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This paper is devoted to the study of the influence of the microstructure of mortar on its mechanical
behavior. For this purpose, mechanical tests have been carried out on mortars and a mathematical model, the
(n+1)-phase model, has been used to take into account three variable parameters of the microstructure of
mortar (the thickness of the interfacial transition zone, the porosity gradient in the cement paste matrix and
the nature of the constituents of the Interfacial Transition Zone) for some given parameters (volume fraction
of aggregates, porosity of the mortar and mechanical behavior of the aggregates and the cement paste). By
fitting some measured moduli to the model predictions, we can estimate in a non-destructive manner, the
possible distribution of porosity within the Interfacial Transition Zone. Our results provide information on
the data such micromechanical models can deal with in order to predict the elastic behavior of mortars.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Background

The earliest and simplest models used to predict the elastic moduli of
cementitious materials were based on the assumption that concrete (or
mortar) was made of two phases: aggregate (or sand) particles and
cement paste. Under this assumption several models have been used in
literature accounting or not for the fact that the cement paste is the
connected phase whereas the inclusions form a disconnected dispersed
phase (Zimmerman et al. [1] used the Kuster-ToksAiiz theory [2], Yang
and Huang [3] or Bernard et al. [4] used the Mori-Tanaka theory [5],
Nilsen and Monteiro [6] used Hashin-Shtrikman variational approach
[7]). But as mentioned by Bernard et al. [4], the predicted elastic moduli
may be overestimated with the assumption that concrete are considered
to be made of two phases (aggregate and cement paste).

Indeed, it has become recognized that the cement paste should not
be considered to be a homogeneous phase and the structure of the
cement paste in the vicinity of the inclusions differs from that of bulk
cement paste (Mehta and Monteiro [8] and Mindness [9]). This region
in which the presence of the inclusions affects the properties of the
cement paste is known as the Interfacial Transition Zone (ITZ) (this
phenomena, due to a limitation in the packing of cement particles in
the vicinity of aggregates is often referred to as the “wall effect”). The
effective elastic properties of cementitious composites with an ITZ
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considered as a single phase with homogeneous properties have been
extensively studied with different models. Yang [10] has proposed a
double-inclusion model, Ramesh et al.[11], Lietal.[12,13] have used a
four-phase sphere model which is an extension of Christensen and
Lo's three-phase sphere model, Hashin and Monteiro [14] have used
this four-phase model in an inverse manner to determine the elastic
properties of the interphase, Sun et al. [15] have used the differential
effective medium theory and numerical simulation.

In the ITZ, the porosity is greatest near the inclusions, and decreases
with increasing distance from the inclusion leading to gradients of the
elastic properties within this zone. In the case of dilute suspensions of
aggregates Lutz and Zimmerman [16] (using power-law variation) and
Garboczi and Bentz [17] (using piecewise variation) have taken into
account those gradients. Nadeau [18,19] has developed a model of
concrete elastic moduli which takes into account the gradient of
properties in the ITZ. For that purpose, the local cement volume fraction
through the ITZ is taken to vary in a quadratic manner. The parameters
of the used quadratic law have been determined by requiring the
conservation of the total amount of cement in the cement paste matrix
to be that given by the mix design. These parameters depend upon the
aggregate radius, the volume fraction of the aggregate, the specific
gravity of cement and the thickness of ITZ.

1.2. Notations

The mortars are here considered as composite materials made of
three phases (as simplified in Fig. 1):

« let phase A denote the aggregate phase with an average radius
denoted R4 and with homogeneous mechanical properties,
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Fig. 1. Mortar representation with phase A: aggregate, phase I: ITZ characterized by a
dotted line and phase B: bulk cement paste. Porosity gradient in cement paste matrix
(ITZ + bulk cement paste matrix) is simulated by small circles.

let phase I denote the ITZ phase with an average thickness t; and
characterized by a porosity gradient leading consequently to a gradient
of mechanical properties,

and let phase B denote the bulk cement paste characterized by the
cement paste which is “globaly” homogeneous (its porosity is dis-
tributed in a homogeneous manner) with homogeneous mechanical
properties.

Let fa, fi and fz be respectively the volume fractions of phase A,
phase I and phase B. The ITZ I and the bulk cement paste B constitute
the cement paste matrix.

1.3. Aim of the paper

The present paper aims to bring informations on the parameters
such micromechanical models can take into account to predict the
elastic moduli of mortars and attempts to improve previous works by:

1. Taking the porosity through the ITZ to follow a power-law which is
not necessary a linear or a quadratic one and which depends on
two parameters (factor A and exponent m defined in Eq. (5)),

2. Considering the ITZ as a porous material, the matrix of what (M;)
being able to consist of different materials (portlandite (CH) or
“Solid Phase” (SPCP) which is mainly made of anhydrous and
hydrate phases such as CSH), the thickness of what (t;) being able
to be chosen,

3. Performing the determination of the mechanical behavior of the
bulk cement paste B by using first a Generalized-Self-Consistent
in an inverse manner to determine the mechanical behavior of the
“Solid Phase” named SPCP from the experimental one of a cement
paste and then in a direct manner by taking into account the
porosity of this bulk cement paste (pg). One of the parameters
of the power-law (factor A) is found by requiring the total
porosity p in each considered mortar to be that given by the mix
design and the other (the exponent m) is determined by fitting
the model predictions to some measured moduli. The identifica-
tion of the gradient of properties of the cement paste matrix is
determined from our own experimental results and also from
literature results.

It is worth noting that the exponent m being limited by the fact
that the porosity must be lower to one and to the maximum of the
porosity in the ITZ being at the interface aggregate/ITZ, this model can
also be used to deal with damage of mortar and more particularly with
complete misfitting at the interface aggregate/ITZ.

2. Model development
2.1. Introduction

Let us consider mortars for which the volume fraction of each
phase (fa for the aggregate A, f; for the ITZ I and f; for the bulk cement
matrix B), the global porosity of each phase (pa for the aggregate A, p;
for the ITZ I and pg for the bulk cement matrix B), the mechanical
effective properties (Young's Modulus E, Poisson's coefficient 1) and
their total porosity p are known. In order to predict the macroscopic
properties, two levels of modeling were considered (referenced as
levels Il and III in [4]):

Firstly, the elastic properties of the cement paste matrix (ITZ and bulk
cement paste) have been determined thanks to the (2 + 1)-phase
model from the porosity of the porous material and the elastic
properties of the solid phase. The elastic properties of the solid phase
can be found in literature (for instance in [31]) or can be determined
thanks to a (24 1)-phase model used in an inverse mode from the
elastic properties of a cement paste. The solid phase (labeled SPCP)
determined from a cement paste was mainly composed of anhydrous
cement and hydrate phases. The cement paste and the mortars have
the same water to cement ratio.

Secondly, the elastic properties of the mortar were determined using a
(n+ 1)-phase model which allowed taking into account the porosity
gradient in cement paste matrix (ITZ and bulk cement paste) and
consequently the gradient of elastic properties.

2.2. (n+1)-phase model

We have chosen to use here a Generalized-Self-Consistent Scheme
because this kind of model is very well adapted to deal with every
kind of inclusion/matrix composites. However, it is always necessary
to take care to the way the experimental parameters of the studied
materials are determined in order to be used in the model.

Let R;, i€[1, n] be respectively the radius of the different spheres in
the composite sphere in Fig. 2 by beginning the numbering from the

Fig. 2. The n-phase model.
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center of the composite sphere. They are determined by the phase
volume fractions only, through the relations:

where f; denotes the volume fraction of phase i. The effective moduli
of the Equivalent Homogeneous Medium (EH.M in Fig. 2), keff
and 1, are then determined straightforwardly from Eqs. (46) and
(51) of Hervé and Zaoui [31], (or see in appendix Eqs. (20) and (21)).

The (n+ 1)-phase model can be used with n=3 in an inverse
manner to determine the mechanical behavior of the ITZ when the
behavior of the cement paste, the aggregates and the mortar are
known likewise the radius of the aggregates and the thickness of the
ITZ. In this case the properties of all the different phases are supposed
to be homogeneous. The same data as Hashin and Monteiro [14] have
been used here. This comparison shows that Hashin and Monteiro
[14] have the same results as the (n+ 1)-phase model gives with
n=3[31].

Moreover the (n-+ 1)-phase model can be used to deal with
mortar with a gradient of properties in the cement paste matrix. This
gradient of properties can also be determined thanks to the (n+1)-
phase model used in an inverse mode. The procedure is described
hereafter.

2.3. Different distributions of porosity

The distribution of porosity in the cement paste matrix has to be
determined. For that purpose, a new methodology has been developed
from the total porosity p.

In this section, the total porosity in the mortar (p) can be distributed
in several manners. If p(r) denotes the local porosity in spherical
coordinates (r, 6, ¢), by requiring the total porosity in the mortar to be
that given by the experimental measurements (cf Table 1) whatever the
distribution of porosity is, it follows that:

fﬂvm, pi(r)de(r) = p (2)

where dc(r) denotes the volume fraction of material between radii r
and r+dr. This equation can also be rewritten under the following
form:

1
v MW, pav=p 3)

Using the (n+ 1)-phase model, all the phases lay inside the com-
posite sphere with radius R, (Fig. 2). A normalized distance to the
center of the aggregate is then defined by x = - with xa=/x>, x,=
(fa+f)'3, xs=1. According to this new variable, Eq. (3) reads now:

3f0] p(x)X’dx = p (4)

Table 1

Experimental data on material proportions. W/C: water to cement ratio, fx: aggregate
volume fraction of sand, Dpin/Dmax: lower and upper diameter of sand, Ra: average radius
of sand for 50% passing, A,: absorption coefficient of sand, fi: Interfacial Transition Zone
volume fraction, t;: thickness of ITZ according to Eq. (10).

Material D MC MM MF

W/C 0.45 0.45 0.45 0.45
fa(%) / 0.5 0.5 0.5
Diin/Dmax(mm) / 2/4 0.315/2 0.315/1
Ra (mm) / 12 0.5 0.35
Ap (%) / 0.058 0.405 0.1

fi (%), ti=30 pm / 3.6 10.3 15.4

fi (%), ;=60 um / 7.4 20.8 29.8

In this paper, a power-law function defined by two parameters (A
and the exponent m) has been used to model the distribution of porosity
in the ITZ I, the porosity in the bulk cement paste B has been chosen
constant equal to pg (pg has different possible values in the applications)
and in all the studied cases the aggregates A are porousless:

px)=20 X € [0,x,]
px) = AX—X)" + pg X € x5, X]] (5)
p(x) = pg X € [x,1]

The first parameter of the model (A) is obtained by taking into
account Eq. (4) with the distribution of porosity defined by Eq. (5) and
is given by:

_ 3
A p pB3(Ijn XA) ©6)

with

_ m+1
I, = % [(m +2)(m + 3)x5 + 2(m + 3)xa(x—Xs) + 2(xI—xA)2}

()

The second parameter of the model (the exponent m) is then
determined by requiring the effective Young's modulus of the studied
mortar to be the experimental one. Different values of m can be found. It
is worth noting that:

1. for m=0, py(x) is constant both in the ITZ I and in the bulk cement
paste B as considered in [4]. If py(x) = in the ITZ and p;(x) = in
the matrix, Eq. (4) leads to the fact that it exists d so that:

(1—d)p

_dp
fs ®)

p=a=z andpy
where the physical meaning of d is the ratio between the volume
of pores in the ITZ and the whole volume of pores. 1 —d is then the
ratio between the volume of pores in the bulk cement paste and
the whole volume of pores in the cement paste matrix.

2. m=1 corresponds to a “linear distribution”

3. m=2 corresponds to a “quadratic distribution”, as considered in
Nadeau ([18] and [19]).

It is worth noting that, to avoid local porosity greater than one, the
maximum porosity (Pmax) of mortar has to be lower than one:

Pmax = [A(XI_XA)m + pB]Sl (9)
This restriction leads to a maximum value for m.
2.4. Applications to mortars with a porosity gradient

The aggregates are poreless, the ITZ is made of a porous material
(which the matrix has been chosen to be either Porlandite or “SPCP”)
with the porosity defined by Eq. (5) and the bulk cement paste B has
been considered as a porous material with the porosity pg and with
the material “SPCP” as solid matrix. The porosity gradient inside the
mortar is determined from experimental data obtained from mortars
and cement pastes with the same water to cement ratio. The
knowledge of the porosities of the different phases is required (Fig. 3).

In order to use the (n+ 1)-phase model the following discretiza-
tion is applied:

* Phase 1: aggregate

 Phase 2 to n — 1: different layers in the ITZ

« Phase n: bulk cement paste

 Phase n+ 1: Equivalent Homogeneous Medium
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Bulk cement paste:
Pores+SPCP

porosity: pg

Discretized ITZ:
Pores+M;

Porosity: p (x)

Fig. 3. Adaptation of the (n+ 1)-phase model to mortar.

The different steps of the application of the (n+ 1)-phase model
are then:

1. Determination of the parameter A as a function of the parameter m
from the experimental data (fa, t;, p and pg) according to Eq. (6).

2. Determination of the behavior of the “SPCP” phase thanks to an
inverse (2 + 1)-phase model (adapted to porous materials Eqs. (16)
and (21) from the measured moduli of the cement paste.

3. Determination of the behavior of the bulk cement paste with
Egs. (16) and (15) used in a direct manner with the porosity pg and
the matrix “SPCP”.

4. Choice of the solid phase of the ITZ (here portlandite or “SPCP”).

. Determination of the global behavior as a function of m.

6. Determination of the possible distribution of porosity within the
Interfacial Transition Zone (different possible values of m) by fitting
the model predictions to the measured moduli (here either for a
given value of m the effective behavior of the mortar is determined, or
for a given Young's modulus of a mortar the corresponding value of m
is performed).

w

In Section 3, experimental results are presented. Mortars are cast
with different aggregate sizes to study the sand size effect. A procedure
allowing the determination of global porosities of the different phases
(and more particularly in the ITZ phase) is proposed.

In Section 4 the model development is applied. Input data are
discussed through parameter studies.

3. Experimental study

In order to study the effect of ITZ on the mechanical properties of
mortars and to determine the relevant input data used by the
micromechanical model, experimental tests have been performed, on
the one hand on mortars denoted M with different aggregate size and
with the same aggregate volume content and on the other hand, on
one cement paste denoted CP. This test program allows us to
characterize the influence of the porosity gradient in cement paste
matrix on the macroscopic properties as shown, for instance, in Caré
[20] and Caré and Hervé [21] for the diffusive properties.

3.1. Material and specimen preparation

Four types of materials have been tested: a cement paste (denoted
CP) and three types of mortars (denoted MC, MM and MF) with the
same water to cement ratio (W/C=0.45). The cementitious materials
are made of Portland cement (European grade CEM I, 52.5), with a
specific Blaine surface area of 3200 cm?/g and with an average cement

diameter of about 30 um (Fig. 4). The mortars M have been cast with
three types of round sand: the first one was a fine siliceous sand
(0.315/1 mm) labeled F, the second one was a medium siliceous sand
(0.315/2 mm) labeled M and the third one was a coarse siliceous sand
(2/4 mm) labeled C. Fig. 5 shows the grain size distribution of these
sands. They are considered as non porous because their absorption
coefficients are lower than 0.5%. The sand volume fraction f, was
equal to 0.50. A superplasticizer was used to minimize air void
content.

After mixing, the mixes were poured in cylindrical moulds (¢
70x 150 mm) without vibration to avoid segregation. A rotating set up
was used for 24 h during setting to obtain homogeneous samples
without segregation. After demoulding, specimens were tightly
wrapped in two superimposed adhesive aluminum sheets until the
beginning of experiments.

3.2. Microstructure analysis

The microstructure of the studied materials has been investigated
by Mercury Intrusion Porosimetry (MIP) measurements and by
Scanning Electron Microscopy (SEM) observations. Before testing,
the samples have been dried by a freeze-drying technique. The details
of the experimental procedures are given in Caré [20] and the main
results are summarized hereafter.

3.2.1. SEM analyses and volume fraction of ITZ

Details of the spatial distribution of the different phases (A, I or B)
and then of the porosity are given in Figs. 6-8 from SEM observations.
A layer characterized by a darker ring was observed at the interface
aggregate/cement paste for all the mortars (Figs. 6.1 and 7). This layer
characterizes the ITZ phase. Our observations showed that ITZ
features are highly variable from location to location (Fig. 7). Its
measured thickness t; ranged between 0 and about 60 pum (as seen in
Fig. 7). A mean value around 30 pm is considered as the average

100
80+
o0
£ 60+
w2
3
53 404 Cement particle: 15 um
for %passing=50%
20
0 1 T T T T T T T
25 50 73 100 125 150 175 200
Cement particle diameter (um)
25
20 Mean diameter : 30 um
= —
5]
T 15
g
&
£ 10
13
5 -
0 -

) % 6 0 4k e o
Cement particle diameter (um)

Fig. 4. Grain size distribution of the used cement.
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Fig. 5. Grain size distribution for the sand C (2/4 mm) M (0.315/2 mm) or F (0.315/1 mm).

thickness of the ITZ and corresponds to about the median size of
cement grains (or twice the size of cement grains for a passing equal
to 50%, Fig. 4).

Furthermore the ITZ phase appears as an inhomogeneous phase
with large detectable porosity (Figs. 6.3 and 8) and dense material
(with a high amount of portlandite). According to previous works
[22], there is a porosity gradient in the ITZ phase which depends on
the composition of the ITZ phase. For instance, SEM observations
coupled with EDS analysis (Fig. 8) show that large crystals of
portlandite (CH) are sometimes deposited on aggregate particles so
that the porosity in the layer close to the aggregate may be very low.
Some ettringite can be observed in the ITZ phase (Fig. 6.3) as
mentioned by Monteiro and Mehta [23] but in smaller proportion.

Generally the ITZ zone is very porous within the first um from the
aggregates surface.

Furthermore, as shown by Scrivener [24], it is difficult to exhibit an
“average” ITZ microstructure because there are large variations of
microstructure in the ITZ. Even if the visual observations of the ITZ
features look like for all mortars, the distribution of porosity versus the

Fig. 7. SEM observations on polished surface for mortar MF with aggregates A, ITZ I and
bulk cement paste B. ITZ phase: darker ring variable thickness (0-60 pm).

distance from the aggregate is different for coarse and small aggregates
according to Basheer et al. [25].

Far from the ITZ zone a denser material can be observed with
homogeneous properties. The microstructure in the bulk cement paste
(Fig. 6.4) is quite dense and without a large porosity. This phase is
mainly composed of a C-S-H products and anhydrous cement.

The ITZ volume content f; according to Garboczi [17] is given by:

fi = 1—ey(t)—fa, (10)

This equation takes into account the overlaps of the interfacial
transition zones. The functional form of ey(r) is given by:

ey(r) = (1—fy)e e+ +er) (11)

where p is the total number of aggregates per unit volume, r is the
thickness of a spherical shell added around each one of aggregate
spherical particle, and the coefficients c, d, and g are given in term
of average over the aggregate particle size distribution. The function ey(r)

3 by
M2F. 25)06/1838

Fig. 6. SEM observations for mortar MF with phases A = aggregate, | = ITZ and B = bulk cement paste. (5.1, 5.2): observations on polished surface; (5.3, 5.4): examples of ITZ and bulk

cement paste on fracture surface.
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Fig. 8. SEM observations for mortar MM (8.1) and MC (8.3) and element Ca repartition by EDS at the interface sand/cement paste for mortars MM (8.2) and MC (8.4). White zone
represents phase with high level of calcium. With phases A=sand, I =ITZ and B=Dbulk cement paste.

is determined from the volume fraction of aggregates, the aggregate size
distribution, which is given in Fig. 5, and the thickness of ITZ (r=¢).
Table 1 gives the values of f; for each mortar for t;=30 pm or ;=60 pm.

3.2.2. Pore size distribution

Mercury Intrusion Porosimetry (MIP) measurements have been
carried out to determine the pore size distribution. For each specimen,
three samples have been tested and the results averaged. Fig. 9 presents
the pore size distribution of the mortars (MC, MM, MF) and of the
cement paste CP (given for the same mass of cement paste matrix). The
porosity characteristics for each mixture are summarized in Table 2.

The presence of aggregates A tends to modify the pore structure of
the materials. On the one hand, the distribution of hydrate pores
(Rp=~20 nm) is slightly shifted towards finer pores and the proportion
of this kind of pores in mortars is lower than the one of the cement
paste CP. On the other hand, coarse pores (R,>200nm) appear and are
attributed to the presence of the ITZ phase I located at the interface
sand/cement paste. These results are in accordance with previous

120
E 100+ n
E d - = -« Cement paste CP
E 804+ ; “-‘ = Mortar MF
E
~ !' . Mortar MM
S 60+ ]
& » Mortar MG
g 40 : // !
z o/
-~
2 204

0_

1 10 100 1000
Pore radius Rp (nm)

10000 100000

Fig. 9. Incremental porosity versus pore radius Rp (nm) for mortars MC, MM, MF and
cement paste P (for the same mass of cement paste matrix).

published results [26] showing that porous ITZ are expected to be
accompanied with more dense bulk cement pastes, i.e. less porous
bulk cement paste (with respect to the water-cement ratio).

3.2.3. Determination of the global porosity in the different phases

The model development for determining the porosity gradient in the
cement paste matrix (Eq. (6)) requires having the global porosity in the
different phases. For that purpose, MIP measurements are used
assuming that the increase of porosity may be attributed to the ITZ phase.

The proportion of pores with a radius lower than 200 nm is
attributed to the porosity of bulk cement paste B in mortars because
the proportion of the porosity >200 nm for the cement paste CP is
inferior to 3% (see Table 2) and because the ITZ layers around the
aggregates A are interconnected thanks to cracking generated by
autogeneous shrinkage or by drying shrinkage due to freeze-drying
(Fig. 7). So, it may be considered that all the volume of mercury above
200 nm corresponds to the ITZ porosity and that all the volume of
mercury under 200 nm corresponds to the bulk cement paste porosity.
The porosity named pg in phase B is:

pg = Pp*Ag / Ap (12)

where pg (%) is the porosity of bulk cement paste B in mortars, pp (%) is
the porosity of the cement paste CP, Ag (%) and Ap (%) are the proportion

Table 2

Experimental data on porosity characteristics: mercury porosity characteristics: total
porosity P (%), relative proportion in % of hydrates porosity (R,<200 nm) and of capillaries
pores (R,>200 nm). Average porosity in the bulk cement paste pg and in the ITZ p;
according to Egs. (12) and (13).

Material D MC MM MF
Total porosity p(%) 22.6 11 122 13
% small pores (Rp<200 nm) 974 69.7 77.7 78.2
% capillaries pores (Rp>200 nm) 2.6 30.3 22.30 21.8
pe (%) 22.6 16.2 18 18.2
pi (%) with ;=30 um / 97.1 49 43.7

p1 (%) with ;=60 um / 55.6 334 313
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of pores in mortars M and cement paste P with a radius lower than
200 nm.

Moreover, the average porosity in ITZ phase p; for all the ITZ
thicknesses t; may be estimated according to (see Table 2):

p = fipi + fybs (13)

It appears that the porosity in the bulk cement paste pg is all the
more important as the sand is fine. Furthermore, the coarser the
aggregates are, the more porous it is at the ITZ as a consequence of
lower porosity in the bulk cement paste (Table 2). This result means
that the large aggregate particles tend to accumulate more bleed
water around it than smaller aggregate particles so that the local
water-cement ratio in the bulk cement paste or the porosity in the
bulk cement paste are lower for large aggregate particles than for
smaller ones. It can be noticed that the finer sand has a larger surface
area (for the same volume content), so that an opposite effect could be
expected: more bleed water on the fine sand. Our result, which is in
accordance with Elshrief et al.'s results [27] showing that the ITZ
porosity is lower with small aggregates, may be explained by the fact
that the “intensity of the wall effect” depends upon the sand size.

Furthermore, it can be noticed that there are inherent problems
associated with the MIP method, as mentioned by Diamond [28], which
can lead to errors on the determination of the global porosity of the ITZ p,
and of the bulk cement paste pg. Parametric study in Section 4 will be
carried out to take into account this effect.

3.3. Elastic properties

Compressive strength tests on the specimen were performed on a
MTS servo-hydraulic testing machine of 100 kN capacity at an imposed
stress rate of 0.5 MPa/s on cylindrical specimen with a diameter of
70 mm, and height of 150 mm. For the determinations of Young's
modulus and Poisson's coefficient a special extensometer, the J2P [29]
was used. This extensometer consists of three displacement transdu-
cers (LVDTs) arranged at 120° to measure Young's modulus and of
three displacement transducers diametrically placed to measure
Poisson's coefficient. The displacement transducers are supported by
aluminum rings in contact with the specimen through elastic heads.

The elastic properties for the cement paste CP and the mortars
(MC, MM, MF) are given in Table 3. For each specimen, six samples
have been tested and the results averaged. It is worth noting that the
relative error on Young's modulus, between the average value (E;)
and the maximum or the minimum measured value (Eq, OF Emayx) iS
lower than 6% for all the materials.

From data in Table 3, it can be seen that the modulus of elasticity
increases with ITZ volume fraction f; and that Poisson's ratio is quite
similar whatever the size of sand.

Although the differences between the experimental moduli are
weak, the effect of sand size is noteworthy and Young's moduli
slightly increase with finer sand. The results for mortars MM and MF
are the same order of magnitude because the grain size distributions
of the sand M and the sand F are similar. Young's modulus for mortar
MC is quite different in coherence with the grain size distribution.
Furthermore measured Young's modulus may be correlated to the
porosity pyin the ITZ phase; it is all the more important as the porosity
pr in the ITZ phase is low.

4. Relevant parameters influencing elastic properties

This section aims to determine which relevant microstructural para-
meters influence the elastic properties of mortars. The input parameters
are presented hereafter, either given from our results (Section 3) or from
literature results. The influence of those input parameters are discussed.

4.1. Input parameters

The input data for the three phases (A, I and B) are given as follows
(Table 4):

® Forthe sand (A) with f = 0.5. As the mechanical properties of round
sands are not well known, two types of mechanical properties have
been considered:

1. the first case corresponds to E, =86.9 GPa and v, = 0.17 which
are data considered in previous works [14,18,19] to study the
influence of ITZ on mechanical behavior of mortars.

2. the second case corresponds to Ex =70 GPa with the assump-
tion that v4=0.2.

® For the bulk cement paste (B) assumed to be composed mainly of

“SPCP”:

- it was assumed that the elastic properties of the solid phase are
the same as the ones of the cement paste CP. Applying step 2
presented in Section 4 we found for this material Espcp=
26.61 GPa, Vspcp = 0.233. The values we get are the same order of
magnitude than the values for the C-S-H (for instance in [4,30]).

- the decrease of the porosity (labeled pg) in the bulk cement
paste compared to the porosity of the cement paste P has been
here taken into account. The porosity pg is determined from MIP
tests according to Eq. (12). This point will be discussed after
summarizing the main obtained results to take into account the
inherent problems associated to MIP measurements.

® For the ITZ

1.1t can be noticed that the thickness is not constant around each
aggregate but nevertheless it makes sense to consider a constant
one in the model because the used model is based on average
operation on the all the aggregates present in the mortar.
Consequently, we have considered that the thickness of the
many ITZ regions was uniform and then could be defined by the
median cement particle diameter (=30 pm). Furthermore
another case has been considered with (t;= 60 um) to take into
account the heterogeneity of the thickness. The case without
ITZ (t;=0 pm) is also considered in the discussion (see Table 5).

2. Two cases for the mechanical properties of the solid phase have
been considered:

(a) The first mechanical properties of the solid phase we have
considered here (named M;) has been chosen equal to those
of CH given in [4] assuming that the solid phase is mainly
composed of CH (E=42.33 GPa and ¥=0.324).

(b) The second ones (material named M) are those of the solid
phase SPCP assuming that the solid phase is mainly composed
of the solid phase SPCP (as in the bulk cement phase).

All these assumptions allowed studying whose parameters may
affect the macroscopic properties.

Table 3 Table 4
Experimental elastic properties. Young's modulus E, Poisson's ratio v. Mechanicals properties of the different phases.
B Average E (GPa) Iess Average v Material E GPa v
P 16.1 16.54 17.3 0.23 A 86.9 0.17
MC 28.7 30.1 31.7 0.20 A 70 0.2
MM 31.5 328 33.0 0.19 M; 423 0.324
MF 32.0 339 348 0.21 M 26.6 0.233
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Table 5

Different thicknesses of the ITZ.
Thickness () of the ITZ pm
t 30
t 60

4.2. Effect of the gradient of porosity in the ITZ phase

In order to understand the influence of the distribution of porosity
in the ITZ on the mechanical properties of mortars, the effective
Young's modulus versus the exponent m (see Section 3) has been
determined for the mortar MF, taking into account the decrease of
porosity in the bulk cement paste. The porosity pg in the bulk cement
paste and the total porosity p have been determined from MIP tests. In
these applications, it is assumed that the ITZ is mainly composed of
portlandite (CH) with a thickness equal to 30 or 60 um. The effective
Young's modulus versus the exponent m is given in Fig. 10. The
effective Young's modulus decreases with the exponent m for all the
cases. The upper and lower values of the exponent m may be de-
termined from the maximum and the minimum measured Young's
moduli. For example for the case (A4, t;, M1), the exponent m ranges
between 3.71 and 4.25 and is equal to 3.94 when the effective Young's
modulus is equal to the average experimental value.

For all the cases, this result shows that the exponent m of the
power-law depends on several parameters (thickness of the ITZ,
mechanical properties of the sand) and cannot be a priori chosen (for
instance constant, linear or quadratic distribution are not always
possible).

4.3. Effect of the composition of the ITZ phase

In order to know which kind of composition of the ITZ (portlandite
or “SPCP”) can lead to an acceptable global Young's modulus, sim-
ulations have been carried out (see Tables 6-8) for different pos-
sibilities of the input parameters (aggregate, thickness of ITZ). Firstly
the effective Young's modulus E,, — ¢ for the exponent m equal to zero
(meaning that the ITZ is homogeneous) has been determined.
Secondly, the exponent m which allows fitting the experimental
average Young's modulus has been determined when the modulus
En — o is greater than it.

It is then possible to determine which parameters may affect the
mechanical properties.

* I[f the effective Young's modulus E,;, — o for m =0 is lower than the
minimum experimental Young's modulus, the input parameters
cannot be used to estimate the mechanical properties (“NO” in the
last column of Tables 6-8).

Table 6
Effective behavior of the mortar MF for homogeneous ITZ (m=0) and exponent m
fitting experimental Young's modulus.

A t M  Ep—o(MPa) vVy,—o mfor ET=339 (MPa)  Possible
1 1 1 35.29 0217 0966 Yes
1 1 2 30.71 0207 / No
1 2 1 39.36 0226 394 Yes
1 2 2 31.88 0205 / No
2 1 1 32.72 0226 / Partially
2 1 2 28.78 0215  / No
2 2 1 36.23 0236  3.019 Yes
2 2 2 29.76 0214 / No

® If the effective Young's modulus E,, — o for m=0 is greater than the
minimum experimental Young's modulus there are two possibilities:
1. E,—oisalso greater than the maximum experimental Young's
modulus, then the input parameters are acceptable (“Yes” in
the last column of Tables 6-8).
2. En—o is lower than the maximum experimental Young's
modulus, then the input parameters are partially acceptable
(“Partially” in the last column of Tables 6-8).

These results show that the portlandite phase is always acceptable
whatever the other input parameters are for MM and MF mortars. On
the contrary, for the MC mortar, this conclusion is also “valid” for
t;=60 um but not for ;=30 pm because for this thickness the
porosity is too high in the ITZ (see Table 2, py=97.1%). It can be
noticed that Poisson's ratio is quite similar whatever the input
parameters.

4.4. Discussion

It is worth noting that the effective mechanical properties of mortars
can also be predicted by a (2 + 1)-phase model (only taking into account
the presence of aggregates and of a homogeneous cement paste). In this
case the mechanical properties of the cement paste are considered to be
equal to those of the cement paste CP.

The predicted effective Young's moduli E°™ are given for the mortars
with the two sands A; and A, and compared to the experimental average

Table 7
Effective behavior of the mortar MM for homogeneous ITZ (m=0) and exponent m
fitting experimental Young's modulus.

A t§ M  Ep_o(MPa) Vn_o mfor EET=328 (MPa)  Possible
1 1 1 34.66 0214 0946 Yes

1 1 2 31.07 0207 / No

1 2 1 38.01 0219 351 Yes

1 2 2 32.48 0205 / Partially
2 1 1 32.19 0223 / Partially
2 1 2 29.12 0215 / No

2 2 1 35.06 0290  2.819 Yes

2 2 2 30.31 0214 / No

Table 8

Effective behavior of the mortar MC for homogeneous ITZ (m=0) and exponent m
fitting experimental Young's modulus.

R B A S — —
= e — Aggregate 1,4=30u, M=M | §
= C TS -+ Aggregate 2,t=30u, M{=M | ]
% Ty " — . Aggregate 1,1=60u, M;=M | {
é: 38 o S~ |~ Asgregae 2,4=60u, M=M | 3
ERN Y S~ ]
g s SO E
@ 3BE T~ \\\ E
w0 F . ]
= m=0.46 ~._ m=2.28 N m=3.71 ]
5 k. e T L T ]
S F E_=348MPa -« e 3
o 34F ~. \ -
; ; k ~ \ E
8 | m=1 \m=3dy m=4.25]
& it E,=320MPa "\ "\ 3
“TE : 1 i 1 L N ey E

0 1 2 3 4 5

m, exponent of the power law function

Fig. 10. Effective Young's moduli for the mortar MF and for different gradients of porosity.

A i M  Em—o(MPa) Vn—o mfor ET=30.1 (MPa)  Possible
1 1 1 16.68 0218 / No
1 1 2 13.56 0208 / No
1 2 1 34.751 0213 0973 Yes
1 2 2 31.58 0208  0.543 Partially
2 1 1 16.30 0211/ No
2 1 2 13.36 0217 / No
2 2 1 32.31 0228  0.79 Yes
2 2 2 29.60 0216  / Partially
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Table 9
Predicted Young's modulus EST with the (2+ 1)-phase model and relative errors
between predicted values E™ and experimental average ones E,.

Sand A; Sand A,
E* (GPa) 34.14 31.72
(E* — E,)/E*" for MC in % 11.75 5
(E*— E,)/E for MM in % 37 —36
(E*T— E,)/ES for MF in % 0.7 —6.8

value E, by determining the relative error (see Table 9). For all the cases,
the error is lower than 12%, which may be considered as suitable for the
prediction of the mechanical properties because it is of the same order of
magnitude than the experimental error. This (2 + 1)-phase model, on
the contrary of the (n+ 1)-phase model, cannot be used to predict the
possible composition of the ITZ (see Section 3) and is unable to predict
the local porosity and mechanical properties in the cement paste. For the
input parameters (A, t;, M;) which can be used for the three mortars,
the local porosity and the local Young's modulus versus the normalized
distance to the center of the aggregate (x defined in Section 3) are given
in Figs. 11 and 12. Particularly these results show that the ITZ
characteristics (porosity gradient and then gradient of mechanical
properties) are different for small and coarse sands. It is important to
take into account this porosity gradient, for instance, for the diffusion
and leaching studies.

It is also worth noticing that these conclusions are linked to the
used value of the porosity in the bulk cement paste (pg), emphasizing
the fact that it is necessary to get precise experimental results for psg.
The exponent m which allows fitting the experimental average
Young's modulus has been determined for different porosity pg of the
bulk cement paste (Table 10).

Table 10 shows that, even for other values of pg there is a porosity
gradient in the ITZ and this gradient is always different with coarse
and fine sands. Consequently, if there is an error in the experimental
determination of pg the kind of results would have been the same
but with other values for m. It is worth emphasizing that the porosity
in the bulk cement paste has to be different from the one of the
cement paste CP, if not it would lead to a problem to determine the
effective behavior of mortars with such porosity (see last line of
Table 10).

5. Conclusion

The aim of this study was to determine which relevant micro-
structural parameters act on the effective elastic properties of mortars.
For that purpose, a micromechanical model (n+ 1-phase) has been
adapted to estimate in a non-destructive manner the possible
distribution of porosity within the Interfacial Transition Zone and

1 : . : ; - - .
— Mortar MC, Aggregate 1,4=60u, M;=M,
08+ - -+ Mortar MF, Aggregate 1,1=60u, M=M, | _|
’ — - Mortar MM, Aggregate 1,t=60, M;=M,
2
Z 06} .
—_
=]
o
= i
8 0!4 = -
- .
\\"'.. Bulk Cement Paste
02F N i sy MHE
- Aggregate | [TZ
0 " 1 i ] ]
0,7 0.8 0.9 1 1,1

Normalized distance from the center of the aggregate

Fig. 11. Local porosity.

T T T T T T T
80 — Mortar MC, Aggregate 1,t=601, M=M
z - - - Mortar MF, Aggregate 1,t=60p, M =M
= — - Mortar MM, Aggregate 1,4=60u, M;=M
=
S 60 -
=
'\U:
&
= 40 -
<
> PATRIRSRERSLTY
e e
B | MHE
S 20F -
I Aggregate Bulk Cement Paste
0 ) : L L 1 L
0,7 0.8 0.9 1 1,1

Distance from the center of the aggregate

Fig. 12. Local Young's modulus in each phase for different mortars versus the normalized
distance from the aggregate.

comparisons between predicted results and experimental ones have
been carried out:

® the (n+1)-phase model has been adapted to determine the
porosity gradient in all inclusion/matrix type composites with
interphase (as the ITZ in the case of mortars) from the porosity of
the matrix (as the bulk cement paste here), the global porosity and
mechanical properties of each phase.

® Microstructural and mechanical properties have been determined
on mortars with different sand sizes. Young's modulus of mortars
is higher with fine sand (high volume fraction of the ITZ) than with
coarse sand (low volume fraction of the ITZ) as a consequence of a
lower porosity in the ITZ.

* from the comparison between the experimental and predicted
results, by using the (n+ 1) phase model in an inverse and in
direct manner, the following conclusions can be drawn:

- The possible distribution of porosity (defined by a power-law
with an exponent m) within the Interfacial Transition Zone by
fitting the model predictions to the measured moduli have
been determined. The results show that the exponent m of the
power-law depends on the type of sand (size, mechanical
properties), on the ITZ characteristics (thickness, composi-
tion) and the porosity in the bulk cement paste, and simple
values of m (for instance value corresponding to constant,
linear or quadratic distribution) are not always possible.

- The effective Young's modulus may be equal to the experimental
average modulus with the same input parameters (sand,
thickness and composition of ITZ) for all mortars but the
distribution of porosity in cement paste is not the same for
small and coarse sands.

- The tests of different input parameters have shown that the
portlandite is always a possible material for the ITZ.

Table 10
Exponent m for the average experimental Young's modulus with the input parameters
(A1, ta, My).

MF MM MC
PB%
16.2 293 2.50 0.97
17 3.28 2.89 131
18 3.2 3.51 1.90
18.2 3.94 3.66 2.05
19 5.51 436 2.84
20 543 5.58 4.69
22.6 103 14.8 No




E. Herve et al. / Cement and Concrete Research 40 (2010) 1060-1071 1069

There is still a need for more experimental results to estimate the This micromechanical modeling, taking into account the gradient of
Young's modulus in mortars from mixing proportions. This implies a properties in cement paste matrix (ITZ and bulk cement paste) allows to
better understanding and a quantification of the characteristics of study the effect of leaching on mechanical properties. Thanks to the
the Interfacial Transition Zone (composition, gradient) and of the approach presented in this work it will be possible to estimate the

decrease of the bulk cement paste porosity with the size of the sand. evolution of the elastic moduli of mortars subjected to leaching by taking
This study has to be extended to the case of concrete too. into account the increase of porosity induced by dissolution of portlandite.
Appendix A

Elastic properties of porous materials and of multiply coated particle-reinforced composites

Elastic properties of porous materials

The effective behavior of a composite material made of pores (volume fraction c) embedded in a matrix (let (um, vy, K;,,) be respectively its
shear modulus, its Poisson's ratio and its bulk modulus) is given by:

eff A, K, (1—c)

= e "
and the effective shear modulus is the positive root of the following second order equation:
2
A(ﬁ)) +B(i)) +C=0 (15)
M M

with:

10 7 5

A = 2(4—5v,)(7 + 5v,,)c3 —25(vip—7)3—252¢3 + 50(7—12v,, + 8v5')c + 4(7—10v,,)(7—5v,,)
10 7 5

B = —(7 + 50,)(1—=5v,)c3 + 50(v'—7)& + 5040 + 1500,,(vyy—3)C + 3(15V,,—7)(7—5v,)

10 2 NI 5 )
C = (5v,—7)(7 + 5v,,)c3 —25(vm—7)cs—252c3—25(vm—7)c—(7 + 51,,)(7—5v,,)

It is worth noting that the foregoing results (given by Eq. (14) for K by and by Eq. (15) for ) can also been derived by considering that, in the
Generalized-Self-Consistent model proposed by Christensen and Lo [32], the bulk and shear moduli of the innermost phase tend to zero (See
Hervé and Pellegrini [33]).

Elastic properties of multiply coated particle-reinforced composite

From Hervé and Zaoui [31] we can determine the effective behavior of multiply coated particle-reinforced composite. Let N and M) be

4
] 1 3K + A v 1 o3 (M 1 1)
N = ' R} (16)
3Ky 41 + Ay 4 5
3(Ki + 1—Ki)Re 3Ky 1 + 4wy
and
A(f,—270,)
Ce R2(3b,—7c}) 120y 15({—72"0&3
3 5(1—2vy) [
0 (1=2v 1 )b 20((1=2v; 4 4) oy _—12ak(1—2vk§1)
MK = 1 7((1=2vy) 7R] 7(1=2v )Ry
51—V 1 1) Ry _ ReQay + 1470y) dy RE[105(1—vy 4 1) + 1204 (7—10v; , 1) —7¢,]
2 70(1—2vy) 7 35(1—2vy)
_ S5
—2(1—2% DR 7(=2v 4 1) e 0 ex(1=2v 4 1)
3(1—2v,)

(17)
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with

O = (7 + 5 (7100, 1) B (7= 100 (7 + 50y 1)

+1

by = 4(7—10v) + (7 + Svk)W“*

+1
e = (7=5v, 4 1) +2(4=5v; , 1)%

dk = (7 + SVk + 1) + 4(7—10Vk + ])

M 41
e = 2(4—5v;) + (7—5v,)-t
M +1
fe = (4=5v)(7=5v; 4 1) —(4—5v 4 1)(7_5Vk)p:lj:1
K
o = —1
k u7<+1

We now consider the particular matrices:

1 . 1 .
j=k j=k

and from P®®) we can define the matrix Z¥) by
Zop = Py 'Piy ' =Pl ' Phy  withae[1, 4]and pE(1, 4]

with a€[1,4] and B€([1,4].

(18)

(19)

The effective behavior (K°, 1£), respectively the bulk modulus and the shear modulus, of such materials are given by:

Kerf = 31<nR§Q’](’;1,71) _4””Q§2'71)
3(kialt 7+ ot )

and 7 is the positive root of the following second order equation:

A<£)>2 + B(%)) +C=0

with:

A = 4R!°(1—2v,)(7—10v,)Z;, + 20R] (7—12vn + 8v§)(7—10vn)z42 + 12R(1-2v,)(Zys—7Zy3) + 20R3(1—2v,)°Z;5 + 16(4—5v,)(1—2v,)Z43

B = 3R} (1—2v,)(15v,—7)Z;5 4 60R.(v,—3) v, Z4y —24R5(1—2v,,) (Zy4—7Z53) —40R3 (1—21,)?Z;3 —8(1—5v,) (1—2v,) Zs3
C= —R°(1—2v,)(7 + 5v,)Z;, + 10R’ (7—vﬁ)z42 + 12R)(1—2V,))(Z14—T7Z53) + 20R3(1—2v,,)°Z13—8(7—5V,))(1—2V,)) Z43
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