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ABSTRACT: this paper contributes to the experimental anlysis and numerical simulation of permeability 
evolution on cracking concrete the studied concrete material, called CEM1, is the potential candidate for the 
underground storage for nuclear wastes. In the first part, an original experimental set-up is presented. The 
evolution of permeability was measured regularly during charge with pulse-test technique. The experimental 
result showed that the permeability of CEM1 had a significant variation due to the initiation and the devel-
opment of volumetric contractance/diatancy and micro-cracking. The permeability increased tens of times 
when the crack happened. Based on the experimental investigation, the concrete material develops an impor-
tant plastic deformation coupled with damage induced by micro-cracks. In view of this, a coupled elastopal-
stic damage model is formulated based on elastoplasticity and continuum damage mechanics. Finally, the per-
formance of proposed model is evaluated by the simulation of experimental data. 

1 GENERAL INSTRUCTIONS 

The low permeability concrete can be used as the 
engineering background in many industrial and en-
gineering applications. Especially in recent years, 
these types of material have been largely studied be-
cause they can be considered as potential engineer-
ing barrier for the underground storage of high level 
radioactive wastes. The studied concrete material, 
called CEM1, is the potential candidate for the un-
derground storage for nuclear wastes requested by 
ANDRA (French National Agency for Nuclear 
Waste Management). A special adjuvant has been 
used in CEMI in order to reinforce its compressive 
resistance and elasticity module and also decrease its 
permeability. In this paper, the concrete is studied 
both experimentally and numerically for characteriz-
ing the coupling processes between its mechanical 
behavior and permeability. In the first part, an origi-
nal experimental set-up is presented. The evolution 
of permeability was measured regularly during 
charge with pulse-test technique. More preciously, 
two confining pressures (5MPa, 10MPa) were ex-
erted in the tests; the deviatoric stress was aug-
mented until the failure of specimen. Meanwhile, the 
permeability was measured respectively before and 
after the peak of the deviatoric stress. The experi-
mental result showed that the permeability of CEM1 
had a significant variation due to the initiation and 
the development of volumetric compressibility, dila-
tancy, and micro-cracking. The permeability in-
creased tens of times when the crack happened. 
Based on the experimental investigation, the con-

crete material develops an important plastic defor-
mation coupled with damage induced by micro-
cracks. In view of this, a coupled elastopalstic dam-
age model is formulated based on elastoplasticity 
and continuum damage mechanics. In order to study 
the influence of water pore pres-sure, the effective 
stress conception is used. Finally, the performance 
of proposed model is evaluated by the simulation of 
experimental data. 

2 STUDIED MATERIAL: CEMI 

The studied material is the concrete of type CEM I. 
The concrete beam was prepared in the LML (Me-
chanic Laboratory in Lille). During 5 months of 
maturation, it was laying in a pool with the lime wa-
ter in the temperature of 20C. The compositions of 
the concrete are presented in table 1. 
 
Table1.  Composition of the studied concrete (CEM I). 
constituents Nature Dosage 

(kg/m3) 
Cement  CPA-CEM Ⅰ52,5 PM ES CP2 400 
Sand (0/4) Limestone washed in 10 % of 

liqueur brandies 0/4 mm 
858 

Fine 
gravel(5/12,5) 

Limestone washed 5/12,5 945 

Adjuvating  Super plastifiant Glénium 27 10 
Effective Water Water 171 
Characteristic of composition 
E/C  0,43 
G/S  1.1 



The concrete is poured into a coffering of beam 
with 2m of length and a section of 15cm*15cm. Af-
ter 6 months of maturation in the lime water under 
temperature of 20°C, the samples were cored in the 
water, and then they were cut up and rectified to af-
fect the wanted dimensions (cylinder having a di-
ameter of 37mm and a height of 75mm). 

2.1 Experiment equipement 
The tests were performed with the aid of the system 
of autonomous and auto-compensable cell in LML. 
This system is composed of a conventional triaxial 
cell which is allowed for applying a confining pres-
sure, of an upper room which makes it possible to 
exert an axial stress and of a circuit of interstitial 
fluid. The axial load is transmitted via the piston 
crossing the higher chapeau of the cell, the force on 
this one is applied by using a generator of pressure 
(here a Gilson pump). This system is also equipped 
with a compensating room making it possible to 
eliminate the force exerted by the confining pressure 
on the piston. The confining pressure is also applied 
by using a generator of pressure. 
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Figure 1. Illustration of the experimental device used. 
 

In order to carry out the water Pulse-test, two 
buffer reservoirs are loaded on pressure to inject 
fluid on the lower side and upper side of the sample, 
by using two pumps. The signals of the rings of de-
formation and the LVDT, the data of the pumps, are 
recorded by an automatic central acquisition. A dia-
gram of the experimental device is presented on fig-
ure 1. 

2.2 Testing procedure  
First, the samples are placed in a container under 
vacuum during 12 hours to accelerate the process of 
saturation. Then, it’s the installation of the sample. 

To avoid the contact with the oil which transmits the 
confining pressure, the sample is sheathed in a Viton 
sleeve. Three rings for measuring the deformation 
radial are placed, respectively in 1/3, 1/2 and 2/3 of 
the height of the sample. Two LVDT sensors are set-
tled at the two lateral sides parallel to measure axial 
displacement. Then, the sheathed sample is fixed to 
the plateau of the cell, a steel enclosure is placed all 
around, into which we inject the oil which is going 
to supply the confining pressure. 

After the installation of the sample, the test proc-
ess is summarized by the following steps: 

 
•  The confining pressure is loaded to the 

wished value, which is of 5MPa and 10MPa. 
•  The deviatoric stress is then increased to a 

value chosen; the values of the deviatoric stress for 
each confining pressure are indicated in Table 2. 
•  In this state of stress chosen, the fluid of type 

"pulse- test" in transitory regime is injected. For that 
purpose, both pressures of injection (in the lower 
and upper surfaces of the sample) are increased and 
maintained in 2MPa during 20 minutes using of two 
buffer reservoirs. 
•  Then the pressure of injection of the lower 

surface of the sample is increased to 2.5MPa. Lastly, 
we stop the injection of fluid and record the varia-
tions of the two pressures during one period of ap-
proximately 30 minutes. A general diagram for the 
route of loading is shown on Figure 2. 
•  The deviatoric stress is loaded up to a higher 

level. 
 

Table2.  Values of the deviatoric stress chosen for puls-test. 
Confining pressure 3σ  
(MPa) 

Deviatory stress 
1 3σ σ− (MPa) 

5 75.9 97.9 64 
10 53.7 110 79.8 
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Figure 2. General diagram for the route of loading. 
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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 



3 EXPERIEMENTAL RESULTS 

In figure 3, the results representative represent of the 
test with a confining pressure of 5MPa. It shows the 
typical characteristics of a concrete in a triaxial 
compression test. The mechanical answers nonlinear 
are characterized by a coupling of the plastic defor-
mation with the damage induced by microscopic 
cracks. The macroscopic rupture is marked by a 
peak of resistance followed by a phase of radoucis-
sement. The behavior radoucissant in a concrete is 
generally related to the damage induced by the 
propagation of microscopic cracks.  

With regard to the variations of the two fluid 
pressures on the sample, generally, those decrease 
gradually following the diffusion of fluid towards 
the interior of the sample. It’s presented clearly that 
the kinetics of reduction depends on the level of the 
deviatoric stress; the pressures decrease more 
quickly when the deviatoric stress is higher. This 
shows that the permeability becomes larger with the 
increase in the deviatoric stress. Thus, there is a cou-
pling between the permeability and the level of dam-
age which increases with the deviatoric stress. It is 
interesting to note that the voluminal dilatancy is not 
so important during loading deviatoric. It seems that 
the damage by micro-fissuring affects primarily the 
permeability, without inducing significant voluminal 
dilatancy 
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Figure 3. Results obtained of the test with 5MPa confining 
pressure; (a) curves of the stress and strain, (b) (c) (d) varia-
tions of the pressures according to time. 

4 ELASOPLASTIC DAMAGE CONSTITUTIVE 
MODEL 

In this section, a brief synthesis of the constitutive 
model for CEMI is presented. An isotropic damage 
is assumed and represented by the scalar variableω . 
In order to take into account the effects of liquid and 
gas pressures, an equivalent pore pressure π is used 
and then the elastic constitutive relative are ex-
pressed as following: 

 
2( ) ( ) ( ) 2 ( ) ( )
3

e e
ij b ij ij ijk tr bσ ω µ ω ε δ µ ω ε ω πδ⎛ ⎞= − + −⎜ ⎟
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( )bk ω , ( )µ ω and ( )b ω are respectively the effective 
drained bulk and shear modulus and Biot’s coeffi-
cient of damaged material.   

4.1 Plastic modeling  
As mentioned in the previous section, the effective 
stress tensor is also used for plastic modeling of par-
tially saturated materials in order to take into ac-
count the effects of pore pressure.  

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

hThD ∇−= ),(J                             (1) 
 

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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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
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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 
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 
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As results, the yield function and the plastic po-

tential are proposed with the plastic effective stress: 
The yield function 
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, ,p q θ%% % are, respectively, the mean stress (com-

pressive mean stress is taken as positive), deviatoric 
stress and Lode’s angle. The parameter Cs repre-
sents the hydrostatic tensile strength corresponding 
to the intersection of the failure surface with the 
mean stress axis (see Fig. 1). The function ( )g θ% al-
lows accounting for the dependency of yield func-
tion on the Lode angle in the deviatoric plane.  

The plastic hardening is characterized by the 
variation of the coefficient η, as a function of the 
generalized plastic shear strain noted by γp. The 
variable η increases with the plastic strain γp, but de-
creases with the damage variable ω. Based on the 
experimental data from triaxial compression tests, 
the following function is proposed: 
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The plastic potential 
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The coefficient p  corresponds to the intersection 

point between the plastic potential surface and the 
axis a sp P C+% . The coefficient µc(1 − ω) represents 
the ratio / ( )( )a sq g p P Cθ +% %  at the points 
with 0Q p∂ ∂ =% ; i.e. the transition boundary between 
volumetric compressibility and dilatancy.  

4.2 Damage modeling  
Based on the previous works performed by Mazars 
(1984), it is assumed that the damage is divieded 
into two sections: cω  damage generated by the 
compression and tω  damage generated by the trac-
tion: 
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They are respectively defined by the following 

function: 
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The coefficient tα depends on the stress state. 
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The parameters (Bt and Bc) control the kinetics of 

tensile and compressive damage evolution. iε (i =1, 
2, 3) represents three principal strains. 

4.3 Permeability law  
The relationship between the permeability variation 
and damage induced in material can be formulated 
theoretically based on homogenization technique 
(Dormieux & Lemarchand, 2001) These approaches 
provide a justification of the relationship for the 
coupling between the permeability and the crack 
growth. However, the damage is irreversible; it can 
only represents the density of cracks, no matter the 
cracks are opening or re-closing.  As a simple ex-
ample, the fissure created by traction test, it has the 
same damage value when the fissure has been cre-
ated and re-closed, but the permeability in the fis-
sured state is much larger than the re-closed state. 
Considering the most essential element which gen-
erates the permeability is the width of the cracks, we 
use the concept of equivalent strain eqε which char-
acterize the dilatability of material during the load-
ing to characterize the total width of cracks.  
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The parameter N  controls the kinetics of perme-

ability evolution; the parameter m  controls the am-
plitude maximum of permeability; and the parameter 

eqε  represents the equivalent strain. 0K is the mate-
rial’s initial permeability 3E-21m2. 

5 NUMERICAL SIMULATIONS  

The laboratory tests preformed in our laboratory are 
simulated in this part. The experimental data from 
the triaxial tests have been used for the determina-
tion of the model’s parameters. Using these parame-
ters, numerical simulations of laboratory tests have 
been performed and some examples are given here.  
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= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
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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 
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triaxiale test (Pc=5.0 MPa)
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Figure 4. The simulation results of tri-axial test: (a) 0MPa con-
fining pressure, (b) 5MPa confining pressure. 
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σ3= 7MPa, σ1-σ3 at peak
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σ3= 7MPa, σ1-σ3 after peak
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(c) 

Figure 5. The simulation results of the pulse test at 7MPa con-
fining pressure. 

 
In the test, the input and output pressure is re-

spectively measured on the bottom and top of the 
simple Figures 3 shows the pressure evolution for 
different strain state under 7MPa confining pres-
sures. Note that these tests have been used for the 
determination of model’s parameters. Therefore, 
these simulations represent a direct verification of 
the consistency of the formulation and the determi-
nation procedure of parameters. There is a good 
agreement between the simulations and experimental 
data. The material’s permeability varied from 3E-
21m2(initial value) to 5E-19m2 (value after peak). 

6 CONCLUSIONS  

A new experimental analysis and an elastoplastic 
damage model are proposed for the permeability law 
of cement material. The simulations of laboratory 
tests have shown a good agreement with experimen-
tal data. The mathematical formulation of the model 
is simple and can be easily implemented in a finite 
element code. The proposed model is able to de-
scribe the main features of hydromechanical behav-
iours of the argillite formation, such as plastic strain, 
material damage by microcracks, pressure sensitiv-
ity, and transition from volumetric compressibility 
to dilatancy. The application examples are presented 
on the poromechanical modelling of pulse-test with 
a variation of stress state. It has been noted that 
time-dependent plastic deformation and damage are 
induced by mechanical loading. The evolution of 
pore pressure is mainly controlled by the variation of 
the intrinsic permeability. In conclusion, the pro-
posed model is capable of reproducing the important 
coupling between hydraulic flow and mechanical 
behaviour of this concrete material. In the near fu-
ture, it will be used to simulate the coupled hydro-
mechanical behaviour of underground waste dis-
posal facilities during the exploration and post-
closure periods. 
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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 
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moisture permeability and it is a nonlinear function 
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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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