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Effect of interfacial transition zone and aggregates on the time-
dependent behavior of mortar and concrete
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Institut de Radioprotection et de Sireté Nucléaire, Fontenay-aux-Roses, France.

ABSTRACT: Concrete has a high degree of heterogeneity. About 75 % of the volume is occupied by
aggregates. Even if most properties of concrete come from the cement paste (shrinkage, creep ...),
aggregates modify in a large extent the properties of concrete. In this paper, the effect of sand grains, on the
cracking process of mortars, is numerically studied. Digital picture of mortar are used for finite element
simulations to study the drying shrinkage. The obtained cracking pattern is compared to the observed one

in the literature, which shows good agreements.
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1 INTRODUCTION

Durability and long-time serviceability of concrete
structures, like containment vessels of nuclear
power plants, are greatly affected by time-
dependent strains. Indeed, creep and shrinkage
cause cracking, losses of pre-stress and
redistribution of stresses.

Cracking may be due to different mechanisms.
Non-homogeneous drying induces a gradient of
shrinkage strain. Indeed, inner parts of the material
shrink slower than the skin, resulting in tensile
stresses in the skin. Therefore, cracking may occur
if tensile stresses overcome tensile strength.
Besides this type of restraint, the composite
character of cement based materials contributes to
cracking. Indeed, concrete is a  highly
heterogeneous material. On the macroscale, large
aggregates are bonded by a mortar matrix. On the
mesoscale, the mortar matrix is constituted of small
aggregates and sand bonded by cement paste. On
the microscale, the cement paste includes pores
(fully or partially saturated voids) and different
hydrous (C-S-H, portlandite and ettringite mainly)
and anhydrous constituents. Since time-dependent
strains occur only in the cement paste, radial and
circumferential cracking occurs around the
aggregate particles (Goltermann 1995).
Furthermore, the heterogeneous aspect of cement-
based materials is amplified by the presence of an

Interfacial Transition Zone (ITZ) between the
cement paste and sand (and aggregates).

The ITZ can have an important effect on the
properties of concrete. For instance, its relative
stiffness and strength, with respect to the cement
paste and/or aggregate ones, and its thickness affect
the cracking and the mechanical properties of
concrete. They are decisive in governing whether a
crack should grow around an aggregate particle, or
rather, would follow a path through the grain (van
Mier & Vervuurt 1999). Moreover, more important
the thickness of ITZ is, more degraded the
mechanical properties of concrete are (Katz et al.
1999). These features may explain experimental
evidences which show that higher value of
aggregates stiffness does not lead to higher value
of concrete stiffness (Sengul et al. 2002).

The importance of aggregate restraint on time-
dependent deformation is poorly known (Bisshop
& van Mier 2002). Indeed, most of numerical
models for shrinkage and creep treat the mortar or
concrete as a homogeneous material (Wittmann &
Roelfstra 1980, Kim and Lee 1998, Bazant 2001
for instance). Moreover, a few attempts to relate
time-dependent strains to composition of mortar or
concrete by some rational calculations have been
made (Nielsen & Monteiro 1993, Granger &
Bazant 1995, Nielsen et al. 1995, Li et al. 1999).
These calculations use homogenization techniques
and time-dependent strains are treated by the



effective modulus method, which reduces the
problem to quasi-elastic analysis. Furthermore,
they assume concrete or mortars as a two or three
phase materials, which do not take into account
easily the size distribution or the shape of the
aggregate particles. Moreover, these models can
not take into account cracking of the cement paste,
which can occur during drying or because of the
restraint effect of aggregates.

In order to overcome this issue, finite element
calculations can be performed, if an adequate mesh
is generated. In this case, more complex and
accurate models for the cement paste can be
adopted. This approach has been previously used to
study the drying process and the fracture process of
concrete submitted to static or dynamic loadings
(Roelfstra et al. 1985, Tijssens et al. 2001, Ciancio
et al. 2003). In these two last approaches, the
cracking of cement paste and ITZ is taken into
account by the use of cohesive surfaces, which
relate the tension transmitted over the contact
surface to the relative displacement between the
surfaces. However, the effects of drying on
cracking do not seem to have been studied yet.

The objective of this paper is to study
numerically the effect of sand particles on the
drying shrinkage of mortars. The material models
for each phase of concrete as well as the generation
of the meso-structure are first presented in section
2 (meso-modeling). Then, numerical simulations
are performed in section 3 to illustrate the adopted
approach. Finally, the main conclusions and some
perspectives are summarized in section 4.

2 MODELING OF THE MORTAR BEHAVIOR

In this study, mortar is assumed to be a three-phase
composite material constituted of sand, cement
paste and ITZ.

In this paper, the structure of the mortar, at the
mesoscale, is taken into account explicitly by using

a finite element mesh of the heterogeneous material.

We use an available algorithm used for cement
hydration (CEMHYD3D, Bentz, 1997) to generate
a  three-dimensional mortar  meso-structure
(100x100x100 pixels). We consider at the
beginning two phases: cement paste and sand
particles. In order to obtain the desired (three-
dimensional) particles size distribution of sand,
spherical particles (content and diameter) are added
successively. Since the volume percentage of sand
is great, the numerical generation of the meso-
structure may be difficult. Therefore, largest
particles are first placed randomly in the material.
Then, the generated microstructure picture is

modified by a developed program in order to place
the ITZ as an interface element at the cement
paste/sand particles interface. Finally, the geometry
is converted into a readable format by a available
Finite Element Code (Cast3m). A finite element
mesh, unveiling each phase, is given in Figure 1.

Each phase has its specific behavior, which is
given below.
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Figure 1. Finite element mesh of a mortar.

2.1 Sand behavior

Sand particles are assumed to be elastic:
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where E, and V, are the sand Young’s modulus
and Poisson’s ratio, which are taken equal to 34
GPa and 0.2, respectively. I is the second order
unit tensor.

Therefore, sand particles do not fracture and
restrain creep and drying shrinkage of the cement
paste. Moreover, they slow down the drying
process.

2.2 Cement paste behavior

The cement paste is assumed to be a visco-elasto-
plastic damage material (Benboudjema 2002). The
numerical model is based on the theory of non-
saturated porous media and the effective stress
concept. It allows for obtaining an original model
based on physical concept. The adopted models are
briefly presented below.

2.2.1 Drying

The drying of concrete is modeled here by a
diffusion-type equation, i.e. second Fick’s law:

¢=v(p(c)ve) )



in which C is the water content; and D is the
apparent diffusivity, which varies in a strongly
non-linear manner as a function of the water
content. The dot represents the derivative with
respect to time.

The diffusivity is calculated with the relationship
derived by Xi et al. (1994). The relative humidity is
relied on the water content by the desorption
isotherm curve. The BSB model (Xi et al. 1994),
called also the three-parameter BET model, is used
here to calculate the desorption isotherm curve

2.2.2 Cracking
The behavior of cracked concrete is modeled by a
damage model coupled with softening plasticity,
developed by the authors (Benboudjema et al.
2001). The plastic strain describes the irreversible
deformation  observed  experimentally after
unloading. The accompanying stiffness degradation
due to microcracks is given by the second order
damage tensor D.

The nominal stresses o are related to the
effective stresses 6, which act on the uncracked
material only, by the following relationship:

6=(1-D) & (3)

Effective stresses are related to the elastic strain
by:
6=E".¢° )

where E’ is the second order elastic stiffness
tensor of the cement paste.

The damage process is assumed here to be
orthotropic in tension, where orthotropy is induced
by cracking. Hence, a tensorial damage variable is
considered. Damage evolution is related to the
cumulative plastic strains. As a matter of fact,
experimental evidences show that this choice is
relevant for concrete (Ju 1989). The evolution
function is of exponential type (Lee & Fenves
1998).
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Figure 2. Rankine criteria in plane stresses conditions.

The coupling between damage and plasticity is
based on the effective stress concept and on the
hypothesis that the undamaged material behavior is
elasto-plastic (Ju 1989). In order to reproduce a
suitable behavior in tension, three independent
Rankine criteria in tension are used (Fig. 2). This
allows for retrieving an orthotropic behavior.

The Rankine criteria are written as:

ACANS Al 5)

where 7; is the nominal strength in tension and
k" is the /™ principal tensile cumulative plastic
strain. Then, the plastic strain rate is obtained by
Koiter assumption.

Strain  softening induces inherent mesh
dependency and produces failure without energy
dissipation (Bazant 1976). In order to avoid these
features, the fracture energy approach, proposed by
Hillerborg et al. (1976) is used. The fracture energy
density g5 is related to fracture energy Gy by a
characteristic length /,:

S

le
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The characteristic length le is related to the size
of the finite element (Feenstra 1993):

L =kAA4 (7

where £, is a coefficient which depends upon the
type of finite element and 4 is the area of the finite
element (Feenstra 1993).
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Figure 3. Stress-strain relationship in tension for the cement
paste.

A typical curve for the stress-strain relationship
is given in Figure 3. It is used in this study for the
cement paste. The values of the mechanical
parameters for the cement paste are given in Table
1.



Table 1. Mechanical parameters for the cement
paste.

E [GPa] v fi[MPa] gz [N.m']
20 0.2 3.7 70
2.2.3 Creep

During drying process, self-equilibrated stresses
are generated within the material. Therefore, the
creep of concrete relaxes the induced stresses and
reduces drying microcracking in the cement paste.

In this paper, a multiaxial model developed by
the authors is used (Benboudjema et al. 2001),
where the role of water is integrated in an original
manner. In this model, the basic creep is considered
to be the result of mechanisms, which are relevant
compared to experimental findings (Benboudjema
et al. 2001).

For constant stresses and a constant relative
humidity 4, the basic creep strains g, can be
expressed as:

& (t)=hJ,(1)6 ®)
where J,. is the basic creep compliance tensor,
which depends upon material parameters

(Benboudjema et al. 2001, Benboudjema 2002).

2.2.4 Drying shrinkage

Concrete is a material which is strongly hydrophilic
and has an important specific surface. Indeed, its
behavior is very sensitive to the hygrometric
conditions.

The modeling of drying shrinkage is based on the
mechanisms of disjoining pressure and capillary
pressure, which seem to be predominant in the
range 50 — 100 % of relative humidity (Soroka
1979). It is considered that drying shrinkage results
from the elastic and the creep response of the solid
skeleton under capillary pressure and disjoining
pressure.
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Figure 4. Effective stress concept (without cracking).

The pressure applied to the solid skeleton results
from an average of the capillary pressure and the
disjoining pressure. These effects are taken into

account by the saturation degree S, and a
homogenized coefficient ¢, (equal to 1.49):
Dol = ardS/pc (9)

where p, is the capillary pressure. The coefficient
a,,4 can be identified from a drying shrinkage test.

The evolution of free drying shrinkage is derived
directly from the framework of the mechanics of
unsaturated porous media, using the concept of
effective stress. Indeed, effective stresses G are
related to the apparent stresses 6 , the pore
pressure py,, and the porosity ¢ by the following
relationship (Fig. 4):

6=(1-9)6-¢p,,1 (10)
2.3 ITZ behavior

The ITZ is modeled by zero-thickness interface
elements between the cement paste and the sand
particles. It is assumed that its behavior is elastic in
compression, perfectly brittle in tension and plastic
in shearing. The Mohr-Coulomb criterion has also
been used.

For such elements, stress-strain relationship is
replaced by a relation giving the stress o
transmitted over the contact surface to the relative
displacement du between the surfaces (Fig. 5).
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Figure 5. Behavior of the ITZ in compression, tension and
shearing.

The values of the mechanical parameters for the
ITZ are given in Table 2.

Table 2. Mechanical parameters for the ITZ.

E [GPa] /i [MPa]
10 1.85

3 NUMERICAL SIMULATIONS
Two numerical simulations were performed in
order to illustrate our modeling approach. Firstly,



we study the fracture process of typical mortar
under uniaxial tensile and compressive stresses.
The cracks map is also compared to classical
experimental observations. Then, drying shrinkage
simulations are performed in order to study the
effect of sand particles.

All calculations were performed under plane
stresses conditions. The three-dimensional nature
of cement composite seems to influence its fracture
behavior (van Mier 1991). Moreover, the adopted
algorithm for the generation of mortar allows only
for controlling the volumetric concentration of sand
particles. However, due to the limitations of
computational resources, such calculations can not
be achieved yet in a reasonable time. Furthermore,
we choose to extract from the three-dimensional
digital picture, a two-dimensional slice which has a
similar concentration of sand particles.

Numerical simulations are carried out using a
Finite Element Code (Cast3m).

3.1 Instantaneous behavior simulations

The fracture process of mortars is first studied, in
tension and compression, in order to see whether
our modeling is able to retrieve the principal
experimental observations. A typical mortar is
used, which corresponds to a “normalized mortar”,
according the French norm NF P 15-403. Its
particles size distribution is given in Figure 6.
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Figure 6. Cumulative sand concentration of the studied mortar
(“normalized mortar” according to the French norm NF P 15-
403): volumetric distribution of sand grains with respect to their
radius.

A constant vertical displacement rate (positive in
tension and negative in compression) at the top
face of the specimen is applied. The horizontal
displacement at the right face is free, but identical
in all nodes. The other boundary conditions are
given in Figure 7.

The numerical results are first presented for the
tension test at the onset of failure. The damage

fields in x and y-directions are displayed in Figure
8.

The magnified deformation of the specimen is
presented in Figure 9.

7
Figure 7. Illustration of the boundary conditions for the
numerical simulations in tension and compression.
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Figure 8. Damage fields (D, and D, variables) for the tension
test.

In the tensile test, the damage is localized in few
locations in the cement paste (Fig. 8). Moreover,
the damage is preferentially oriented. There is less
damage in the x-direction (vertical cracks) than in
the y-direction (horizontal cracks).

Figure 9 shows that the development of fracture
is highly governed by the presence of the weak ITZ,
between sand grains and the cement matrix. Indeed
the length of the damaged zone in the cement paste
(Figure 8) is less than the one at the interface



cement paste/paste (Figure 9). Therefore, the
fracture of the mortar results essentially from the
(horizontal) spalling of the sand grains in few
locations. The cracks in the cement paste and the
spalling of sand grains link to lead to the global
fracture of the mortar.
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Figure 9. Deformed mesh of the specimen in tension.

The damage field in the x-direction is displayed
in Figure 10 for the compression test (there is no
significant damage in the y-direction).

Figure 10. Damage field (D, variable) for the compression test.

The deformation of the specimen is presented in
Figure 11.

In the compressive test, the results are different
from the tensile one. The cracks are essentially
vertical (damage variable D,). They are located at
many different locations (and not localized as in
the tension test). Furthermore, a (vertical) spalling
of the sand grains is observed at many locations
(unlike the tension test).

These results are similar to the ones observed
experimentally in tension/compression tests and to
the ones obtained numerically by Schorn (1992),
Tijssens et al. (2001) and Cianco et al. (2003).

Figure 11. Deformed mesh of the specimen in compression.

3.2 Drying shrinkage simulations

Drying shrinkage simulations are then performed
on a mortar which is constituted of 35 % of sand
and 65 % cement paste. The specimen is a 2-cm-
side square. The digital meso-structure used for the
numerical simulation is given in Figure 12.

Cement
paste

Figure 12. Digital picture of the mortar.

At the top face, the specimen is submitted to a
relative humidity equal to 30 %. All the other sides
are protected from desiccation. The other boundary
conditions are given in Figure 13.

%%%

/ —=j 30%RH

Figure 13. Illustration of the boundary conditions for the
numerical simulations during the drying test.

The water content field is given in Figure 14
after 28 days of drymg It should be noted that the
value of 128 1.m™ corresponds to the saturation.



Drying process occurs only in the cement paste.
Therefore, sand grains act as obstacles for the
diffusion of water. The drying process does not
develop as a vertical progression of a diffusion
front. There is a gradient of water content (and
relative humidity) both in the x and y-directions.

The damage fields in x and y-directions are
displayed in Figure 15.
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Figure 15. Damage fields (D, and D, variables) for the drying
shrinkage test.

When the drying process occurs only in one
direction as in a homogeneous material (for
instance in the y-direction), cracks are
preferentially  oriented in  the  direction
perpendicular to the drying one (for instance in the
x-direction) and localized in the skin. Indeed,
cracking occurs due to the fact that inner parts of
the material shrink much slower than the skin.

In the case of a heterogeneous material, as in the
studied mortar, cracking occurs both in the x and y-
directions (Fig. 15). There are two main reasons.
Firstly, a gradient of water content occurs in all the

directions, which leads to differential shrinkage.
Finally, sand grains strain is not affected by drying,
while the cement paste shrinks in an isotropic
manner. Therefore, the restraint effect of sand
grains leads to an additional damage in the cement
paste (with respect to one induced by differential
shrinkage in the cement paste).

These results have been observed experimentally
on mortars made of cement paste and glass spheres
(with mechanical parameters similar to the sand
ones), by Bisshop & van Mier (2002).

4 CONCLUSIONS

The effects of sand grains on the behavior of
mortars have been numerically studied for
mechanical and drying loadings. A mesoscale
model has been used, in which cement paste, sand
grains and I'TZ have been considered. It is based on
a poro-mechanical modeling, where shrinkage,
creep and cracking have been associated in a
physical manner, which is quite innovative.

Numerical simulations on a digital structure of a
mortar retrieve many experimental observations.
They show that in tension, a single crack through
the ITZ (spalling of the sand grains.) and the
cement paste leads to the failure of the material. In
compression, the cracks are perpendicular to the
direction of the loading and distributed more
homogenously in the cement paste. Moreover,
many spallings of the sand grains are noticed.

During drying, shrinkage microcracking is not
only due to the self-equilibrated stresses in the
cement paste (self-restraint due to non-uniform
shrinkage strain). Numerical simulations show that
microcracking is also due to the restraint effect of
sand grains, which prevent the cement paste to
deform. Moreover, they highlight that the
generated microcracking is not preferentially
oriented: microcracking is more isotropic than in
the case of a homogeneous material (Benboudjema
2002). These results are consistent with the ones
observed experimentally (Bisshop and van Mier
2002). To the authors’ knowledge, such numerical
observations have not been obtained yet.

Further numerical simulations have to be
performed in order to investigate the effects of
aggregates and ITZ in the behavior of mortar or
concrete. The effects of size, shape, particle size
distribution,  concentration and mechanical
properties of aggregate, as well as the influence of
ITZ properties, need to be studied. Moreover, all
the numerical simulations were made on a virgin
specimen, although early-age cracking occurs
probably at the cement paste/aggregate interface.



Hence, the study of early-age behavior of concrete
(including endogenous and thermal shrinkage) will
allow for knowing the initial state of the material.
Finally, the study of basic and drying creep can
bring additional information on the behavior of
concrete. These task are currently under
investigations.
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