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ABSTRACT: The aim of this contribution is to proceed to the numerical modelling of the thermo-hygromechanical 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 temperatures. 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 temperature, pressures and damage field profiles.
1 INTRODUCTION
Concrete is a widely used material in Civil Engineering (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 numerous degradation processes. Among them, the aggregate-paste incompatibility may have a direct influence 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 dehydration induced shrinkage that arises in the cement
paste due to physical and chemical transformations
when temperature increases. Therefore, self equilibrated 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 behaviour 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 thermomechanical mesocopic modelling of behaviour of
damaged concrete has been studied on two dimen-

sional configurations and where aggregates morphology has been idealized (Grondin et al. 2007). In
particular, the effect of the aggregates nature, morphology and distribution on the propagation and percolation 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 material spalling: granular distribution and morphology
may lead to preferential percolation paths of microcracking which may in turn control the flak geometry.
In this contribution, a finite element THM modelling of concrete at the meso-scale level is presented.
Bi-dimensional finite element configurations of representative elementary volumes (REV) are generated
by distinguishing the cement paste form the aggregates 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 mechanical behaviour of the different constituents.
Numerical simulations are then performed in order to carry out the influence of the aggregates nature, morphology and distribution on the behaviour
of concrete at high temperatures.
2 MULTI-SCALE MODELLING

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 aggregates 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 concrete mix. Therefore, only the mortar matrix is considered to have a full thermo-hygral behaviour with
an ad hoc model.
Concerning the mechanical behaviour, the aggregates 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 energy of each constituent of the medium: solid skeleton, liquid water, vapour water and dry gas. The approach is based on a space averaging theory
proposed by Schrefler and co-workers (Gawin et al.
2003), (Lewis & Schrefler 1998). It allows describing the major mechanisms of mass transport, heat
transfer, phase change (vaporisation and dehydration). 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 pa , the
water vapour pressure pv and the absolute temperature T .
The mass balance equations of the constituent can
put in the following generic form:
∂mπ
+ ∇ ⋅ (mπ νπ − s ) = m& πr
∂t

(1)

where t = stands for time; mπ = mass per unit
volume of each constituent ( π = s for solid, l for
liquid, v for vapour and a for dry air); m& πr =
source term; and νπ −s = velocity of each constituent
with respect to the solid phase. The mass mπ of
each constituent is given by:

ms = (1 − φ )ρ s ;
ma = ρ a (1 − S l )φ

ml = ρ l Slφ ;

mv = ρ v (1 − S l )φ ;
(2)

where ρ π = corresponding density; φ = porosity;
and S l = liquid saturation degree. The source term
m& πr is given by:

m& sr = m& dehyd ;

( h , T ) ∇h
& vap − m& dehyd ;
m&Jlr ==−−Dm

m& vr = m& vap ;

m& ar = 0

(3)
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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
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Figure
8.
Iso-values
of
the
temperature
of
we=specimen
we(h,αc,1αats)
degree of silica fume reaction, αs, i.e.real
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(Norling
Mjonellnow
1997).
Under
this assumption
and
With regard
to the
temperature
distribution
by substituting Equation 1 into Equation 2 one
within the specimen, Figure 8 presents the iso-values
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where the first term (gel isotherm) represents the
1
physically
bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water.
This expression is valid only for low content
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of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
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Figure 9. Gas pressures at the centre.

c α c+ ks α s
G (α c α s ) = k vg
c vg s

(5)

,

1

where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
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which may lead to a microstructural effect (microcracking that arises when tensile stresses attain mortar matrix tensile strength which decreases with
temperature), amplifying thus the structural effect
generated by tensile stresses due to thermal expansion 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 damage 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 observed that damage occurs mainly at the mortar surrounding aggregates, that is, micro-cracks arise at
the matrix-inclusion interfacial zone. Thereafter, the
micro-cracks propagate across the mortar matrix following 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).
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