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ABSTRACT: The aim of this contribution is to proceed to the numerical modelling of the thermo-hygro-
mechanical behaviour of concrete by starting at the mesoscale level: the scale at which coarse aggregates are 
embedded in a mortar matrix (hardened cement paste and fine aggregates). The objective is then to identify 
the influence of the morphology and the aggregates distribution on the concrete behaviour at high tempera-
tures. For this purpose, different bidimensional configurations of representative elementary volumes (REV) of 
concrete are investigated using both real and idealized finite element meshed aggregates geometries. Then 
numerical simulations are performed and results are discussed in terms of the heterogeneity effect on tem-
perature, pressures and damage field profiles. 

1 INTRODUCTION  

Concrete is a widely used material in Civil Engi-
neering (Building, Tunnel ...). In the recent years, 
there were often fires in tunnels and buildings which 
cause very serious consequences in terms of human 
and economic losses. When concrete is subjected to 
a high temperature, the material is the seat of nu-
merous degradation processes. Among them, the ag-
gregate-paste incompatibility may have a direct in-
fluence on the material stability: a deterioration of 
the mechanical properties of the material and its 
spalling in summary. Indeed, the thermal expansion 
of aggregates contrasts with the drying and dehydra-
tion induced shrinkage that arises in the cement 
paste due to physical and chemical transformations 
when temperature increases. Therefore, self equili-
brated tensile stresses arise in the material which 
generate micro-cracking in the bulk of the cement 
matrix and at the matrix-granular inclusion interface. 
The assessment of this degradation process requires 
developing full coupled thermo-hygro-mechanical 
modeling approaches at the scale of occurrence of 
these degradation processes. However, the THM be-
haviour of concrete was mainly investigated at the 
macroscopic scale, at which concrete is regarded as 
a homogeneous material (Alnajim 2004, Gawin et al. 
2003, Obeid et al. 2001), which partially precludes 
the effects of the microstructure on the overall THM 
behaviour. On the other hand, the thermo-
mechanical mesocopic modelling of behaviour of 
damaged concrete has been studied on two dimen-

sional configurations and where aggregates mor-
phology has been idealized (Grondin et al. 2007). In 
particular, the effect of the aggregates nature, mor-
phology and distribution on the propagation and per-
colation of the rising micro-cracks induced by the 
incompatibility between the cement matrix and of 
the granular inclusions needs further investigations. 
This issue is of a prime importance in order to assess 
the role that the microstructure may have in the ma-
terial spalling: granular distribution and morphology 
may lead to preferential percolation paths of micro-
cracking which may in turn control the flak geome-
try. 

In this contribution, a finite element THM model-
ling of concrete at the meso-scale level is presented. 
Bi-dimensional finite element configurations of rep-
resentative elementary volumes (REV) are generated 
by distinguishing the cement paste form the aggre-
gates with different considered morphologies, size 
distributions. The THM approach is developed 
within the framework of partially saturated media. It 
allows describing the major mechanisms of mass 
transport, heat transfer, phase change (vaporization 
and dehydration) and their interaction with the me-
chanical behaviour of the different constituents.  

Numerical simulations are then performed in or-
der to carry out the influence of the aggregates na-
ture, morphology and distribution on the behaviour 
of concrete at high temperatures. 
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The purpose is to proceed to the simulation of the 
THM behaviour of a concrete by starting at the 
mesoscale: the scale at which coarse aggregates are 
embedded in a mortar matrix (hardened cement 
paste and fine aggregates). 

The inclusions (coarse aggregates) may be seen 
either as hygrally inert or behaving as a partially 
saturated medium. In this analysis, studied aggre-
gates are considered to have a weak connect porous 
network and a low initial saturation. Their hygral 
behaviour is then marginal and a thermal model is 
sufficient to describe their behaviour within the con-
crete mix. Therefore, only the mortar matrix is con-
sidered to have a full thermo-hygral behaviour with 
an ad hoc model. 

Concerning the mechanical behaviour, the aggre-
gates are considered (as a first approach) to be 
thermo-elastic while a Mazars’s damage model 
(Mazars 1984) is adopted for mortar.  

2.1 Thermo-hygral model 
2.1.1 Mortar 
The thermo-hygral model for mortar starts from a set 
of microscopic balance equations of mass and en-
ergy of each constituent of the medium: solid skele-
ton, liquid water, vapour water and dry gas. The ap-
proach is based on a space averaging theory 
proposed by Schrefler and co-workers (Gawin et al. 
2003), (Lewis & Schrefler 1998). It allows describ-
ing the major mechanisms of mass transport, heat 
transfer, phase change (vaporisation and dehydra-
tion). The governing equations of the model are 
given in terms of the chosen state of variables. In 
this approach, they are the dry air pressure ap , the 
water vapour pressure vp  and the absolute tem-
peratureT .  

The mass balance equations of the constituent can 
put in the following generic form: 
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where t  = stands for time; πm  = mass per unit 
volume of each constituent ( s=π  for solid, l  for 
liquid, v  for vapour and a  for dry air); rmπ&  = 
source term; and s−πν  = velocity of each constituent 
with respect to the solid phase. The mass πm  of 
each constituent is given by: 
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where πρ  = corresponding density; φ  = porosity;  
and lS  = liquid saturation degree. The source term 

rmπ&  is given by: 
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where vapm&  = rate of mass due evaporation / con-
densation phase change; and dehydm&  = rate of mass 
due to dehydration. 

The mass transport of each constituent within the 
porous network is given by Darcy’s law (for per-
meation) and Flick’s law (for diffusion). Therefore, 
the mass fluxes write: 

 

l
l

rll
sll pkKm ∇−=− µ

ρν                       (4) 

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
∇−∇−=

+= −−−

g

v

g

av
gg

g

rgv

gvvsgvsvv

p
p

M
MMDp

k
K

mmm

2ρ
µ
ρ

ννν

        (5) 

 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
∇−∇−=

+= −−−

g

a

g

av
gg

g

rga

gaasgasaa

p
p

M
MMDp

k
K

mmm

2ρ
µ
ρ

ννν

        (6) 

 
where sg−ν  = velocity of the gas mixture with re-
spect to the solid phase; gv−ν  and ga−ν  = velocity 
of the vapour and dry air with respect to the gas mix-
ture; avg ppp +=  = pressure of gas phase; lp  = 
pressure of liquid water; K = intrinsic permeability; 

πrk = relative permeability of π  phase ( g=π  for 
gas and l=π  for liquid); πµ  = dynamic viscos-
ity; D  = effective diffusivity; and vM , aM  and 

gM  = molar mass of vapour, dry air and gas phase, 
considered as ideal gases. 

Furthermore, the energy balance equation of the 
whole medium reads: 
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where πC  = heat capacity; q  = heat flux given by 
Fourier’s law; vapH  = enthalpy of vaporization; and 

dehyH  = enthalpy of dehydration. 
The finite element model is derived starting from 

the weak forms of the set of the previous balance 
equations. By introducing the space discretization 
together with theta-method time discretization we 
have a schema at two levels of iterations. For more 
details of the finite element model, you can see in 
(Le et al. 2009, Meftah et al. 2009). 

This TH model has been implemented in a finite 
element code Cast3M developed by the French re-
search centre for nuclear energy (CEA). The model 
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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 



has been validated at the macroscopic scale (Le et al. 
2009). 

2.1.2 Aggregates 
A pure thermal model is used for the simulation of 
aggregates behaviour within the concrete mix. This 
model starts from the classical linearized balance 
equation of heat:  
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where ρ  = density of the medium; pC  = specific 
heat; and q  = heat flux given by Fourier’s law. 

Furthermore, an ideal interface is assumed be-
tween the aggregates and matrix. Therefore, no jump 
in the temperature field can be captured when cross-
ing the interface. This aspect needs to be improved 
since water transport in the mortar phase can lead to 
strong temperature gradients close to the aggregates. 

2.2 Mechanical model 
An isotropic elastic-damage model (Mazars, 1984) is 
adopted here for the behaviour of mortar at high 
temperature. In summary, the stress tensor σ  is 
given by: 
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where ...e cr shθ= − − −ε ε − ε ε ε  is the elastic strain 
tensor obtained from the total one ε  by removing 
free thermal expansion θε , shrinkage shε , creep 

crε , etc… In this analysis, only thermal expansion is 
considered. Moreover, the evolution of damage ω  
is related to extension strains given by the positive 
part of the strain components. Note that no pressure 
effect is yet taken into account. 

3 MESOSCALE NUMERICAL SIMULATIONS  

3.1 Studied configuration 
To study the effect of the microstructure on the dete-
rioration of the material, 100 × 100 × 300 mm3 
specimens of an ordinary concrete mix, with silico-
calcareous (SC) aggregates and a w/c ratio of 0.54 
(M40SC), are cut into several slices. Figure 1 gives 
face views of three investigated slices. The maxi-
mum aggregate size does not exceed 2.5cm which 
confers to the slices the feature of being representa-
tive element volumes. For each slice, the surface 
concentration of coarse aggregates (with a represen-
tative in-plan size greater than 3mm) is determined, 
the complementary part being the concentration of 
the homogeneous mortar matrix. The average (statis-

tic) volume fraction of mortar is about 58% and 
therefore is 42% for coarse aggregates. 

 

  
Specimen 1                 Specimen 2 

 

 
Specimen 3 

Figure 1. Three scanned images of concrete. 
 
The major thermal, hygral and mechanical prop-

erties of M40SC concrete are obtained experimen-
tally from Mindeguia (2009). Concerning the indi-
vidual components (mortar and SC aggregates), only 
some properties are available in the literature for the 
associated concrete mix (Menou 2004, Gaweska 
Hager 2004). Therefore, the missing parameters are 
estimated, when possible, by an inverse analysis us-
ing Mori-Tanaka’s homogenization scheme (Ben-
veniste 1986). 

In order to perform two-dimensional simulations, 
the concrete slices (Fig. 1) have been used to gener-
ate finite element meshes of the two phases: coarse 
aggregates and mortar matrix. 

For each specimen tow meshes are generated, one 
representing the real aggregates morphology with 
the other one is an ideal circular idealisation of these 
aggregates (Figs. 2-4). The ideal aggregates have the 
same barycentres and areas as the corresponding real 
ones. 

In the numerical simulations, the specimens are 
heated at all faces by imposing a continuously in-
creasing temperature by 1°C/min up to 250°C which 
is above the onset temperature of dehydration proc-
ess in the cement paste. The surrounding external 
relative humidity is 50ext

rh %=  and convective 
mass boundary conditions are considered between 
the surface of the specimens and the surrounding 
medium. 
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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 
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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. 
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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 
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 



  
Real morphology             Ideal morphology 

Figure 2. Meshes of real and idealized specimen 1. 
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Figure 3. Meshes of real and idealized specimen 2. 
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Figure 4. Meshes of real and idealized specimen 3. 
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Figure 5. Loading and modelling. 

3.2 Thermo-hygral results 
Some first results are presented here in terms of 
thermo-hygral fields and damage profiles within the 
studied specimens. 

The overall response of the different REV is 
given in by carrying out the simulated mass-losses 
and ratios of the temperature in the centre of the 
specimens to the temperature at their external heated 
surfaces. The temperature at the centre is obtained 

by averaging on a disc large enough to be represen-
tative of a mix of aggregates an matrix. 

3.2.1 Mass loss 
Figure 6 shows results of mass loss of the three stud-
ied concrete specimens either with a real morphol-
ogy of aggregates or ideal one. There is no signifi-
cant difference between simulated mass losses of 
these specimens. Even they are not yet fully dried up 
to 250°C (not yet stabilized mass-loss), the mor-
phology and distribution of aggregates seems to 
have no significant effect on the global mass-loss of 
these concrete specimens. Thus, an ideal representa-
tion of aggregates appears to be acceptable for this 
purpose. 
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Figure 6. Mass loss. 

3.2.2 Temperature 
Time evolution of the temperature difference be-
tween the heated face and each specimen centre is 
presented on Figure 7. Similar results are obtained 
for the different specimens: a continuous increase up 
to a peak of almost 24°C at 220 minutes of heating. 
At this moment, the temperature at the face is equal 
to 240°C while its value at the centre is equal to 
216°C. After the peak, a sharp decrease of the tem-
perature difference is monitored. The moderate peak 
amplitude is mainly due to low heating rate adopted 
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Figure 7. Evolution of heated face to specimen centre tempera-
ture difference. 
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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 

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

 
where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
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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 



here, that is, 1°C/min. It is worth noting that similar 
trends are obtained with a macroscopic approach 
(Kanema et al. 2007) in which it is shown that the 
peak amplitude of temperature difference between 
surface and specimen centre are controlled by initial 
water content of the cement paste. 

 

 

         
150 min                    220 min 

Figure 8. Iso-values of the temperature of real specimen 1 at 
150 min and 220 min of heating. 

 
With regard now to the temperature distribution 

within the specimen, Figure 8 presents the iso-values 
of the temperature of specimen 1 with real morphol-
ogy at 150 min and 220 min of heating (this latter 
stage corresponds to the maximum temperature dif-
ference). For the different specimens, the tempera-
ture distribution is almost homogeneous at all time 
stages. Therefore, the distribution and the morphol-
ogy of aggregates may have no effect on tempera-
ture profiles which would suggests that a macro-
scopic analysis or a mesoscale one with idealized 
representation of aggregates are acceptable to pre-
dict the thermal behaviour. 

Nevertheless, this result has to be further ana-
lyzed in terms of either thermal conductivity contrast 
between constituents (aggregates and mortar matrix) 
or imperfect thermal interfaces between them. 

3.2.3 Gas pressure 
Here we discuss the effect of the distribution and the 
morphology of aggregates on the gas pressure in the 
mortar matrix only, since the aggregates are hygrally 
inert. 

Figure 9 gives evolutions of the gas pressure at 
the centre of specimens with time. 

The gas pressure increases and reaches a peak at 
about 220 minutes of heating, then, a decrease oc-
curs. This result is common to all studied specimens 
regardless aggregate morphology: a slight discrep-
ancy of less than 10% between the different configu-
rations is obtained. Moreover, a comparison between 
Figure 7 and Figure 9 shows that the gas pressure 
peak occurrence coincides with the moment when 
the temperature difference, between the specimen 
heated surface and the material bulk, attains its 

maximum. This means that for the considered heat-
ing rate, thermal and hygral processes kinetics will 
lead simultaneously to maximum induced stresses in 
the specimen, that is, arising stresses due, respec-
tively, to temperature gradients and to pore pres-
sures. These are mechanisms generally admitted for 
heated concrete spalling (Gawin et al. 2005). 
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Figure 9. Gas pressures at the centre. 

 

 

 
     Specimen 1 - Real           Specimen 2 – Real 
 

 
Specimen 1 – Ideal           Specimen 2 - Ideal 

Figure 10. Iso-values of the gas pressure of specimen 1 and 2 at 
peak pressure occurrence. 

 
Moreover, gas pressure distributions within 

specimens show strong local effects due the hetero-
geneity. An overpressure front propagates from 
specimen cover to the material bulk with a profile 
that locally depends on aggregates distribution and 
morphology as shown by gas pressure iso-values of 
Figure 10. Gas pressure induced tensile stresses 
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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 



which may lead to a microstructural effect (micro-
cracking that arises when tensile stresses attain mor-
tar matrix tensile strength which decreases with 
temperature), amplifying thus the structural effect 
generated by tensile stresses due to thermal expan-
sion gradients at the macroscopic scale. Aggregates 
morphology and distribution will then control crack 
patterns, namely percolation paths as shown by 
damage profiles hereafter. Furthermore, gas pressure 
distribution also shows strong variations around 
large aggregates which may be expected to amplify 
local mechanical degradations at inclusion-matrix 
interfaces. 

3.3 Mechanical results 
Mechanical behaviour is analyzed in terms of dam-
age profiles and deformation of specimens sketched 
in Figures 11-13 at time stages 150 min and 230 min 
(after that gas pressure peaks occur).  

At the early stages (up to 150 min), it can be ob-
served that damage occurs mainly at the mortar sur-
rounding aggregates, that is, micro-cracks arise at 
the matrix-inclusion interfacial zone. Thereafter, the 
micro-cracks propagate across the mortar matrix fol-
lowing some preferential paths that clearly appear to 
be controlled by morphology of aggregates and their 
distribution. The bridging micro-cracks percolate to 
form some dominant macro-cracks that may emerge 
at the specimen surface. 

The effect of morphology can be assessed by 
 

 

 
150 min                   230 min 

 

 
150 min                    230 min 

Figure 11. Specimen 1 – Real morphology: Damage profile 
(top), Deformed shape (bottom).  

comparing damage profiles and crack patterns given 
by Figures 12 and 13 which concern specimens for 
which aggregates morphology is the only difference 
(real versus idealized) while the same distribution is 

 

 

  
150 min                   230 min 

 

 
150 min                    230 min 

Figure 12. Specimen 2 – Real morphology: Damage profile 
(top), Deformed shape (bottom).  

 

 

     
150 min                    230 min 

 

 
150 min                    230 min 

Figure 13. Specimen 2 – Ideal morphology: Damage profile 
(top), Deformed shape (bottom). 

Macro-crack 

Macro-crack 
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moisture permeability and it is a nonlinear function 
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that the variation in time of the water mass per unit 
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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 



kept. Then, cracks propagate following different 
paths during heating, mainly at the final stages when 
localized macro-cracks form. Note that combined 
distribution and morphology effects are highlighted 
by comparing crack patterns of specimen 1 and 
specimen 2.  

Similar behaviours had already been observed 
experimentally by Mindeguia (2009) and shown in 
Figure 14. Cracks network developing at the mortar-
aggregates interface and then diffusing in the hole 
specimen can be visually observed.  

 

 
Figure 14. Visual observations of specimen B40SC at 400 °C 
(Mindeguia 2009). 

 
In summary, the effect of the morphology and 

distribution of aggregates is not negligible on the 
stability of the concrete at high temperatures. This 
may be a reason to explain that during testing, with 
the same configuration, there are specimens that ex-
perience thermal instabilities while the others not 
(Mindeguia 2009). 

4 CONCLUSION 

An original thermo-hydro-mechanical (THM) mod-
elling approach of concrete at the meso-scale level is 
presented and used to investigate the effects of ag-
gregates morphology and distribution on the con-
crete behaviour during heating. The obtained results 
show that the heterogeneity does not affect neither 
the overall thermo-hygral behaviour of the material 
nor the local temperature evolution. By contrast, the 
local hygral behaviour and the mechanical degrada-
tion are strongly affected by the microstructure of 
the material. 

Indeed, the hygral fields (gas pressure in this con-
tribution, but also saturation) are strongly heteroge-
neous in the specimen. The distribution of the gas 
pressure in the mortar depends on the distribution 
and morphologies of aggregates: large aggregates 
prevent gas over pressure to dissipate when close to 
the external boundary.  

With regard to the mechanical behaviour, the first 
results show that the damage occurs at the interface 
mortar / aggregates on all specimens and then devel-
ops into the mortar. This result is reasonable and 
similar with the experiment. The cracks appear first 

in the place where the aggregates are sufficiently 
close and then propagate into the mortar. Therefore, 
the effect of the morphology and distribution of ag-
gregates is not negligible on the mechanical behav-
iour of the concrete at high temperatures. 

These interesting new results are to be completed 
by extending the mechanical model in order to ac-
count for fluid pressure (gas and liquid when over-
saturation occurs) effect at this scale, shrinkage and 
transient creep in the cement matrix. Furthermore, a 
3D THM analysis is also under investigation. These 
are some perspectives to this work. 
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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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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 

 

( ) ( )
( )

( ) ( )
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−

−
∞

+

−
∞

−=

11
10

,
1

                            

1
10

1
1,

1
,,

h
cc

g
e

sc
K

h
cc

g
e

sc
G

sc
h

e
w

αα

αα

αα

αααα

 (4) 

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

 

( ) s
s

s

vg
kc

c

c

vg
k

sc
G αααα +=,
1

                 (5) 

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

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

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

c
vg and k
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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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