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ABSTRACT: Bond deterioration between reinforcing bar and concrete due to corrosion could significantly af-
fect the residual performance of RC structures. Not only the bond model needs to be upgraded to quantify 
damage of interface after corrosion but also the damage state of concrete cover should be reproduced in the 
structural analysis. The open-slip coupled interface model that considers the effect of corrosive substance 
layer is first developed in this paper, which may fairly quantify the confinement state of concrete-steel inter-
face after corrosion. Then it can be adopted for structural assessment within a new analytical approach. First, 
isotropic expansive strain is induced in the discrete steel bar element to simulate the expansion of corrosive 
substance. Afterwards, the subsequent analysis starts with the residual stress strain states of concrete solid and 
interface elements as input information. The experimental results can be successfully simulated. Sensitive 
analyses are applied to clarify the effectiveness of open-slip coupled interface model and the numerical 
scheme for corrosion pre-damaged RC members. 

1 INTRODUCTION 

Bond deterioration between reinforcing bar and con-
crete due to corrosion may significantly affect the re-
sidual performance of RC structures (Tachibana et 
al. 1990, Rodriguez et al. 1997, Coronelli et al. 
2004). In the past decades, many experimental and 
analytical works (Al-Sulaimani et al. 1990, Auyeung 
et al. 2000, Coronelli 2002) have been carried out to 
study the concrete-steel bond characteristics after 
corrosion. It was found that the bond strength is 
slightly increased at the initial stage of corrosion ow-
ing to the pressure development at interface and fi-
nally be degraded dramatically after the splitting of 
concrete cover, which states the significance of con-
finement effect on bond. 

Most of the previous works upgraded their origi-
nal bond slip model of sound concrete for corroded 
case. Various empirical relations between reduced 
bond strength and corrosion loss of steel bars have 
been established. Whereas, much difficulty was en-
countered as the critical weight loss that separates 
the initial corrosion state and post-splitting condition 
of concrete cover is also governed by the confine-
ment level. Berra et al. (2003) studied the bond dete-
rioration after corrosion under different confinement 

levels with axisymmetric FE analysis and tried to ob-
tain the confinement effect in analysis. However, as 
it is logically impossible to reproduce numerical 
splitting crack in axisymmetric elements, specific 
treatment was needed to represent this effect. Thus, 
it will be hard to be extended to the general structure 
analysis. Then, the full 3D confinement effect on 
bond must be included in the numerical modeling. 

As a matter of fact, not only interfacial area but 
also whole concrete cover would be damaged when 
steel bars are corroded. Such damage of concrete 
cover may influence the structural behaviors as well 
(Toongoenthong et al. 2005). Thus, it is of great im-
portance to include such damage information of con-
crete elements in the structure analysis. Toongoen-
thong et al. (2005) proposed a multi-mechanical 
approach for the structural assessment after corro-
sion. The equivalent expansive strain of RC smeared 
element was computed according to the corrosion 
level and input as the initial condition for the struc-
ture analysis. The shear capacity of heavily corroded 
RC beams is well simulated. In this 2D approach, 
the greater deterioration of bond is forced to be 
modeled than the reality, since the web concrete and 
the reinforcement layer is separated in the whole 



breadth of the member. Thus, the intermediate level 
of corrosion is hardly treated for practice. 

The aim of this paper is to develop a full 3D bond 
model to demonstrate the confinement effect on 
bond after corrosion and adopt it for structure analy-
sis with the concrete initial damage information in 
both interface and concrete cover. 

2 OPEN-SLIP COUPLED MODEL FOR STEEL-
CONCRETE BOND AFTER CORROSION 

For 3D finite element analysis, the shape of reinforc-
ing bars is idealized as cylindrical rods and the lug-
concrete interaction is equivalent to an open-slip of 
the interface between the bars and concrete, the 
modeling of which is substituted in the interface 
element with no volume. Notably, the physical im-
age (Fig. 1) of the interface is similar to that of the 
crack shear, which is governed by the open-slip of 
cracking surface. Then, the bond model can benefit 
greatly from the contact density model (Li & Mae-
kawa 1989) for cracking shear transfer problems. 
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Figure 1. The open-slip coupled bond model. 

 
It can be found that the open-slip of the interface 

induces normal contact and local friction between 
the inclined rib and surrounding concrete. Despite 
very accurate constitutive laws of such normal con-
tact and local friction can hardly be obtained directly 
from an experiment, it is still possible to have a rea-
sonable and simple assumption. 

First, the normal contact stress σn
0 at the free end 

with zero reinforcement strain is assumed to be re-
lated only to the relative normal displacement un and 
governed by an elasto-plastic model (Fig. 1), which 
is expressed as follows: 
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where, Eb is the stiffness of normal contact; α is the 
effective contact area between the inclined rib and 
the surrounding concrete, which is computed accord-
ing to geometric relation. 
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Here, h denotes the height of the rib. α illustrates the 
effect of rib height: a higher rib would result in a lar-
ger contact area with the same open interface (Fig. 1). 

The variable up indicates the plastic component of 
relative normal displacement, calculated as: 
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where, umax is the maximum normal displacement in 
the loading history and ulim is the elastic limit of 
relative normal displacement. Thus, the local com-
pression yielding strength, fy, in front of the inclined 
rib is calculated as: 

 
limy bf E u=                               (4) 

 
The bond mechanism i.e. the lug-aggregate inter-

action is similar to the cracking shear transfer prob-
lems, which is governed by the aggregate-aggregate 
interaction. Therefore, the formulation of contact 
stiffness Eb

0 and local yielding strength fy of sound 
steel-concrete bond can refer to the research on the 
cracking shear transfer (Maekawa et al. 2003), which 
is expressed as follows: 
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The effect of corrosive substance layer between 

sound steel and concrete has to be taken into account 
after corrosion of steel bar. As shown in Figure 2, 
we have the total equivalent contact spring as: 
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Here, Gcor is the stiffness of corrosive substance 
(around 7GPa: Toongoenthong et al. 2005), and η is 
corrosive substance depth and can be computed as: 
 

( )1 1 2
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



where, γ denotes the mass fraction loss and α is the 
coefficient of expansion of corrosive substance, 
which ranges from 2~6 depending on the composi-
tion of oxides according to the previous literature 
(Liu et al. 1998). 
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Figure 2. Concrete-steel interface model after corrosion. 

 
As reported by Shima et al. (1987), the rein-

forcement strain can be used to describe the effect of 
micro-defect of cover concrete on the local bond. 
Here, the reinforcement strain represents the dam-
aged state of surrounding concrete, i.e. the width of 
Goto crack, which is almost parallel to the normal 
contact stress (Maekawa et al. 2003). The concrete 
compression performance parallel to the crack de-
creases as the transverse crack width increases (Col-
lins & Vecchio 1982). The increase in reinforcement 
strain, i.e., the increase of Goto crack width, will 
certainly reduce the normal contact stress as well, 
which stands for the compressive behavior of such a 
micro-cracked concrete strut in front of a rib, too. 
Thus, the normal contact stress at an arbitrary loca-
tion is expressed as: 
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where, ε is the axis tensile strain of the correspond-
ing reinforcing bar element. And λ=3.5 based on the 
sensitivity analysis. 

As shown in Figure 3, the Mohr-Coulomb’s fric-
tion along the inclined rib τn (compression side) is 
formulated as follows: 
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where, Gn is the tangential stiffness along the in-
clined rib, and vn is the relative normal and tangen-
tial displacements. The Poisson effect of the inter-
face is denied here. Then, we have: 

n n0.5G E=                               (10) 
 
According to the experiments by Xu et al. (1994), 

µ is around 0.2~0.3 (in this paper, µ =0.25). 
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Figure 3. Constitutive law for Mohr-Coulomb’s friction along 
inclined rib. 

 
All together, 3D bond stress field can be compu-

tationally summarized as: 
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where, τb is defined as bond stress, σ is the dilatant 
stress, L denotes the spacing of ribs in a longitudinal di-
rection; τϕ, Eϕ and δϕ are the shear stress, stiffness and 
shear slip along the hoop direction of the reinforce-
ment. By considering that the torsion of the reinforcing 
bars seldom occurs in the structure, the authors assume 
the linear elasticity in the hoop direction of reinforce-
ment with relatively large stiffness. 

The relative displacement in both normal and tan-
gential directions along the inclined rib (compres-
sion side) can be computed from the local open and 
local slip of the interface as: 
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where, s=sinθ, c=cosθ. θ is the inclined angle of the 
rib, ω and δ are the local opening and local slip of 
the interface, respectively. 

3 SIMULATION OF BOND AFTER 
CORROSION 

3.1 Analytical scheme 
A computational scheme is proposed here to simu-
late the residual bond after corrosion. The splitting 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
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etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
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paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



of concrete cover due to expansion of corrosive sub-
stance is first simulated by imposing isotropic forced 
volumetric strain on the reinforcement elements. 
Orthotropic expansion is to induce the radial defor-
mation without any elongation of reinforcement 
elements. So, the tensile stress is resultant in the 
circumferential direction in concrete, which leads to 
splitting cracks. Analysis of this stage is defined as 
corrosion pre-damage one and it is terminated when 
the splitting crack width reaches the reality. 

Second, the subsequent analysis is followed for 
the structural assessment. Here, the residual stress 
and strain states of concrete solids and interface 
elements, which was produced by the first stage of 
analysis, is the input data for the starting states. The 
effect of damaged concrete cover and confinement 
on bond can be consistently taken into account in the 
simulation. Analysis of this stage is defined as the 
re-start stage. 

3.2 Corroded RC beam 
Some of the corroded RC beams without any web re-
inforcement tested by Tachibana et al. (1990) were 
used. Figure 4 shows the specimen details and rein-
forcement arrangement. The concrete strength is 
35.6 MPa and the yield strength of reinforcement is 
353 MPa with a tensile reinforcement ratio of 1.3%. 
The shear span to depth ratio is 4.2. 

 

Corrosion
Growth of crack 

after 15-day 
corrosion

 
Figure 4. Corroded beam tested by Tachibana et al. (1990). 

 
Table 1a. Parameters of reinforcement geometry for analysis. 
Diameter θ h L 
Mm 。 mm mm 
16 45 1.0 10.0 

 
Table 1b. Parameters of open-slip coupled model for each case 
in analysis.  
Bottom crack width η Eb fy 
Mm mm GPa/mm MPa 
0.0 (Non-damage) 0.00 11.2 45.0 
0.10 0.36 10.3 45.0 
0.40 0.59 9.9 45.0 
0.75 1.07 9.2 45.0 
1.50 1.89 8.4 45.0 

These beams were subjected to galvanostatic-
corrosion at first and then statically loaded to failure. 
The corrosion cracks opened widely in the bottom 
surface and propagated to the side surface. The ef-
fect of different corrosion levels (bottom crack 
width=0.0mm~0.75mm) were studied in the experi-
ment. It was found that the failure pattern gradually 
changed from flexure to the bond-shear one. 

3D-quadrilateral solid elements were applied in 
the finite element analysis for both reinforcing bars 
and the surrounding concrete. The interface element 
with no volume was used between the reinforcement 
and concrete, governed by the opening-slip coupled 
interface model. All the parameters used for open-
slip coupled model are listed in Table-1a and 1b. 

The reinforcement was simulated as the elasto-
plastic hardening material. The surrounding concrete 
is modeled by the 3D multi-directional smeared 
crack approach so that the interaction between corro-
sive cracks and local bond cracks can be simulated. 
Here, the authors skip the details of the constitutive 
models, which have been verified in the past re-
search and can be refer to Maekawa et al. (2003). 

4 NUMERICAL SIMULATION 

4.1 Simulation of corrosive substance expansion 
In the corrosion pre-damage analysis, smeared split-
ting cracks were produced in the concrete cover ele-
ments. Figure 5 shows the 1st principle strain distri-
bution for the different corrosion level. The numerical 
crack appeared in the bottom surface first, and then 
to the side surface, which could be verified by the 
experimental observations as shown in Figure 4. 

 

Bottom crack width =0.1mm Bottom crack width =0.75mmBottom crack width =0.1mm Bottom crack width =0.75mm 
Figure 5. 1st Principle strain distribution in the cross section af-
ter corrosive substance expansion. 

 
In addition, residual stress and relative displace-

ment were also produced in the interface element, as 
shown in Figures 6a and 6b. It could be found that 
no slip and bond stress exist. Whereas, stress and 
relative open displacement were made in the dilatant 
direction, which describes the pressure development 
due to the corrosive substance expansion. When the 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



splitting crack grew wider and wider, the dilatant 
stress would dramatically decreased and interface 
displacement changes from closure to open, which 
hints the loss of contact between lug of the steel and 
concrete in corrosion, and much weaker bond per-
formance was expected in the next stage of analysis. 
Thus, the confinement effect on bond would effec-
tively be illustrated. 
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Figure 6a. Residual stress state at the interface after corrosive 
substance expansion. 
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Figure 6b. Residual relative displacement at interface after cor-
rosive substance expansion. 

4.2 Simulation of mechanical loading tests after 
corrosion 

The re-start stage of analyses were carried out with 
the above residual stress strain information recorded 
as the initial conditions. Figure 7 shows the com-
puted capacity of each corroded case compared with 
the experiment data and results of Toongoenthong et 
al.’s 2D simplified approach (2005). More realistic 
capacity is obtained. Not only the reduction of ca-
pacity due to corrosion is reproduced but the slightly 
increase at initial corrosion stage as well. The 2D 
simplified approach gives the lower capacity as ex-
plained in Chapter 1 and leads to over-safety estima-
tion for practice, since the corrosion crack is inevita-

bly modeled to penetrate over the whole breadth of 
the RC member. 

The failure pattern is computationally changed 
from flexure to bond-shear failure as shown in Fig-
ure 8a and Figure 8b. In these cases, the beam capac-
ity may strongly rely on the anchorage of main rein-
forcement. Then, the corroded bond state must be 
quantitatively evaluated in the structural assessment 
in more details. 
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Figure 7. Experimental and analytical capacity of corroded 
beam (2D simplified approach: Toongoenthong et al. 2005). 
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Figure 8a. 1st Principle strain distribution of non damaged beam 
at failure. 
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Figure 8b. 1st Principle strain distribution of corroded beam 
(bottom crack=0.75mm) at failure. 

4.3 Effectiveness of the open-slip coupled model 
and corrosion damage initialization 

Sensitive analyses of the above case with 0.75mm 
width crack at bottom surface were carried out to 
clarify the effectiveness of open-slip coupled inter-
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  

 

J•∇=
∂

∂
−

t

w
                              (2) 

 
The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
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relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



face model and the analytical approach for corrosion 
pre-damage analysis. The case without interface 
element and the case without corrosion pre-damage 
analysis were studied respectively as lined-up in Ta-
ble-2. 

Figure 9 shows the computed load-displacement 
relation of each case compared with the experiment 
data. It is noted that the anchorage failure could not 
be reproduced when only the 2nd stage of analysis 
was applied for analysis, while it would underesti-
mate the capacity of the corroded beam when the 
open-slip bond model is not used. 

It implies that both the residual damage states at 
interface and concrete cover produced by corrosion 
have significance on the structural assessment of the 
beam capacity. The splitting of concrete cover at an-
chorage zone could not only affect the residual bond 
strength, but leads to shear failure as well when such 
crack connects to the diagonal crack. Hence, it is of 
great necessity to take it into account in the analysis. 

On the other hand, during the corrosion pre-
damage analysis, the concrete-steel contact will be 
gradually lost as the increase of corrosion level as 
discussed above. The bond stress transfer mecha-
nism would be dramatically changed at this stage. 
However, it has been reported both in experiment 
and analysis that the shear capacity of the beam 
without web reinforcement increases when the bond 
of main reinforcement in shear span is completely 
eliminated (Soltani 2002, Wang 2007). Thus, case C 
which denied the open-slip model by sharing the 
nodes between steel and concrete elements in the 
analysis would certainly produce too much bond 
stress and result in less capacity. 

 
Table 2. Sensitive cases for 0.75mm width of bottom crack.  

 Open-slip model. Corrosion damage analysis 
Case A used used 
Case B used not used 
Case C not used used 
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Figure 9. Sensitive analyses for case with 0.75mm width of bot-
tom crack. 

5 CONCLUSIONS 

Not only the damage of interface but also the dam-
age of the concrete cover produced by the corrosive 
substance expansion has to be quantitatively consid-
ered in the structural assessment. The open-slip cou-
pled model is developed to quantify the confinement 
effect on bond and successfully applied for structural 
analyses within corrosion pre-damage analysis. 
Compared with the 2D analytical approach, the accu-
racy of the behavioral simulation is upgraded since 
the transient process of corrosive cracks can be 
simulated in the full 3D extent. And the effective-
ness of both open-slip model and corrosion pre-
damage analysis is clarified. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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 (4) 

 
where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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