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The electrical conductivity of portland cement mortars was
determined experimentally as a function of the volume fraction
of sand and the degree of hydration. The results were analyzed
using theoretical models that represent the mortars as three-
phase, interactive composites. The three phases are the matrix
paste, the aggregate, and the thin interfacial transition zone
between the two. The microstructure and properties of the
conductive phases (the transition zone and the matrix paste)
were determined by a micrometer-scale microstructural
model, and were used in conjunction with random-walk algo-
rithms and differential-effective medium theory to determine
the overall mortar conductivities. The presence of the transi-
tion zone was not found to significantly affect the global
electrical conductivity of the mortar. However, there were
significant differences in conductivity between the transition
zone and matrix pastes when examined on a local level. These
differences were found to vary with hydration and were most
significant when the degree of hydration was between 0.5 and
0.8.

1. Introduction

IT Has been generally shown that a thin, heterogeneous region of
paste exists between the matrix cement paste and the aggregate
surface in normal concrete or monar. This region. commonly
referred to as the interfacial transition zone (ITZ). is characterized
hv a higher concentration of calcium hydroxide crystals (CH") and
an increased porosity relative to the matrix paste.’™ In the
presence of Jow water/cement ratios and/or fine mineral admix-
tures (e.g., silica fume), the ITZ may be absent or difficult to
detect.” Therefore. the ITZ is not necessarily an intrinsic feature of
concrete. but will depend on factors such as the presence of
admixtures. the type of mixing, the water/cement ratio. etc.’
However, there is a preponderance of evidence that the ITZ exists
in nearly all normal (w/c 0.3-0.6) mix designs. without
admixtures. such as those used in this study. The geometry of the
cement grains and aggregates ensures that there will be inefficient
packing of cement particles at the aggregate surfaces regardless of
sample preparation. so that ITZ regions always potentially exist in
concrete and mortar.

Because of the higher porosity in the ITTZ. there is a concern that
its presence might negatively impact the durability of cement-
based materials by forming fast-conduction pathways through the
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material, allowing accelerated ingress and movement of aggressive
species (e.g.. C17, CO,, etc.).'”"'" As a result of this concern,
there have been a number of studies that have attempted to
quantify the transport properties of the ITZ."*=*° The results of
such experiments are difficult to understand because the presence
of the aggregate necessitates at least three phases—aggregate. ITZ,
and matrix paste. Extracting the influence of any one phase from
the composite properties is therefore a difficult task. This is
especially true when attempting to determine the influence of real
transition zones, as opposed to the artificial ones created by casting
cement paste against polished rock or glass surfaces.”>'"*?

However, recent advances in the theoretical modeling of
cement-based materials have made it possible to interpret transport
experiments in térms of the influence of the ITZ in real mortars.
This is especially important for the prediction of durability, as
diffusion and electrical conduction are directly related by the
Nemnst-Einstein equation.”* The discussion in this paper will focus
on mortars exclusively. There are quantitative differences between
mortars and concretes, but no qualitative differences. Electrical
conductivity measurements made in parallel with microstructural
modeling can provide a great deal of information concerning both
the local and global effects of the ITZ on the conductivity of
mortars.

II. Characteristics of the ITZ

The microstructure of mortars is more complex than neat
paste.52>2¢ This complexity is due to the formation of an ITZ
between the matrix paste and aggregate surfaces. Although re-
searchers are not in full agreement as to the mechanism of
formation, it is generally accepted that the ITZ is the result of the
inefficient packing of cement grains at the aggregate surface.®
Thus, the near-aggregate surface region is deficient in hydration
reactants, has a larger proportion of water. and therefore forms less
space-filling product and more porosity. Additionally, the surfaces
of the aggregate and the higher porosity promote the formation of
a higher volume fraction of CH crystals. which tend 1o be more
oriented than crystals in the bulk.'” The reported thickness of the
ITZ varies. but is typically in the range of 15 to 50 wm.®*> One
reason for this large range of thicknesses is that there is no
clear-cut transition from ITZ paste to matrix paste; hence the
cut-off value is somewhat subjective. Generally, the ITZ can be
considered to end when the porosity is within 10% of the bulk
value. Modeling has shown that this thickness approximately
scales as the median cement particle size.”’

To date. two analytical tools have primarily been used to
characterize the ITZ: scanning electron microscopy (SEM) and
mercury intrusion porosimetry (MIP). SEM backscatiered electron
studies of polished sections in conjunction with computerized
mmage analysis allow the porosity to be studied as a function of
distance from the aggregate surface, as shown in Fig. 1.7 These
data show the porosity gradient as a function of distance from the
aggregate, and un ITZ thickness of 15 to 30 pum, depending on how
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Fig. 1. Average porosity in the ITZ as a function of the distance from the
aggregate surface for a concrete with water/cement = 0.4 (adapted from
Scrivener’).

the cut-off is chosen.” There are two important details to note in
this figure. First, the ITZ has a maximum porosity that is about 3
times higher than the matrix paste. Second, the presence of the ITZ
affects the matrix paste by reducing its porosity compared with the
nominal average porosity. Assuming the two have the same degree
of hydration. this suggests the matrix paste has gained cement at
the expense of the ITZ and thus has a reduced water/cement ratio.

MIP measures the overall porosity and approximate pore-size
distribution of a material. ™ Mercury under pressure is injected into
an evacuated sample, and the volume of mercury intruded at a
given pressure is then related to the volume of pores of a diameter
determined by the Washburn equation.?” One of the shortcomings
of this technique is that internal pore volumes will be attributed to
the pore-neck diameters that connect them to the surface. There-
fore, in mortars where the ITZ is not percolated through the sample
te.g.. low volume fractions of sand). the volume of the ITZ pores
will be wrongly assigned to pores of the matrix paste. However,
once the ITZ is percolated through the sample, the ITZ and matrix
paste pores can be differentiated. Mortars with depercolated and
percolated interfacial zones are shown schematically in Figs. 2(a)
and (b), respectively. In Fig. 2(a), the ITZ is not percolated across
the sample, and the matrix paste needs to be infiltrated before the
ITZ is intruded. Therefore, the larger ITZ pores will be assigned to
the smaller bulk paste pore volume. However, in Fig. 2(b), the [TZ
is percolated across the sample. and can be intruded before the
matrix paste, so that the larger ITZ pores can be differentiated from
the matrix pores.

This was demonstrated experimentally on mortars by Winslow
et al., whose data are shown in Fig. 3.2° Their results show a
noticeable jump, at larger pore diameters. between the intrusion
curves for the samples containing volume fractions of sand less
than 45% and greater than 49%. This leads to the conclusion that
the ITZ has become percolated between these volume fractions of
sand. Using these results in conjunction with a computer model of
the mortar microstructure, Winslow et al. were able to show that
the thickness of the ITZ was between 15 and 20 wm. agreeing well
with the results of Scrivener er al.®

Although these results give important information concerning
the general properties and microstructure of the ITZ and matrix
pastes in mortar and concrete, they do little to enhance our
understanding of the transport properties within the ITZ. Also, the
sample preparation of these materials may disrupt the microstruc-
wre because the samples needed to be dried under vacuum before
MIP characterization. The next section will detail the experimental
and modeling results that do provide some insight into the
intluence of the ITZ on the transport properties of mortars on
samples that were not dried.

Vol. 83. No. 5
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Fig. 2. Schematic of nonpercolated ITZ (a) and percolated ITZ (b) in
cement mortars.
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Fig. 3. MIP curves for neat portland cement mortars. Notice the signif-
icant gap in the intruded volume between the 45% and 49% sand volume
fractions (adapted from Winslow e al.™®).

I1I. Conductivity Studies of Mortars

(1) Experimental Procedure

The experimental portion of this study consisted of measuring
the electrical properties of mortars with impedance spectroscopy
(IS}. an in situ, nondestructive technique.***' IS separates the bulk
and electrode responses of the material being measured. and uses
low voltages (=0.1 V/cm), so that the samples are not disrupted by
the high fields sometimes necessary in dc measurements.’” Al-
though both capacitive and resistive information 1s measured with
IS. only the dc resistance was used in this study. Measuring the ac
response 1s still necessary, however, to be able to separate the
electrode and bulk responses and get the true bulk conductivity.
For the IS measurements, a Hewlett-Packard 4192A frequency
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Fig. 4. Schematic of experimental setup indicating sample dimensions
and electrode location.

response analyzer (FRA)* was used in the range of 5 Hz to 13
MHz. with 20 data points collected per frequency decade. The
impedance spectra were corrected for parasitic lead effects.®® The
dc resistance of each sample was taken at the real impedance
“cusp” between the bulk and electrode arcs.”’

Mortar samples were made from a type 1 OPC (LaFarge) with
a water/cement ratio of 0.40 and a silica sand conforming to
ASTM C778. Sand volume fraction (V 4} varied from 0.0 t0 0.5,
and conductivity was measured from time of mixing to 772 h of
hvdration time. The dry components were mixed in a Hobart
planetary mixer for | min, after which water was added and the
slurry was mixed for an additional 20 min (no superplasticizer was
added). After mixing, the samples were cast into molds (25 mm X
25 mm X 100 mm) and vibrated under vacuum to reduce the
volume of entrapped air. Flat stainless steel electrodes (19 mm X
40 mm, 19 mm X 25 mm embedded area) were embedded near the
ends of the samples, with an interelectrode distance of 85 mm. No
bleeding was observed in any of the samples. The specimens were
stored and measured in a 100% relative humidity chamber at room
temperature (see Fig. 4). Temperature increases during the early
stages of hydration, although not quantified, were not significant
after 24 h. when our first impedance measurements were made. To
measure the degree of hydration. additional samples were prepared
for loss-on-ignition (LOI) measurements. The samples were
crushed, dried at 105°C, weighed. ignited at 1050°C for 90 min.
and weighed again. LOI was calculated by dividing the mass loss
by the ignited mass. The uncertainty in LOl measurements was
estmated to be 0.01 g: the scatter at long hydration times is
attributable 10 inadvertent differences in drying. The results
indicate that the mortars and pastes hydrated at the same rate (see
Fig. 5).

The measured mortar conductivities (T ,qn,,) Were normalized
by the conductivity of a paste (0,,.,.) with the same degree of
hydration and water/cement ratio. (It is important to distinguish
between the definition of paste and matrix paste. Matrix paste is
one of three phases found in mortars, and resides between the
aggregate particles (and ITZ paste see Fig. 2). “Paste,” on the other
hand. is defined as the single phase found in neat cement paste.)
The raw conductivities for the mortars and paste at various ages
are given in Table T and shown graphically in Fig. 6. Based on
error estimates for cross-sectional area and interelectrode spacing.
the uncertainty in measured conductivity is estimated at 5%.
Because the mortars and pastes hydrate at the same rate. it is
sutficient to normalize by pastes of the same age (see Fig. 5). In

Fig. 6. the normalized values (0, nu/Tpace ). al @ given degree of

hydration. were plotted as a function of the volume fraction of sand

*Certain commercial equipment is identified in this paper to adequately specity the
experntmental procedure. In no case does such identification imply recommendation or
endorsement by the National Institute of Standards and Technology, nor does 1 1mply
that the equipment used is necessarily the best available for the purpose
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Fig. 5. Loss on ignition (g/g) versus hydration time for various mortars
and paste used in this study. Montars are labeled by their sand volume
fraction.

for several degrees of hydration (hydration times), and were
compared with the line of (I - V, . )*". which is the weli-
established Bruggeman-Hanai (B-H) law for the case of spherical,
noncounductive . ‘particles in a conductive matrix.** This model
assumes that the conductivity of the matrix is constant as noncon-
ductive particles are added. so that the effect of the particles is to
dilute the matrix and redirect conduction around themselves,
making the conduction paths more tortuous. This by itself is a
complicated many-body process. In the dilute limit of a low
volume fraction of particles, it is known that the B-H law is exact.
For general volume fractions of particles. this model has also been
found to be accurate.?® The derivation of this equation also seems
to follow concrete microstructure more closely than other approx-
imations, hence is to be preferred for this reason as well.**~*® Also,
there is no percolation threshold for the matrix or inclusions in this
equation. The matrix is always connected. and the inclusions are
always disconnected. as is the case in real concrete. Some of the
other effective medium equations have different percolation
thresholds. Therefore. if the matrix paste conductivity stays con-
stant as more sand is added. and the effect of the ITZ on overall
conductivity 1s negligible, then the experimental data should
follow the model line. The data will go below the line if the ITZ
regions have a negative effect on conductivity. and above the line
if the 1TZ regions have a positive effect on conductivity. If the
presence of the ITZ regions also has an effect on the matrix. as was
implied by Fig. 1, then a more careful analysis of the effect of the
ITZ regions on mortar conductivity must be made. using a
multiscale model, as is described next.

(2) Modeling

The mortar was modeled as a three-phase. multiscale interactive
composite stmilar in nature to those previously considered by
Garboczi and Schwartz*” ** A schematic of the model at the
millimeter level is shown in Fig. 2. The model is considered
interactive and multiscale because the volume fraction of aggre-
gate (millimeter scale) and the thickness of the ITZ (micrometer
scale) determine the final water/cement ratio of the matnx paste
(micrometer scale). The median grain diameter of the cement used
to make the pastes and mortars, 12 pm, was used as the thickness
of the ITZ. The microstructure and properties of both the ITZ and
matrix pastes are determined by a micrometer-scale microstruc-
tural model. and are used in conjunction with random-walk
algorithms and differential-effective-medium theory to predict
overall mortar conductivity *” The sand particles used in the model
conformed to the particle size distribution of the sand used in the
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Table I. Paste and Mortar Conductivities Measured by Impedance Spectroscopy at
Various Times and Volume Fractions of Sand
Conductivity (((-cm)™")
Time (hy Paste [¢R 03 0.4 0.5
1 0.010 89 0.009 58 0.007 63 0.006 74 0.005 42 0.004 44
24 0.001 75 0.001 35 0.001 34 0.001 13 0.00092 0.000 75
72 0.000 88 0.000 79 0.000 63 0.000 63 0.000 44 0.000 36 -
168 0.000 66 0.000 63 0.000 48 0.000 48 0.000 34 0.000 28
336 0.000 56 0.000 51 0.000 41 0.000 35 0.000 29 0.000 23
772 0.000 50 0.000 44 0.000 34 0.000 30 0.000 24 0.000 20
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Fig. 6. Experimental mortar conductivities normalized by conductivity of
paste (water/cement ratio = 0.4) versus volume fraction of sand.

experiments and were assumed to be spherical. nonconductive. and
unreactive. Similar to the experimental results. the modeled results
were normalized by the conductivity of a paste with the same
water/cement ratio and degree of hydration. The results are shown
in Fig. 7.

(3) Discussion

The agreement between modeling (Fig. 7) and experiment (Fig.
6) is reasonable. considering the complexity of the system under
studyv. It 1s important to note that the models were not simply
equations fitted to experimental data, but were derived from

Normalized mortar conductivity

kY]
a 'Vf,md)

0.3 1 L 1 L N
0 0.1 0.2 0.3 04 0.5

Volume fraction of sand

Fig. 7. Model mortar conductivities normalized by conductivity of a
model paste {water/cement ratio = {1.4) versus volume fraction of sand.

fundamental work, independent of the experimental data. In
addition to modeling the overall conductivity, the models can also
predict the properties of the constituent phases (see below).

The immediate and most important result of both the modeling
and experimental data are that the ITZ does not seem to signifi-
cantly enhance the overall electrical conductivity of the mortar
(Figs. 6 and 7). This conclusion is based on a comparison of the
normalized conductivities (mortar and paste, 0 ,onafOpasie) With
the (1 -V, ,.)%7 power law line. It would appear that the main
effect of adding more sand is simply blocking and redirecting
conductive flow, so that any effect of the ITZ is dominated by the
effect of adding more aggregate.

The qualitative adherence to the (1 - V, ,.,)*" law requires
additional discussion, however. Both modeling and other experi-
mental work have demonstrated that when aggregate is added to
cement paste, several things occur. First, the ITZ forms and
increases in volume fraction in proportion to aggregate surface
area (assuming a fixed thickness of ITZ). Second, since there is a
lower amount of cement and greater amount of water in the ITZ
and because the total amount of water and cement in the mortar is
conserved, there must be a higher amount of cement and a lower
amount of water in the matrix. This reduces the water/cement ratio
of the matrix paste. Figure 8 shows the results of this redistribution
of cement and water, using the multiscale model described above.
The main utility of this model is the ability to carry out calcula-
tions like this. At the maximum amount of sand in the mortar, 50%
by volume. the matrix water/cement ratio is reduced to 0.36 from
a nominal value of 0.4, which will have a significant effect on the
value of matrix paste conductivity. In concrete, which often has a
volume fraction of aggregates of 60% or more, this effect will be
even more pronounced. Therefore, as sand is added, the matrix
paste conductivity is affected via the lowering of the water/cement
ratio, as shown in Fig. 8. By closely examining the experimental
data with the help of the multiscale model. the complex interplay
between I'TZ and matrix paste can be sorted out.

041 = o T Sand content water'ceménl
0 ]
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Fig. 8. Effect of volume fraction of aggregate on matrix water/cement
ratio.
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Some indication that complex interactive processes are taking
place with time and with the addition of sand can be seen in the
data in Figs. 6 and 7. For example, the normalized mortar
CONAUCHIVILY (O o/ T pasee) Starts near the B-H line, (1 = V; ,qq)*"
at 1 h, deviates slightly above the line between 24 and 72 h, and
approaches the line again subsequent to 336 h, for both the
experimental and model data. Although this deviation is subtle,
theoretical modeling can be used to provide insight as to what is
happening to the paste contained in the ITZ and matrix. To
quantify this, a factor, k, will be defined: k = (0 2/ page /(1
V, e’ This is the normalized mortar conductivity divided by
the value of the B-H law at a given volume fraction of sand. When
k is equal to 1. the normalized mortar conductivity (€ anad/G pase) lies
exactly on the (1 - V0¥ line (the thick line in Figs. 6 and 7).

As mentioned previously, two things happen when aggregate is
added to paste. First, the ITZ forms around the aggregate particles,
increasing the local conductivity in the ITZ because of the higher
porosity, which tends to increase the overall mortar conductivity.
Second. the water/cement ratio of the matrix paste is reduced,
which tends to lower the mortar conductivity. Although it is not
possible 1o experimentally separate these two effects, the muiu-
scale modeling results can be so used.

The « values for the experimental mortar conductivity results
are shown in Fig. 9 as a function of sand content (filled triangles).
The open square symbols show the same value of k for the
experimental data, but with the mortar conductivity normalized by
the matrix conductivity, as determined by the multiscale model. As
the contrast between the ITZ and matrix conductivities develops
and the ITZ volume fraction increases with the sand content, this
modified k value also increases. In contrast, the open circle
symbols show how the ratio of the matrix paste conductivity to the
nominal paste conductivity decreases when the sand content
increases (from the multiscale model). Recall that the amount of
sand governs the volume fraction of ITZ and therefore the
reduction of the water/cement ratio of the matrix paste. The higher
the ITZ volume fraction, the lower the water/cement ratio of the
matrix paste. The net effect is a rough cancellation of positive
(ITZ) and negative (matrix) contributions, to give the k curve
(triangles) shown in Fig. 9 (and Fig. 6).

The ratic of the conductivity of the ITZ and matrix pastes
(O 13/F aein ) Was predicted using the multiscale models.*” 3 This
ratio. or contrast, is shown in Fig. 10 as a function of degree of
hydration for a single volume fraction of sand (V, ., = 20%).
This plot shows that there is a marked dependence of this ratio on

—— (matrix)
—o— Matrix/paste conductivity ratio
—— Experimental x

K
—_—
W
e
I\

0.5 : + :
0 0.1 02 03 04 0.5

Volume fraction of sand

Fig. 9. Experimental k using the nominal paste and bulk matrix paste
normalizatiens, and the ratio of bulk matrix paste to nominal paste
vonductivity tsee text for explanation) plotted versus volume fraction of
sand. Note the opposite. but nearly equal conductivity contributions of the
ITZ and matrix pastes. Data are for neat cement mortar at 72 h hydration
tdegree of hydration =0.63).
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Fig. 10. Ratio of contrast between ITZ and marrix pastes determined by
multiscale models (volume fraction of sand = 20%).

degree of hydration. There are several important features to note in
the plot. First, the initial and final ratios are quite low (T11/0 awix =
2). However. when the degree of hydration is in the range of 0.5
to 0.8 (equivalent to ~72 to 336 h of hydration at room temper-
ature), the ratio shows a maximum value of approximately 7.
This behavior can be understood by examining the conductivity
versus porosity curve for cement pastes, shown in Fig. 11. This
curve was generated from an equation originally developed by
Garboczi er al.** has been verified experimentally,*” and is part of
the multiscale model,*”~*® The shape of the curve reflects the fact
that in addition to the porosity decreasing with increasing hydra-
tion, there are also significant changes in the connectivity of the
capillary pore structure. If it is assumed that the only difference
between the ITZ and matrix paste is in initial porosity and that they
track at the same rate along the same conductivity versus porosity
curve, the general shape of the 6,1,/0 ... curve can be explained.
This is demonstrated graphically in Fig. 11 by the three sets of
vertical and horizontal lines. The vertical lines differ by constant
porosity. and the distances between the horizontal lines represent
the corresponding differences in conductivities, Early and late in
the hydration. the horizontal lines are spaced relatively closely,
while near the middle of hvdration. the horizontal lines have a
significant gap. indicating there is a relatively large difference in

Degree of hyvdration

T T By i ¥ )

Conductivity (arbitrary units)

0.6 0.5 04 03 02 01 0
Lapiliary porosity

Fig. 11.  Electrical conductivity of cement paste versus porosity deter-
mined by microstructural model and verified by experiment (after Ret’ 245,
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conductivity. This interpretation is borne out in both experiment
and modeling by plothing (0w’ Tmawin /(1 = Vi oang)™’* versus the
degree of hydration in Fig. 12. This term is similar to k, except that
it is normahized by the conductivity of the matrix, rather than of a
paste of water/cement = 0.4. This reflects the increased conduc-
tivity of the ITZ as well as the reduced conductivity of the matrix
as more aggregate is added. In Fig. 12, we can see that both the
model and experimental results start at approximately unity,
increase to a maximum value. then decrease again to a value close
o unity. Recall that a value of | indicates the mortar behaves as if
there was no influence of the ITZ.

Figures 10 and 12 clearly show that it is only during the middle
stages of hydration that the ratio of ITZ to matrix paste conduc-
uvity is significant (=7). At a degree of hydration equal to =0.7
(equal to about 7 d of hydration at room temperature), the ratio is
much smaller (=2), and the ITZ plays a relatively minor role in the
overall mortar conductivity. Previous studies of a mortar assuming
fixed conductivities for both matrix and ITZ paste'?*! showed that
a value of O/0,..x = 6 was necessary for the increased
conductivity of the ITZ to overcome the decreased conductivity
due to the insulating aggregate particles. Since the O14/0 .ix
ratio in the mortar in the present study only temporarily achieves
that value and remains well below that value after a few hundred
hours, the insulating effect of the aggregate wins out over the
increased conductivity of the ITZ. The lowered conductivity of the
matrix paste, due to the redistribution of cement and water, also
contributes to negating the effect of the ITZ.

To overcome this redistribution effect. which was not consid-
ered in the previous studies mentioned,'®" it is estimated that a
value for the O/, ratio on the order of 10-20 would be
required to overcome the effect of the aggregate particles. Such a
high value for the conductivity ratio is not realistic given the
conductivity versus porosity dependence in Fig. 11. Since the
highest value seen for 01/0 . 15 less than 10, it is not likely
that the ITZ will ever significantly enhance the conductivity of
cement mortar.

It is interesting to compare the present results to some older
experimental data by Whittington er al.® In this very caretul
paper. the conductivity of cement paste, mortar. and concrete was
examined as a function of time and of aggregate volume fraction.
The role of ITZ was not considered. and the ac frequency used to
remove polarization effects appeared to be fixed, so there is no
way of telling if the actual dc bulk resistance was measured or not.
Also. only time was used as a vanable, not degree of hydration.
Keeping in mind these limitations, some comparisons can be
made. For concrete, Whittington er al. found that conductivity,
notmalized by the conductivity of the cement paste from which it
was made, approximately followed a power law in the quantity
(1 = V, ona). but with a power of 1.2 rather than 1.5. They also
found fluctuations in this ratio over time, but it is impossible to tell
from their graphs whether this variation was similar to what was

o 1 ’
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i T AITIX ©~ Experimental resuls
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Fig. 12, Model and expenmental (0 nonad/@ mans (] = Viana)’~ factor
versus degree ot hvdranon for 20 vol% sand mortar.
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found in the present work. Aside from the emphasis on the ITZ in
the present work. the ideas of Whittington ez a/>® have provided a
basis for curreat thinking about concrete conductivity.

(4) Permeability and the ITZ

It should be stressed that other transport parameters can be
strongly affected, however, by the presence of the ITZ. properties
like permeability and sorptivity. which are measures of fluid,
rather than ionic, transport. Halamickova er al. have measured the
hydraunlic permeability of both mortars and pastes and found that
the presence of aggregate particles significantly increased the
coefficient of permeability in the mortar samples.'® In fact, the
hydraulic permeability of a mortar with 55 vol% of sand was 40
times higher than that of a paste with the same water/cement ratio
and degree of hydration.

To show this graphically, the mortar permeabilities of Halam-
ickova et al.'®> were normalized by a paste of the same water/
cement ratio and degree of hydration and are shown in Fig. 13.
These data are overlaid on a plot of the normalized mortar
conductivity from the present study, all plotted as a function of
sand content. Clearly the mortars show a marked increase in
permeability, while the conductivity decreases as sand is added.

The contrast in conductivity between the ITZ and matrix paste
conductivities in mortars and concrete is apparently not large
enough for the ITZ to overcome the effect of the aggregate. This
is because the conductivity is not a very strong function of the
porosity. as seen in Fig. 11. However, fluid flow is different. The
case of flow through a tybe of circular cross section and radius r
shows this clearly. For conduction, the electrical flow through such
a tube is proportional 1o the total cross-sectional area . In the
same tube, fluid flow is proportional to r*. Therefore. fluid flow,
and thus permeability, are much more sensitive functions of pore
size than is conductivity. Because of the larger pores and higher
porosity in the ITZ compared with the matrix paste, the contrast
between the permeabilities of the ITZ and matrix paste are thought
10 be much larger than for conductivity, perhbaps 10-100 times as
much. For such a large contrast, the positive effect of transport
through the ITTZ will dominate the negative effect of the blocking
aggregate particles and the densified matrix paste. Thus, as in Fig.
13. permeability increases with additional sand content.

One way to approximately elucidate the effect of the ITZ on the
permeability is to use the Katz-Thompson equation*? and an MIP
intrusion curve of a neat OPC paste and mortar.”® The Katz-
Thompson equation is

1 fc
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Fig. 13. Normalized permeability and conductivity data. Permeability
data are adapted from Halamickova'® (degree of hydration = 0.6). and
conductivity data are from the present work (degree of hydration ~0.7).
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where d_. is the critical pore diameter associated with the inflection
point in the MIP intrusion curve, o and o, are the sample and pore
fluid conductivities, respectively, and k 1s the hydraulic perme-
ability.**** The derivatives of two mercury intrusion curves are
shown in Fig. 14. These curves are generated from two of the
intrusion curves from Fig. 3 and indicate a bimodal distribution of
pores for the mortar. The coarser pores are associated with the ITZ
and the finer pores are assigned to the matrnix cement paste.
According to the 47 term in the Katz—Thompson equation (assum-
ing similar values for o), the larger ITZ pores (d, = 0.49 pm) will
have a significantly higher permeability than the smaller matrix
pores (d. = 0.030 pm}, and although the ITZ volume fraction is
relatively low, it will have a significant influence on the overall
permeability. It is also interesting to note that the paste portion of
the two MIP curves indicates a slight shift to smaller pore
diameters for the mortar. This is consistent with both the resuits of
the model and of Scrivener er al® which indicate that the
waterfcement ratig and thus the average pore size in the matrix are
reduced when aggregate is present.

The applicability of the Katz-Thompson equation can be
determined by looking at the critical pore diameters of an MIP
intrusion curve for a paste and a mortar (e.g., Fig. 14). If the ITZ
1s percolated through the sample, the mortar can be roughly
modeled as a parallel, three-phase composite, especially when the
contrast between the ITZ and the matrix is large.*’ The volume
fractions of the ITZ and matrix pastes are determined by the
multiscale model shown in Fig. 7. The MIP intrusion data, as
measured by Winslow ef al.,?® show a bimodal distribution of
pores. with a critical pore diameter for the ITZ paste of 0.49 um.
The paste has a single pore-size distribution and a critical pore
diameter of 0.030 wm. According to the Katz-Thompson equation,
the two factors that influence the permeability are the normalized
conductivity (g/,) and the critical pore diameter (d-). It was
demonstrated earlier that the conductivities of the ITZ and matrix
are different by about a factor of 2 late in the hydration. Therefore,
the ratio of the permeability of a morar and a paste can be
calculated by the following equation:

kpirz Tirz* di.n'z_ _ 7(9"4_%1)
& - T 7\0.03°

\ /

= 534 (2)

N
p.paste O pasic dc.pasl:

According to this calculation, the ITZ is predicted to be ~500
tumes more permeable than the paste. However, not all the mortar
is comprised of ITZ paste. Therefore, the result from Eq. (2) needs
to be multiplied by the volume fraction of ITZ in the mortar (10%
at 55 vol% sand. according to the model). Thus, assuming all the
transport 1s through the ITZ, the mortar permeability is predicted
to be about 50 times higher than that of a paste. This prediction can

i

0.14 T T R R

—a— Neat paste

0.12 —o— Mortar - 49% Sand

0.1

FUIS EPVOPURPR B

Derivative of MIP intrusion curve
<
o
[=.%

0 ]

0.001 0.01 0.1 1 10 100 1000
Pore diameter (um)

Fig. 14.  The derivative of an MIP curve for a neat paste and a cement

mortar showing approximate pore size distribution tadapted from Win-
slow=1. Note the bimodal distribution of the mortar porosity.
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be compared with the experimental value in Fig. 13 of about 40.
As can be seen in the figure, the agreement is reasonable. It should
be noted that it is valid to use the MIP data by Winslow er al.>® and
the permeability data of Halamickova er al.'” together for this
comparison because the work of Halamickova was designed to
follow the work of Winslow. (A similar comparison using the
multiscale model can be found elsewhere.*')

It is also interesting to note in Fig. 13 that there seems to be a
sharp upturn in the permeability of the mortar between 35 and 45
vol% sand. In agreement with the results of Winslow er al..™® this
is an indication that the ITZ has become percolated. The conduc-
tivity does not show such an uptumn because the contrast between
the ITZ and matrix paste is too small. The upturn for the
permeability is another piece of evidence for the higher contrast in
permeabilities between ITZ and matrix paste. Further experimental
and theoretical work is needed on the fluid flow properties of
mortar and concrete as compared with cement paste.

IV. Conclusions

The electrical conductivity of cement pastes and mortars was
measured as a function of volume fraction of sand and degree of
hydration (hydration time) using impedance spectroscopy. These
results were compared with theoretical models which were devel-
oped independently, but used experimental inputs such as the
particle size distribution of the aggregate and the mean cement-
grain diameter. The results indicate the following:

® The presence of the ITZ does not significantly enhance the
overall conductivity of portland cement mortars. At low and high
degrees of hydration, conductivity versus sand volume fraction
follows the conventional Bruggeman-Hanai law, (1 — V, . )*~,
when the conductivity of the mortar is normalized by the conduc-
tivity in the nominal paste matrix.

® There are two competing effects associated with the presence
of apgregate that tend to counteract each other. The first is the
creation of the porous, conductive ITZ in proportion to the
aggregate surface area, and the second is the reduction of water/
cement ratio in the matrix paste.

® The ratio of the ITZ and matrix paste conductivities (op,/
O mamx ) SIATES OUL low (=2j at early hydration, increases through a
maximum (~=7), and then decreases to a low value (=2). The
maximum occurs at a degree of hydration between 0.5 and 0.8 (72
to 336 h) at room temperature.

® The contrast between the conductivities of the ITZ and matrix
paste, Opr,/0 a1 low enough that the effect of the insulating
aggregate dominates over the effect of the higher ITZ conductivity.
As sand is added. the overall mortar conductivity always decreases
at a fixed degree of hydration. This is not the case for other
transport properties, e.g., fluid permeability.
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