of interface element in corrosion pre-damage analysis.



F. Shang, X. An, T. Mishima and K. Maekawa / Journal of Advanced Concrete Technology Vol. 9, No. 1, 89-102, 2011 97

Table 3 Input parameters for simulation of each specimen in section 2.

) Steel solid Concrete solid Interface element
Specimen 5

Eoxpan /i (MPa) E,(MPa/mm) | £, (MPa) 7 (um)
Al 0.0 2.0 1205.38 48.14 0.0
A2 0.0 2.0 1186.57 47.39 0.0
A3 0.003 1.5 1220.92 48.77 60.0
A4 0.008 1.5 1260.24 50.34 160.0
A5 0.005 1.7 1115.53 44.56 161.0
A6 0.016 1.5 1247.41 49.82 261.0
A7 0.018 1.8 1147.06 45.82 308.0
A8 0.070 1.9 1192.28 47.62 895.0
A9 0.050 1.9 1198.86 47.88 789.0
Al10 0.160 1.9 1206.31 48.18 1979.0

figure. It is clear that pressure builds up in the bond
transition zone prior to the occurrence of a splitting crack,
while pressure falls dramatically as the splitting crack
increases in width.

It is noteworthy that the transverse deformation
switches from closure to opening when the splitting
crack exceeds 0.5mm in width, where transverse defor-
mation is the total compressive/tensile deformation of
the corroded layer and the local concrete in front of the
rib. This hints at possible damage in the bond transition
zone after corrosion. Consequently, greatly reduced bond
performance might be expected in the second stage of
analysis. If seen, this would effectively illustrate the
effect of confinement on bonding.

Also worth noting is the decreasing relative dis-
placement as the splitting crack grows wider and wider;

1st principle strain distribution by FEM
(1/8 symmetric mesh)

Longitudinal
crack —
Transverse
/ crack

Transverse

crack
z

Transverse

crack
X
y

almost no pressure is developed during this time. This
represents a complete loss of confinement by the con-
crete and free expansion of the corrosive product.

5.3 Simulation of residual bond performance in
corroded RC members

As already noted, the second 're-start' stage of analysis
adopts the residual stress-strain information obtained in
the section above as the initial conditions. The computed
1* principal strain distribution of the corroded specimen
(A7 as an example) at the final step of the ‘re-start’ stage
of analysis is shown in Fig. 10. It can be found that the
concentration of the 1¥ principal strain denotes the pos-
sible position of the cracks in the specimen, including
both the longitudinal and transverse cracks. Although the
numerical results are still unable to give a precise esti-

Exp. Crack pattern
(total length)
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Fig. 10 Simulated 1% principal strain distribution at the surface of corroded specimen (A7) at final load.



98 F. Shang, X. An, T. Mishima and K. Maekawa / Journal of Advanced Concrete Technology Vol. 9, No. 1, 89-102, 2011

mation of crack position (as compared with the experi-
mentally obtained positions), the total transverse crack
count (that is, the average transverse crack spacing) is
simulated by the analysis; the total computed transverse
crack count should be twice the value given in the figures,
since a symmetric model is used for analysis. Here, the
local bond deterioration around crack planes is bluntly
taken into account as the 3D cone shaped crack propa-
gation is numerically simulated.

Figure 11 shows a typical hoop tension strain distri-
bution of the corroded specimens (specimen A7) at the
same step as Fig. 10. Owing to the expansion of corro-
sive product, the hoop tension strain is localized in the
longitudinal cracking surface in the view of the cross
section. In addition, the hoop tension strain has a peri-
odical distribution in the two longitudinal sections; the
peak hoop strain always occurs at the loading end and
transverse crack surface. Therefore, both the distribution
of hoop strain can evidently prove the computed trans-
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(a) In the view of cross section

verse crack number obtained from Fig. 10.

The computed load-deformation relation for the con-
crete and the computed longitudinal strain distribution
for each specimen are compared with the experimental
data in Fig. 12 (a)-(i). To make it clear, only computed
longitudinal strain distribution is shown here. Both the
total transverse crack count (that is, the average trans-
verse crack spacing) and the load-deformation relation
are simulated well by the analysis. This is especially true
for medium degrees of corrosion.

Lots of cracks are observed in the experiment and
also computationally simulated in cases with a signifi-
cant shrinkage effect (specimens A3, A4, and A6), but it
seems that the numbers of cracks are not exactly coin-
cident. This implies that the coupling effect of corrosion
and shrinkage on bonding needs to be further investi-
gated. These cases with significant shrinkage are ex-
cluded from Fig. 13, which summarizes this comparison
of analytical and experimental results.
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Fig. 11 Simulated hoop strain distribution of corroded specimen (A7) at final load.
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Fig. 12 Simulated load-elongation curve and crack pattern of each specimen.
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Fig. 12 Simulated load-elongation curve and crack pattern of each specimen.
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Table 4 Input parameters for simulation of the experiment by Amleh et al. (2006).

) Steel solid Concrete solid Interface element
Specimen ; 0
Soxpan /i (MPa) E(MPa/mm) | £, (MPa) 7 (um)
SS1/SS2 0.0 1.7 1200.00 48.00 0.0
CS1 0.0065 1.7 1200.00 48.00 267.0
CS2 0.0080 1.7 1200.00 48.00 359.0
CS3 0.220 1.7 1200.00 48.00 2766.0
CS4 0.080 1.7 1200.00 48.00 1393.0
CS5 0.110 1.7 1200.00 48.00 1719.0
CS6 0.300 1.7 1200.00 48.00 3917.0

Further analysis is carried out to simulate the experi-
ments carried out by Amleh ef al. (2006). Table 4 shows
the input parameters in these cases. Figure 14 gives the
simulated transverse crack spacing versus corrosion level
results compared with the experimental results; good
agreement is achieved in this case also, which demon-
strates the applicability of the extended open-slip cou-
pled model and the corrosion pre-damage analytical
approach.

5.4 Mechanical properties of corrosion prod-
ucts layer

Sensitivity analysis with different values of G, (1GPa,
0.01GPa) are carried out to check the assumption made
in section 4. Analysis results for ultimate transverse
crack count for these cases are also shown on the graph in
Fig. 13. These results show that the modulus of the cor-
roded layer also has an important influence on the total
number of transverse cracks that arise from the analysis.
Further, they prove the applicability of the original G,
assumption and confirm the observations made by
Ouglova et al. (2006).

Considering the bar-corrosion-concrete interactions,
the layer of corrosion products serves as a bridge be-
tween the virgin steel and the surrounding concrete. The
mechanical properties of this layer dominate stress
transfer between the reinforcing bar and the concrete.
Consequently, choosing too large or too small a value of
G Will lead to incorrect evaluation of the post-corrosion

FEM: G=1GPa

FEM:{GZO. 1GPa

Number of transverse crack
foN

FEM: ?=0.0lGPa

0.0 1.0 20 3.0 40
Average splitting crack width (mm)
Fig. 13 Simulation of experiments by the authors.

residual bond behavior and thus to unrealistic predictions
of the transverse crack count. Since the stiffness of the
corrosion products is associated with the level of con-
finement at the interface, as already discussed, this pa-
rameter has to be considered when simulating the bond
behavior after corrosion (section 5.3).

One point of note is that no transverse cracking occurs
beyond a certain level of corrosion when G,,=0.01GPa.
This hints that it might be proper to use this value of G,
when free expansion of the corrosion products is possible,
as discussed above.

6. Conclusions

The tension-stiffening behavior of corroded reinforced

concrete in tension was experimentally investigated.

The open-slip coupled model of the concrete-steel bond

transition zone was extended to include the more gen-

eral case in which the reinforcement has corroded and a

layer of corrosion products is present at the interface

between steel and concrete. The following conclusions
are reached as a result of this work:

(1) The experiments clarify that the residual bond per-
formance after corrosion of the steel reinforcement
is closely associated with the amount of transverse
cracking (that is, associated with the average crack
spacing in the corroded RC members).

(2) A simplified approach to three-dimensional nonlin-
ear simulation of the bond transition zone, including
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Fig. 14 Simulation of experiments by Amleh, et al. (2006).
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the layer of corrosion products around the reinforc-
ing bar, is developed. This finite element simulation
correctly reproduces the crack spacing and
space-averaged stiffness in tension. The open-slip
coupled model may successfully take into account
the magnified ring tension stress field associated
with longitudinal bond action and the so-called
corrosion pressure around bars.

(3) The group of individual microscopic constitutive
models was comprehensively verified in terms of
the overall tension nonlinearity of RC, but each mi-
cro-modeling should be more directly examined in
future. Sensitivity analysis demonstrates that mod-
eling of the bond transition zone and of the layer of
corrosion products are the primary factors requiring
attention so as to achieve further improvements and
a more versatile simulation.
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