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Abstract

The aim of this study is to investigate and to simulate damage mechanisms of concrete under fire conditions. A micro-mechanical model has
been developed by coupling the effective moduli approach with a finite element model based on the representation of the heterogeneous materials
random microstructure. Numerical simulations have been carried out in order to analyze the effective behaviour of confined concrete samples
subjected to high temperatures coupled to compressive loads and to localize damage on the microstructure scale. These simulations show that the
‘transient thermal strain’, noticed during experimental tests, is due to the thermal damage of concrete.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Materials used in civil engineering are often under coupled
loads according to their exploitation or to the environment. For
example, in nuclear building, these materials are loaded at high
temperatures. These heterogeneous and porous materials have a
complex behaviour, which is quasi-brittle under mechanical,
thermal and hydraulic loads which are often coupled. Experi-
mental tests are made to observe micro-cracks and to define their
evolution and their influence on the durability of cement-based
materials. The development of numerical tools to model the
thermo-hydro-mechanical behaviour of damaged cement-based
materials appears important in complement to experimental
approach to give a predictive analysis of degradations of
structures. Some damage models for cement-based materials
suggested in the literature review are based on various theoretical
tools of the damage mechanism. Often, they are according to a
macroscopic approach for the behaviour of materials. Damage of
concrete has been specifically studied with isotropic models [1],
with anisotropic models [2], with the microplane model [3,4], or
recently with the macroscopic model developed by Ung and
Mounajed [5,6].
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In this paper, we have chosen a micro-mechanical approach to
model the coupled thermo-mechanical behaviour of heterogeneous
media. The multi-scales approach appears interesting by its
possibility to take into account microstructure data like the size
distribution or the specific behaviour of each constituent. The
homogenization process allows to characterize the equivalent
homogeneous behaviour of the material on the macroscopic scale.
But, the interest of the multi-scales approach is also the possibility
to localize fields on the microscopic scale, as local stresses or
strains. So, the local damage of the concrete microstructure can be
studied from these local fields and the crackmechanism can be then
followed. Multi-scales approaches are generally based on the
choice of a Representative Elementary Volume (REV) of the
heterogeneous material microstructure. A uniform strain is applied
and local stresses are obtained by solving a cellular problem on the
REV. Then, the homogenized behaviour law is defined by relying
the average of local stresses and the uniform strain applied. A lot of
homogenization methods have been suggested in the literature
review. They are distinguished by the choice of the REV and the
method used to apply the macroscopic load [7]. Also, it can be
distinguished by homogenization of explicit methods and
numerical methods. Explicit methods are based on idealized
representations of the microstructure and analytical resolutions of
cellular problems. Even if they are simple and for some of them are
sufficient to predict the behaviour of heterogeneous materials, they
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do not allow to accurately localize micro-mechanical fields.
Numerical methods allow to consider a more realistic microstruc-
ture but need a numerical resolution of cellular problems. Also,
numerical methods allow to localize micro-mechanical fields.
Some numerical methods have been recently proposed to study the
behaviour of cement-based materials. We can cite the numerical
model developed in the National Institute of Standard Technology
(NIST) [8], the finite element model developed at the University of
Technology of Delft (TUDelft) [9] and the finite element model
developed in the Ecole Polytechnique Fédérale de Lausanne
(EPFL) [10,11].

In the objective to model a realistic microstructure of cement-
based materials, we have used a micro-mechanical numerical
approach. The proposed micro-mechanical approach is based on a
REV of the material within all heterogeneities, aggregates and
pores, that are distributed by a random process in this volume,
according to the real aggregate size distribution. This tool [12,13] is
implemented in the finite element code Symphonie [14]. Cellular
problems of the homogenization approach are solved by a finite
element method with non-linear behaviour laws for constituents.
The interest of this development, thus the important difference with
classical homogenization methods, is the possibility to localize
mechanical and thermal fields on the constituents scale. The
macroscopic damage model MODEV [5,6] is introduced in this
work on the constituents scale of theREV. Twomechanical damage
modes have been considered: one damage according to a
volumetric strain, and one damage according to a deviatoric strain.
A coupling between themodel Digital Concrete, the damagemodel
and homogenization methods has been made to calculate the non-
linear macroscopic behaviour of damaged cement-based materials.
Fig. 1. A Representative Elementary Vol
This approach has been applied to study the thermo-mechanical
behaviour of High-Performance Concrete (HPC) under coupled
loads without and with damage.

In the first part of this paper, we introduce the numerical
model Digital Concrete and the associated algorithm. In the
second part, we describe the macroscopic damage model and its
thermodynamical formulation. Then, we present the formula-
tion of the non-linear cellular problem. In the last part,
applications are presented on the behaviour of concrete at
high temperatures under a compressive load. The macroscopic
strain behaviour and the homogenized rigidity of concrete are
calculated. Results obtained have been compared to experi-
mental measurements. Finally, the localization of damage on the
constituents scale is analyzed at different temperatures levels.

2. The Digital Concrete model

The numerical model, Digital Concrete [12,13], allows to
built a realistic Representative Elementary Volume of multi-
phases materials. A specific algorithm has been developed to
introduce a random phases distribution with different properties
in an unspecified grid. This grid could represent all sorts of
heterogeneous geomaterials. Here the random characteristic of
this model is used to describe the microstructure of cement-
based materials in taking into account the constituents volume
fraction used in concrete. In this application, all grid elements
have cement paste properties in first. Then, the aggregate size
distribution is introduced in the REV following experimental
microstructural observations (Fig. 1). The properties of the grid
elements located in an aggregate area are those of this
ume of the Digital Concrete model.
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aggregate. The grid is used as a finite element mesh of the REV
for the multi-scales approach. The cellular problem can be then
solved with a finite element code and gives access by average to
the equivalent thermo-mechanical behaviour of cement-based
materials. In the following applications, the finite element code
used is Symphonie developed by the MOCAD division of the
Scientific and Technical Center for Building (CSTB) [14]. On
the REV scale, the components can be considered homoge-
neous. The size of the REV is chosen to take into account
significative heterogeneities. The ratio of sizes between the
REV and the heterogeneities has been particularly studied. The
stability of the results has been tested according to the random
distribution of heterogeneities in the volume. Small variations
have been noticed of the homogenized behaviour when the
random distribution changes. Similar variations are noticed on
experimental measurements for different samples of a mixed
concrete. Numerical tests were performed to analyze the
stability of results depending of the REV size L and the
maximal diameter of inclusionDmax. It was noted that for a ratio
of L/DmaxN4, the effective Young modulus does not signifi-
cantly change even with different distribution of the hetero-
geneities (Fig. 2). In the same way, stability tests have been
performed to define the ratio L/Dmax for hydraulic conductivity
problems. The same ratio (L/DmaxN4) has been retained [15].

3. The damage model MODEV

Because the presence of aggregate, cement paste, micro-
cavities and micro-cracks in the material, the mechanical
behaviour of concrete cannot be modeled by only one strain
mechanism. According to experimental observations, Ung and
Mounajed [5,6] have suggested a macroscopic damage model,
MODEV, with two mechanical damage mechanisms, a damage
associated to the deviatoric strain and a damage associated to
the volumetric strain. In order to model the unilateral behaviour
of concrete, only the deviatoric damage is taken into account for
the compressive behaviour and both deviatoric and volumetric
damages are introduced for the tensile behaviour. The damage
mechanism depends on three strain energies, the total elastic
strain energy, the distorsion energy to take into account the slip
mechanism between the cracks lips, and the volumetric strain
Fig. 2. Variation of homogenized Young modulus ve
energy to take into account the influence of the cracks growth
according to the hydrostatical stress. So the elastic thermody-
namical potential ψ is written as follows [5,6]:

qw e; ds; dd; bs; bd
� � ¼ 1

2
1� gds � 1� gð Þdd� �

C : e : e

þus bsð Þ þ ud bd
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where ρ is the mass density, e the strain tensor, C the stiffness
tensor, ds and dd are respectively the volumetric and the
deviatoric damage variables and the total damage variable is
defined by 1−d=1−ηds− (1−η)dd,where η is a parameter
which is adapted according to the problem type following the
work of Mazars [1]. φs(βs) and φd(βd) are strain energies
respectively according to hardening variables of the volumetric
damage and the deviatoric damage. So, state laws associated to
this potential are given by:
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where σ is the stress tensor, Bs and Bd the damage evolution
variables according to the volumetric and the deviatoric mecha-
nism. According to the equivalent strain introduced by Mazars [1],
two equivalent strains are retained in this model, ɛ̃s for the
volumetric mechanism and ɛ̃d for the deviatoric mechanism. These
equivalent strains correspond to the local slip in micro-cracks and
the hydrostatic state. They are obtained from the deviatoric strain
part ed and the volumetric strain part ɛs of the strain tensor by:
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3
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where ɛi
d are main strains of the deviatoric strain tensor and αc a

coupling coefficient reflecting the material consolidation under a
rsus ratio L/Dmax (REV size/inclusion diameter).



Fig. 3. Evolution of thermal expansion of the cement paste and calcareous aggregate versus temperature. Experimental results [16].
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compressive load. If ɛ̃s and ɛ̃d reach a threshold, the associated
damage variables d s and dd evolve. The initial damage threshold is
defined by experimental tests, uniaxial tensile tests and shear tests,
with:

ẽ s0 ¼
ft
3E

1� 2mð Þ ð8Þ

ẽ d0 ¼
ffiffiffi
2

p
fcis

2G
¼

ffiffiffi
2

p
fcis
E

1þ mð Þ ð9Þ

where E is the Young modulus, G the shear modulus, ν the
Poisson's ratio of thematerial, ft its tensile strength and f cis its shear
strength.

Ung [5] has suggested these following evolutions of the
volumetric damage and the deviatoric damage, according to the
Mazars's model [1]:

ds ¼ 1� ẽ s0
ẽ s

exp �Bt ẽ
s � ẽ s0

� �� � ð10Þ

dd ¼ 1� exp �Bc ẽd � ẽ d
0

� �� � ð11Þ
where Bt is a damage parameter related to the fracture energy to
limit the mesh sensitivity and Bc a material parameter associated
to its compressive strength.

This macroscopic damage model has been implemented in
the finite element code Symphonie. We have adapted it on the
scale of the REV for simulations of the behaviour of concrete at
high temperatures.
Table 1
Mechanical parameters of the HPC M100C phases at 20 °C

Cement paste Aggregate

E [MPa] 15 000 75 000
ν 0.2 0.28
α [°C−1] 5.79 10−6 4.16151 10−6

fc [MPa] 80 180
ft [MPa] 3 10
fcis [MPa] 6 20
Gf [N/mm] 0.1 0.15
4. Thehomogenizednon-linear thermo-mechanical behaviour

The REVof a heterogeneous material, is formed by two solid
phases, a matrix defined by the volume Vm, and inclusions,
aggregate in concrete for example, defined by the volume Vr. We
write V the volume of the REV, Γmr interfaces between the
matrix and aggregate and ∂V the exterior boundary of the volume
V. In the objective to model the behaviour of damaged cement-
based materials, non-linear thermo-mechanical behaviour laws
have been suggested for the phases. A uniform temperature DT
and a uniform strain field tensor E are applied to the REV. These
loads imply local displacements fields u( y), local strain fields
e( y) and local stress fields σ( y) in each point y of V which are
solutions of the following cellular problem:

j:σ yð Þ ¼ 0 ð12Þ

� yð Þ ¼ C y; e yð Þð Þ : e yð Þ � a y; Tð ÞDTð Þ ð13Þ

e yð Þ ¼ 1
2

j uð Þ þj uð Þt� � ð14Þ

jj �:n jj¼ 0 jj u yð Þ jj¼ 0 onCmr ð15Þ

u ¼ E:y onAV ð16Þ
where C(y,ɛ(y)) is the stiffness tensor of the material phases
depending on the strain of phases and α(y,T) is the thermal
expansive tensor of the material phases depending on the
temperature. The notation symbol ||.|| describes the “jump” of a
field on an interface and n is the exterior unit normal of the
surface. The stiffness tensor is depending on the strain state
according to the damage model as follows:

C y; e yð Þð Þ ¼ 1� gds e yð Þð Þ � 1� gð Þdd e yð Þð Þ� �
C yð Þ ð17Þ

where C(y) is the stiffness tensor of the phases at the initial state
and η a parameter which is adapted according to the problem
type following the work of Mazars [1]. In the following



Table 2
Aggregate size distribution of the HPC M100C [16]

D (mm) Vf (%) D (mm) Vf (%)

25 2 4 3
20 8 3.15 1
16 10 2.5 3
12.5 8 2 1
10 6 1.6 1
8 4 1.25 4
6.3 2 1 18
5 2
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applications, we have chosen the value η=1/3 in considering that
the damage is distributed according to 1/3 of a volumetric
damage and 2/3 of a deviatoric damage.

The non-linear homogenized behaviour is defined by the
average relation between the average stresses 〈σ〉V and the
average strains 〈ɛ〉V where σ is the stress tensor solution of the
cellular problem (12–17). The secant formulation of this
behaviour law can be written as follows:

R ¼ hσiV ¼ 1
jV j

Z
V
σ yð Þdy

¼ Chom heiV
� �

: heiV � ahom Tð ÞDT� �
¼ Chom Eð Þ : E � ahom Tð ÞDT� �

ð18Þ

whereChom(E) is the homogenized stiffness tensor andαhom (T)
the homogenized thermal expansion tensor.

5. Behaviour of High-Performance Concrete at high
temperature under a compressive load

This study is in the framework of the durability of civil
engineering building in fire conditions. The objective is to
understand and to model damage and strain mechanisms of
concrete at high temperature up to 600 °C.

In experimental tests performed on cement samples, a purely
thermal damage without strains has been identified. It occurs
Fig. 4. Comparisons between calculated strains (Simu) for an
mainly in cement paste with dehydration and important mass
loss beyond 120 °C and can be explained by different chemical
transformations. Various models have been proposed in order to
take into account this thermal damage [17–19]. Due to the
restrained thermal strains on a macroscopic and mesoscopic
scale, mechanical damage of thermal origin accompanied with
strains also occurs [20].

It can be also observed in experimental tests a decrease of strains
of concrete when it is submitted to high temperature coupled to a
compressive load. This phenomenon is called by some researchers
as ‘transient thermal creep’ or ‘transient thermal strain’. These
observations have been interpreted by a lot of theories [21,22] and
some models have been suggested to calculate this behaviour
[21,23,24]. We propose here another explanation of this
phenomenon from results of simulations. For the simulations, the
multi-scales approach is coupled to themodel Digital Concrete and
to the damagemodel in order to analyze local damagemechanisms.

5.1. Concrete phases properties and experimental results

The application presented in this paper concerns the
behaviour of concrete which has been studied in experimental
fire tests [25,16]. Its composition, also its mixture process, is
presented in detail in the work of Gaweska Hager [16]. It is a
High-Performance Concrete (HPC M100C) which contains a
cement paste with a water cement ratio of E/C=0.3. The cement
used is of type CPA CEM I 52.5 PM ES CP2 (Le Havre). The
HPC M100C contains calcareous aggregates (Boulonnais) and
limestone (La Seine). The cylindrical coupon samples tested
have the following dimensions: 160×320 mm.

Mechanical properties of the Youngmodulus (E) of the cement
paste and the compressive strength (fc) of calcareous aggregates
are given by experimental tests [16]. The evolutions of thermal
expansive coefficient (α) of the cement paste and of aggregate
versus temperature are given by experimental tests [22,16] and
presented in Fig. 3. The Youngmoduli of aggregate and Poisson's
ratio of the cement paste and aggregate are taken in the literature
review [26,27]. All phases properties are presented in Table 1 at
axisymmetric problem and measured strains (test) [16].



Fig. 5. Comparisons between macroscopic calculated strains (Simu) and measured strains (Test) of the HPC M100C at high temperature under a compressive load.
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20 °C and the aggregate size distribution retained is presented in
Table 2 for each volume fraction (Vf) according to aggregates
diameter (D) from experimental data [16].

The compressive load is taken equal to 0%, 20% or 40% of
the compressive strength of the HPC M100C which is equal to
120 MPa. The temperature rate is equal to 10 °C/min and the
test starts at 20 °C up to 600 °C. Experimental results are
presented in Fig. 4.

First of all we give some comments on these experimental
results. The cement paste expands up to 250 °C. That is due to
the expansion of the water in pores. At 100 °C the liquid water
begins to change to water vapor until 250 °C. Then, this water
vapor goes out of the cement paste across the porous network.
So, a shrinkage of the cement paste can be observed. The phase
change of water is taken into account in the thermal expansion
coefficient of the cement paste (Fig. 3). We can note that until
250 °C and without a compressive load the volumetric damage
according to the hydrostatic state is high.
Fig. 6. Evolution of the strain for three differe
If the concrete sample is under a compressive load, the
expansion of each phase is hindered until 250 °C. According to a
weakness of the microstructure, that is could be interpreted by a
microstructural effect on the behaviour of concrete, the damage
increases at temperature higher than 250 °C. Differential dilations
in themicrostructure between the cement paste and aggregate seem
to be responsible of the concrete degradation. At high temperature,
the cement paste begins to shrink and aggregates continue to
expand. So, aggregates apply a compressive load on the cement
paste. This phenomenon underlines a Poisson's effect and a tensile
effect along the perpendicular axis Ox to the compressive axis.

5.2. Comparison with simulations

The REV used for the following simulations contains a
homogeneous cement paste and heterogeneous aggregates. A
uniform applied pressure load and a temperature rate DT are
applied. The geometrical and mechanical properties of the
nt positioning of aggregates in the REV.



Table 3
Young modulus of the HPC M100C

Simulation

Simu 1 Simu 2 Simu 3 Average

E [GPa] 50.88 50.85 50.86 50.86

Tests [25]

Test 1 Test 2 Test 3 Average

E [GPa] 52.2 50.5 49.8 50.8

Comparison between calculated (Simu) and experimental results (Test), [25].
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constituents are taken following Tables 1 and 2. The tensile
strength ft and the shear strength fcis of the two concrete phases
are identified by an inverse homogenization method. The
coefficient Gf which is a parameter of the crack energy is
defined by empirical criterions [19].

Various REV further described have been generated from
these data. The cellular problem (Eqs. (12)–(17)) is solved in
taking into account local damage variables ds and dd of each
phase. And the homogenized thermo-mechanical secant behav-
iour law of concrete is characterized from Eq. (18). Calculated
macroscopic strains (Simu0%, Simu20%, Simu40%) have been
compared to experimental measurements (Test0%, Test20%,
Test40%) in Figs. 4 and 5 following the REV.

In a first study, we have adopted a REV with a ratio of L/
Dmax≥4, dimensions of 100×100 mm and plane strains
conditions. The results are presented in Fig. 5. If no compressive
load is applied (case 0%), numerical results are in good
agreement with experimental tests. If a compressive load is
coupled to the imposed temperature, calculated strains are higher
than experimental values. The difference between calculated
strains values and measured strains values are of about 10−3 in
the test with the coupled mechanical and thermal load.

In a second study, axisymmetric simulations have been
performed by exploiting symmetric conditions to model a
quarter of a concrete sample with dimensions of 80×160 mm.
The results are presented in Fig. 4. In this case the curves'
shapes are in better agreement with experimental measure-
ments. The differences between simulations and measurements
are of the same order of magnitude as the experimental
dispersion measured on other concrete samples [28]. One can
thus conclude that the degradation of concrete observed at high
Table 4
Results on elastic and thermo-elastic values of the HPC M100C

Models E K G a

[GPa] [GPa] [GPa] [10−6 °C−1]

Simu 50.9 41.9 20.2 4.17
Test [16] 51.9 – – 4.23
SC 49.9 39.5 20 4.47
HS 51.9 41.8 20.7 4.47

Comparisons between calculated results (Simu) and experimental results [16]
and classical homogenization methods results: self-constituent scheme (SC),
Hashin–Shtrikman bounds (HS).
temperatures can be modeled by the differential dilations
between the cement paste and aggregates which are explicitly
taken into account in the REV.

To study the influence of the random generation of
aggregates on the macroscopic behaviour, calculations have
been performed with three random generations of aggregates in
the REV. Results can been compared in Fig. 6 and show that
only the crack state at high temperatures changes. It can be
explained by different distribution of the damage in the various
generated REV.

5.3. Calculation of the equivalent thermo-elastic behaviour law

The effective thermo-elastic behaviour has been compared to
experimental values obtained by Pimienta [25] and Gaweska
Hager [16] for the HPC M100C. First of all, with three REV
with different positioning of aggregate are considered. The
equivalent Young modulus (E) is compared to experimental
measurements [25] at ambient temperature and without a
compressive load in Table 3.

Also, the bulk modulus (K), the shear modulus (G) and the
thermal expansive coefficient (α) are in good agreement with
results obtained with experimental values [16] and with
classical homogenization methods such as Hashin–Shtrikman
bounds (HS) and the self-consistent scheme (SC). Results are
presented in Table 4. In comparison to classical homogenization
methods, the model presented in this paper is not limited to
linear problem and allows to localize the calculated fields in
each point of the REV.

Under a compressive load and high temperature, the
effective rigidity decreases and the behaviour of the damaged
concrete becomes anisotropic. Results have been compared to
experimental values [16] in Table 5. In fact, Young modulus
calculated along the compressive axis (Oy) (Ey) are higher than
obtained along the perpendicular axis (Ox) (Ex). The compres-
sive load in coupling with the temperature applied increases the
local damage in the volume. Anyway, the thermal dilation is
obstructed by the compressive load until 250 °C. Then, tensile
effects appear along the Ox axis. So, the damage increases
highly along this axis while the compressive load obstructs the
aggregate dilation.

5.4. Analysis of local fields

The numerical modeling allows also to visualize local
damage in each point of the material microstructure and at each
Table 5
Homogenized Young modulus of the HPC M100C at high temperatures

T [°C] 20 120 250 400

Ey (0%) [GPa] 51 36.5 35.2 18.9
Tests (0%) [GPa] 51.9 39.4 28.8 22
Ex (20%) [GPa] 51 44.9 43.6 25.4
Ey (20%) [GPa] 51 45.9 45 30.6
Ex (40%) [GPa] 51 39.2 38.9 24.1
Ey (40%) [GPa] 51 38.3 38 29.1
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load step. By this way, we can follow the evolutions of the
volumetric and deviatoric damages. Isovalues of the volumetric
damage at 240 °C and 260 °C for the HPC M100C under a
compressive load equal to 20% of the compressive strength are
Fig. 7. Volumetric damage localized in the HPC M100C at 240 °C and 260
presented in Fig. 7. It can be observed in these figures, the
directions of the evolution of the damage. Without a
compressive load, the damage evolves along all directions and
if a compressive load is applied the damage evolves along the
°C under a compressive load equal to 20% of the compressive strength.
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compressive axis. This phenomenon has been also observed in
experimental tests [16].

6. Conclusion

In this paper, we have presented a numerical multi-scales
approach to model the non-linear thermo-mechanical behaviour
of heterogeneous materials. A coupling of both the effective
homogenization method, the microscopic damage model [5]
and the numerical model Digital Concrete [12,13] has been
performed. This numerical model allows to implement, in a
random process, all heterogeneities (aggregate, pores, …) in a
Representative Elementary Volume in order to approach the
realistic concrete microstructure. Non-linear homogenization
thermo-mechanical cellular problems have been solved by the
finite elements method. Homogenized behaviour laws of the
equivalent material are obtained as the relation of average
values. Applications to the behaviour of concrete under coupled
mechanical and thermal loading have been performed. At the
ambient temperature the effective behaviour has been compared
in good agreement with experimental measurements [25,16],
and with classical homogenization results. At high temperature
the damage behaviour is also in good agreement with
experimental measurements [25,16]. The localization of
damage values has allowed to follow the concrete degradation
versus temperature and to investigate the influence of the
compressive load.

Numerical classical models are often macroscopic models
and add a new parameter in the thermo-mechanical behaviour
law to take into account the ‘transient thermal creep’ [18,29,30].
In this study, no terms are added in the thermo-mechanical
behaviour law. The model presented in this paper takes into
account interactions of the behaviour of phases in the concrete
microstructure. The micro-mechanical approach allows to show
the structural effect of the damage in concrete at high
temperatures under a mechanical load.

The numerical tools presented in this paper could be adapted
to different materials and coupled to different damage models.
These tools are currently completed by a model which takes into
account chemical effects due to the cement paste hydration in
order to model the behaviour of young cement-based materials.
Also, we expect to take into account the interfacial transition
zone in concrete between the cement paste and aggregate. This
interfacial transition zone has mechanical properties which are
different of that of the cement paste and aggregate, and is of
influence on the behaviour of concrete.
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