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a b s t r a c t

This paper presents the development and the validation of a 3D numerical tool called ‘‘finite element model for concrete analysis method” (FEMCAM). 
This tool is established to model quasi-brittle and het-erogeneous materials like concrete. This last one is here considered as a 3D biphasic material 
composed of coarse aggregates embedded in mortar. A particular attention is paid to a realistic generation of par-ticles in concrete sample. A non-local 
Mazars model is used to reproduce the mortar behaviour. The val-idation of this mesomodelling is performed by comparison with experimental results 
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on various tests (3-point bending test
consequences of the alkali-silica reaction
bridges. At the mesoscale, this reaction is
* Corresponding author.
E-mail address: Fabrice.Bernard@insa-rennes.fr (F.
ressive tests and ‘‘Brazilian” splitting tests). All these results are used to study the mechanical 
 the main and most famous chemical degradations of concrete structures such as dams, pavements or 
terized by a swelling of the reactive granular skeleton.
1. Introduction

Concrete is a complex multi-scale composite with a random
microstructure at different length scales ranging from nanometer
scale to the macroscopic decimeter scale. From a mesoscopic point
of view (for length in between 1 and 10 cm), aggregates with inter-
facial transition zone (ITZ) embedded in a homogeneous mortar
matrix can typically be observed [1].

Recent advances in the modelling of the behaviour of cement-
based materials are particularly related with this mesolevel struc-
ture. A few numerical models for the simulation of the fracture
process at this scale in concrete have been performed in recent
years [2–5]. Modelling concrete as a heterogeneous material is par-
ticularly interesting in order to:
Bernard).
– estimate and understand local mechanisms of deformation;
– better simulate damage initiation and growth;
– study and compare different concrete formulations; and
– describe accurately chemical degradation involving changes in

the microstructure.

The large majority of these modellings has still computational
limitations and is most of the time performed in 2D. Besides some
important and very physical parameters, such as wall effects and
maximum paste thickness (MPT) are not considered. The tremen-
dous increase of computational capabilities enables the develop-
ment of numerical simulations based on realistic explicit
descriptions of the material [6,7].

The aim of this paper is to present the development and the val-
idation of a new 3D mesoscopic modelling of concrete, called finite
element model for concrete analysis method (FEMCAM), with
assumptions as close as possible to reality and with a very accurate
representation of the heterogeneities. This tool is then applied, in
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Table 1
Concrete formulation and corresponding density.

Composition (kg/m3) Density (g/cm3)

Cement CPA CEM I 42,5 from Heming 500 3.16
Sand(0–4 mm) 552 2.65
Flint aggregates ‘‘Savreux” 583 2.6
Limestone aggregates ‘‘Boulonnais” 583 2.65
Water 200

Table 2
Selected grain size distribution with 935 coarse aggregates.

Mean diameter of aggregates (mm) Aggregates number

18 38
14.25 101
11.25 162
9 244
7.15 389

Table 3
Estimation of the number of sand grains in a 7 � 7 � 28 cm concrete sample.

Mean diameter (mm) Aggregates number

5 382
4 1005
3.15 1999
2.5 3775
2 7802
1.6 20,319
1.25 25,509
1 63,725
0.8 159,042
0.63 196,486
0.5 427,186
0.4 930,742
0.315 1,408,996
0.25 3,114,430
0.2 6,278,076
0.16 13,846,153
0.125 17,332,478
0.1 43,625,390

Total 87,443,495
the last part of the present article, to a sensitivity study on various
parameters (aggregates volume, distribution and maximal diame-
ter) and to the modelling of damage involved by the alkali-silica
reaction (ASR).

2. Generation of mesoscopic concrete

2.1. Concrete composition

The concrete modelled in this paper is chosen to be sensitive to
the alkali-silica reaction as the study of this chemical degradation
is one of the objectives of this work [8].

A portland cement, CEM I 42.5R type, from Heming, supplied by
the Obourg corporation, is used. This cement has been chosen
because of its high alkaline content which accelerates the ASR devel-
opment. A non-reactive sand, commonly called sand from ‘‘Boulon-
nais”, is used. It is composed of 90% limestone and 7% silica. Two
different types of aggregates are considered too. The aggregates
from ‘‘Boulonnais” (4/20 mm) are composed of non-reactive lime-
stone (98%) whereas the aggregates from ‘‘Savreux” (5/20 mm)
are extracted from flint shingle and sea sand and are composed of
silica (87%) for the main part.

The particle size distribution of the sand and the two different
aggregates are presented in Fig. 1. Table 1 presents the whole
material formulation. The water-to-cement ratio (W/C) is equal
to 0.4. This formulation corresponds to the most reactive formula-
tion for the ASR in terms of amount of free swelling without adding
any adjuvant. The high content of cement allows a greater
reactivity.

2.2. Discretization of the particle size distribution (psd) and calculation
of the whole number of particles

The following calculations are performed knowing the mass
content of the various components comprise between two diame-
ters of the particle size distribution and making the assumption
that all particles are spherical.

Tables 2 and 3 show the total number of particles present in a
common 70 � 70 � 280 mm sample which can be considered as a
representative volume element (RVE) of concrete. In Table 2, the
choice of the various diameters for the discretization of the aggre-
gates size distribution is based on the experimental determination
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Fig. 1. Size distribution of aggregates.
of the psd following standard EN 933-1. The values presented are
the averages of the different sieves used for aggregates (6.3, 8,
10, 12.5, 16 and 20 mm). The too important aggregates number,
due to large differences of scale in the systems, does not allow
the modelling of such systems as one. Thus, it is necessary to make
the assumption of the scales separation and to consider the con-
crete as a two phases material: some coarse aggregates dispersed
in a matrix of mortar. Since in our study, sand and aggregates are
perfectly separated (see the presentation of the components in Sec-
tion 2.1) the choice of the limit between them is easy. Thus 935
aggregates should be generated (Table 2).

2.3. Generation of aggregates particles

2.3.1. Presentation of the software used in the study
The software used in this work is derived from the commercial

software Forge3� developed by CEMEF. Forge3� is a process simu-
lation tool based on the finite element method and initially dedi-
cated to the simulation of forming processes such as forging.
Forge3� can deal with multimaterial bodies, which is interesting
to model concrete at the mesoscopic scale (matrix and aggregates).
A completely parallel solver enables faster computations on very
fine meshes.

The software is based on a mixed velocity–pressure formulation
with linear tetrahedrical elements and a bubble function (mini



Fig. 3. Wall attachment effect on a stacking of grains of unique size (from [11]).
element P1+/P1) [9]. The stability condition (Brezzi–Bakuska con-
dition) for this element is ensured by using an additional node
for velocity at the center of the element.

2.3.2. Methodology
Mesolevel models require the generation of an aggregate–mor-

tar structure in a realistic way. A ‘‘take and place” method [4,10–
12] based on a 3D existing mesh is used. This method consists in
placing aggregates one by one.

The generation mechanism proposed here should fulfil the fol-
lowing requirements:

– the location of the aggregates particles should be randomly
selected;

– the spatial aggregates distribution should be relatively uniform;
– the grain size distribution and aggregates content should be

exactly matched; and
– some physical aspects like maximum paste thickness and edge

effects [13] should be taken into account.

The grain size and aggregates content are provided by the par-
ticle size distribution. A histogram of five classes is considered as
explained in Section 2.2. The maximum paste thickness is the
mean distance between two coarse aggregates which are in contact
during the dry stacking of the material. After the setting of the
cement, these aggregates are surrounded by a paste layer. This dis-
tance acts then like a distance of exclusion between the largest
aggregates [13]. The thickness of the paste, noted ‘‘l” here, is pro-
portional to the aggregate diameter as follows [14]:

l ¼ dmax

ffiffiffiffiffi
g�

g
3

r
� 1

� �
ð1Þ

where dmax is the maximum size of aggregates, g is the aggregates
volume in a concrete sample, and g* is the maximum aggregates
concentration (see Fig. 2).

De Larrard [13] gives different formula to calculate g* depend-
ing on aggregates shape. For example, for rolled grains:

g� ¼ 1� 0:47
dmin

dmax

� �0:22

ð2Þ

where dmin is the minimum size of aggregates.
The edge effect implies that aggregates content is less impor-

tant near to the faces of a concrete sample. If VP is the volume lo-
cated between the edge and the distance d/2, where d is the
considered aggregate diameter, the compactness in VP is lower
than the compactness a in the center of the sample (see Fig. 3).
The mean compactness �a in the whole volume is equal to [13]:

�a ¼ ð1� VPÞaþ VPkwa ð3Þ

with kw = 0.88 for rolled aggregates and kw = 0.77 for crushed
aggregates.

This formula enables to know how aggregates are generated for
each aggregates size in the volume VP.
MPT

Fig. 2. Concrete defined as a dry stacking injected with the mortar paste. Definition
of MPT.
2.3.3. Algorithm
An algorithm has been implemented in the FE code used in this

study. Aggregates are considered as a sphere with a radius R given
by the grain size distribution. Starting from the largest ones, aggre-
gates are sequentially placed into the mortar paste. The allocation
of the particles consists in finding suitable values for the center-
point coordinates. The word ‘‘suitable” refers to the four important
requirements i.e. the particles should not overlap each other,
should be entirely inside the specimen and fairly uniformly distrib-
uted. Besides edge effects and exclusion distance for the largest
aggregates should be considered. It is also important to have no
contact between aggregates (nodes in common) in the skeleton. In-
deed such a perfect contact would not be conform to reality. Then,
when a node is chosen for the center-point of an aggregate, all ele-
ments comprised in a sphere with a radius equal to the sum of the
aggregate radius and the MPT (if necessary) are detected as well as
all the phases to which they belong. If one of the elements belongs
to an aggregate, the point is not suitable and another location is
chosen and studied in the same way.

The generation of the aggregates stops when the number of
aggregates to generate is reached or when the volume of the aggre-
gate skeleton is also reached.

Fig. 4 details the random algorithm for aggregates generation.
When the algorithm does not succeed to find a suitable position
for an aggregate, it continues with a smaller one. Thus the accuracy
of the algorithm is related to the differences between the real and
the computational particle size distributions.

Fig. 5a shows a heterogeneous 70 � 70 � 280 mm sample gen-
erated in this study. The mesh size is about 2 mm. This presented
mesh contains 165,669 nodes and 902,826 elements. It corre-
sponds to the limit of the generation of a mesh using a standard
computer (Intel Xeon Machine 1.7 GHz, 512 Mo RAM). The CPU
time needed to generate this skeleton is about 1 h.

As a ‘‘take and place” method is used, this aggregates generation
is mesh-dependant. A very fine mesh allows to obtain a result clo-
ser to the desired grain size distribution. On the contrary, the con-
sequences of a coarse mesh are the obtaining of a sample with
grains size values far away from the desired initial sizes. Besides
fine meshes favour smooth particles whereas coarse meshes imply
rough particles. Fig. 5b shows a zoom on an aggregate of the sam-
ple. This numerical aggregate does not have a very regular shape
since it depends on the mesh structure. Then aggregates are not
perfectly spherical, which is closer to reality. Then it can be con-
cluded that the algorithm generates a realistic granular skeleton
in comparison with real aggregates.

It can also be noted that a mesh size equal to 2 mm (finest mesh
up to now for a 70 � 70 � 280 mm sample) is several times higher
than typical interfacial transition zone thickness (of the order of
20 lm). Because of the large differences of scale in the system, it
is impossible to take into account explicitly the ITZ.
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Fig. 4. Random algorithm of aggregates generation.
In order to simplify the calculation, the contact between aggre-
gates and mortar is considered as bilateral sticking (no sliding and
no decohesion between mortar and aggregates).
Fig. 5. (a) Heterogeneous sample generated in FEM
3. Modelling behaviour at mesoscale

3.1. Constitutive laws of the various components

The properties of both aggregates and cement paste are consid-
ered. In a first approach, aggregates are assumed to be purely elas-
tic. Mortar is assumed to be an elastic damage material. The non-
local version of the Mazars model is used [15,16]. This method
aims at modelling the modification of the material elastic behav-
iour with a scalar damage variable which affects stiffness. This var-
iable, noted D, is the damage indicator. D includes damage due to
both compression and tension; its value varies from 0 (for un-
cracked material) to 1 (for macro-cracked material). The variation
of D is governed by the equivalent strain ~e [15,17].

~e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX3

i¼1

heii2þ

vuut ð4Þ

where h. . .i+ denotes the positive part heiiþ ¼
eiþjei j

2

� �� �
and ðeiÞi2½1;3�

the principal strain components.
An evolutive damage threshold K is introduced depending on

the variable D. For a given damage state, the form of the loading
function is given by:

f ðe;DÞ ¼ ~e� KðDÞ ð5Þ

The growth of damage is obtained when the equivalent strain
reaches the threshold K initialized at eD0 :

If f ðe;DÞ ¼ ~e� K ¼ 0 then
D ¼ DðKÞ
K ¼ ~e

�
ð6Þ

The damage scalar D is calculated through the damage indica-
tors in tension (DT) and in compression (DC):

D ¼ ab
TDT þ ð1� aTÞbDC ð7Þ

The parameter b acts on the shear response of the material. It is
usually considered to be constant equal to 1.05. The weight aT is
defined such as:

aT ¼
X3

i¼1

eih iþei

~e2 ð8Þ

Damage evolution is given by:

DT;C ¼ 1� eD0 1� AT;Cð Þ
~e

� AT;C

exp BT;C ~e� eD0

� 	
 � ð9Þ

AT,C and BT,C as well as eD0 are material parameters.
The initial model induces localization and discontinuity in the

displacement field and then needs improvements. Wriggers and
Moftah [6] mentioned that non-local approaches should be used
in future computations in order to limit strain localization and to
CAM. (b) Zoom on an aggregate in the sample.



circumvent mesh sensitivity associated with strain softening. In
this work a gradient based formulation is used with an implicit for-
mulation [18]. Compared to non-local models, this approach is bet-
ter-adapted to heterogeneous materials since the evaluation of the
non-local equivalent strain at a point, �e, is independent of the
behaviour of the neighbouring elements. Thus the non-local equiv-
alent strain is the solution of the boundary value problem:

~e� ~cr2~e ¼ ~e
@~e
@~n ¼ 0

(
ð10Þ

where ~n denotes the external normal unit vector.
Jason [19] has carried out a numerical campaign where he has

compared load–displacement curves on three points bending tests
between the results obtained with an integral non-local model and
a gradient approach. He has found:

~c � 9d2
max

16
ð11Þ

where dmax is the maximum size of aggregates.
�e replaces ~e in the definition of the loading surface f.
The implementation of this model in the specific FE software

used in this study, which has the particularity to have a mixed
velocity–pressure formulation, is well described in a previous pub-
lication of the authors [20].

In order to model concrete failure an ‘‘kill element” method is
used: when the non-local equivalent strain �e reaches in an element
a critical value, noted �ecrit, the element mechanical contribution to
the stiffness is set to zero and the element is removed from the
Table 4
Parameters to identify.

Parameters to identify Meaning

Emortar Young modulus of the mortar paste of concrete
mmortar Poisson ratio of the mortar paste of concrete
Eaggregate Young modulus of the aggregates
maggregate Poisson ratio of the aggregates
AC Related to damage evolution in compression
BC Related to damage evolution in compression
AT Related to damage evolution in tension
BT Related to damage evolution in tension
eD0 Damage threshold
~ecrit

T ; ~ecrit
C Fracture threshold

~c Non-local model parameter

Initial set of v

New set of values 
Simula

S(Pi)=

NO

Minimisation  

algorithm 

||Ri – Rex

Fig. 6. Inverse ana
mesh. �ecrit represents the equivalent strain beyond which macro-
cracks are initiated. This method is necessary to reproduce the brit-
tleness of the material (probably due to the high cement content)
and also to avoid any convergence problems due to the excessive
distortion of elements that can no longer carry stresses.

3.2. Identification of the model material parameters

A fine simulation requires material parameters to be determined
with a great accuracy. Then the parameters of the elastic behaviour
for both mortar and aggregates as well as the parameters of the
damage behaviour need to be identified. Table 4 summarizes these
various parameters. The determination is performed by means of
inverse analysis on experimental tests. Compression and 3-point
bending tests have been carried out on 7 days maturated samples.
All these samples have been stored in water in a temperature reg-
ulated room.

3.2.1. Inverse analysis program
An inverse analysis tool, called ‘‘RheoConcrete” has been devel-

oped in this study. The identification process enables to find a good
approximation of the numerical values. It is based on experimental
data which are compared to numerical ones. At each simulation a
criterion is used to estimate if it is necessary to improve the
numerical parameters accuracy. Fig. 6 summarizes the procedure.
The minimization is performed by means of an evolution algorithm
[21]. Such an algorithm is inherently parallel and enables to treat
simultaneously several individuals. This method is more robust
than common determinist approaches.

3.2.2. First strategy of parameters identification and modelling
validation
3.2.2.1. Parameters identification on mortar sample. The first ap-
proach consists in identifying the model parameters by means of
experimental tests carried out on mortar samples. As previously
explained, 3-point bending tests and compression tests have been
performed. Compression tests are led on /11 � h22 cm wet cylin-
drical sample instrumented with four strain gages (two longitudi-
nal gages and two rosettes). Only the locations of the gages are
dried to avoid any disbonding. Besides displacement measure-
ments are made using three LVDT sensors settled every 60� at
the exterior of the sample. Cylindrical samples are also polished
and capped with sulphur to obtain parallel faces. The used testing
machine, of type INSTRON 8500, has a loading capacity of 1000 kN.
Loading is conducted using displacement control with a closed-
loop system in order to maintain a uniform rate of loading. Data
alues P0

End of the computation 

Experimental values 

tion 

Ri 

YES

p|| < ε

lysis modulus.



Fig. 8. Heterogeneous aspect of the cylindrical sample: 46,987 nodes and 250,033
elements.
are collected thanks to an acquisition system (5110, Vishay). Tests
are carried out until complete failure. Three different samples are
tested. Load–displacement curves as well as stress–strain relation-
ships are systematically recorded. The very brittle behaviour is
probably due to the high cement content.

3-Point bending tests are performed on 40 � 40 � 160 mm wet
parallelepipedic sample instrumented with a longitudinal strain
gage glued on the bottom face. Only the locations of the gages
are dried. A displacement sensor is also placed to measure the
deflection of the sample. The testing machine used for such tests
is of type INSTRON 8505 and it has a loading capacity equal to
150 kN. The loading is conducted using displacement control and
led until failure. Three different samples are also tested and
load–deflection curves are systematically recorded.

In order to determine the parameters of the Mazars model for
mortar, simulations of previous experiments are led on homoge-
neous material. The inverse analysis modulus enables to compare
experimental and numerical curves in order to determine model
parameters. Considering that the larger grains for mortar are
5 mm diameter, the ~c value is set to 15 mm2 (see Eq. (11)). Table
5 gives the values of the different parameters identified on com-
pression tests. The CPU time required to identify these parameters
is about 5 h. It corresponds to an error of 8.1 � 10�5.

Fig. 7 presents experimental and numerical load–displacement
curves for compression tests.

3.2.2.2. Validation of the modelling on concrete sample. In order to
validate the mesoscale modelling an experimental campaign has
been set up on concrete sample. As for mortar, compression and
3-point bending tests have been performed with the same instru-
mentation. The dimensions of the tested sample are 16 � 32 and
Table 5
Damage identification of mortar parameters in compression (from experiments on
mortar).

Emortar (GPa) 20.8
mmortar 0.2
AC 1.27879
BC 457.085
eD0 3 � 10�5

~ecrit
C 1.52 � 10�3
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Fig. 7. Load–displacement curves for a c
7 � 7 � 28 cm, respectively, for compression and 3-point bending
tests.

Fig. 8 shows the heterogeneous aspect of the mesh used for the
modelling of compressive tests. Table 6 presents the particle size
distribution: 2978 aggregates are generated in the numerical con-
crete sample. Heterogenous meshed sample for 3-point bending
test has already been shown in Section 2.3 (Fig. 5).

The modelling of the tests has also been performed with model
parameters identified on mortar samples. Classical values of
Young’s modulus and Poisson coefficient issued from the literature
are considered for aggregates: Eaggregate = 70 GPa and maggregate = 0.2.

Fig. 9 shows the comparison between experimental and numer-
ical stress–strain compression curves. Large differences are ob-
served: the numerical compression strength is about 55 MPa
whereas the experimental strength reaches only 34 MPa. Damage
effects are underestimated. It means that damage parameters are
well identified on mortar but do not represent the physical behav-
iour of the mortar paste.
 0.3  0.4  0.5

ment (mm)

ompressive test on mortar sample.



Table 6
Particle size distribution with 2978 coarse aggregates (for 16 � 32 cylindrical
sample).

Mean diameter (mm) Aggregates number

22.5 40
18 294
14.25 502
11.25 428
9 604
7.25 1110

Total 2978

Table 7
Damage identification of mortar parameters (from experiments on concrete).

Emortar (GPa) 18.69
mmortar 0.2
AC 1.012
BC 657.08
AT 1.18
BT 50000
eD0 9.1 � 10�5

~ecrit
C 8.72 � 10�4

~ecrit
T 1.63 � 10�4
3.2.3. Discussion on the first strategy
The analysis of these results shows that this first approach is not

well adapted to model concrete. It shows that it is impossible to
consider the mortar paste of concrete with the same mechanical
behaviour as mortar alone. Dupray et al. [7] arrived to the same
conclusions. Several hypotheses can be formulated to explain this
result:

– formation of microcracks due to a shrinkage phenomenon (espe-
cially autogenous shrinkage since all the samples are stored in
water). These microcracks appear because of restrained defor-
mations due to the presence of coarse aggregates [22]. This phe-
nomenon is probably more important and dispersed for concrete
than for mortar;

– creation of an interfacial transition zone between aggregates
and mortar paste. By identifying the mortar paste (of concrete)
with mortar alone, the mechanical effect of the ITZ is not consid-
ered. Akçaoglu et al. [23] explain that this phase has little influ-
ence on the peak value. However it can play an important role
on damage evolution;

– creation of voids inside the material due to the mixing of the
constituents; and

– perfect contact between the aggregates and mortar paste which
can be questionable.

All these reasons lead to non-negligible limitations on the mul-
ti-scale approaches to describe concrete behaviour and more espe-
cially on the up-scaling between mortar and concrete. On the
contrary, the transition between paste and mortar has been suc-
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Fig. 9. Comparison of the experimental and numerical str
cessfully performed in [24]. In these methods, the outcomes at a
lower scale are used as entry data at an upper scale.

3.2.4. Second strategy of parameters identification and modelling
validation
3.2.4.1. Parameters identification on concrete samples. In this ap-
proach Mazars parameters are identified on previous experiments
led on concrete samples. ITZ, and supplementary voids or micro-
cracks are thus indirectly taken into account through a homoge-
neous behaviour of the mortar inside concrete. Young’s modulus
and Poisson coefficient of aggregates are, respectively, 70 GPa
and 0.2. ~c is taken equal to 15 mm2 as previously. The identification
is as follows:

– generation of a 16 � 32 cm cylindrical heterogeneous sample;
– identification of the elastic parameters on compression tests;
– generation of 7 � 7 � 28 cm prismatic heterogeneous sample;
– identification of damage parameters in compression on uniaxial

compressive tests; and
– identification of damage parameters in tension thanks to results

on 3-point bending tests.

The meshes used in this section are those presented in Figs. 5
and 8.

Table 7 gives the best values of the various parameters for mor-
tar behaviour identified thanks to the inverse analysis modulus
RheoConcrete.

Figs. 10 and 11 present, respectively, comparisons of numerical
and experimental load–displacement curves obtained for 3-point
bending test and compression test on concrete.
 0.0015  0.002  0.0025
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ess–strain curves for a compression test on concrete.



Fig. 10. Load–displacement curves for 3-point bending test on concrete.
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Fig. 11. Load–displacement curves for compression test.

Fig. 12. ‘‘Brazilian” splitting test. Repartition of the aggregates in the sample.
Several reasons can explain the differences between the curves.
The ‘‘kill element” technique used in the study is mesh-dependant
and leads to a more abrupt post-peak part than in experiments.
The contact between the tool and the sample is bilateral sticking;
then frictional effects and progressive energy dissipation are not
taken into account. The experimental instrumentation (displace-
ment sensor under the load axis of the 3-point bending test) is also
questionable since cracks start from this location.

3.2.4.2. Validation of the modelling. In order to validate this meso-
modelling of mortar, a series of ‘‘Brazilian” splitting tests has been
performed. A 16 � 32 cm cylinder is diametrically loaded in com-
pression between two plates. The contact is correctly taken into ac-
count by the intermediary of two fine timber rods between the
plates and the cylinder. For this test the particle size distribution
is the same than for compression test.

Fig. 12 shows the geometry and the mesh used for the simula-
tion. A bilateral sticking contact between the tool and the sample is



imposed. The parallelepipedic parts above and under the cylinder
simulate the timber rods and enable a better contact.

Fig. 13 presents the damage evolution in the sample volume
according to the tool displacement. It can be noted that damage
is not initiated at the center of the cylinder but at some distance.
It confirms results obtained in 2D by Saouridis [25]. Then the dam-
age reaches a critical value at the center of the sample, which gen-
erates cracks along the load axis.

The evaluation of the general displacement, based on data given
by strain gages is relatively complex as it includes geometry of the
sample and complex boundary conditions. This is the reason why
stress–strain relationships are preferred. The theoretical link be-
tween the load peak and the maximum principal stress rI is ob-
tained as follows:

rI ¼
Fmax

pbR
ð12Þ

where b and R are respectively the length and the radius of the
sample.

Fig. 14 presents the numerical stress–strain curve based on
some points placed at the center of the sample and compared with
the experimental curve. A good correlation not only for the maxi-
mal principal stress but also for the post-peak behaviour is ob-
tained and enables to validate the mesoscale modelling.
Fig. 13. Damage evolution for th
4. Sensitivity analyses

4.1. Influence of aggregates repartition

The influence of the aggregates repartition on the global mate-
rial response is first analyzed. Three concrete samples, with differ-
ent random repartition of aggregates but with the same particle
size distribution, are submitted to a 3-point bending test. The mod-
elling is configured as described in Section 3.2.4. Fig. 15 shows the
three load–displacement curves obtained. It can be noted that
aggregates repartition does not really influence the global behav-
iour. It means also that all results presented in this paper can be
generalized to all concrete samples with the same formulation.

4.2. Influence of aggregates volume

The influence of coarse aggregates volume on the concrete com-
pressive strength is analyzed. The same model configuration than
in Section 3.2.4 is used. Different meshes have been considered
to generate the granular skeleton. The more there are aggregates
to generate, the finer the mesh is. Table 8 shows the particle size
distribution used for the different simulations and for 16 � 32 cm
cylindrical concrete sample. At the bottom of the table, the volume
of coarse aggregates is evaluated. Special attention is paid in order
e ‘‘Brazilian” splitting test.
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Fig. 14. Stress–strain curve for the ‘‘Brazilian” splitting test.
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Fig. 15. Load–displacement curves with different aggregates repartition.

Table 8
Different particle size distribution.

Mean diameter (mm) Number of aggregates

22.5 40 40 40 40 40
18 294 294 294 294
14.25 502 502 502
11.25 428 428
9 604
7.15 1110
Total 40 334 836 1264 2978
Real coarse aggregate volume (%)

in the sample
3.87 18.8 29.4 34.44 41.3

Real aggregate volume (%) in the sample
(coarse aggregates and sand)

47.8 62.8 73.5 78.4 85.3
to differentiate this volume with the total grains volume for which
sand content has to be taken into account. This last volume is then
calculated from Table 3. That enables to determine the real grain
volume in the sample (last line of Table 8).
The coarse aggregates volume increases from 3.5% to 40%,
which corresponds at the end to a standard concrete (2978 aggre-
gates in a 16 � 32 cm cylindrical concrete sample). The compres-
sive strength according to the aggregates cumulative volume is
then drawn in Fig. 16. The compressive strength remains constant
up to 60%, and then increases significantly with the grain content.
This result is in accordance with previous experimental works [26].
Further research is needed to determine the influence of the ITZ
volume evolution implied by aggregates contents on the compres-
sive strength.

4.3. Influence of aggregates maximal diameter

The numerical influence of the aggregates dimensions on the
load–displacement curves for compression tests is analyzed in this
section. The same model configuration than in previous paragraph
is also considered. Table 9 shows the number of aggregates to gen-
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Fig. 16. Evolution of the compressive strength according the aggregates content in the sample.

Table 9
Particle size distribution for the same volume of generated aggregates.

Mean diameter (mm) 22.5 11.25 7.125
Number of aggregates 64 506 2000
Vaggregate (mm3) 383.8 377.57 378.7
erate in order to reach the same aggregates content. The reparti-
tion of the different granular skeletons in the 16 � 32 cm cylindri-
cal concrete sample is shown in Fig. 17. The evolution of the
compressive strength according to the aggregate maximal size is
presented in Fig. 18. This figure shows that for this range of values,
the aggregate diameter has little influence on strength. This result
is in relative good accordance with previous experimental works
[27]. In these former studies, it has been shown that the influence
of the aggregates diameter depends on the W/C ratio. For high ra-
tios (0.55 and 0.7) and for a specific concrete, no impact has been
observed whereas for lower ratio (0.4 as in the present study) the
strength falls slightly from 47 to 43 MPa in the considered diame-
ter values.
Fig. 17. Repartition of different granul
However, further research is needed in order to determine the
effect of the modification of the granular skeleton on the mechan-
ical behaviour of mortar (evolution of ITZ volume and possible
cracking due to shrinkage).

5. Application to alkali-silica reaction

5.1. ASR swelling mechanism

The mechanisms of the alkali-silica reaction have been de-
scribed by many authors [28,29]. Many divergences appear con-
cerning the role of each component in the swelling mechanism.
More recently, experimental methodologies have been carried
out to better understand the initiation and process of swelling
[8,30–32]. A model describing the chemical reaction from micro-
scale to macroscale has been developed by giving a relationship
between concrete and granular skeleton swellings. The volume
variation of the granular skeleton, put into evidence with these
previous experimental works, is then used as an input data for
the 3D computational tool developed in the present paper.
ar skeletons in a concrete sample.
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Fig. 19. Swelling curve of the grain versus time.

Fig. 20. Position of the reactive aggregates (in dark grey) into the aggregate
skeleton.

Fig. 21. Cuting plane in the sample submitted to the ASR – undamaged material
corresponds to the aggregates.
5.2. Modelling of the consequences of ASR after seven days

5.2.1. Chemical–mechanical problem
The FE software used, as previously explained, is based on a

velocity–pressure formulation. The constitutive equations have
then been modified to take into account the pressure generated
by the aggregates swelling. It is considered that the swelling of
the aggregates is proportional to the reaction advancement n. If n
is equal to zero no swelling appears, if n is equal to 1 the asymp-
totic swelling is reached. In this modelling, n corresponds to the
experimental data given by the volume variation of the grains [31].
The strain tensor due to ASR is written as follows [33]:

eASR
ij ¼ ne1dij ð13Þ

where e1 is the asymptotic strain for an aggregate swelling.
As the tensor eASR

ij is purely spherical, it induces a supplemen-
tary term in the hydrostatic pressure to describe the swelling of
the finite elements belonging to reactive aggregates.

Finally the general weak velocity–pressure formulation associ-
ated to the whole problem is given by (see also [33]):

Find ðv; pÞ 2 V � PR
X sðvÞ : _eðv�ÞdX�

R
X p divðv�ÞdX�

R
@X simp � v�dS ¼ 0R

X p�½�divðvÞ � _p
vþ

_v
v2 pþ 3e1 _f�dX ¼ 0

8ðv�;p��Þ 2 V0 � P

8><
>: ð14Þ

X is the considered volume, and @X its boundary (@Xv the sur-
face in contact with the tools of the testing machine), simp is a sur-
face load applied to X on its boundary @Xs ¼ @X� @Xv. s is the
deviatoric part of the stress field, v the compressibility modulus.
V, V0 and P are the following virtual fields:



Fig. 22. Crack pattern developed at the surface of a concrete submitted to ASR. Comparison experimental–numerical results. (see above-mentioned references for further
information).

Fig. 23. Evolution of the homogenised Young’s modulus according to skeleton expansion.
V ¼ fv; v 2 fH1ðXÞg3
; ðv� vtoolÞ � n 6 0 on @Xvg

V0 ¼ fv; v 2 fH1ðXÞg3
; v � n 6 0 on @Xvg

P ¼ L2ðXÞ
ð15Þ

L2ðXÞ is the space of the functions which are square integratable
on X and H1 is the Sobolev space of L2 integratable functions.

In the mechanical contribution of each finite element to the
local matrices some conditions intervene to distinguish the
behaviour of a finite element belonging to the mortar or to the
aggregates. Then a finite element of the mortar and the non-reac-
tive aggregates has no chemical strain (n = 0) whereas a finite ele-
ment of the aggregates has a purely elastic behaviour (the term _v
v2 p

is removed). A possible inelastic behaviour of aggregates is not
considered in this work.

5.2.2. Input data: experimental results
The experimental results obtained by Dehaudt [8] on the

present studied concrete submitted to ASR are used. These exper-
iments have been carried out on 7 � 7 � 28 cm parallelepipedic
samples at 60 �C (controlled temperature) and 100% RH to acceler-
ate the reaction. Concrete samples have been stored in autoclaves
after seven days of hardening. This last point explains too why
parameters identification and experimental campaign have been



led on 7 days maturated samples (Section 3). Nevertheless, the
cure conditions lead to a modification of the initial conditions
which cannot be taken into account at this moment, at this stage
of the modelling.

Reaction degrees have been evaluated by Riche et al. [31] in or-
der to measure the swelling of the aggregates skeleton. Fig. 19 pre-
sents the volume variation of the granular skeleton according to
time.

This evolution constitutes the input data of the 3D mesomodel-
ling. An interpolation is realized on these experimental values to
obtain the volume variation of the grain at each time step.

5.2.3. Modelling of the mechanical consequences of ASR
For this simulation, as in experiments, only half of the aggre-

gates are reactive. Fig. 20 shows the reactive aggregates among
the whole granular skeleton. The choice of the reactive aggregates
is completely random and is uniformly present for each grain size.
The nature of the swelling is isotropic. The mesoscale model is con-
figurated as previously presented (Section 3). Fig. 21 shows a cut-
ting plane in the sample after 14 days of chemical reaction.
Aggregates, in dark, are purely elastic and consequently totally
undamaged. It can also be seen that damage tends to be more
important when it reaches the sample faces.

This result is representative of what is observed in reality:
whereas damage increases progressively inside, a cracking map
at concrete surface is observed. Typically the crack pattern devel-
ops irregular polygonal forms. An example of this numerical crack-
ing map is shown in Fig. 22.

The decrease of the Young’s modulus can be evaluated
with such a modelling. In order to reach this goal a compression
test has been performed after various times of swelling. Fig. 23
presents the evolution of the ratio E/E0 according to granular
skeleton expansion. E0 and E are, respectively, the Young’s moduli
of the sound and damaged concrete. The global decrease is
correctly described by the numerical modelling. The differences
at the beginning (experimental increase of the Young’s modulus
and numerical decrease) is probably due to the cement harden-
ing after 7 days, phenomenon not taken into account in the
modelling.

These results, close to experiments, validate once again the
numerical mesoscopic approach.
6. Conclusion

This paper presents the development of a 3D mesoscale model-
ling of concrete behaviour. The material is here considered as a bi-
phasic medium with coarse aggregates embedded in mortar. The
algorithm generating grains in a concrete sample is largely de-
scribed. It is based on a random generation of aggregates following
the real particle size distribution. This description takes also into
account physical aspects such as maximum paste thickness and
edge effects.

In this simulation the non-local Mazars model is considered in
order to reproduce the mortar behaviour whereas aggregates are
supposed to be purely elastic. The complete parameters identifica-
tion and validation are presented too. It has been shown that it is
preferable to determine these various coefficients from experi-
mental campaigns led on concrete samples rather than mortar
samples. This secondary but interesting result is a consequence
of the apparition of interfacial transition zones around coarse
aggregates and cracking due to shrinkage phenomenon. This last
point has to be taken into account in multi-scale studies which
aim at reproducing concrete behaviour starting from its micro-
structure and progressively up-scaling the various outcomes to
higher levels.
The two last paragraphs concern the applications of the meso-
scale modelling. First, sensitivity studies are performed: the influ-
ence of aggregates repartition, volume and maximal diameter is
analyzed. The obtained results seem to be in agreement with for-
mer experimental works. It is then shown that in the considered
range of values, compressive strength is linked to aggregates con-
tent. On the contrary, aggregates repartition and maximal diameter
seem to have little influence on the global mechanical behaviour.
Finally the mechanical consequences of alkali-silica reaction are
simulated. The approach is based on an isotropic dilatation phe-
nomenon of reactive aggregates shown previously by Bulteel
et al. [30]. The 3D numerical tool succeeds in reproducing not only
crack pattern on concrete faces but also the progressive loss of
material stiffness with a certain accuracy.
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