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1 INTRODUCTION 

The simulation of the failure process of reinforced 
structures submitted to severe loading is still a chal-
lenge. Several physical phenomena should be con-
sidered. Damage and cracking are the main phenom-
ena for classical loadings. However, for earthquake 
or impacts, high strain rate and damping play a ma-
jor role. In addition, for high velocity impacts high 
pressure occurs locally.  

Such phenomena generate pore collapse mecha-
nisms that dissipate a large amount of energy. In the 
same time, at some distance from the projectile, the 
physical phenomena change progressively to be-
come structure oscillations at moderate strain rate 
levels. The material response is now driven by an 
increase of concrete damage due to crack opening 
mechanisms, crack closure effects, and friction phe-
nomena related to differential displacements at the 
crack tip level.  

The material model should account for all of the 
consequences of these effects such as stiffness dete-
rioration, recovery of stiffness due to crack closure, 
permanent strains and frictional stresses that gener-
ate hysteretic loops during unloading and reloading 
paths. All these mechanisms should be implemented 
together in a unique material model able to simulate 
a large range of static and dynamic problems. 

Different kinds of models are proposed to simu-
late the behavior of concrete structures, including 
plasticity (Ottosen 1979), damage (Mazars 1986, 
Mazars & Pijaudier-Cabot 1989, La Borderie et al. 
1994, Jirasek 2004, Gatuingt et al. 2008) or fracture-
based approaches (Bazant 1994). Nevertheless, very 
few are able to simulate both phenomena.  

The ability of the constitutive model to reproduce 
the real material behavior is not the only challenge. 
Numerical aspects, related to the algorithm used to 
compute in a finite element analysis, the stress ten-
sor, the damage areas at the local level, or the com-
putation of structural displacements at the global 
level are also very important. At each level, the 
computational procedure has to be numerically effi-
cient and robust.  

After presenting the model set up (PRM coupled 
model), applications are shown at the material level 
related to high confinement and at the structural 
level related to seismic and impact loadings. Finite 
element results are compared to experimental data 
showing the relevance of the modeling. 
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2 BEHAVIOUR OF CONCRETE UNDER 
VARIOUS LOADING 

It has been shown (Mazars 1986) that, for local mi-
cro cracking, three different damage modes have to 
be considered:  

A/ situation dominated by mode I, related to local 
extension (εi> 0 ),  

B/ situation dominated by mode II (or/and III) 
without any local extension, 

C/ situation related to the application of a strong 
hydrostatic pressure which leads to compaction 
(pore collapse in the cement matrix).    
 

Most of concrete models are adapted to simulate 
the situation “A”, often present in classical rein-
forced concrete structures. For severe loadings, re-
lated to natural (earthquake, rock fall) or technologi-
cal hazards (accidental or intentional actions) two 
further aspects must be considered: the dynamic na-
ture of the loading and locally, high confinement 
pressure. However very few models are able to 
simulate both phenomena. To model the behaviors 
which arise, the strategy is the coupling of a damage 
model and a plasticity model including compaction 
effects. 

2.1 Scalar damage model (PRM model) 

2.1.1 Constitutive relations  
To simulate the behavior of concrete at a moderate 
stress level, a two scalar damage model has been 
proposed from works by J. Mazars (1986), C. Ponti-
roli (1995) and A. Rouquand (1995 & 2005). This 
model, named “PRM model”, simulates the cyclic 
behavior of concrete for low confinement (type A 
introduced before).  

This model distinguishes the behavior under trac-
tion and the behavior under compression. Between 
these two loading states a transition zone is defined 
by (σft, εft), where σft and εft are the crack closure 
stress and the crack closure strain respectively. The 
main constitutive equations of the PRM model for a 
uniaxial loading are the following.  

For traction:           
 

(σ - σft) = E0 ⋅ (1-Dt) ⋅ (ε-εft)            (1) 
 
For compression:   
 

(σ - σft) = E0 ⋅ (1-Dc) ⋅ (ε-εft)               (2) 
 
E0 is the initial Young’s modulus; Dt and Dc are 

the damage variables, for traction and compression  
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Before any damage in compression, εft = εft0 (ma-
terial parameter), afterwards εft is directly linked to 
Dc. The transition between the two kinds of damage 
is located at (σft, εft). Figure 1 illustrates the corre-
sponding response for a uniaxial cyclic loading. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. PRM model: stress-strain curve for a tension - com-
pression loading path. 

 
One can observe that the behavior can be de-

scribed by the classical equation:  
 

σd = E0 (1-Di) εd                          (3) 
 

with Di = Dt or Dc ;  εd  = ε − εft  and  σd  = σ − σft  
In the framework of isotropic damage evolutions (D 

is a scalar), the general 3D constitutive equations of the 
model relating strain and stress tensors (in bold) is: 

 

σσdd = ΛΛ0 (1-D) εεd  or                       (4) 

 

(σσ  − σσft  )= (1-D) [ λ0 Tr(εε 

   −  εεft)11  + 2µ0 (εε 

   −  εεft)]  

 
where σσft and εεft are respectively the crack closure 
stress and strain tensors used to manage permanent 
effects; ΛΛ0 is related to the initial mechanical charac-
teristics of the material. Damage D remains a scalar 
and is issued from a combination of the two modes 
of damage, depending of the local stress state: 

 

D = αt Dt + (1- αt)Dc                      (5) 
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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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∂
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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 



 

αt evolves between 0 and 1 and the actual values de-
pend on the sign of Tr (εε

 

 

 − εεft).   
This formulation is an explicit one, for more de-

tails see (Mazars 1986, Rouquand & Pontiroli 1995, 
Rouquand 2005, Mazars et al. 2010). 

2.1.2 Strain rate effects - Internal friction, damping 
It is well known that concrete is strain rate depend-
ent, particularly under tensile loading. This effect is 
accounted for using dynamic thresholds (ε0t

d
 and 

ε0c
d
) instead of static one's (ε0t

s
 and ε0c

s
) through the 

use of a dynamic increase factor R = ε0
d
 /ε0

s
.  

Its value for a compressive dynamic loading takes 
the following form: 
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and for a dynamic tensile loading:  
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ac, bc and at, bt are material coefficients identified 
from experimental results. For a high strain rate, the 
tensile dynamic increase factor is supposed to follow 
an empirical formula ( 46.0

9.0 ε� ) that well agrees with 
the experimental data obtained by Brara & Klepac-
zko (1999) using a Hopkinson bar. These results 
have been obtained on ordinary micro concrete (nec-
essary due to the size of the specimen tested). Look-
ing forward new results it is assumed that the same 
trend can be used for the concrete considered here 
after. 

For cyclic loading, as the one encountered during 
an earthquake loading, friction stresses induce sig-
nificant dissipated energy during unloading and re-
loading cycles. To account for this important phe-
nomenon, an additional damping stress is introduced 
in the model: 

 
σσ  − σσft = (σσ  − σσft)

damage
 + σσ

damping
       (8) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. PRM model: uniaxial cyclic loading including damp-
ing stress. 

 
The damping stress generates a hysteretic loop 

during the unloading and the reloading cycle. This 

stress is calculated from the damping ratio 
ξ , classically defined as the ratio between the area 
under the closed loop and the area under the linear 
elastic-damage stress curve, which gives for the uni-
axial case: 
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Ah is the loop area under the stress strain curve, 
E0(1-D) is the current material stiffness. εmax is the 
maximum strain before unloading; εft is the closure 
strain that defines the transition point between com-
pression and tension as seen before. From (9) it can 
be shown that the damping ratio ξ is related to dam-
age D according to the relation: 

 

ξ = (β1 + β2D)                          (10) 
 

β1 is a damping ratio for an undamaged and per-
fectly elastic material. β1 + β2 is the damping ratio 
for a fully damaged material. Usually β1 can be cho-
sen equal to 0.02 and β2 can be chosen equal to 0.05. 
Figure 2 shows, for cyclic tensile or compressive 
loading, the strain stress curve including damping 
stresses. 

2.2 Elasto-plastic model – PRM coupled model  

The previous damage model is very efficient to 
simulate the behavior of concrete for unconfined or 
low confined cyclic loading (Rouquand 2005). For 
very high dynamic loads leading to a higher pressure 
level, an elasto-plastic model is more appropriate. 
For example, the impact of a projectile striking a 
concrete plate at 300m/s induces local pressures near 
the projectile nozzle of several hundred MPa, which 
induces a combination of type B and C modes seen 
before. The previous damage model can neither 
simulate the pore collapse phenomena nor the shear 
plastic strain occurring in this pressure level. To 
overcome these limitations, the elasto-plastic model 
proposed by Krieg (1978), for geologic materials has 
been chosen to simulate this kind of problem. From 
this simple elasto-plastic model, an improvement has 
been introduced in order to take into account the non 
linear elastic behavior encountered during an 
unloading and reloading cycle under a high pressure 
level. Another recent improvement (not presented 
here) has been done to take into account the water 
content effects, introducing an effective stress theory 
as described by C. Mariotti (2002). This effect in-
duces changes on the pressure volume curve and on 
the shear plastic stress limit. Finally both models 
have been coupled to simulate the combination of 
the three types of situations (A, B, C) seen before. 
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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  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(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 



2.2.1 The modified Krieg model 
The Krieg model can be applied to describe the be-
havior of a dry material. It is based on a classical 
elastic - purely plastic description using a parabolic 
deviatoric plastic threshold including a cut-off 
linked to the porosity of the material and to the wa-
ter content (Fig. 4): 
 
q = min (q0 = 2

210
PaPaa ++ , qmax) ,  

 
with q = (3/2 σσ

dd  
::  σσ

dd )
1/2

  (Von Mises stress)  (11) 
 

The stress tensor being σσ  ==  −P 11  + σσ
dd, P is the 

pressure of confinement and σσ
dd is the deviatoric 

stress tensor.  
The improvements made here concern the elastic 

behavior which is non linear and pressure depend-
ent. This non linearity increases as the pore collapse 
phenomenon progresses. Figure 3 shows a typical P-
εv curve used in the modified Krieg model (εv = 
trace[εε]],, is the volumic deformation). For pressure 
values lower than P1, the behavior between pressure 
and volume is linear and elastic. For a pressure 
greater than P1, the pore collapse mechanism be-
comes effective. During the loading process the 
pressure-volume response follows a curve identified 
from experiments. During the unloading, the behav-
ior is elastic and non linear. The bulk modulus be-
comes pressure dependent. It is equal to Kmax at the 
first unloading point and decreases to Kmin when the 
tensile pressure cut-off Pmin is reached (this value is 
generally negative. This pressure cut-off becomes 
smaller and smaller as the maximum pressure Pmax 
increases. When Pmax is close to P1, Kmax is close to 
Kmin and also close to the initial bulk modulus Kp. 
When Pmax reaches Pcons, Kmax becomes equal to 
Kgrain and Kmin becomes equal to K0grain. So the non 
linearity becomes more and more important as the 
pore collapse phenomena progresses.  

When Pmax becomes greater than Pcons, the pore 
collapse phenomena is achieved because all the 
voids are removed from the material. At this pres-
sure level the material is consolidated and the behav-
ior becomes purely elastic and non linear.  
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. Krieg modified model : pressure - volumic strain 
behavior (P and εv are considered positive for compression). 

 
Figure 4. Krieg modified model : shear yield threshold. 

2.2.2 Coupling of damage and plasticity models  
The PRM damage model has been coupled with the 
modified Krieg model to give the PRM coupled 
model. The coupling procedure ensures a perfect 
continuity between the two model responses. The 
damage model is activated if the maximum pressure 
is too low to start the pore collapse phenomenon or 
if the shear stress is too low to reach the shear yield 
stress. If not, the plastic model is the one activated 
and it drives the evolutions until the extensions suf-
ficiently increase to lead to a damage failure as 
shown in the example below (Fig. 6). The coupled 
model has been implemented in Abaqus explicit 
(Hibbitt et al. 2004) and to avoid mesh dependency 
the Hillerborg regularization method is used (Hiller-
borg 1976). This method insures a constant fracture 
energy (Gf) whatever is the size of finite elements. 

2.2.3 Ability of the model to simulate various load-
ing situations 

For the damage part of the model, materials parame-
ters are calibrated from uniaxial tests (traction and 
compression) and from existing data base for strain 
rate effects and damping.  

 

 
Figure 5. Experimental response of concrete subjected to tri-
axial compression for various confinements (Gabet et al. 2008). 

 
The identification of the modified Krieg model 

needs very specific tests (hydrostatic tests at high 
confinement and series of triaxial tests to fit the 
shear yield threshold). The GIGA machine at 3S-R 
Grenoble allows to perform triaxial tests on cylindri-
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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 



cal samples (Φ = 7 cm, h = 14 cm) with a confining 
pressure capability up to 1 GPa (Gabet et al. 2008, 
Vu et al. 2009). GIGA is used to identify the materi-
als parameter but also to validate the model from tri-
axial specific loading paths. Figures 5 (experiment) 
and 6 (model) show the static response obtained on a 
cylindrical specimen for tri-axial tests with increas-
ing lateral pressure. The response of the model is 
globally good. It exhibits the activation of the dam-
age part for low confinement, the plasticity part for 
high confinement (visible when there is a plateau), a 
combination of both in between and the reactivation 
of damage when failure occurs. 
 

 
Figure 6. Response of the PRM coupled model for triaxial 
compression at various confinements. 

3 APPLICATION TO REINFORCED 
CONCRETE STRUCTURES 

The PRM coupled model implemented in the 
Abaqus explicit finite element code has been exten-
sively used to simulate a lot of complex problems. 
The PRM damage part can be used with most of the 
available finite elements: 1D truss elements, beam 
elements, 2D plane stress and plane strain elements, 
2D axisymmetric elements, shell elements, 3D solid 
elements, etc. The PRM coupled model can be used 
with 2D plane strain elements, 2D axisymmetric and 
3D solid elements. In order to show the abilities of 
the coupled model some applications on reinforced 
concrete structures are presented below and numeri-
cal results are compared to experimental data. 

3.1 Structural walls submitted to earthquake   

In this example we compare numerical (Rouquand 
2001) and experimental results (Combescure et al. 
2000), obtained on a mock-up (1/3

rd
 scale, 5 storeys, 

33 tons) composed of 2 reinforced concrete struc-
tural walls and tested on the shaking table at CEA in 
Saclay - France. This experimental work has been 

done in the framework of the French CAMUS re-
search program performed to defend the seismic 
French rules to design structural walls with a few ra-
tio of reinforcement. In order to prescribe the correct 
gravity load obtained on the full scale building, addi-
tional masses are introduced on the reduced scale 
specimen at each floor level. The footprints of the 
tested reinforced concrete structure are rigidly linked 
to the table. All the details of the structure (geome-
tric data, reinforcement data, material parameters, 
etc.) can be found on (Rouquand 2001) or (Combes-
cure et al. 2000 and Combescure, Mazars et al. 
2001). Figure 7 shows a general view of the mock-
up and two of the different finite element meshes 
used in the numerical simulations. The first finite 
element mesh is a 2D model with a regular mesh 
size. The second one is a 3D mesh and the finite 
element size is reduced by two, in comparison with 
the first one.  
 
 
 
 
 
 
 
 
 
 
 
 

          
Figure 7. General view of the mock-up and the two kinds of fi-
nite element models, 2D and 3D. 
 

A series of increasing earthquake loading is applied 
to the specimen. The prescribed acceleration profiles 
are generated in the horizontal direction belonging to 
the structural wall planes. Figure 8 shows the acce-
leration profile imposed to the shaking table. The first 
earthquake, Nice 0.22g, is representative of a far field 
seismic load with a peak ground acceleration (pga) of 
0.22g (g = 9.81 m/s

2
). Melendy ranch corresponds to a 

near field earthquake with a pga of 1.35g. Nice 0.64g 
and Nice 1.0g are far field earthquakes with a pga of 
0.64g and 1.0g respectively. The Abaqus explicit finite 
element code and the PRM model (here, only the dam-
age part is activated) is used to simulate the behaviour 
of the structure under the four earthquake loads con-
secutively applied. 

Figure 9 gives an example of the results obtained: 
the comparison between numerical and experimental 
displacements after the Melendy ranch loading. The 
plotted displacements correspond to the horizontal 
displacement at the top of the building (reference is 
the shaking table). The numerical results match very 
well with the measured curves, as well for the ampli-
tude as for the frequency. 
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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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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 



Figure 10 shows a view of the tensile damaged 
areas at the end of the Nice 1.0g earthquake. Nu-
merical simulations give comparable results for the 
tensile damage contours which are consistent with 
the crack pattern raised at the end of the tests. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Acceleration profile prescribed on the building 
specimen. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Comparison of predicted and measured results 
(Melendy ranch 1.35g).                                   

                                                                  
                                                                                              

 
Figure 10. Predicted and measured tensile damage contours after 
the Nice 1.0g earthquake and the corresponding crack pattern. 

 
It was observed that the predicted values are re-

spectively slightly underestimated for the displace-
ment and slightly overestimated for the forces. It 
seems that the mean reason of these discrepancies 
can be attributed to sliding effects between rein-
forcement and concrete in highly damaged areas. In 

these areas due to cyclic loading, buckling mode can 
be observed for the reinforcement and the numerical 
model assumed that the strains on concrete and on 
reinforcement are the same. Some improvements are 
needed to solve this problem. 

3.2 Impact of a soft projectile on a plate   

The problem presented here concerns the crash of a 
soft missile impacting a reinforced concrete struc-
ture. This kind of impact is not a very highly dy-
namic event but it can generate severe structural 
damage. Numerical simulations of this problem are 
not easy because there are strong interactions be-
tween the target behaviour and the missile crash be-
haviour. Correct predictions suppose that the re-
sponse of the target and of the missile is properly 
modelled. In order to evaluate the capabilities of the 
explicit finite element code Abaqus including the 
PRM coupled model, 3-D numerical simulations of 
Meppen tests (tests n°12 and n°20 presented below) 
have been done (Rouquand 2006). The objective is 
to determine the capabilities and the limits of such 
simulations. 
 
 
 
 
    
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 11. Mesh of the projectile and of the target with the lo-
cation of the points where displacements are measured (tests 
n°12). 

 
Missile impact on a reinforced concrete structure 

can simultaneously generate local and global dam-
ages. A 3-D finite element model with solid brick 
elements is the most appropriate to reproduce the lo-
cal and the global complex strain field generated 
during the impact on the target. The projectile is 
composed of a thin steel tube which can be effi-
ciently modelled using 3-D shell elements. The tar-
get size is 6.5m by 6.0m, the thickness is 70cm in 
test n°12 and only 50cm in test n°20 (see the scheme 
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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 
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 



for test n° 12 and test n° 20 respectively on Figs. 13-
14). Figure 11 shows a view of the meshes. About 
30 000 3-D solid elements are used to model the tar-
get. The reinforcement is introduced using the 
Abaqus rebar option. This option allows to take into 
account the stiffness and the mass contribution of 
the reinforcement in the elementary stiffness matrix 
and in the elementary mass matrix associated to the 
3-D solid elements. The rebar definition requires the 
definition of the reinforcement constitutive material. 

The projectile mesh is composed of about 6500 
“S4R” Abaqus shell elements used for thin or mo-
derately thick structures. This projectile is a generic 
missile. Its length is 6m and its diameter is 0.6m. 
The thickness of the steel envelop is 7mm in a first 
part and 10mm in the second part. An additional 
mass is incorporated on the rear part of the projectile 
to model lest. 

The behaviour of the metallic bars is modelled 
using a standard elastic and plastic model. Strain rate 
is not accounted because it is very low in the rein-
forcement. The behaviour of the metallic missile 
material is modelled using the Johnson Cook (1983) 
elasto-plastic model. Strain rate is now accounted 
because during the projectile crash, it can reach 
about 1000/s. In the tests, the reinforced concrete 
slab was put on a vertical position at the end of a 
rail. The projectile is accelerated on the rail and im-
pacts the plate in its middle point. The slab is sup-
ported on a very stiff metallic frame of 5.4m by 
5.4m centred on its rear face. To simulate this sup-
port, all the nodes on the rear face located along the 
frame, are fixed (zero displacement) in the plate 
normal direction. The missile initial velocity is 
241.5m/s in test n°12 and 197.7m/s in test n°20. The 
missile axis and the velocity vector are perpendicu-
lar to the reinforced concrete plate. 

3.2.1 Test n° 12 

Figure 12 shows a comparison between measured 
and computed displacements on three points (w10, 
w6 and w8 – see locations fig. 11). The agreement is 
good with an error less than 10 %.  

 

 
Figure 12. Comparison between measured (dashed line) and 
computed displacements (solid line) in test n° 12. 

Figure 13 shows the comparison between the ob-
served crack pattern and damage areas. In fact for 
practical reason the grey scale is related to maxi-
mum tensile strains which are directly linked to 
damage through the equivalent strain (see § 2.1.1). 
This comparison shows that the conical zone with 
open tensile cracks corresponds more or less to the 
computed cracked zone (light grey contours). 

3.2.2 Test n° 20 

 
 

 
Figure 13. Comparison between computed and observed dam-
ages (test n° 12 – O is the impact location). 
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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
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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 



 

 

Figure 14. Comparison between computed and observed da-
mages (test n° 20 – O is the impact location). 

 

Figure 14 shows the comparison between the 
computed maximum tensile strains and the observed 
crack pattern (test n° 20). In this experiment severe 
damage is obtained in the concrete structure ahead 
the projectile nozzle. Because of the reduction of the 
slab thickness in this test, a concrete plug is now 
clearly observed in the experiment. This damage 
mode is the result of large shear strains around the 
plug. This kind of damage is correctly predicted in 
the numerical simulation. 

4 CONCLUSIONS 

A general constitutive model for concrete structures 
submitted to extreme loadings (high velocity and 
high confinement) has been developed and imple-
mented into the “Abaqus explicit” finite element 
code in the framework of damage and plasticity me-
chanics. The starting point is the concrete damage 
model proposed by (J. Mazars 1986) for monotonic 
loading it was extended to treat cyclic and dynamic 
loading. The result is the PRM coupled model able 
to simulate a lot of physical mechanisms such as 
crack opening and crack closure effects, strain rate 
effects, material damping induced by internal fric-
tion, compaction of porous media, shear plastic 
strains under high pressure. To validate this particu-

lar coupling of plasticity and damage, an extensive 
experimental programme has been performed at 3S-
R Grenoble using the GIGA machine which allows 
high confinement up to 1 GPa (Gabet et al. 2008), 
and a new programme is in progress on the large 
Hopkinson bar at JRC Ispra to complete the data 
base under high velocity loading.  

The model implemented into the F.E. Abaqus ex-
plicit code, has been extensively used and can ad-
vantageously simulate a large range of problems go-
ing from quasi-static simulations on concrete 
structures to high dynamic problems related to the 
effect of low and high velocity impacts (Mazars et 
al. 2009, Rouquand et al. 2009).  

The simulations presented here (seismic loading 
and soft impact) compared to experimental results, 
show the relevance of the modelling used which al-
lows to carry out true numerical experiments very 
useful for complex structures and/or extreme load-
ings. 
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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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assume that the evaporable water is a function of 
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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
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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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moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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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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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 
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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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