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ABSTRACT: The aim of this paper is to present a modeling of mechanical behavior of concrete at a meso-
scopic scale, in 2 and 3 dimensions. Concrete is considered as a bi-phasic material where the cement paste
and the aggregates are described with their own mechanical characteristics. The aggregates are idealized with
circular shapes (discs in 2D, spheres in 3D). The aggregates are randomly placed into the concrete specimen,
conforming to the aggregates size distribution curve and the aggregate / paste area ratio. In a first time, the
model is studied in two dimensions in order to optimize the geometrical model of the inner structure of con-
crete in terms of the meshing strategy and the smallest size of the aggregate to take into account. An original
method to mesh the mesoscopic geometry of concrete has been developed with diffuse mesh, and the results
of the 2D model are analyzed and compared in tension and compression. A first interesting result is that the
model can exhibit dilatancy of concrete in compression even when a simple damage model (without plasticity
nor inelastic strains) is used. The model shows as well interesting results on the transition from diffuse to lo-
calized damage. Finally, results of the tridimensional model are shown in tension.

1 INTRODUCTION the material, we chose for paste or aggregate a me-
chanical behavior model as simple as possible, based

A major issue for concrete structures is cracking  on a Mazars model’s (Mazars, 1984). The contact
control, so that a major issue for concrete modeling  between paste and aggregates is considered as per-

is to predict the transition from diffuse damage to lo-  fect (no joint elements and kinematic continuity).
calized damage. Therefore, cracking in concrete be-  The used behavior model is the Fichant's model
gins with diffuse micro-cracks (lots of micro-cracks  (Fichant et al., 1999) which can control fracture en-
with small openings) and then localizes into macro-  ergy Gf and takes into account the crack closure ef-
cracks (few fractures with larger openings). Con-  fects. The plasticity should be activated if necessary
crete behavior is totally different between these two  and damage effects in compression are decreased.
phases, particularly towards permeability. The tran- This simple model represents unilateral effects
sition is driven by the heterogeneities of the material ~ and is regularized by a Hillerborg's method.

: this is why we have chosen a mesoscopic scale Material parameters are given in table 1.

model. This model is used to better understand the E(GPa) f (MPa) G;(N.m) v

concrete behavior and will be integrated into a mul-

ti-scale computation process. Paste 15 3 20 02

Aggregates 60 6 60 0.2
Table 1 : Mechanical characteristics of paste and aggregates

2 MECHANICAL BEHAVIOR MODEL FOR

CONCRETE COMPONENTS 3 MESOSTRUCTURE GENERATION
Macroscopic models generally have a lot of parame-  The evaluation of the composite behavior of con-
ters to describe the complex mechanical behavior of  crete at mesoscopic level requires the generation of a
concrete. Since we suppose that most of this com-  numerical concrete with an aggregate structure,

plexity can be represented by the inner geometry of  which consists in randomly distributed aggregates
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and cement matrix filling the space between the par-
ticles. The matrix or paste eventually contains the
smallest aggregates, depending on the fineness of
the description of aggregates, and its layout depends
entirely on the spatial distribution of aggregate parti-
cles.

A diffuse meshing method with projection of the
heterogeneous material properties on the shape func-
tions of a finite element mesh (regular or not) has
been used in this study because it is easy to deal
with, it does not introduce irregularities in the inter-
face between the cement paste and aggregates that
are not representative of the real geometry.

The numerical concrete model is developed in
two or three dimensions with discs or spheres ran-
domly distributed according to a given particle size
distribution curve. We use a classic logarithmic dis-
tribution of class size and choose 12 or 11 classes to
describe the aggregates.

The size of the aggregates and their distribution
into the material involves different correlation
lengths that affect the damage distribution during the
cracking process. We choose to study a concrete
whose diameter of the coarsest aggregates is 25 mm,
the size of the specimen is of 100 mm and the ele-
ment size is 0.4 mm (in 2D) or 1.25 mm (in 3D)
(that is to say 63,001 nodes in 2D or 330,675 nodes
in 3D). In order to have a correct description of the
geometry, the smallest size of aggregate taken into
account is of 1.25mm and the matrix represents the
cement paste and aggregates smaller than this limit.
Knowing the volume percentage of the particle size
distribution of aggregates (assuming same density of
all aggregates, issued from same rocks) and the total
volume of aggregates in concrete sample, the num-
ber of circular aggregates of each granular class can
be easily calculated using the unit volume of aggre-
gates of each size 1. To avoid boundary effect which
automatically increases the volume of matrix be-
tween aggregates, the inclusions are placed in a larg-
er sample, from the largest to the smallest aggre-
gates, without overlap, and with final cut of all parti-
cles parties outside the concrete specimen. Examples
of meshes in are given in figure 1.

N & :

(a)

(b)
Figure 1 : Example of mesoscopic geometries (a) 2D (b) 3D
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4 LOADING AND BOUNDARY CONDITIONS

Numerical samples are tested in uni-axial compres-
sive and uni-axial tensile tests with the Finite Ele-
ment code CAST3M. In 2D, due to the small sample
size, we set pseudo periodic conditions (symmetry
on the edges AB and DA) that allow us to keep the
edge BC free. We impose a displacement jump A at
the edge CD. In 3D, we impose a displacement jump
A at the face S2. The loading and boundary condi-
tions are illustrated on figure 2.

- Iﬁ

51 et32 : block Uz
point O : block Ux, Uy
point E : block Uy

in 2D
Figure 2. Loading and boundary conditions

in 3D

5 SIMULATIONS RESULTS IN 2D

5.1 Global results

The macroscopic values Zj and Ej; of the stress and
the strain are defined by their respective volumetric
means on the specimen. Computed stress strain
curves X — Ej (fig. 3) accurately describe deteriora-
tion of concrete in tension and in compression. In
tension, Gf calculated from the constitutive relation
Yyy — Eyy is 71.7 J/m* which is much greater than
the value given for the cement paste (20 J/m? ) be-
cause of the energy dissipation which occurs in mi-
cro-cracking into the fracture process zone. In com-
pression, although the model does not contain any
information about volumetric strains but only an al-
most elastic linear law in pure compression at
macroscopic level, it manages to describe successive
stages in compression for volumetric strains: con-
traction then expansion, due to the precise geometric
description of the mesostructure.

The influence of the draw in the random distribu-
tion of aggregate on the behavior of the numerical
concrete is low. : for different draw, curves are su-
perimposed before the peak, and then gaps between
the curves remain small after the peak. Moreover the
Gf magnitude is fine.
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Figure 3. Curves behavior of concrete for three different mesh-
es for 0-25mm concrete with 12 classes aggregates (smallest
class : 0-2.5 mm), paste / aggregate ratio 71%

5.2 Local results

At a local level, crack openings are studied with two
hypotheses: a damaged element is crossed over by a
single crack and uncracked material is elastic (Bous-
sa et al., 2001). Strain € for size h element load by a
stress ¢ is composed of an elastic strain &, in the ele-
ment and a displacement jump o represented by uni-
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tary crack opening tensor €..r (Matallah et al., 2009;
Ragueneau et al., 2000).

Damage allows to represent zones where energy
has been dissipated (fig. 5) whereas active damaged
zones should be represented by 0, . the first in-
variant of the crack opening tensor 9, (La Bor-
derie et al., 2007) (fig. 4). The crack openings de-
pends on damage and on the local state of stress.
When the stress vanishes or is reversed, some
cracks may close. The position of the cracks cross-
ing the elements can be found and can be used with
their respecting openings for others computations
on permeability of damaged concrete as an example
(fig. 5-6) .

For the tension test, one single macrocrack devel-
ops whatever the mesh , the crack pattern is perpen-
dicular to the axis of loading Oy . Damage is first
distributed, then it continues to be diffused after the
peak, and it localizes finally in a single macro-crack.
Moreover, we observe that the cracks appear at the
interface of cement paste / aggregate, and then prop-
agate within the cement paste. Most of the microc-
racks created at the beginning of the test are quite
closed at its end. These observations are conform
with experiments (fig. 4).

for Eyy = 0.14%o

for Eyy = 1%o
Figure 4. dkk : Active damaged zone in tension for 2D mesh
given in figure 1



Crack opening of con-
crete
Figure 5. Local results for Eyy = 1%o in tension for 2D mesh
given in figure 1

Damage field

For the compression test (fig. 6), the cracks de-
velop in a similar way whatever the draw : the direc-
tion of the cracks is at about +20° from the loading
axis. Cracks are complex and some aggregates go to
failure. It leads to the breakdown of the concrete
specimen at the free [BC] edge. These observations
are conform with experiments.

Crack opening of concrete
Figure 6. Local results for Eyy = 2.5%o in compression for 2D
mesh given in figure 1

Damage field

5.3 Conclusions

The mesoscopic model has been developped in two
dimensions with a geometric accuracy of about 1
mm and an element size of 0.4 mm. The computated
behavior in tension and compression is similar to
that observed in experiments as well at the global
level than at the local level. The transition from dif-
fuse damage to localized damage is described and
can be compared with experiments. The repeatability
of the model is good as shown of figure 3 for global
results.

In the next paragraph, we will examine some
ways to use this approach with a coarser mesh in or-
der to perform tridimensional computations.
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6 INFLUENCE OF FINENESS OF THE
DISCRETIZATION ON THE BEHAVIOR OF
THE NUMERICAL CONCRETE IN 2D

6.1 Influence of fineness

If we want to use a coarser mesh, the smallest aggre-
gates couldn't be correctly represented. We evaluate
here the role of the smallest agregates on the behav-
ior of concrete.

Two additional numerical concrete are used. The
first one (named B11-55) uses only the 11 larger
classes of aggregates, the aggregate paste ratio de-
creases at 55% instead of 71%. The second one
(B11-71) is also based on the 11 larger classes but
ne number of aggregates of it's smaller class is in-
creased so that the aggregate paste ration remains at
71%. Note that in this part, the same parameters are
used for the paste parameters.

The influence of fineness of the discretization on
crack pattern of the numerical concrete is low, see
fig. 5,6 for the B12-71, fig. 7 for the B11-71 and fig.
8 for the B11-55 . Whatever the aggregates represen-
tation, final macrocracks are similar but the cracking
process differs slightly at the beginning of microc-
racking.

Crack opening in compression
Figure 7. Behavior of the B11-71 concrete

The different global results given by the macro
stress strain relation are presented on fig. 9. The
macroscopic behavior in tension is slightly depen-
dent on the presence of small aggregates and on the
aggregate-paste ratio, it is predominantly governed
by the positions of the coarsest aggregates.
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The influence of the aggregate-paste ratio and of the
smallest aggregates seems to be higher on compres-
sion.

Mesoscopic geometry
Crack opening in tension

Crack opening in compression
Figure 8. Behavior of the B11-55 concrete
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In order to quantify these results, we propose to
compare the energy dissipated into the material in

tension G_’/,=f 2dE and in compression
G;:f 2 dE . These results are reported in table 2,

the relative deviation from the B12-71 results are
mentioned.

G, JIm?| GSJIm?| AG', | 4GS,
BI2-71 | 71.7 | 7709 - -
BI11-71 | 633 7289 -1.3 7.3
B11-55 | 527 | 5857 | -31.6 | -258

Table 2 : dissipated energy in tension and compression

The role of the aggregate-paste ratio is more im-
portant that the one of the smallest aggregates.

The relative deviation obtained for the B11-55
concrete in important, for this concrete, the paste
contains the smallest aggregates and their effect was
not taken into account.

6.2 Interaction between smallest aggregates
and others

Th B11-55 concrete has less aggregates than the oth-
ers, for this concrete, the characteristics of the ma-
trix should be identified from another computation
with the paste and only the 0-1.25 mm aggregates,
using material parameters given in table 1. As
shown on figure 10, this computation gives fi= 3.6
MPa and Gr = 26.3 J/m2.

A new computation with these parameters for the
matrix, is performed for the B'11-55 concrete. One
can suppose that the participation of the smallest ag-
gregates in the fracture energy of the concrete are in-
cluded in the increasing of the matrix characteristics.
The value obtained for the B'11-55 G is 65.5 J/m?
instead of 71.7 J/m?.

As all the non-linearities appear only in the matrix,
the obtained fracture energy can be split in the part
due to the matrix, and the geometric part due to the
heterogeneities. The contribution of the matrix in-
creases from 20J/m* to 26.3J/m* as the geometric
contribution decreases from 51.7J/m* to 39.2J/m’
.The difference probably comes from the interac-
tions between smallest aggregates and others that
cannot be taken into account with this multi-scale
approach.

These results are summarized in the fig. 10.
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E f[ Gr v
(GPa) (MPa) (J/m2)

Paste 1 15 3 20 0.2
Aggregates 60 6 60 0.2
Paste 1
+ Ratio 71%
Aggregates
(1.25- 25 mm) Effect of
Paste : geometry :
Ge=20 Gf=51.7
Paste 1
+ Ratio 16% = Paste 2
Aggregates Gr=26,3
(1.25 2.5 mm) =36
— <£
+ Ratio 55%
Aggregates
(2.5-25mm) Effect of
Paste : geometry :
Ge= 26,3 Ge=39.2

Figure 10 : effects of the geometry on Gf in tension

7 SIMULATIONS RESULTS IN 3D

To perform 3D computations, the specimen is 100
mm in diameter and 100 mm height cylinder (Figure
6d and Figure 7b) and is subjected to tension or
compression. The size of the elements is lower than
1.25 mm and the mesh contains 330,675 nodes. The
distribution of aggregates was done according to the

Crack opening
Figure 11.Local results in tension in 3D

B11-71.
4.5 . ; .
) 4
7.1 In tension
=35
The results of the numerical concrete specimen in % 3
tension in 3D are presented in figure 11 and figure bre
. ) %25
12. We note that the curve Xyy — Eyy is quite repre- o
sentative of a concrete in tension. The tensile 2 2
strength and the fracture energy (157.37J/m2) is g L5y
higher than that obtained from 2D computations due S 1t
to a more complex geometry of the crack pattern in 05
3D (the material modeled with the 2D mesoscopic 0 . . .
model is in fact composed of cylindric inclusions). 0 02 0.4 0.6 0.8 1
The crack pattern remains perpendicular to the axis Macro-strain (mm/m)

of tensile loading Oz. Cracking starts at the aggre-

gate boundaries and is first distributed in the whole  Figure 12. Curve behavior of concrete in tension in 3D
specimen, then it continues to be diffused after the

peak, and finally, it localizes in a single macro-

crack.
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8 CONCLUSIONS

Computations are made on the mesoscopic scale
with a quite simple mechanical model coupled with
a precise description of heterogeneity on sand grain
scale. A numerical concrete is randomly generated
from the aggregates grading curve, and a diffuse
mesh used to compute uniaxial tension and uniaxial
compression loading testing. The macroscopic re-
sponses (Zij — Eij curves), the damage distributions
and the crack opening are presented and show the
accuracy of this mesoscopic approach to bridge con-
tinuous and discrete results in order to model the on-
set and the propagation of cracking, and in the
meantime to provide crack indicators (spacing and
opening).

Moreover, two interesting results are obtained :

— Compression damage is correctly described
even in terms of volumetric strains.

— The model describes accurately the failure
process in concrete. This process is characterized by
gradual transition from diffuse damage, strain and
micro-cracking to strain localization, and finally to a
macroscopic crack.

These mechanisms can not be described with a
macroscopic approach.

Besides, it has been shown that the influence of
the distribution of aggregates and the influence of
fineness of the discretization are low until the aggre-
gate / paste area ratio is constant and that the aggre-
gate / paste area ratio is important for the accuracy
of the modeling in term of global results.

Therefore, this mesoscopic model has proven to
be a very practicable and useful approach for study-
ing the influence of the concrete composition on the
macroscopic properties and also to gain insight into
the origin and nature of the nonlinear behavior of
concrete.

The model is completely 3D capable and the ac-
curacy of results should be better in 3D, unfortunate-
ly the computations are even time consuming and ef-
forts must been made in the optimization of the
process in 3D.

Future work will focus on three dimensional
computations, and on modeling the flow in the
cracked concrete.
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