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Abstract

Water—cement ratio gradients are modeled through the interfacial transition zone (ITZ) of a mortar with spherical inclusions. The model is
a function of the over-all water—cement ratio, volume fraction and radius of sand, specific gravity of cement and thickness of ITZ. Based on
experimental data from the literature, the dependence of saturated, homogeneous cement paste is modeled as a function of water—cement
ratio. Subsequently, the effective bulk and shear moduli for mortars are determined using a generalized self-consistent method. Finally,
application of the model to data in the literature pertaining to elastic wave speeds in saturated mortars composed of 20—30 screened sand with

an overall water—cement ratio of 0.3 yielded a mean ITZ thickness of 48.3 pm. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The interfacial transition zone (ITZ) is characterized by
gradients in porosity and chemistry which then affect the
properties of cementitious composites. The ITZ arises due to
a limitation in the packing of cement particles in the vicinity
of the surface of aggregates [1] often referred to as the “wall
effect.” Scrivener and collaborators have observed an inter-
facial zone of 30—50 pm thick [2,p.154] in normal concretes
by means of image analysis of SEM micrographs. Further-
more, the thickness appears to be independent of the size of
the aggregate, however, it does appear to be a function of
the size of largest cement particles, and to a lesser degree of
the roughness of the aggregates, and the overall water—
cement ratio [3].

Nilsen and Monteiro [4] concluded that the ITZ in mortars
and concretes must be included in models pertaining to the
effective elastic properties of such materials. The basis of
their conclusion stemmed from the observation that mea-
sured elastic properties for mortars and concretes fall below
the lower Hashin-Shtrikman bound computed assuming that
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concrete is a two-phase (aggregate and homogeneous cement
paste) composite. There have been numerous subsequent
investigations into the influence of the ITZ on the effective
elastic properties of cementitious composites. Yang [5],
Ramesh et al. [6] and Li et al. [7,8] have developed elastic
models which approximate the entire ITZ as a single phase
with homogeneous properties. As reaffirmed in a recent
review [9], the gradients of the elastic properties within the
ITZ are important and they have been addressed as a power
law variation by Lutz and Zimmerman [10] for the bulk
modulus and a piecewise constant variation by Garboczi and
Bentz [11]. Both investigations [10,11] are limited, however,
to dilute suspensions of aggregates.

In Section 2, a model is developed for the spatial
variation in the water—cement ratio through the ITZ. In
addition, a generalized self-consistent model [12], applic-
able to nondilute concentrations of aggregates, is applied to
calculate the effective elastic properties of a mortar. In
Section 3, a model for the dependence of the elastic proper-
ties of cement paste on water—cement ratio is constructed
based on experimental data from the literature. In this paper,
it is assumed that the length scale of the cement paste’s
microstructure is sufficiently small with respect to the size
of the aggregate inclusions that it may be accurately
modeled as homogeneous. The model is applied in Section
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4 to published data on wave speeds in saturated mortars to
measure the thickness of the ITZ. Concluding remarks are
presented in Section 5.

2. Model development

In this paper ¢ will be used to denote volume fractions
relative to the entire volume of the cementitious composite
V' while o will be used to denote local volume fractions.
Thus, for example (Eq. (1)),

1
cazv/uadV (1)
v

where the subscript a denotes “aggregate.”

The distribution in the percentage area of anhydrous
cement as a function of the distance from the surface of
the aggregate x initially after mixing has been computed by
Scrivener and Pratt [3, Fig. 1.5] using microstructural
gradients measured in hardened pastes. In this case, because
the results are presented for the state immediately after
mixing, there are assumed to be no hydration products
and thus the percent area of unhydrous cement is equal to
the percent area of cement. It follows with appropriate care
[13] that area fractions are equivalent to volume fractions.
Thus, the initial percentage area distribution of anhydrous
cement calculated by Scrivener and Pratt can be transformed

to the volume fraction distribution of cement through the
ITZ presented in Fig. 1. These data are fitted, by means of a
least squares analysis, with the function:

= =8P\ 2
ooty = [R[1+al5)] 0<xcw 2)
ab x>6P

where, a., &f and ¢F are fitting parameters. The parameter
" can be interpreted as the thickness of the ITZ, and & as
the local volume fraction of cement in the bulk paste. By
bulk paste, it is meant the non-ITZ cement paste. A least
squares analysis yields a.=—0.4959, o&?=0.4430 and
8 =21.52 um. The curve fit is presented in Fig. 1.

The local cement volume fraction through an ITZ of
thickness ¢ is taken to vary in the following manner

— r—ry—6)2
%m{?{””*ﬁ_” nErERTS )
Qe r Z Va + 6

where r is the distance from the center of an aggregate of
radius 7, and &, is the local volume fraction of cement
throughout the bulk paste. For lack of data, it is assumed
that a. is independent of all variables, thus,

ae = —0.4959 (4)

from the analysis associated with Eq. (2). This quantity &
is as yet unknown, but it will be derived below. This
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Fig. 1. Initial volume fraction of cement versus distance from aggregate interface. The solid line is the least squares fit of Eq. (2) to the data of Scrivener

and Pratt.
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Fig. 2. Effect of variation in (a) &, and (b) 6 on the distribution of cement through the ITZ.

assumption (3)—(4) recovers the finding of Scrivener and
Pratt, by construction, and is consistent in that (Eq. (5))

lim o, =0 Vr>r,. (5)

Qlg—

For illustrative purposes, and irrespective of keeping any
other quantity such as bulk water—cement ratio constant,
Eq. (3) is plotted varying &, and § independently. Fig. 2(a)
plots o, with 6=21.52 for &, =0.4430, 0.2 and 0.1. Fig. 2(b)
plots o, with &, =0.4430 for 6=21.52, 30 and 40 pm. The
data of Fig. 1 are also presented.

It now remains to calculate &, based upon the character-
istic of the composite. For the present case, we shall assume
a volume fraction ¢, of equally sized spherical particles of
radius 7, embedded within a cementitious matrix with an
overall water—cement ratio w,. For a volume ¥ of composite
the number of aggregate particles n, contained within V' is
the volume of aggregates divided by the volume of a single
aggregate particle:

c.V

4
3

Ny = (6)

3
"y

The specific gravity of the cement is denoted by G.. It is then
possible to calculate the total volume of cement V. =c.V as

1—c,

Ve=——"7"+
1 4+ woGe

(7)

V. will subsequently be decomposed into portions, within
the ITZ, V™ and outside the ITZ, i.c., the bulk paste,
y 0onITZ n other words, V.=V T4 4 pnonlTZ,

Consider a volume ¥ of the spherically reinforced cemen-
titious composite. Integrating Eq. (3) from r=r, to r,+6
yields the volume of cement within a single ITZ. Multiplying
this integral by the number of ITZs, i.e., Eq. (6), yields

r—r,—0 2 2
l—i—ac T r dr (8)

which is the volume of cement located within all of the
ITZs. Recalling that &, is the local volume fraction of
cement in the bulk paste, the volume of non-ITZ cement in
Vis

rat+0

VC[TZ _ 30363ccV /

a

Fa

Vé‘lOnITZ — &C[V_(Va + VITZ)]

=0 |V— gnaﬁ(ra +8)°]. 9)

Substituting Eq. (6) into Eq. (9) and adding the result to Eq.
(8) yields the total volume of cement in 7 i.e., V.. Equating
this result to Eq. (7) and solving for & yields

10(1—c,)
0460 et { (£) +5(2) + 10] +100-c0]
(10)
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Fig. 3. Spatial variation of the local volume fraction of cement o through the ITZ into the bulk paste. The solid lines all correspond to (ca, 74, Wo, 8) = (0.4, 200,
0.4, 40 pm). The subfigures (a), (b), (c) and (d) depict the changes in o, due to variations in c,, r,, w, and §, respectively. The dashed lines correspond to
increasing the value of the quantity being varied relative to the solid line while the dotted line corresponds to decreasing the quantity in question; the specific

values are detailed in Table 1.

Eq. (3), together with Eqgs. (4) and (10), yields the
spatial distribution of the volume of cement within the
cement paste as a function of the volume fraction ¢, and
the radius r, of aggregates, overall water—cement ratio
Wy, thickness of the ITZ & and the specific gravity of
cement G.. As such, the microstructure of the ITZ is a
function of at least these parameters though the width of
the ITZ is apparently a dependent variable and influ-
enced by, for example, the size of cement particles as
stated in Section 1. Because equal-sized aggregates are
implicit in the derivation there are inherent limits on 7,,
c, and & so that the ITZs of the neighboring aggregates
do not overlap, a situation, which this theory does not
explicitly admit. To ascertain these limits we consider the
packing factor p, the volume of spheres in a unit volume

(Eq. (1D)):

8\ 3
pzca<1—|——) . (11)
For a given packing factor p there are imposed limits on 7,,

ca and § (Egs. (12)—(14)):

min b
v, = ——F7/—_
vP/ca—1

(12)

max __ P
“ T U ron) 1)

g — (m—l)ra. (14)

For FCC packing or an ideal HCP, the packing factor is
p = T/2/6=0.740.

For illustrative purposes, the radial variation of the volume
of cement is presented in Fig. 3, while varying (c,, 7a, W, )
with G.=3.15. Table 1 provides a detailed legend.

The water—cement ratio w through the cement paste
can be computed given the local volume fractions of other
constituents. In this analysis, we shall assume that water is
the only other constituent. Thus, for example, the cement
paste is assumed not to have any macroscopic air voids.
Local porosity, however, in the hydrated cement paste is
of such a scale that it is incorporated in the elastic
properties of the cement paste which vary as a function
of the water—cement ratio. The local volume fraction of
water is thus o, =1— o, and the water cement ratio is
thus (Eq. (15)):

™

= : 15
Y= o (15)
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Table 1

Columns (1)—(6) provide the detailed legends for Figs. 3, 4, 8 and 9. G.=3.15. Columns (7)—(10) provide the mortar’s effective moduli (using k, =44 GPa,
pa=37 GPa) while, for comparison, Columns (11) and (12) provide the mortar’s effective properties assuming no ITZ, i.e., 6=0.

Plot legends

Ta ) K* p* E* Knorrz* Hno 112
Subplot Line type Ca [m] W [pm] [GPa] [GPa] [GPa] vk [GPa] [GPa]
1) (2 (3) 4) (5) (6) @) (®) ) (10) a1 (12)
(a) dashed 0.6 200 0.4 40 27.52 17.75 43.82 0.235 30.58 20.43
solid 0.4 200 0.4 40 23.30 13.52 33.99 0.257 26.00 15.67
dotted 0.2 200 0.4 40 20.94 11.15 28.41 0.274 22.30 12.13
(b) dashed 0.4 800 0.4 40 25.05 14.75 37.00 0.254 26.00 15.67
solid 0.4 200 0.4 40 23.30 13.52 33.99 0.257 26.00 15.67
dotted 0.4 100 0.4 40 22.83 13.31 33.43 0.256 26.00 15.67
(c) dashed 0.4 200 0.5 40 18.71 10.15 25.78 0.270 21.08 12.32
solid 0.4 200 0.4 40 23.30 13.52 33.99 0.257 26.00 15.67
dotted 0.4 200 0.3 40 27.18 16.50 41.16 0.248 29.54 18.50
(d) dashed 0.4 200 0.4 50 23.00 13.34 33.54 0.257 26.00 15.67
solid 0.4 200 0.4 40 23.30 13.52 33.99 0.257 26.00 15.67
dotted 0.4 200 0.4 30 23.73 13.79 34.66 0.257 26.00 15.67

For illustrative purposes, the radial distribution of the
water—cement ratio, for the cases considered in Fig. 3, are
plotted in Fig. 4. Note that for the solid lines, with an overall
water—cement ratio w,=0.4, the bulk paste water—cement
ratio is lower at 0.34 and the water—cement ratio at the
aggregate surface is higher at 1.01.
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Let kp(w) and py(w) denote the elastic properties of the
cement paste as a function of the water—cement ratio.
These expressions will be modeled explicitly in Section 3
for saturated cement pastes. It is assumed that the elastic
properties of the homogeneous cement paste specimens
are representative of the local elastic properties of the
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Fig. 4. Spatial variation of w through the ITZ into the bulk paste. The solid lines all correspond to (¢, 72, Wo, 0)=(0.4, 200, 0.4, 40 pm). The subfigures (a), (b),
(c) and (d) depict the changes in w due to variations in c,, r,, W, and 6, respectively. The dashed lines correspond to increasing the value of the quantity being
varied relative to the solid line while the dotted line corresponds to decreasing the quantity in question; the specific values are detailed in Table 1.
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cement paste within the ITZ. As such, it is inherently
assumed that the elastic properties within the ITZ are
isotropic. The wvalidity of this assumption should be
investigated as calcium hydroxide if preferentially orien-
ted within the ITZ (with the c-axis parallel to the ag-
gregate surface) [2,p.151] and thus may be indicative of
anisotropic properties within the ITZ. At the scale of the
ITZ (approximately 50-pm thick) the scale of the micro-
structure is not much smaller than this dimension and the
gradients across this distance are quite large. The applica-
tion of pointwise homogenization, such as what is inher-
ently occuring here, has been documented by Reiter et al.
[14] and Dolbow and Nadeau [15] to be plausible through
the investigation of numerical studies. Substituting Eq.
(15) into K, and p, thus yields the variation in elastic
properties through the ITZ and into the bulk paste. The
clastic properties of the bulk paste will be denoted Ky,
and pp.

The effective elastic bulk k* and shear p* moduli of the
composite will be evaluated using the (n+ 1)-phase sphe-
rical model [12]. This is a generalized self-consistent
model and it recovers the effective shear modulus predic-
tion of the three-phase model developed by Christensen
and Lo [16] for biconstituent, particulate reinforced com-
posites. In order to apply the (n+1)-phase model to the
current application the thickness of the ITZ is divided into
k equally sized divisions. (Calculations performed herein
utilize £=50.) With the origin placed at the center of a
spherical aggregate the radial variation in, for example, the
bulk modulus is presented in Fig. 5. The (n+1)-model
requires that the i-th phase has homogeneous properties,
thus, for example the bulk modulus of the i-th phase (for

‘ bulk paste

aggregate ITZ effective properties
I, d ]
—_ ~ — — N o
I % M & = phase
b+1

Fig. 5. Bulk modulus k variation in the radial direction for the (n + 1)-phase,
generalized self-consistent model where » is measured from the center of
the aggregate. A similar variation occurs with the shear modulus .
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Fig. 6. Bulk k and shear p moduli for saturated cement paste versus water—
cement ratio. The solid lines are the least squares fit of Eq. (17) to the
respective (diamond) data for cement paste. The dotted curves are the res-
pective solid curves scaled by a factor so as to pass through the respective
squares data point which is taken from the mortar data with a volume
fraction of zero, i.e., a cement paste. The dotted lines are subsequently
assumed to model the water—cement ratio dependence of the cement paste in
all of the Wang et al. mortar specimens.

2<i<k+1) is taken as the average of the bulk moduli at
r=r; and r;+ 1. The moduli in phases 1, k+2, and £+ 3 are
already homogeneous.

3. Saturated cement paste

Wang et al. [17] measured the variation in the bulk and
shear moduli, by way of elastic wave speeds, with respect
to various overall water—cement ratios between the range
0.2 and 0.45 for cement pastes made from ASTM Type I/
IT Portland cement. After demolding the specimens were
stored in lime-saturated water until testing thus we will
term these pastes to be saturated. These data are presented
as diamonds in Fig. 6. Given the limited range of water—
cement ratios considered, and the necessity herein to
quantify cement paste properties over a wide range of
water—cement ratios (see Fig. 4), data [18] on the varia-
tion of Young’s modulus £ with respect to water—cement
ratio over the range of 0.3-0.6 was also considered.
These data are presented as circles in Fig. 7. The
corresponding Young’s moduli of Wang et al’s data are
also presented in Fig. 7, as diamonds. It is assumed that
Simeonov et al’s data (i.e., the circles) can be adequately,
and appropriately, fitted with an exponential function of
the form

E(w) = agexp(bgw) (16)

where ag and bg are fitting parameters. Since the cement
pastes are fully saturated, it has been assumed that as
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Fig. 7. Young’s modulus £ of cement paste versus water—cement ratio. The
dashed curve is the least squares fit of Eq. (16) to the data of Simeonov and
Ahmad. The solid curve and the diamonds represent the Young’s moduli for
the corresponding results presented in Fig. 6.

w — 00, Young’s modulus £ will tend to that of water, i.e.,
0. A least squares analysis yielded ar=63.9506 GPa and
bg=—3.3754. This best fit is the dashed line in Fig. 7.
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It is assumed that the functional dependence of the bulk
and shear moduli on w for w>0.4 is the same as that for the
Young’s modulus. In other words, it is assumed that
K(W) = a.exp(bpw) + Kwater Where Kyaer=2.2 GPa, bg has
been previously determined and a, is a fitting parameter. A
similar equation can be constructed for the shear modulus
where [yater =0.0 GPa. For “intermediate” water—cement
ratios (i.e., 0.2 to approximately 0.4) the data are not
adequately modeled by an exponential function thus a sec-
ond-order polynomials is used in this region which will
intersect and be tangent to the exponential function at
w=w. In other words,

0.2<w<w,

_Jew+dw+ e W? (17)
N aﬁexp(bEW) + Kwater WZWH
where
dy = axbpexp(bpw,)—2e. Wy (18)
¢ = axexp(bewy) + ﬁwater—dﬂv_vﬁ—e,iwi. (19)

Egs. (18) and (19) were arrived at from the requirements
that the two functions of Eq. (17) have the same value and
slope at w=w,. The variables «,, e. and W, are fitting
parameters and, again, b =— 3.3754 from the analysis on
the Young’s modulus data.

Varying r
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Varying &

00 10 20 30 40 50
dist. from agg. surface um]

Fig. 8. Spatial variation of the cement paste’s Young’s modulus £ through the ITZ into the bulk paste. The solid lines all correspond to (¢, 7a, Wo, 0) = (0.4, 200,
0.4, 40 pm). The subfigures (a), (b), (¢) and (d) depict the changes in E due to variations in c,, r,, w, and 0, respectively. The dashed lines correspond to
increasing the value of the quantity being varied relative to the solid line while the dotted line corresponds to decreasing the quantity in question; the specific
values are detailed in Table 1.
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Fig. 9. Spatial variation of the cement paste’s Poisson’s ratio v through the ITZ into the bulk paste. The solid lines all correspond to (c, ,7a, Wo, 0) = (0.4, 200,
0.4, 40 pwm). The subfigures (a), (b), (c) and (d) depict the changes in v due to variations in c,, r,, W, and 0, respectively. The dashed lines correspond to
increasing the value of the quantity being varied relative to the solid line while the dotted line corresponds to decreasing the quantity in question; the specific

values are detailed in Table 1.

Using the bulk data for w=0.4 and 0.45, a least
squares analysis yielded a,=65.8999 GPa. A subsequent
least squares analysis using all of the bulk data yielded
e.=—117.3764 GPa and w,=0.4142. The curve fit is
illustrated in Fig. 6 as the solid line through the bulk data.
A similar analysis (with an appropriate change in notation,
namely, k—p) for the shear data yielded a,=36.6103
GPa, e,=—84.8249 GPa and w,=0.3892. This curve fit
is illustrated in Fig. 6 as the solid line through the shear
data. The Young’s modulus consistent with the curve fits
of the bulk and shear moduli is presented as the solid line
in Fig. 7.

For illustrative purposes the radial distribution of the
Young’s modulus and Poisson’s ratio, for the cases consid-
ered in Fig. 3, are plotted in Figs. 8 and 9, respectively. The
results of Lutz et al. [19] indicate that the bulk modulus of
the cement paste at the aggregate surface is a approximately
50—-70% of the bulk paste value. From the results presented
in Figs. 8 and 9 it is deduced that the bulk modulus at the
aggregate interface is 20% of the bulk paste value, for the
solid lines. The shear modulus at the interface is 12% of the
bulk paste value. Also, note that for the saturated cement
paste considered the Poisson’s ratio v in the paste is
significantly larger at the aggregate surface than in the bulk
cement paste.

Given the variation in the elastic moduli of saturated,
homogeneous cement paste as a function of water—cement
ratio, the homogenization technique outlined in Section 2
is applied to compute the effective elastic properties of
the mortars that have been featured in Figs. 3, 4, 8 and 9.
These effective properties are presented in columns (7)
through (10) of Table 1. For comparison, the effective pro-
perties estimated by disregarding the ITZ and assuming
that the saturated cement paste is homogeneous yields the
results presented in columns (11) and (12). Note that, in
general, the effective moduli incorporating the ITZ are
approximately 10—20% less than the effective moduli that
do not incorporate the ITZ. This finding is consistent
with the hypothesis in the paper of Nilsen and Monteiro

Table 2

Elastic properties for sand (Kuster and Toksoz, 1974)
Elastic property Value
Bulk modulus, k 44 GPa
Shear modulus, p 37 GPa
Young’s modulus, £ 88.7 GPa
Poisson’s ratio, v 0.172
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Fig. 10. Effective bulk modulus k* versus aggregate volume fraction c, for
various thicknesses of ITZ 6. The solid line denoted “no ITZ” is the three-
phase model, which does not incorporate the ITZ. The squares denote the
experimental data of Wang et al.

[4] that surmised that a third phase, the ITZ, was causing
the experimental data to violate the Hashin-Shtrikman lo-
wer bound.

4. Application of model

Predictions of the current model are compared with the
elastic data [17] for saturated mortar specimens composed
of ASTM Type I/Il Portland cement and screened 20—-30
Ottawa sand with w,=0.3 overall water—cement ratio.

w_= 0.3;r__ = 363 microns
o sand

25 T T T T

effective shear modulus, u' [GPa]

10 ! L 1 L L 1
0 0.1 0.2 0.5 0.6 0.7

0.3 0.4
volume fraction of aggregate

Fig. 11. Effective shear modulus p* versus aggregate volume fraction ¢, for
various thicknesses of ITZ &. The solid line denoted “no ITZ” is the three-
phase model, which does not incorporate the ITZ. The squares denote the
experimental data of Wang et al.

Table 3

489

Interpolated measurements of the thickness of the ITZ based on
experimental measurements of Wang et al.

Thickness of ITZ [pum]

All Chauvenet
Ca k data p data data  criteria
0.15 672 58.2
0.27 42 53.8
0.40 319 47.6
0.52 449 345
mean [pm] 42.8 48.3

SD.[um] 195 126

Assuming a uniform distribution of aggregate sizes between
the 600 and 850 pm sieve openings yields an average radius
of r,=363 pm. The moduli of sand are taken as the typical
values for a sandstone or quartz-rich rock adopted by
Kuster and Toks6z [20]. These elastic properties are pre-
sented in Table 2. These moduli have been adopted by other
researchers [19,21] for sand with success and will thus be
used herein. However, it should be noted that, using single
crystal quartz elastic coefficients [22,p.143] at 25°C, the
self-consistent approximation to the polycrystalline proper-
ties can be calculated [23] yielding k*=36.5 GPa and
p*=44.7 GPa.

The measured mortar moduli [17] for 0% volume frac-
tion of sand (c,=0), thus equivalent to the cement paste
matrix moduli, are presented as squares in Fig. 6. Assuming
these moduli to be representative of the cement paste matrix
moduli for all of the mortar specimens, the curve fits (solid
lines) in Fig. 6 are uniformly scaled to pass through the
corresponding square data points. The scaled moduli are
presented as dotted lines.

Figs. 10 and 11 present the effective bulk k* and shear p*
moduli, respectively, for the mortar specimens considered
by Wang et al. [17] for various values of the thickness of the
ITZ, 6. The solid lines terminate when the limit of the theory
(i.e., overlapping ITZs) is reached according to Eq. (13).
The mortar data are depicted as squares. An interpolation/
extrapolation of the results depicted in these plots yield the
ITZ thicknesses tabulated in Table 3. Utilizing all eight data
points the mean ITZ thickness is 6=42.8 pm with a standard
deviation of 19.5 pm. Chauvenet’s criterion [24,p.73] iden-
tifies the 4.2-pm thickness measurement as suspect. Remov-
ing this data point yields a mean of §=48.3 pm with a
standard deviation of 12.6 pm.

5. Closure

A model has been presented which quantifies the spatial
distribution of cement and water—cement ratio gradient
through the ITZ of cementitious composites. This model
has for the time being assumed that the parameter a. is
constant and approximately equal to — 0.5. Further inves-
tigations are required to ascertain any dependencies that this
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parameter may have and perhaps if different functional
forms of the variation of the cement content through the
ITZ are warranted. Specific results were obtained for
mortars with screened, spherical aggregates, however,
results can be generalized to graded aggregates and
extended to concretes; this work is underway. A model
accounting for the effect of water—cement ratio on the
elastic properties of a saturated Type I/II Portland cement
paste was developed based on experimental data in the
literature thus enabling the prediction of effective elastic
properties through application of the generalized self-con-
sistent, (n+ 1)-phase model. Based on the wave speed data
of Wang et al. [17] on saturated mortars the proposed model
“measures” the thickness of the ITZ to be 6=48.3 um. The
standard deviation of the measurements was 12.6 pm. It is
significant to note that the developed model does not
possess any “fitting” parameters to optimize the correlation
to the experimental data of Wang et al.

The model predicts local water—cement ratios at aggre-
gate interfaces as high as 3 +times the bulk paste water—
cement ratio (see Fig. 4) which, in turn, result in the bulk
paste have a lower water—cement ratio than the overall
water—cement ratio. Furthermore, the model indicates that
cement-pastes within mortars are predicted to have elastic
moduli at the aggregate surface which are 10—20% of the
bulk paste properties (see Fig. 8).

It is believed that this investigation will advance efforts
in designing cementitious composites [9] which will miti-
gate the detrimental effects that the ITZ has on the elastic
properties. It has been demonstrated by Nadeau and Ferrari
[25] that spatial gradients of microstructure can be signifi-
cant even in comparison to significant variations in non-
microstructural quantities [26] and this is by all observations
the case in cementitious composites with ITZs.
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