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1. Introduction

This study aims to suggest a method to consider the presence of the
Interfacial Transition Zone (ITZ) around aggregates in concrete. The ITZs
are the thin thicknesses of cement paste around aggregates with differ-
ent properties than the cement pastewhich form thematrix of concrete
(called thebulk cement paste). Themain theory suggests that it is due to
the cement grains in contact with the aggregate boundary at the mo-
ment of mixing (called the wall effect) which limit the water motion
in this area and thiswater, after hydration of the cement clinkers, results
in the formation of the porosity [1,2]. As a high quantity of water is
maintained in this area, a high volume of porosity is created. The ITZ
thickness (δITZ) is between 20 μm and 50 μm and some experimental
studies have shown that it corresponds to the mean radius of cement
grains [1]. The value of the thickness and the ITZ properties could also
depend on the aggregate size [3] and its mineralogic composition [4].
The differences observed in numerical results in comparison with ex-
perimental measurements on the mechanical behaviour of concrete
are often explained by the fact that the ITZ is not taken into account in
the model. Should consideration of the ITZ in modelling be gained?

Standard codes and models used in civil engineering do not take it
into account because these models are empirical and the ITZ effects
are not of a magnitude relevant to engineering application. Recent nu-
merical models do not allow going down to the fine scale of the ITZ
and justify the calculation error by the ITZ effect which cannot be
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digitalized. Some attempts have been performed to consider the ITZ in
numerical models [5–8] and in analytical models [9–12] to calculate
the effective properties of concrete as a heterogeneous material.
Garboczi and Berryman [7] and Zheng et al. [12] have suggested a ho-
mogenization of aggregates with ITZs which then form a new inclusion
in the matrix. The homogenization of aggregate + ITZ is unsatisfactory
because it leads to a decrease in the strength of the aggregate and it be-
comes impossible to check the hypothesis of the brittleness of the ITZ
which could be the cause of the concrete failure. For modelling the ITZ
properties can be calibrated on experimental observations [4,13,3].
Many authors have suggested some methods to calculate the ITZ prop-
erties by considering some empirical assumptions [14–17], but without
linking with the effective behaviour of concrete. Bentz and Garboczi [5]
were the only ones who suggest a model which determines the ITZ
properties according to the hydration of the cement paste, but the link
with the mechanical properties was not established.

In this study, the calculation of the effective behaviour of concrete
was performed according to the numerical characterization of the ITZ
properties. Two parts of this study are the originality of this work: the
calculation of the ITZ mechanical properties according to the hydration
of cement and the implementation of the ITZs in a finite element (FE)
calculation.

Nadeau [16] has calculated the ITZ properties by supposing an evo-
lution of the water-to-cement (w/c) ratio according to the distance
from the aggregate boundary [18]. By considering this hypothesis, the
ITZ properties were calculated according to the age of the concrete, i.e.
the cement hydration. The model of Bernard et al. [19], modified by
Grondin et al. [20], was retained for the calculation of the cement hydra-
tion. The ITZ around an aggregate was supposedly formed by n layers
having the same thickness. In each layer the w/c ratio is different, so



the volume fraction of the residual clinkers and formed hydrates was
calculated in each layer according to the local hydration kinetic. Then,
the effective properties of the ITZs were calculated by homogenization
[20] by averaging the local properties of each layers. The homogeniza-
tion of the ITZ layers keeps the initial strength of the aggregate and
allows defining a brittle area between the aggregate and the matrix.
This homogenizationmethod does not take into account the brittleness
within the layers, but themain goal of this study is the consideration of a
brittleness area around aggregate to show its effect on the global behav-
iour of the specimen.

The ITZ thickness is commonly between 20 μmand 50 μm. In a finite
elementmodel it is very numerically expensive to represent it explicitly,
even less to decompose it in many layers with different properties. For
instance, in a 2D representative elementary volume (REV) of concrete
with dimensions 50 ∗ 50 mm2, if we would represent the ITZ by one
finite element with a thickness of 30 μm, we have to mesh the REV by
2.7 · 106 elements. So, in order to take into account the ITZ properties
in the calculation with a limitation of the finite elements, we have con-
sidered a three-phase material for concrete: aggregates, the bulk paste,
and an effective mixed interphase (EMI). The EMI around an aggregate
is formedwith the ITZ and a part of the bulk cement paste. Its properties
are homogenized with the effective properties of ITZs and the bulk
cement paste properties according to the volume fractions of ITZs and
of the bulk cement paste in EMI. Calculations were performed in the
finite element code of calculation Cast3m to assess the damage of con-
crete with and without ITZs. The damage was obtained by considering
a damage model based on the microplane theory [21].

First of all, the algorithm of the model is presented in detail. Second
of all, a statistical study is shown in order to define the relevant method
to take into account the ITZ properties in the modelling of concrete.
Then, the calculation results are analysed for concrete under a tensile
load.

2. Digital representation of the EMI in a FE modelling

The ITZs surrounding aggregates in concrete could be modelled by
an interfacial law in a FE code [22], but we loss the information about
the evolution of the properties into the ITZs. Without taking into ac-
count the effect of the aggregate size and its mineralogic properties,
Nadeau [16] has suggested a model to calculate the volume fraction of
cement fcitz through the ITZ at the first contact of cement and aggregates
before added water:

f citz rð Þ ¼ f cb 1þ ac
r−ra−δITZ

δITZ

� �2� �
ð1Þ

where fcb represents the volume fraction of cement in the bulk paste.
The ITZ could be divided in n-layers of thickness equal to δITZ / (r− ra)

and the elastic modulus of the n-layers is calculated according to simple
relations linking the elastic moduli of cementitious materials to the w/c
ratio. Then, the effective elastic modulus of the ITZ can be obtained by
averaging the n-layers.

For a detailedmodelling of the ITZ influence on thebehaviour of con-
crete, ideallywe could represent explicitly each n-layers. But it is easy to
notice that a FEmodelling is impossible to realize because it needs a too
high number of elements due to a high ratio between the specimen vol-
ume size and the element size required to represent a layer. Another
method could be the modelling of one aggregate in a volume which al-
lows representing all layers. But it is not representative of concrete and
it leads to a high approximation of the results.

For a regular FE grid and for a volume size to aggregate size ratio
equal to 4 [23], an aggregate maximum size of 12.5 mm leads to a vol-
ume size in 2D of 50 × 50mm2. For instance, even if the ITZ is represent-
ed by only one layer of 50 μm, the finite elements have to be equal to
minimum 50 × 50 μm and the total number of elements in the volume
is of order 1 · 103 × 1 · 103. So, for the ITZ divided in n-layers the
2

number of finite elements increases substantially. To limit the number
of elements, we have considered interphases (EMI) surrounding aggre-
gates containing the ITZ and a volume fraction of the bulk cement paste.
The choice of this fraction depends on the interphase thickness:

δfb ¼ δint−δITZ : ð2Þ

In this study the concrete volume was formed by composite circles
(in 2D) with different diameters according to the aggregate size distri-
bution equal to ∅agg + 2δint and a matrix formed by the rest of the
bulk cement paste. The generation of the volumewasmadewith the al-
gorithm developed by Mounajed [24] (cited in [23]) and modified to
consider the interphase surrounding aggregates (Fig. 1).

The distribution algorithm generates randomly candidate positions
of the inclusion gravity centres in the area defined by the REV. At this
step, an inclusion i is formed by an aggregate surrounding by an EMI.
In 2D the unit volume of an inclusion of type i is calculated as follows:

VSi ¼ π Ragg
i þ δint

� �2
: ð3Þ

The unit volume of an aggregate is obtained by:

VGi ¼ π Ragg
i

� �2 ð4Þ

Some tests are made to validate these positions. A first test consists
to check if this position concerns an element of Digital Concrete type.
We calculate the distance between the element gravity centre and
that of the inclusion. If this distance is higher than the element average
size, this element will have the properties of the inclusion.

A second test checks that two inclusions do not overlap. The distance
between an existing inclusion gravity centre, of radius R1, and a candi-
date inclusion, of radius R2, has to be higher to a value dmin defined as:

dmin ¼ R1 þ R2

2

� �
: ð5Þ

After the model has validated the inclusions' position, they are af-
fected by characteristic materials defined by the user. Before the inclu-
sions' generation, all the elements were defined by the material
parameters of the matrix (the bulk cement paste). Then the model
tests if the position of an element gravity centre is in an aggregate, re-
spectively EMI, influence radius. By taking Ragg for the aggregate radius,
respectively (Riagg+ δint) for the inclusion, and dinf the distance between
an element gravity centre and that of the inclusion, the element takes:

• the aggregate properties if dinf ≤ Ragg,
• the EMI properties if Ragg b dinf ≤ Ri

agg + δint,
• the matrix properties if dinf N Ri

agg + δint.

In order to take into account local properties of the ITZ a homogeni-
zation of the n-layers' properties seems necessary. First of all, the rele-
vant number of layers has to be defined to obtain an optimal result.
Zheng et al. [12] have suggested a number of layers over 70 but their
method was applied to the calculation of the effective properties aver-
aging the modulus of aggregate, the bulk cement paste and the ITZ
layers. Here, the homogenization does not consider aggregates. The
Voigt's bound was used to calculate the effective modulus of the EMI:

Xhom ¼
Xnþ1

k¼1

f kXk ð6Þ

with f k the volume fraction of the layer k (k = [1,n] for the ITZ
and k = n + 1 for the bulk cement paste) with the elastic properties
Xk. The individual properties of each layer were calculated with the
model developed by Grondin et al. [20] and modified to take into ac-
count the evolution of the properties with the distance from the aggre-
gate surface.



Fig. 1. FE representation of the REV of concrete considering interphases between aggregates and matrix.
The presentedmodel was implemented in the FE code CAST3M [25].

3. Determination of the ITZ properties according to hydration

Grondin et al. [20] have suggested a homogenization method, based
on the self-consistent scheme, to calculate the elastic properties of
cement pastes at early ages according to the hydration progress. The hy-
dration model considers the chemical reactions between clinkers and
water according to the initial w/c ratio. The calculations are made for
each area around aggregates. So for ITZ, we have considered n layers
with a specific w/c ratio in each layer. The same calculation is made for
the bulk cement paste wherein one area is considered. So, in ITZ all hy-
drates which are formed during the hydration process are considered.
The calculations consider implicitly that hydrates fill in the available
space.

First of all, the chemical hydration model gives at each time the vol-
ume fraction of the residual clinkers and the hydrates. For the layer k the
volume of each residual cement phase (Vx) can be calculated as [19]:

Vk
X tð Þ ¼ Vk

C0 f
k
X 1−ξkX tð Þ
� 	

ð7Þ

where VC0
k is the initial volume of cement and fX

k the initial mass fraction
of cement phase X. In the sameway, the volume of the residual water is
equal to:

Vk
E tð Þ ¼ Vk

E0−∑Vk
C0

nEρC f
k
X=MX

nXρE=ME
ξkX tð Þ ð8Þ

where VE0
k is the initial volume of water,MX the molar mass of X,ME the

molar mass of water and nE
nX
themole number of water (nE) consumed to

hydrate one mole of cement phase (nX) of the apparent density ρC fXk.
Gypsum is consumed with C3A and C4AF and it is supposed that the

consumption kinetic rate of gypsum can be defined by the hydration
rate of these two clinkers. So we calculate the volume of gypsum as fol-
lows [20]:

Vk
gyp tð Þ ¼ Vk

C0 f
k
gyp 1−β � 3ξkC3A

tð Þ−3ξkC4AF
tð Þ

� 	� 	
ð9Þ

where the factor 3 is the stoichiometric coefficient of the chemical
reactions and β a constant parameter which depends on the w/c
ratio. In this study β is chosen equal to 2, respectively 3, for w/c
≥ 0.4, respectively w/c b 0.4. This coefficient does not affect the hy-
dration rate but allows to have a uniform consumption of gypsum.
Then, when gypsum is totally consumed, ettringite changes in
monosulfate and it is supposed the following relation for the volume
of ettringite versus time [20]:

Vk
ett tð Þ ¼ Vk

ett tg
� 	

1−0:5ξkC3A
tð Þ−0:5ξkC4AF

tð Þ
� 	

ð10Þ
3

where Vett
k (tg) is the volume of ettringite at the beginning of the for-

mation of monosulfate and the factor 0.5 is the stoichiometric coeffi-
cient of the chemical reactions.

The volume of hydrated phases (Vj
P) can be calculated according to

the volume of elements which have reacted (Vi
R) as for the following

chemical reaction:

nR
1V

R
1 þ…þ nR

l V
R
l →nP

1V
P
1 þ…nP

mV
P
m ð11Þ

we can write:

VPk
i tð Þ ¼ ∑l

j¼1 V
k
C0

nP
i ρC f

k
j=Mj

nR
jρi=Mi

ξkj tð Þ i ¼ 1;m: ð12Þ

For the calculation of the elastic properties of the ITZ layers and of
the bulk cement paste we have considered a REV V formed by a matrix
Vm and several types of inclusions, supposed to be spherical and with
the same size. Inclusions are defined by their volume fraction in V:
∑iVi = Vs, where Vs is the whole volume of the solid phases in V. To
calculate the homogenized elastic behaviour, a uniform strain field ten-
sorE is applied on the volume boundaries. This implies local strain fields

ε y
� 	

and local stressfieldsσ y
� 	

in each pointy of Vwhich linked by the

following local elastic behaviour law:

σ y
� 	

¼ C 0 y
� 	

: ε y
� 	

ð13Þ

where C 0 represents the stiffness tensor of V under drained conditions.

By applying the Levin's theorem for the homogenization of elastic
heterogeneous media, the resolution of the cellular problem allows to
deduce the homogenized behaviour law on the upper scale [26]. The
homogenized behaviour law is defined by the relation between the
average stresses bσ NV and the average strains bεNV in each layer k:

Σk ¼ bσ N
k
V ¼ 1

Vk


 



Z
Vk
σ k y

� 	
dy ¼ C k

hom
: bε k

NVk ¼ C k

hom
: E ð14Þ

where C k

hom
is the homogenized stiffness tensor which can be defined,

for an isotropic elastic behaviour, by the homogenized compressibility
and shear moduli, respectively khom and μhom:

C hom ¼ 3khomI vol þ 2μhomI dev ð15Þ

kkhom and µkhom check the following equation system obtained for an
isotropic medium:

X2
i¼1

f ki
kki −kkhom

1þ αk kki −kkhom
� 	

=kkhom
¼ 0 ð16Þ



X2
i¼1

f ki
μk
i −μk

hom

1þ βk μk
i −μk

hom

� �
=μk

hom

¼ 0 ð17Þ

with:

αk ¼ 3kkhom
3kkhom þ 4μk

hom

and βk ¼
6 kkhom þ 2μk

hom

� 	
5 3kkhom þ 4μk

hom

� 	 ð18Þ

where f ik, kik and μ i
k are the volume fractions, the compressibility and the

shear moduli of each phases i in each layer k.
The model is based on the knowledge of the material component

properties. Calculations have been made for a cement of type CEM I
52.5 (Saint Pierre la Cour). The oxide composition has been kept con-
stant: 64.27% C3S, 11.06% C2S, 13.08% C3A, 8.27% C4AF and 3.32% CSH2

with a fineness ϕ = 3390 cm2/g. The kinetic parameters of the cement
hydration and the elastic moduli of the cement paste phases have
been chosen from the literature review [19,27] and the elastic properties
are presented in Table 1. The calculation of the homogenized elastic prop-
erties, by applying the self-consistent scheme, needs the knowledge of
the elastic properties of all phases. So, we have considered all phases as
elastic inclusions and we have characterized air filed pores and water
filed pores by a compressibility modulus and a shear modulus. It can be
noted for some Young'smoduli that their values are between aminimum
(Emin) and a maximum (Emax). In Table 1, CSHa and CSHb represent, re-
spectively, the CSH with a low-density and the CSH with a high-density.
The CSHa is formed around C3S and C2S at very early age and the CSHb is
formed around the CSHa in a second step [37,38].

As written above, the hydration process occurs in three steps: the
dissolution, the nucleation and the diffusion. The parameters of the nu-
cleation have been chosen in the literature review [28]. The diffusion
depends on the permeability of the C–S–H gel pores surrounding the
clinker. Calculations for a material with an initial w/c ratio equal to
0.45 have been performed. Figs. 2 and 3 show the evolution of the
Young's modulus and the Poisson's coefficient into the ITZ with a
thickness of 20 μm decomposed in 10 layers of 2 μm. The Young's mod-
ulus, respectively the Poisson's coefficient, increases, and respectively
decreases, from layer 1 (the nearest of the aggregate) to layer 10 (the
nearest of the bulk cement paste). It is explained by the decrease of
the w/c ratio from the aggregate to the bulk cement paste.

4. Influence of the number of layers on the effective behaviour
of the EMI

The Nadeau's model [16] shows that the more that the number of
layers is high, the more that the determination of the ITZ properties
Table 1
Elastic moduli of the cement paste phases.

Phase E [GPa] v [−]

CSHa 19–23.9 0.25
CSHb 27–35 0.25
CH 33–48 0.324
C3S 128–152 0.314
C2S 110–150 0.314
C3A 110–170 0.314
C4AF 100–170 0.314
C6AS3H32 22.4 0.25
CSH2 45.7 0.33
C4ASH12 42.3 0.324
C3(A,F)H6 22.4 0.25
FH3 22.4 0.25

k [GPa] μ [Gpa]

Water 2.2 0
Air 0.141 0
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is accurate. Figs. 4 and 5 show the influence of the number of
layers (1 to 10) on the values of the effective Young's modulus and
the effective Poisson's coefficient of the ITZ with a thickness of 20 μm
at different ages. The value of the bulk cement paste is given as a
reference.

The age of concrete influences only the value of the effective Young's
modulus of the ITZ. Its kinetic seems to be the same at each age. The age
does not influence the evolution of the effective Poisson's coefficient. So,
in this first study on the ITZ we have considered calculations for mature
concrete at 72 h. In a future work we will analyze the age influence on
the cracking behaviour of concrete.

To determine the optimized number of layers beyond which the
effective values of the ITZ do not evolve, we plot the derivation of
the Young's modulus according to the number of layers for the ITZ
equal to 20 μm and 50 μm (Fig. 6). For a number of layers beyond 7,
the effective Young's modulus of the ITZ tends to be an asymptote.
So, for the following simulations the effective properties of the inter-
phase have been calculated by considering a decomposition of the
ITZ in 7 layers.

5. Application to the study of the tensile behaviour of concrete

5.1. The problem formulation

Tensile tests on concrete specimens have been modelled in order to
check the interest to take into account the ITZs at the mesoscopic scale.

A volume V of concrete is formed by twomedia: a matrix defined by
themedium Vm and inclusions defined by themedium Vi. A load F is ap-
plied on one of the surface boundary of Vwith the unit normal vector n.

This load implies local displacement fieldsu y
� 	

, local strain fields ε y
� 	

and local stress fields σ y
� 	

in each point y of V. The non-linear elastic

problem is written as follows:

divðσ y
� 	

¼ 0 ∀y∈V ð19Þ

σ ðy ¼ C ε y
� 	

; y
� 	

: ε y
� 	

∀y∈V ð20Þ

ε y
� 	

¼ 1
2

▽u y
� 	

þt▽u y
� 	� 	

∀yınV ð21Þ

F ¼ σ :n ∀y∈Γ1 ð22Þ

u ¼ U ∀y∈Γ2 ð23Þ

where C ε y
� 	

; y
� 	

is the secant stiffness tensor depending on the local

strains and damage and Γ2 the boundary of V on which macroscopic
displacements conditions are applied.

The chosen damage model is the isotropic model developed by
Fichant et al. [21]. It allows to represent the unilateral effect and to ob-
tain objective results independently of the length of the finite elements
by controlling the fracture energy. This model is a simplified version of
the microplane model of Bazant [29] and is based on the relation

between the total stress and the effective stress σ � y
� 	

of the material

defined by:

σ � y
� 	

¼ C 0 y
� 	

: ε e y
� 	

or σ � y
� 	

¼ C 0 y
� 	

: C −1 ε y
� 	

; y
� 	

σ y
� 	
ð25Þ

where C 0 y
� 	

is the initial stiffness of the material phases considered

isotropic and linear elastic, and C −1 ε y
� 	

; y
� 	

the compliance tensor



Fig. 2. Variation of the Young's modulus at early ages into ITZ.
of the damaged material. For the isotropic version of the model, the
relation between the effective stress and the total stress is given by
[30]:

σ y
� 	

¼ 1−dð Þσ �� y
� 	

ð26Þ

where d is the scalar value of the isotropic damage that depends only
on the equivalent strain calculated according to the positive part

((∙)+) of the elastic strain tensor ε e y
� 	

:

ε
eq

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε e
��

þ :

�
ε e
�

þ
:

�s
ð27Þ
Fig. 3. Variation of the Poisson's co
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The evolution of the damage variable, due to external mechanical
loads, is an exponential form:

d ¼ 1− εd0
εeq

exp Bt εd0−εeq
� 	h i

ð28Þ

where Bt represents a damage parameter to control the slope of the
strain softening constitutive relation in function of thewidth h of the el-
ement and εd0 the strain threshold. Damage increases when the equiv-
alent strain neq is higher than the threshold strain. The fracture energy
Gf is given by [31]:

Gf

h
¼ f tεd0

2
þ f t
Bt

ð29Þ
efficient at early ages into ITZ.



Fig. 4. Influence of the ITZ decomposition on its effective Young's modulus.
where h is the element size and ft the tensile strength. This damage
model is based on an energizing regularization issue from the Crack
Band Theory where the crack energy monitors the cracking whatever
the finite element size [32,31].

5.2. Analysis of results

The consideredmesoscale formodelling the behaviour of concrete is
the scale at which thematerial can be observed as a set of coarse aggre-
gates embedded in a cementitious matrix. Here, coarse aggregates are
inclusions of a size greater than 5 mm following the experimental ag-
gregate size distribution (Table 3) while the matrix is represented by
the bulk cement paste. The aggregate volume represents 37% of the
total volume of concrete. The stability of results depending on the size
of the specimen and the maximal diameter of the inclusion was per-
formed in a recent study [23] and was respected here with dimensions
Fig. 5. Influence of the ITZ decomposition
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equal to four times the highest inclusion diameter (L/Dmax N 4) and
finite element size equal to 0.8 time the smallest inclusion diameter.
The mechanical properties of the phases are given in Table 2.

The interphase between aggregates and the cement paste has a
thickness of 100 μm composed by the ITZ with a thickness equal to
20 μm, respectively 50 μm, decomposed in 7 layers for the calculation
of its effective properties, and a part of the bulk cement paste with a
thickness of 80 μm, respectively 50 μm.

Five simulations have been performed for a concrete specimen
under a direct tensile load:

• case 1: with the ITZs with a thickness of 20 μm,
• case 2: with the ITZs with a thickness of 20 μmand a lower ft=2MPa,
• case 3: with the ITZs with a thickness of 50 μm,
• case 4: with the ITZs with a thickness of 50 μmand a lower ft=2MPa,
• case 5: without the ITZs.
on its effective Poisson's coefficient.



Fig. 6. Rate of the effective Young's modulus vs. the number of layers.
The force–displacement curves are shown in Fig. 7. If the ITZ is not
taken into account (case 5), the curve shows a quasi-brittle behaviour
with a post-peak region that was not observed in tensile tests [33]. For
cases 1 and 3, the elastic part of the curve is the same as that obtained
without the ITZs. Also, the thickness is not influent here. But, when
damage is considered, the post-peak behaviour varies and cases 1 and
3 show a brittle behaviour as commonly observed in experimental me-
chanical tests. Cases 2 and 4 have shown a quasi-brittle behaviour with
a decrease of the rate of the load before themaximum loadwas reached
which is in good correlationwith experimental observationsmadewith
the acoustic emission method [34].

The analysis of the local damage fields (Fig. 8) helps to explain the
mechanical behaviour. The damage fields are shown at the peak load
when the macroscopic crack appears. For case 5, damage is diffused in
themicrostructure and connectivities between local microcracks are fa-
cilitated. So, themacrocracking does not lead to a brittle failure due to a
stress diffusion in the matrix. For cases 1 and 3, the diffusion of damage
is similar to case 5 but with more localization around aggregates due to
a lower elastic modulus. When the macrocracking appears at the maxi-
mum load, the stress diffusion is limited. A high density of damage in
the macro-crack area leads to quick failure of the specimen. For
cases 2 and 4, as the tensile strength of the interphase is lower, damage
appears earlier into the interphase and progresses slowly before the
maximum load is reached. The macrocracking appears where inter-
phases are close together. Then, the local stresses are redistributed in
the bulk cement paste and contribute to a softening behaviour.

Also, one can observe that the macrocrack appears in the same area
for cases 2, 4 and 5, between the middle and the bottom of the speci-
men, and in the same area for cases 1 and 3, at the top of the specimen
Table 2
The mechanical properties of the concrete phases.

E [MPa] v Gf ft

Aggregate 50 0.2 80 6
Bulk cement paste 21,590 0.33 45 2.6
EMI (ITZ = 20 μm) 20,324 0.33 45 2.6
EMI (ITZ = 50 μm) 19,595 0.33 45 2.6
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close the loading zone. These observations can explain the ability of
stress to be diffused into the matrix: limited for cases 1 and 3, and facil-
itated for cases 2, 4 and 5.

Then, the mathematical procedure developed by Matallah et al. [31]
to calculate the crack opening according to the damage fields has been
applied for the five cases. Results presented in Fig. 9 show the crack
opening in concrete. The macro-cracking is well represented where
the high density of damage was localized. The crack opening fields
show clearly the stress diffusion effect where for cases 1, 3 and 5, the
main crack opening has a larger opening than for cases 2 and 4. The cal-
culation of the crack opening is also interesting for the assessment of the
conductivity of concrete. In most of models, calculations overestimate
the global permeability of concrete in comparison with experimental
measurements. The influence of the microstructure and its evolution
are significant [35], so the microstructure has to be better represented
in modelling of conductivity by taking into account the ITZs.

6. Conclusion

This study has led to few observations and many perspectives:

• The influence of the ITZs is very localized and the choice of their prop-
erties has an influence on the effective mechanical behaviour: for
modelling at the mesoscopic scale the results are closed to the exper-
imental macroscopic mechanical tests when the ITZs have the same
tensile strength of the bulk cement paste, and closed to experimental
microstructure inspection tests when the ITZs have a lower tensile
strength than the bulk cement paste.

• The various cases studied (1, 2, 3, 4, 5) can represent different micro-
structures of concrete: cases 1 and 3 for concrete with high density
ITZ; cases 2 and 4 for concrete with low density ITZ; case 5 for
Table 3
The aggregate size distribution of concrete.

∅ (mm) 5 6.25 8 10 12.5
Vf (%) 3 7 11 14 2



Fig. 7. Force–displacement curves for concrete in tension with different microstructures.
concrete without ITZs. So, without the possibility to take into account
the petrology and themorphology of aggregate [4] and their reactivity
with the cement paste, themodelling of themicrostructure behaviour
of various concretes can be performed by taking into account the ITZs
with different densities. The local properties into the ITZs have to be
compared to experimental measurements as possible and fracture
properties could be calibrated on specific experimental tests [36].

• The interest to consider the ITZs in themodelling of concrete has been
shownby the results on the crack opening. Because thehigh density of
opened cracks around aggregate can lead to a high increase of the
conductivity of concrete and can affect its durability. Also, if a higher
volume fraction of aggregate is considered, the connections between
opened cracks increases highly.

The main goal of this study was the comparison between two simu-
lations with and without ITZ. The analyses were made according to
Fig. 8. Damage localization in specimens for t
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experimental observations [33] in order to define the relevance of the
ITZ presence in a FE mesh. The global displacement–increment used is
very small and despite this, brittleness in the softening behaviour is
observed. This result may come from the global solving procedure. This
paper would show an original method to take into account the ITZs in
the modelling of concrete. In future works, sensitivity analyses will be
performed in the simulation of cracking, shrinkage and creep of concrete.

The study was focused on the damage of mature concrete at the
mesoscopic scale. The age influence has been shown only for the choice
of the ITZ properties. A study on the evolution of the age of concrete and
its influence on its micro-mechanical behaviour will be performed to
follow the cracking progress. Two studies will be performed on the
shrinkage at early-ages and on the creep behaviour [33]. Also, in a future
work, a diffuse element method around aggregate will be studied by
considering a smooth evolution of the interphase properties from the
aggregate to the bulk cement paste.
he cases (from left to right): 1, 2, 3, 4, 5.



Fig. 9. Crack opening in specimens for the cases (from left to right): 1, 2, 3, 4, 5.
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