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ABSTRACT: Concrete cover cracking induced by reinforcement corrosion is an important indication of du-
rability limit state for reinforced concrete (RC) structures, and can ultimately determine the structural service 
life (SL). This paper presents a mathematical model that can predict the time from corrosion initiation to cor-
rosion-induced cover cracking. In the present model, a relationship between the expansive pressure and the 
corrosion amount of steel was proposed based on mechanics of elasticity, which took account of the influence 
of corrosion products. Additionally, the penetration of corrosion products into radial corrosion cracks was 
also considered in this study. Then, Faraday’s law was utilized to build the theoretical model for predicting 
time from corrosion initiation to corrosion cracking. Discussion of the main factors affecting the time to 
cracking showed that the increase of cover thickness, decrease of rebar diameter, improvement of concrete 
strength and control the level of oxidation were in favor of elevating the durability of RC structure. A com-
parison was made between the model’s predictions and experimental results published in literatures and it in-
dicated that the proposed model could give reasonable prediction for the time to cover cracking. 

1 INTRODUCTION 

One of the most predominant factors responsible for 
the structural deterioration in reinforced concrete 
(RC) structures is identified as corrosion of rein-
forcement, which may result in the damage to the 
structures in the form of expansion, cracking and 
eventually spalling of the cover concrete. Normally, 
concrete provides a high degree of protection to the 
reinforcing steel against corrosion, known as pas-
sivation of steel, by virtue of the high alkalinity in 
the pore solution. In aggressive environments, how-
ever, this highly desirable durability performance in 
concrete is usually destroyed and corrosion of rein-
forcement becomes a commonly encountered issue, 
which can be caused by two major factors: (i) con-
crete carbonation, and (ii) presence of chloride ions 
(Ahmad 2003).  

When the passivation layer around reinforcement 
disappears, corrosion will occur as long as oxygen, 
water, differences in electrical potential and tem-
perature are provided. Due to the volume expansion 
of corrosion products, which is about 2 to 6 times 
the original iron volume (Liu & Weyers 1998), a ra-
dial pressure at the steel-concrete interface is in-
duced and the hoop tensile stresses in the surround-
ing concrete develop slowly which results ultimately 
in thorough cracking of the cover concrete. These 

cracks in the cover concrete may provide a path for a 
quicker ingress of aggressive elements to the steel 
bars, and accelerate the corrosion. The corrosion rate 
and corrosion-induced cover cracking can directly 
affect the decisions regarding repair, strengthening 
and replacement of the deteriorated RC structures to 
ensure their service life (SL). Therefore, it is widely 
accepted that the state of cover cracking induced by 
corrosion is identified as serviceability limit state 
(SLS) of RC structures (Vu & Stewart 2005, Stewart 
& Mullard 2007). And it is worthwhile to develop an 
analytical model to access the time from corrosion 
initiation to cover cracking.  

As to the issue on cover cracking of corroded RC, 
a lot of laboratory tests and field investigations have 
been done by many researchers (Bazant 1979, Rash-
eeduzzafar et al. 1992, Cabrera & Ghoddoussi 1992, 
Andrade et al. 1993, Alonso et al. 1998, Liu & Wey-
ers 1998, Mangat & Elgarf 1999, Vu & Stewart 
2005, Maaddawy et al. 2005), and some theoretical 
models to predict the time of cover cracking have 
been proposed (Bazant 1979, Morinaga 1988, Liu & 
Weyers 1998, Bhargava et al. 2005, Maaddawy & 
Soudki 2007). These efforts had made great progress 
in analyzing the corrosion of reinforcement and rele-
vant cover cracking. However, there are still some 
differences between the observed data and predicted 
values obtained from these models due to the com-



plexity of the corrosion process itself. The reasons 
caused above differences may attribute to following 
factors: (i) the material properties of concrete itself 
were ignored, which might bring evident error for 
various strength concrete, such as Morinaga’s model 
(Morinaga 1988), (ii) the mechanical properties of 
corrosion products were complicated and usually 
neglected, such as Liu and Weyers’s model (Liu & 
Weyers 1998) and Maaddawy and Soudki’s model 
(Maaddawy & Soudki 2007), and (iii) during the 
progress of the crack front, the ingress of corrosion 
products into the open radial cracks was ignored. 
For the last factor, the existing mathematical models 
all haven’t taken account of it, which may cause cer-
tain difference from the practical conditions espe-
cially for natural corrosion process. 

This paper firstly contributes towards a quantita-
tive relationship between the amount of steel corro-
sion and concrete cover cracking, which takes the 
amount of corrosion products accommodated within 
the radial cracks into account. Then, based on Fara-
day’s law, a mathematical model that predicts the 
time from corrosion initiation to corrosion-induced 
cover cracking is developed for reinforcements’ uni-
form corrosion. The main factors affecting the time 
to cracking in the present model are analyzed, and 
its accuracy is demonstrated by comparing the mod-
el’s predicted results with experimental data pub-
lished in other literatures. 

2 PROBLEM DEFINITION OF CORROSION 
CRACKING MODEL 

2.1 Basic assumptions 
While formulating the corrosion cracking model, the 
following four basic assumptions are made: (i) cor-
rosion process is spatially uniform around the steel 
reinforcement which results in a uniform radial ex-
pansive pressure at the steel-concrete interface, (ii) 
the concrete around the steel reinforcing bar is mod-
eled as a thick-walled cylinder and the wall thick-
ness equals to the thinnest concrete cover, (iii) the 
stresses in concrete and reinforcement are induced 
only by the expansion of corrosion products, and 
(iv) the radial cracks will develop from the cylin-
der’s inner surface to outside, and the corrosion 
products shall be accommodated in these cracks. 

2.2 Analytical method 
Bazant (1979) proposed a physical model for steel 
corrosion in concrete sea structures, and believed 
that the time from corrosion initiation to cover 
cracking should be mainly dependent on the corro-
sion rate, cover thickness, spacing between steel re-
inforcement, diameter of the reinforcement and 

properties of cover concrete. When the spacing s is 
large enough, the cover concrete will expand, crack 
and spall along the longitudinal reinforcement, as 
shown in Figure 1a. While the cover thickness c, or the 
ratio of cover thickness to diameter c/d, is domi-nant, 
the delamination of cover concrete will develop at the 
surface of steel’s layer, see Figure 1b. In these two 
cases, it is affirmative that the corrosion-cracking will 
reach to the exterior of thinnest concrete cover before 
the spalling and delamination occurs. So, it is feasible 
to adopt thick-walled cylinder to analyze the issue of 
corrosion-induced cover cracking. 

 
s

c

c

s
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Figure 1. Spalling and delamination of cover concrete caused 
by reinforcement corrosion. 

 
Corrosion-induced cracks will occur firstly at the 

steel-concrete interface when the hoop tensile stress 
at every part of inner circumference reaches to the 
tensile strength of concrete and then expand to the 
external surface of cover gradually. The specific po-
sition and amount of cracks, however, are uncertain 
and random. Here, smeared cracking approach is 
adopted and the relevant formulations are written in 
terms of average stresses and strains (Pantazopoulou 
& Papoulia 2001, Bhargava et al. 2005). 

To simplify the problem, the total amount of cor-
roded reinforcement existing at the onset of entire 
cracking of the concrete cover may be assumed to be 
calculated with two components: 

(i) The amount of corrosion products which can 
result in entire cracking of cover without taking ac-
count of the ingress of corrosion products into corro-
sion cracks. The corresponding radial loss of rein-
forcement and corrosion time are marked as δs1 and 
t1, respectively, and  

(ii) The amount of corrosion products which ac-
cumulates in the open radial cracks during the pro-
gress of the crack front. The needed radial loss of re-
inforcement and the corrosion time are marked as δs2 
and t2, respectively. 

3 THEORETICAL MODEL OF TIME T1 

3.1 Relationship between ratio of steel mass loss 
and radial pressure 

For an initial unrestrained RC specimen with the 
bottom clear cover c and original diameter of rein-
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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 



forcing bar d, the thick-walled concrete cylinder of a 
homogeneous material is shown in Figure 2a. And 
around the steel-concrete interface there is a porous 
zone caused by various reasons viz. transition from 
cement paste to steel, entrapped/entrained air voids, 
etc. (Liu & Weyers 1998, Bhargava et al. 2005, 
Maaddawy & Soudki 2007). For the sake of simplic-
ity, the porous zone is assumed to be uniform and its 
thickness is indicated by δ0.  

 
Table 1. Physical properties of various corrosion products. 

Corrosion products α n γ = αn 
Fe 1 1 1 
FeO 0.777 1.80 1.40 
Fe3O4 0.724 2.00 1.45 
Fe2O3 0.699 2.20 1.54 
Fe(OH)2 0.622 3.75 2.33 
Fe(OH)3 0.523 4.20 2.20 
Fe(OH)3

.3H2O 0.347 6.40 2.22 
* α = ratio of molecular weight of iron to the molecular weight 
of the corrosion product. 
 n = ratio of volume of corrosion product to the volume of 
consumed iron. 
 γ = ratio of density of iron to the density of corrosion produc-
tion. 

 
The uniform corrosion products must first fill this 

porous zone before their volume expansion (see Ta-
ble 1) starts to create uniform radial pressure qr 
around the surrounding concrete, due to which the 
concrete gets an internal radial displacement δc as 
shown in Figure 2b. Meanwhile, the change in the 
diameter of the steel reinforcing bar and the defor-
mation of corrosion products are shown in Figure 2c. 
In Figure 2c, the combined diameter of uncorroded 
steel plus free-expansive corrosion products is indi-
cated by d1 with the radial loss of reinforcement δs. 
Under the same expansive radial pressure qr, the cor-
rosion products are compacted and the correspond-
ing radial displacement is indicated by δr. When 
r0=d/2+δ0 and r1=d1/2, the deformation compatibility 
equation at steel-concrete interface is given by: 

 
rc rr δδ −=+ 10                             (1) 

 
For the displacement of concrete δc, it can be eas-

ily obtained from the books of mechanics of elastic-
ity and can be expressed as: 
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where υc = Poisson’s ratio of concrete; and Ecef = ef-
fective modulus of elasticity of concrete which can 
be calculated by Equation (3) (Bhargava et al. 2005, 
Maaddawy & Soudki 2007). 
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where Ec = elastic modulus of concrete; and φ= 
creep coefficient of concrete. 

When the uncorroded reinforcement is assumed 
to be rigid, the displacement of corrosion products δr 
can be given as follows (Wang et al. 2008): 
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Figure 2. Idealization of cover concrete as thick-walled cylin-
der and deformations caused by corrosion: (a) Initial unre-
strained RC specimen; (b) Deformation of concrete; (c) defor-
mation of corrosion products. 

 
where Er = elastic modulus of corrosion products; υr 
= Poisson’s ratio of corrosion products; and dn= di-
ameter of uncorroded steel bar, dn=d-2δs. 

Let ρ denotes the ratio of corroded steel mass 
Mloss to the original steel mass Ms per unit length, 
namely: 
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Based on Equation (5), the parameters of dn and 

d1 can be rewritten as: 
 

ρ−= 1ddn                               (6) 
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where n = ratio of volume expansion of corrosion 
products (see Table 1). 

Substitution of Equation (6) and Equation (7) into 
Equation (4) will yield the following expression: 

 

Proceedings of FraMCoS-7, May 23-28, 2010

hThD ∇−= ),(J                             (1) 
 

The proportionality coefficient D(h,T) is called 
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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 
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By the way, if the hysteresis of the moisture 
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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 
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etc.). In the literature various formulations can be 
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explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
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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 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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Then, from Equation (1) using the relationships 

given in Equation (2) and Equation (8), the relation-
ship between the radial pressure qr and the ratio of 
steel mass loss ρ can be expressed as: 
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Figure 3. Stress distribution of un-cracking concrete cover. 

 

3.2 Critical ratio ρc for entire cracking of cover 
At failure, cracks induced by the expansive pressure 
have reached the concrete surface. If it is assumed 
that the tensile stress in the cover concrete is uni-
form, the critical pressure qr,c at that time may be 
represented as (Liu & Weyers 1998, Maaddawy & 
Soudki 2007): 
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d
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where fct = tensile strength of concrete.  

For the thick-walled concrete cylinder, the tensile 
stress in the concrete is usually non-uniform (see 
Figure 3). Zhao and Jin (2006) believed that the en-
tire cracking of the concrete cover occurs when 
e=0.5(c+d/2), and the corresponding critical pressure 
qr,c at failure can be expressed as: 
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When qr = qr,c, the governing equation about 

critical ratio of ρc at cover cracking can be deter-
mined from Equation (9) and (11) as: 
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Usually, the corrosion products in concrete may 

be a complex admixture combined by various oxides 
of iron. The components of corrosion products de-
pend on the level of oxidation and show obvious di-
versity under different conditions. Bhargava (2005) 
considered the mechanical properties of corrosion 
products to be same as that of reinforcement, viz. 
υr=υs=0.3 and Er = Es=210GPa. Molina (1993) stud-
ied the performance of corrosion products in con-
crete and assumed that υr=0.49 and Er =6000(1- 2υr) 
=120GPa. Here, the influence of material properties 
of corrosion products on critical ratio ρc is analyzed 
under three following conditions: 

Case 1: referring to Bhargava (2005), υr =0.3 and 
Er =210GPa. 

Case 2: referring to Molina (1993), υr=0.49 and 
Er =120GPa, and 

Case 3: neglecting the influence of reinforce-
ment’s deformation, that is, δr =0. 
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Figure 4. Relationship between properties of corrosion prod-
ucts and critical ratio ρc. 

 
Figure 4 shows the results of the influence of cor-

rosion products on critical ratio ρc with different RC 
elements. From Figure 4, it can be known that the 
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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 



influence of material properties of corrosion prod-
ucts on critical ratio is negligible and the results of 
Case 1 and 2 are approximately equal to that of Case 
3. The main reason may attribute to that the dis-
placement of corrosion products δr is inverse propor-
tionate to the modulus of Er, and the elastic modulus 
of corrosion products, even Er =120GPa in Case 2, is 
several times higher than that of concrete. So, for the 
sake of simplicity, the deformation of corrosion 
products is neglected in following analysis, just like 
Case 3. Then, the detailed expression of critical ratio 
ρc can be obtained from Equation (12) as: 
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The relevant radial loss of reinforcement δs1 can 

be expressed as: 
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3.3 Time to cover cracking of t1 
The mass of consumed steel is related to the amount 
of current that flows through the electrochemical 
corrosion cell. The corrosion process can be formu-
lated using Faraday’s law as (Morinaga 1988, An-
drade et al. 1993, Maaddawy & Soudki 2007): 
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where t = corrosion time (s); Mloss = mass of steel 
consumed in time t; Icorr = corrosion current (A); M 
= atomic mass of the metal (M=56g); z = ionic va-
lency (z=2 for Fe(OH)2 and z=3 for Fe(OH)3); and F 
= Faraday’s constant (F=96,500 As). 

The corrosion current density icorr is defined as 
the corrosion current per unit steel surface. If the 
unit length L0 equals to 1cm and the unit of diameter 
d is mm, a relationship between Icorr (A) and icorr 
(µA/cm2) can be established as: 
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With ρs =7.85 g/cm3 and L0=1cm, the Equation 

(6) can be rewritten as follows: 
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Combining Equation (15), (16) and (17) with 
z=2.5 (mean value for Fe2+ and Fe3+), the corrosion 
time t (h) can be expressed with ρ and icorr (µA/cm2) 
as follows:  
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In case of ρ=ρc, the time from corrosion initiation 

to entire cracking of cover without taking account of 
the ingress of corrosion products into cracks, t1 (h), 
can be obtained from Equation (13) and (18) as: 
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Figure 5. Schematic diagram of corrosion crack and its filling: 
(a) Development of crack front; (b) Rust deposited within tri-
angular cracks. 

4 THEORETICAL MODEL OF TIME T2 

As explained previously, corrosion-induced cracks 
will occur firstly at inner surface of the thick-walled 
concrete cylinder and then expand to the external 
surface of cover gradually. During the progress, the 
corrosion products will penetrate into these radial 
cracks under radial pressure until cover cracking. 
With smeared cracking approach, the schematic dia-
gram of crack front is shown in Figure 5(a). Assum-
ing the shape of corrosion crack to be a triangle, as 
shown in Figure 5(b), the radial loss of steel δs2, with 
which the corresponding corrosion products can ful-
ly fill in the total volume of cracks, can be expressed 
as (Zhao and Jin 2006): 
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Usually, the radial loss δs1 (see Equation (14)) is 

a very small decimal, and the square of δs1 will be-
come smaller. So, the third item in the square root in 
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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 



Equation (20) can be neglected, and the Eq. (20) can 
be rewritten as: 

 

12 ss d
c δδ =                               (21) 

 
For long-term natural corrosion of reinforcement 

in concrete, it is inevitable for corrosion products to 
penetrate and fill in corrosion cracks, which is in ac-
cordance with the results of field inspection for RC 
structures. For short-term accelerated corrosion, 
however, the extent of filling of rust deposited with-
in cracks depends on the producing speed of corro-
sion products, which greatly lies on the intensity of 
accelerated corrosion current. Larger the current is, 
smaller the corrosion products penetrate into radial 
cracks. So, some researcher (Liu & Weyers 1998, 
Bhargava et al. 2005, Maaddawy & Soudki 2007) 
believed that no amount of corrosion products 
should be accommodated within the open cracks 
during the progress of the crack front. Herein, taking 
account of above two corrosion conditions syntheti-
cally, the Equation (21) is mended by a coefficient k, 
as follows: 
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where k = modified coefficient which depends on 
corrosion condition of steel. For accelerated corro-
sion, k=0.15~0.30; while for natural corrosion, 
k=0.8~1.0. 

Combining Equation (5), (14) and (22), the ratio 
of mass loss ρ2 relating with radial loss δs2 may be 
established as: 
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From Equation (18), it can be known that the cor-

rosion time is proportionate to the corrosion ratio ρ. 
So, the corrosion time t2 (h) can be expressed as: 

 

12 t
d
ckt =                               (24) 

5 THEORETICAL MODEL OF TIME TO 
CORROSION CRACKING 

5.1 Model establishment 
Combining Equation (19) and (24), the total time 
from corrosion initiation to cover corrosion crack-
ing, tcr (h), can be given by: 
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In above Equation (25), the Poisson’s ratio of 

concrete υc is 0.2. The thickness of the porous zone 
δ0 is typically in the range of 10~20µm (Maaddawy 
& Soudki 2007), and the mean value of 15µm is 
adopted in this present model. The ratio of volume 
expansion of corrosion products n is generally be-
tween 2 and 4 (Liu & Weyers 1998), and n=2.5~3.0 
is practical for normal corrosion of steel bars. 

5.2 Discussion of influencing factors 
Now assume that a RC member has fct =1.43MPa, 
Ec=30GPa, d=20mm and c=35mm. And the corro-
sion condition is an accelerated corrosion with 
icorr=100µA/cm2 (k = 0.20). Figure 6 indicates the 
relationship between time to cover cracking tcr and 
volume expansive ratio n. It is clearly seen that the 
time tcr decreases sharply with the increment of val-
ue of n. So, controlling the level of oxidation is help-
ful to obtain lower value of n, and it finally can pro-
long the cracking time. Using the same parameters’ 
values with n=2.7, Figure 7 shows the relationship 
between the time tcr and cover thickness c. It is un-
derstandable that the cracking time increases when 
the cover thickness increases. Thick cover concrete 
can not only protect the reinforcement from rusting, 
but also prolong the corrosion cracking time. So, in-
creasing the cover thickness is good for structural 
durability. 
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Figure 6. Relationship between time to cover cracking and vo-
lume expansive ratio. 
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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 
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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 
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Figure 7. Relationship between time to cover cracking and 
cover thickness. 

 
Based on the same parameters’ values, Figure 8 

displays the relationship between time to cover 
cracking and the diameter of reinforcement. It is 
found that with c=35mm the cracking time has a 
significant decline in the range of d=14~18mm, then 
the cracking time reduce slowly with the increment 
of steel diameter. In fact, the ratio of cover thickness 
to steel diameter, viz. c/d, can be used to syntheti-
cally estimate the influence on cover cracking time. 
Keeping the invariable values of parameters, Figure 
9 reveals the relationship between the time to cover 
cracking and the tensile strength of concrete. It is 
obvious that the cracking time increases when the 
concrete’s tensile strength increases, but the incre-
ment is slight. The reason caused above conse-
quence is that increasing the tensile strength of con-
crete will 
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Figure 9. Relationship between time to cover cracking and ten-
sile strength of concrete. 

 
simultaneously improve the value of elastic 

modulus of concrete, so the ratio of fct/Ecef will be 
increased slightly. 

6 EXAMINATION OF THE PROPOSED 
MODEL’S ACCURACY 

To evaluate the accuracy of the proposed model, 
some experimental results published in literatures 
are compared with the results predicted by the ma-
thematical model. A summary of test parameters of 
the experimental studies used here is shown in Table 
2. Usually, the time to cover cracking mainly de-
pends on the density of corrosion current (see Equa-
tion (25)). In order to shorten the period of testing, a 
high current density, icorr=100µA/cm2 or more, was 
used by many researchers for accelerated corrosion. 
So, the corresponding experiments are regarded as 
short-term accelerated experiments. While, the cur-
rent density in the test done by Liu and Weyers 
(1998) was less than 4µA/cm2, and the relevant test 
period continued for several years. Therefore, the 
test belongs to long-term experiment, which needs to 
take account of the influence of creep of concrete. 

To predict the cracking time with Equation (25), 
other parameters except for which listed in Table 2 
are assumed as: n=2.7, υc=0.2, δ0=15µm and k=0.15 
(accelerated experiment) or 0.90 (long-term experi-
ment). The predicted results are also given in Table 
2. From Table 2, it can be concluded: (i) for acceler-
ated experiments, most of the predicted times from 
corrosion initiation to corrosion cracking agree with 
the observed times obtained from experiments, and 
their errors are less than 10%. However, some errors 
of the predictions are slightly higher than 10%, such 
as the results observed by Cabrera (1992). The rea-
sons caused above differences might be ascribed to 
two aspects: one is the model’s error and another re-
sult from test error. 
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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 
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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 



  
Table 2. Comparison between experimental and predicted results. 

Time to cover cracking tcr (h/y) 
Researcher d 

(mm) 
c 
(mm) c/d icorr 

(µA/cm2) 
fct 
(MPa) 

Ec
2 

(GPa) Tested Predicted Error 
Accelerated experiments: 
Andrade (1993) 16 20 1.25 100 3.55 22 96.4h 105.7h 9.6% 

16 20 1.25 100 3.85 22 113h 111.8h -1.1% 
16 50 3.13 100 3.85 22 208h 201.1h -3.3% 
16 70 4.38 100 3.85 22 264h 255.8h -3.1% Alonso (1998) 

16 70 4.38 10 3.85 22 2643h 2558.1h -3.1% 
Cabrera (1992) 12 69 5.75 244 6.971 33 108h 128.5h 18.9% 
Mangat (1999) 10 20 2.00 800 6.301 30 14.4h 15.3h 6.2% 

16 25 1.56 100 3.44 20 134.0h 117.8h -12.1% 
16 50 3.13 100 3.44 20 194.7h 200.5h 3.0% Vu and Stewart 

 (2005) 16 25 1.56 100 5.05 29 116.0h 118.0h 1.7% 
Maaddawy (2005) 16 33 2.06 150 4.91 28 95h 87.1h -8.3% 
Long-term experiments: 

16 27 1.69 3.75 3.3 27 0.72y 0.75y 
(0.70y)3 

4.2% 
(-6.7%) 

16 48 3.00 2.41 3.3 27 1.84y 1.89y 
(1.66y)3 

2.7% 
(-9.8%) 

Liu and Weyers 

(1998) 

16 70 4.38 1.79 3.3 27 3.54y 3.61y 
(3.06y)3 

2.0% 
(-13.6) 

* 1 Data got from literature (Maaddawy & Soudki 2007); 
2 Calculated value based on equation Ec=4500(fc’)1/2, where fc’ is the compressive strength of concrete; 
3 Data in bracket was calculated with φ=2.0 (Liu & Weyers 1998). 

 
(ii) for long-term experiment, two predicted re-

sults calculated with φ=0 and φ=2 respectively are 
given. The anterior predictions are slightly higher 
than the observations, while the latter values are 
lower than those. So, it can be concluded that the in-
fluence of creep coefficient of concrete φ on the time 
to corrosion-induced cover cracking is obvious for 
long-term corrosion of reinforcement and that it is 
crucial to get a reasonable value of φ to obtain pre-
cise predictions. In conclusion, considering the 
complexity of the corrosion process for accelerated 
and long-term corrosion, it is evident that the pro-
posed model can give reasonable prediction for the 
time form corrosion initiation to corrosion cracking. 

7 CONCLUSIONS 

In this paper a mathematical model that can predict 
the time from initiation to corrosion cracking was 
proposed. In the present model, the concrete around 
the reinforcement bar was modeled as a thick-walled 
cylinder with a wall thickness equal to the thinnest 
concrete cover. The model accounted for two key is-
sues about corrosion-induced cracking as follows: (i) 
the deformation of corrosion products induced by 
radial pressure was neglected because its influence 
on critical steel corrosion ratio was very little; and 
(ii) the amount of corrosion products deposited in 
radial open cracks was taken into account and the 
characteristics of accelerated and natural corrosion 
should be considered to determine the extent of fill-
ing of rusts in radial cracks. Then, Faraday’s law 

was then utilized to predict the time from corrosion 
initiation to cover cracking. 

Discussion of the main influencing factors of the 
prediction model shows that increasing the cover 
thickness, reducing the bar diameter, improving the 
concrete strength and controlling the level of oxida-
tion can prolong the time to cover cracking, which 
will be good to structural durability. A comparison 
of our proposed model’s predictions with experi-
mental results published in literatures, including ac-
celerated and long-term experiments, indicates that 
the proposed model could give reasonable prediction 
for the time to cover cracking. It is practical to use 
the proposed model to predict the corrosion-induced 
cracking time and analyze the service life of field 
RC structures. 
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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
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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 
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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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