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The interfacial zone separating cement paste and aggregate in mor-
tar and concrete is believed to influence many of the properties of
these composites. The available experimental evidence, obtained on
artificial geometries, indicates that the DC electrical conductivity of
the interfacial zone, because of its higher porosity, may be consid-
erably larger than that of the bulk cement paste matrix. This paper
presents the theoretical framework for quantitatively understanding
the influence of the interfacial zone on the overall electrical conduc-
tivity of mortar, based on realistic random aggregate geometries.
This understanding is also used, via an electrical analogy with
Darcy’s law, to make predictions about the effect of the interfacial
zone on fluid permeability. The results obtained for mortar should
also pertain to concrete. ADVANCED CEMENT BASED MATERIALS
1995, 2, 169-181
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he DC electrical conductivity of mortar and
concrete is important both as a means of prob-
ing the structure of these materials and as a
measure of ionic diffusivity [1], via the Nernst-Einstein
relation [2]. Diffusivity is of interest in connection with
a range of issues related to durability, such as sulfate
attack and chloride ion-induced corrosion of steel re-
inforcing bars [3].

Concrete conducts electricity because of its porous
cement paste matrix, which is a conductor when satu-
rated with the electrolytic pore fluid [4-6]. Much recent
work has been done on understanding how the micro-
structure of cement paste determines its electrical con-
ductivity [4,5,7-9]. However, relatively little work has
been done on how the conductivity of concrete de-
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pends on quantities like the number and arrangement
of aggregate particles and on the cement paste-
aggregate interfacial zone [6,10]. This is at least partly
due to the complicated random structure of concretes
and mortars. Experimentally, some synthetic aggre-
gate:cement paste geometries have been investigated
{11,12] that did not, however, take into account the
random geometry and topology of the real material
phases.

Concrete is a random composite material at many
length scales [13], from the nanometer length scale of
the C-S-H structure in the cement paste matrix, to the
micrometer length scale of the unhydrated cement
grains and larger capillary pores, and finally up to the
millimeter and centimeter length scale of the aggregate
particles used in a typical concrete. Accordingly, it is
not practical to try to predict the electrical properties
from the material structure while simultaneously con-
sidering all these length scales. Instead, one must fo-
cus on a given length scale and describe the micro-
structure and properties in mathematical language ap-
propriate to this length scale. In this paper, we are
concerned with the (approximately 10-1000 um) length
scale that adequately describes a typical mortar [14,15].
Within this framework, mortar (and concrete) can be
approximately viewed as a three-phase composite [16-
18] of bulk cement paste, aggregate, and interfacial
zone cement paste (see Figure 1), where all three
phases can be thought of as uniform continuum mate-
rials. In a mortar, the aggregate particles typically
range in size from 100 pm to a few millimeters. Inter-
facial zones are significantly smaller, on the order of
10-50 pm in thickness [19,20]. Typical volume fractions
occupied by the aggregate particles in mortars are
about 50%, with the remaining volume comprised of
bulk and interfacial zone cement paste. Aggregate vol-
ume fractions are usually somewhat higher in con-
crete, on the order of 60% [14].

In a three-phase composite model, the volume frac-
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FIGURE 1. The structure of mortar, as represented by the
random aggregate model. There are four sizes of sand grains
with diameters (in pm) of 1,500, 750, 500 (dark gray ), and
250. The thickness of the interfacial zone region (white) is 20
pm. The bulk matrix cement paste is shown in light gray.
The total volume fraction of sand is 54%, with the sand size
distribution as given in Table 1.

tion assigned to the interfacial zone phase depends on
what thickness is taken to define the boundary be-
tween the interfacial zone and the bulk cement paste.
Figure 2 shows, using a recently developed model for
the structure of mortar [15], how the volume fraction of
cement paste belonging to the interfacial zone phase
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varies as a function of this assumed thickness. In this
model, sand grains are taken to be spherical with a
realistic size distribution [15]. The interfacial zones are
viewed as uniform thickness shells placed concentri-
cally around each aggregate or sand grain. Because the
average particle size of the cement is much smaller
than the average particle size of the sand, the thickness
of the interfacial zone is determined by the cement
particle size. This thickness then has the same value
for each sand grain [21]. Figure 2 clearly shows that,
for values of the interfacial zone thickness around 20
pm, the interfacial zone cement paste occupies 20 to
30% of the total cement paste volume, and therefore 10
to 15% of the total mortar volume. Because the inter-
facial zone cement paste occupies a significant volume
fraction, the physical properties of this phase will cer-
tainly have an influence on the overall behavior of the
mortar/concrete composite [22,23]. This would be true
even if this phase were discontinuous. However, re-
cent modeling and mercury injection experimental
work showed that, even if the interfacial zone thick-
ness is taken to be as small as 10 pm, the interfacial
zone cement paste phase can still form a continuous
percolating channel, which implies an even larger ef-
fect on the transport properties of the composite
[15,24].

Most real mortars and concretes have entrapped or
entrained air voids. If air voids are present (and remain
filled with air rather than pore fluid), they can be
treated as an insulating “aggregate’ particle with an
interfacial zone probably similar to that surrounding
the usual aggregate particles [25]. We will not consider
air voids in the rest of this paper.
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§ FIGURE 2. For size distribution of sand grains
determined experimentally [15], the fraction
of the total cement paste volume occupied by
the interfacial zone cement paste is shown as
a function of the interfacial zone thickness.
(Here the grains are assumed to be spherical.)
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Constituent Properties in the
Three-Phase Model

For the purposes of electrical conduction, ‘the aggre-
gate grains are simply inert obstacles to the flow of
current. The basic model is then defined by two pa-
rameters: (1) the structure of the interfacial layer, and
(2) the electrical contrast between this layer and the
bulk cement paste. Clearly, both parameters will de-
pend on the water:cement ratio as well as other prop-
erties of the bulk paste.

It is well-known that the aggregate-cement paste in-
terfacial zone consists of a region up to approximately
50 wm thick around each aggregate grain. Within this
zone, there is higher porosity, larger pores, and a
higher volume fraction of calcium hydroxide [19,20].
This is the case for aggregate that is much less porous
than the cement paste, like quartz or granite. In the
case of lightweight aggregate, like a porous limestone,
or aggregate that can react with water, like cement
clinker aggregate, this situation can be reversed with
the interfacial zone actually denser than the bulk ce-
ment paste [21,26]. This paper concentrates on the case
where the interfacial zone is less dense than the bulk
cement paste, although the same models can also han-
dle the case of denser interfacial zones.

In porous materials in general and cement paste in
particular, the conductivity increases roughly as a
power of the porosity. This behavior occurs when the
pore space is filled with a conductive material, which is
pore fluid in cement paste. The exponent in this power
law generally lies between 1 and 3 and is, in many
cases, quite close to the value 2 [27].

Modeling the Influence of the Interfacial Zone 171

Figure 3 shows schematically how the capillary po-
rosity varies, and therefore how the conductivity
might vary, across the interfacial zone by assuming
that the conductivity is proportional to the square of
the porosity. In this paper, we replace the variable
conductivity interfacial zone region with a shell of
fixed width and constant conductivity, for the sake of
simplicity. There is more than one way to carry this
out. We choose to average the conductivity by inte-
grating across the interfacial zone, and then assume a
fixed width shell around each aggregate grain in which
the conductivity o, is higher than that of the bulk ce-
ment paste and is defined by:

L g o(x)dx

o= M

where h is the assumed thickness of the interfacial
zone in which the extra conductivity is concentrated
and o(x) is the actual conductivity as a function of x,
the distance from the aggregate surface, as schemati-
cally shown in Figure 3. All the other cement paste
outside of the shell of thickness 4 is given the bulk
cement paste value of conductivity, o,. For the sche-
matic data shown in Figure 3, the ratio o(x = 0)/o, is
about 14. Using h = 10, 20, and 30 wm, in combination
with eq 1, the value of o,/0, is calculated to be 8, 5, and
4; respectively. This procedure has the advantage of
forcing the chosen interfacial zone conductivity to be
smaller as the width of the zone is made larger, so that
the current around each grain should remain approx-

FIGURE 3. Schematic representation of how
4 the capillary porosity and conductivity may

vary across the interfacial zone. The hori-
zontal dotted lines show the bulk cement
paste values for both quantities.
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imately fixed and not depend sensitively on the as-
sumed value of h.

Several authors have carried out experiments with
planar or cylindrical aggregate shapes, so that the bulk
cement paste and interfacial zone electrical flow paths
are both one-dimensional and in parallel. In this sim-
ple geometry, separate measurements of the bulk ce-
ment paste conductivity and the composite conductiv-
ity can be combined to extract a value for o /0, if a
value for h is assumed. A range of values has been
found, from about 10 [11], assuming h = 20 pm, to
12-15 [12], assuming h = 100 um. This latter value for
h seems much too large, since scanning electron mi-
croscopy investigations of the interfacial zone gener-
ally find that the porosity of the interfacial zone de-
creases to the bulk cement paste value by a distance of
30-50 pm from the aggregate grain surface [19,20].

Assuming a fixed thickness for the interfacial zone
region, it is possible to compute separate values of
porosity for this effective interfacial zone and for the
bulk cement paste. Bourdette et al. have done this for
two different mortars, 0.4 water:cement ratio (w:c) and
0.5 w:c, with slightly varying size distributions and
amounts of sand, both between 50 and 60% by volume
[28]. They find values of the interfacial zone (bulk ce-
ment paste) porosity, ranging from 46% (22%) to 30%
(21%), for an assumed value of h = 30 pm. Using the
conductivity versus capillary porosity curve for cement
paste established in earlier computational work [4],
Bourdette et al. found that these pairs of porosities
correspond to ratios of conductivities ranging from o/
o, = 6-15, in reasonable agreement with the experi-
mental values and with the simple schematic data
shown in Figure 3. We note that the theoretical relation
for bulk cement paste conductivity derived earlier [4]
is, for capillary porosities larger than 18%, essentially
quadratic in the capillary porosity, in agreement with
the general ideas discussed previously and displayed
in Figure 3.

Because there is no definitive value established ex-
perimentally for the value of /o, we have chosen to
allow this parameter to vary in the following compu-
tations and have studied the dependence of the com-
posite conductivity for a given sand content on the
value of ¢/g,. However, based on the mercury intru-
sion and modeling results for ref 15, we have chosen h
= 20 pm as the best value for the width of the inter-
facial zone. We emphasize that extracting the value of
o /o, from experiments will require an assumption for
the value of h. That is another reason to investigate the
composite conductivity as a function of a variable in-
terfacial zone conductivity.

Although the model we pursue in the remainder of
this paper is highly simplified, we emphasize that its
essential features could be specified in detail if more
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experimental data on the structure of mortars were
available. In particular, we feel that nuclear magnetic
resonance (NMR) studies would be of great value in
determining the model’s parameters. NMR may be
particularly useful, because the larger pores in the in-
terfacial zone could be seen in relaxation studies as an
independent contribution to the pore size distribution
[29,30]. By contrast, in mercury intrusion the interfa-
cial zone pores are detected at their correct size only if
this zone percolates through the material. Before they
are percolated, they will be classified as smaller bulk
cement paste pores [15]. Such experiments could also
fix the relative weights of the interfacial zone and bulk
cement paste porosities, thereby constraining the
thickness of the layer and thus the electrical contrast.
In principle, similar information is available directly
from microscopy, but NMR has the advantage of being
a nondestructive, noninvasive measurement.

Periodic and Random Models
for Mortar

The random arrangement of multisized aggregate par-
ticles in real mortar or concrete plays an important role
in determining the effective properties of the compos-
ite. However, ordered periodic arrangements of aggre-
gate grains are easier to handle computationally. Al-
though they cannot be quantitatively accurate, results
obtained from periodic models can still give qualitative
insight, as aggregate-aggregate interactions and inter-
facial zone overlap do play an important role.

The periodic model that is investigated in this paper
is a body-centered cubic (BCC) [31] arrangement of
spherical sand grains, chosen to have a diameter of 400
wm and an interfacial zone thickness of h = 20 pm.
The value of 400 pm was chosen from the sand particle
size distribution used in ref 15 as being a compromise
between the number fraction-weighted and volume
fraction-weighted average particle diameters. The size
of the unit cell was chosen so that the interfacial zones
would be percolated and so that the sand volume frac-
tion was 54%, with the interfacial zone occupying ap-
proximately one-third of the total paste volume frac-
tion of 46%. This choice of parameters produces a sys-
tem in rough agreement with the model studied in ref
15. A slice through the body diagonal of the cubic unit
cell is shown in Figure 4, with the three phases shown
in different gray levels. By convention o, = 1, while

the value of o./0, was allowed to vary freely.
To compute the overall conductivity of this periodic

composite, a cubic unit cell containing two sand grains
was digitized into a three-dimensional array of pixels,
typically 128 x 128 X 128. A macroscopic electric field
was applied in one of the principal cubic directions.



Advn Cem Bas Mat
1995;2:169-181

Each pixel was then treated as a tri-linear finite ele-
ment, which resulted in a set of 128° linear equations
that were solved with a conjugate gradient algorithm
[32,33]. A resolution of 64 X 64 X 64 was also used,
with only very small changes in overall results, so that
the 128 resolution was judged to be adequate to rep-
resent both the sand grain and, more importantly, the
thin interfacial zone volume.

To study a mortar with a more realistic random sand
grain arrangement, we used the system studied in ref
15.and shown in Figure 1. From the experimentally
measured sand grain size distribution used there, we
chose four representative diameters: 250, 500, 750, and
1,500 pm. In effect, we reduced the total number of
particles needed in the model by eliminating the larg-
est and smallest grain sizes. (The ratio of largest diam-
eter to smallest diameter determines how many parti-
cles are required to achieve a statistically representa-
tive volume.) For the maximum sand grain volume
fraction studied, a total of 6,500 particles was used.

The sand grains were randomly placed, largest first
and smallest last, such that no sand grains overlapped.
The center coordinates and radius of each sphere was
recorded in a data list. Interfacial zones 20 pm thick
were added to each grain. The interfacial zone volume
was determined by point counting [15], the aggregate
volume was determined by just adding up the volumes
of individual sand grains, and the bulk cement paste
was the remaining volume.

The connectivity of the interfacial zone phase was
computed using a burning algorithm [15]. Figure 5
shows the connectivity of the interfacial zone phase as
a function of sand volume fraction. The y-axis, labeled
“Fraction Connected,” is just the fraction of the total
interfacial zone volume at a given sand volume fraction
that is part of a connected path across the sample. The
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FIGURE 4. Cross-sectional view (taken through
the cubic unit cell body diagonal) of the body-
centered cubic (BCC) packing of equal size spher-
ical sand grains. The bulk cement paste is shown
in white, the sand grains in dark gray, and the
interfacial zone in light gray.

interfacial zone phase first becomes partially connected
at a sand volume fraction of about 36%, and essentially
all of the interfacial zones are connected to each other
by a sand volume fraction of 51%.

The conductivity of the random sand grain mortar
model was computed quite differently from that of the
periodic model for the following reason. The largest
unit cell we can presently use for electrical computa-
tions using the conjugate gradient/finite element
method is actually around 128°. The size is dictated by
the limitations of the computers to which we have ac-
cess. This is not enough resolution to adequately rep-
resent more than a few grains and their associated in-
terfacial zones. To compute the conductivity of statis-
tically representative volumes of material containing
thousands of sand grains requires a different ap-
proach.

Here we adopt a random walk algorithm, used ex-
tensively in studies of disordered porous media [34]
and composite materials [35]. For a material where
only one phase has a non-zero conductivity, the algo-
rithm is especially simple. Random walkers are started
at various positions in the conductive phase and al-
lowed to take unit length steps in random directions at
every time step. The mean square distance traveled by
each walker is computed as a function of the number of
time steps. If a projected step would take the walker
into a nonconductive phase, then that step is not al-
lowed, but the clock is still advanced one time step.
Eventually, the mean-square distance versus the num-
ber of time steps is a straight line whose slope is the
diffusion coefficient of the conductive phase. Multiplying
by the volume fraction of the conducting phase then
gives the overall conductivity of the composite, normal-
ized by the conductivity of the pure conducting phase
[34].
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FIGURE 5. Percolation curve for random
sand grain mortar model, for a 20 pm thick
interfacial zone. The x-axis is the sand vol-
ume fraction, and the y-axis is the fraction
of the interfacial zone phase that is con-
] tained in the percolating cluster.
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When two or more phases are conducting with dif-
ferent phase conductivities, then the algorithm is
somewhat more complicated, although this case has
also been studied by Hong et al. [36]. Basically, the
step rate in a phase increases with conductivity of the
phase. Additionally, the probability of stepping across
a phase boundary from phase A to phase B is biased
based on the relative conductivity of the two phases.
Again the mean square displacement versus the num-
ber of time steps gives a diffusivity from which is de-
rived the overall conductivity [37}.

The random walk algorithm allows the sand grains
and interfacial regions to be stored as geometrical ob-
jects rather than as collections of pixels, so that the
resolution is essentially that of the step size used. This
step size can be small compared to the interfacial zone
thickness h without any increase in the computational
storage required. This means that a large number of
particles as well as the thin interfacial zones can be
simultaneously resolved. Run times will increase as
the step size decreases, however.

Electrical Conductivity Results

We first present the results for the BCC periodic mortar
model to display overall trends and to point out gen-
eral behavior. Figure 6 shows, for the 54% sand vol-
ume BCC mortar model, the overall conductivity of the
composite, ¢, divided by the conductivity of the bulk
cement paste matrix, 0,. The x-axis is the ratio of the
conductivity of the interfacial zone cement paste, o, to
o, The interfacial zone cement paste is percolated in

0.6

this model and so plays a strong role in the overall
conductivity as can be seen from the graph. Several
points are worthy of note.

The conductivity at o/o, = 1is that which would be
obtained if the interfacial zone cement paste had the
same porosity and therefore the same conductivity as
the bulk cement paste. The presence of the insulating
sand grains in this case reduces the overall normalized
conductivity from 1 to 0.35. This is consistent with a 3/2
power law found in suspensions of spheres and in
many porous rocks, where the normalized conductiv-
ity goes like the 3/2 power of the conductive phase
volume fraction. In this case, (0.46)*? = 0.31
[27,38,39].

The composite conductivity can be thought of as the
result of a competition between the insulating sand
grains, which tend to lower the overall conductivity,
and the interfacial zone cement paste shells, which
tend to raise the overall conductivity, when o, > o,.
Figure 6 shows that when o/o, = 6, the composite
conductivity first achieves a value equal to the matrix
conductivity; so for this microstructure, this value of
oo, causes the greater interfacial zone conductivity to
“cancel out” the effect of the zero conductivity sand
grains. For values of o/a, < 6, the overall conductivity
is less than the bulk cement paste conductivity,
whereas for O'S/(Tp > 6, it is more. When as/cp = 20, the
highest value shown in the graph, the composite con-
ductivity achieved is 2.6 times higher than the bulk
cement paste conductivity.

The solid curve in Figure 6 is a Padé approximant
[40] that has been employed [41] to describe the con-
ductivity of porous sandstone rocks where the sand
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i FIGURE 6. Composite conductivity for the
body-centered cubic (BCC) model is plotted
versus the interfacial zone conductivity.
(Both are normalized by bulk paste conduc-
tivity.) The solid dots are the numerical
data, and the solid line is the Padé approx-
imant explained in the text.

grains have a thin clay coating that has a higher con-
ductivity than the electrolytic pore fluid. This is a sit-
uation analogous to the mortar and concrete conduc-
tivity problem being studied here. The Padé approxi-
mant is a ratio of a quadratic polynomial to a linear
polynomial,

b+ cx + dx?
L= @

Gp 1+ ax

where x = o/0,. The parameters (4, b, ¢, d) are given
by combinations of four well-defined parameters (F, A,
f, \), which are defined in terms of the following two
limits of the curve shown in Figure 6 [41].

The first limit, in which the interfacial zone is only
slightly more (or slightly less) conductive than the bulk
cement paste matrix, o,/o, — 1, is given exactly by per-
turbation theory as

o 1 2h(ao, — 1)
=1 (1 » 2ed% 1 ) @)

where 1/F is the ratio of the conductivity of the mortar
to the conductivity of the bulk paste when oo, = 1,
and A is a length parameter defined using the ratio of
a volume integral to a surface integral of the electric
fields obtained from the solution of the o, = o, prob-
lem [41]. When o/, = 1, o/o,, = UF, and when g /g,
is close to 1, eq 3 is linear in o /o, with a slope given by
the ratio 2h/(FA) [41].

The second limit is when the conductivity of the
(assumed fully connected) interfacial zone is much
larger than that of the bulk cement paste, o /o, > 1. In

30.0

this limit, the composite conductivity is given exactly
by perturbation theory as [41]
o 1

(’p_f

where 1/f is the conductivity of the problem where o,
= 0and g, = 1, and A is another length parameter that
comes from a ratio of a surface integral and a volume
integral of the electric fields found in a solution of this
same problem [41]. Fitting eq 2 to eqs 3 and 4 gives the
four unknown coefficients (a, b, ¢, d).

Clearly, the Padé approximant provides an excellent
fit to the computed data points in Figure 6, so that this
analytical curve could be used to accurately predict the
composite conductivity at other values of o/o, that
were not numerically computed. The BCC periodic
mortar model has served to illustrate some generic ef-
fects of the interfacial zone conductivity on the overall
mortar conductivity. The random mortar model, which
is expected to more faithfully describe the real mate-
rial, is discussed next.

In Figure 7, we have the counterpart of Figure 6 for
the random mortar model. As in Figure 6, the overall
shape of the curve is concave down. The curve could at
most be straight. This would be the case if the two
phases, interfacial zone and bulk cement paste, were
exactly in parallel. Then the overall conductivity would
be given by a simple linear combination of the two
phase conductivities, and as o, increased, the overall
conductivity would increase linearly in this parameter.
Because the microstructure is such that the two cement
paste phases are not exactly in parallel, then the curve
must be sublinear, or concave down. As o /o, — %, the
curve will of course go to a straight line as in eq 4.

[(os/o, — 1) + N2] 4)
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To achieve an overall conductivity that is equal to the
bulk cement paste conductivity, the value of aslcp must
be equal to approximately 8, as can be seen in Figure 7.
This is higher than in the BCC periodic model due to
the greater tortuosity of the interfacial zone cement
paste phase in the random model and its smaller vol-
ume fraction compared to the BCC model. Increasing
oy/o, has therefore a somewhat lesser effect on the
overall conductivity. At 0'5/0,, = 20, the overall conduc-
tivity is about 1.8, which is also significantly less than
in the BCC periodic mortar model, for the same rea-
sons.

The solid line in Figure 7, is a Padé approximant
similar to that in Figure 6. The fit is less good than in
the BCC case, again an indication of the greater com-
plexity of the random mortar model and of real mor-
tars. However, the asymptotic slope of the Padé ap-
proximant for large values of o/o, should be accurate,
so that this curve can be safely extrapolated to predict
the effect on o/c, of much higher values of o./c,.

As measurements of the conductivity of mortars
(and the cement paste they are made from) become
available, curves like those shown in Figure 7 will
serve to identify the conductivity value for the interfa-
cial zone that provides the best match to the composite
conductivity. A second important experimental data
set will be obtained by measuring the conductivity of a
mortar as a function of sand volume fraction. One im-
portant aspect of such a data set is the dilute limit,
where the sand volume fraction is low. The composite
conductivity in this regime contains important infor-
mation about the conductivity and size of the interfa-
cial zone. This is the case because exact analytical cal-
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culations can be made of the influence of a few sand
grains surrounded by an interfacial zone shell placed
in a matrix. For the composite to be considered to be in
the dilute limit, the volume fraction of spherical inclu-
sions must be small enough (<5%) so that particles can
be considered individually and do not affect each
other.

Consider mono-size spherical particles of conductiv-
ity o, and radius b, each surrounded by a concentric
shell of thickness & and conductivity o,, and all em-
bedded in a matrix of conductivity o3. The volume frac-
tion of sand grains is c¢. Then /03, the overall compos-
ite conductivity normalized by the matrix conductivity,
is given by the expansion:

or

T o1+ me+ 0@ (6)
Op

Equation 5 has been derived by exactly solving for the
local electric fields and currents when the above phys-
ical system is placed in an (initially) uniform electric
field. Appropriate current and field averages are then
calculated to define the effective conductivity [42,43].
To make the connection to our mortar problem, let o,
= 0, h = the interfacial zone thickness, o, = o, (in-
terfacial zone conductivity), and o3 = o, (bulk cement
paste conductivity).

For the random mortar model, or indeed for a real
mortar, there is a size distribution of sand grain radii b;,
while the value of h is fixed. That implies that the slope
m; for each kind of particle will be a function of b,

5.0 T T T T v I

40

c/cp

FIGURE 7. Composite conductivity for
the random mortar model is plotted ver-
sus the interfacial zone conductivity.
(Both are normalized by bulk paste con-
ductivity.) The solid dots are the numer-
ical data, and the solid line is the Padé
approximant explained in the text.
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b+ h\3
3[(0’1 — 02)(20, + 03) + (T) (o1 + 209)(07 — 03) }C

+ O(c?) ” (5)

b

because the parameter [(b; + h)/b;]> will be different for
each particle. Equation 6 for n different sand particle
sizes each with volume fraction ¢; (Z ¢; = ¢) becomes

g— =1+ Em,-c,- =1+ (mx + O(?) @)
P i=1
where

n
cm;
i=1

®)

(m) =

c

Using the sand particle size distribution given in Table
1 by volume, we can find the value of m for the random
mortar model averaged over the appropriately
weighted four values of b; as in eq 8.

Figure 8 shows a graph of this average slope (m) as
a function of o,/c,. Note in the limit of 6 /0, = 1, the
slope {m) = —1.5, which is the known exact result for
insulating spherical inclusions of any size distribution
[27]. The marked point on the graph is at o /o, = 8.26,
which is the point at which the slope (m) = 0. At this
value, adding a few sand grains would, to leading or-
der in the sand volume fraction, have no effect on the
overall conductivity, keeping its value at the bulk ce-
ment paste value. In Figure 7, it was found that a value
of o /o, ~ 8 was required to make the composite con-
ductivity equal to the bulk cement paste conductivity
at a sand volume fraction of 55%. This implies that
there is information about the shape of the conductiv-
ity versus sand volume fraction curve for this particu-
lar sand size distribution and interfacial zone width
obtainable without further computation. For oo, <
8.26, such a curve must start out with negative slope,
and o/, will always lie under the bulk cement paste
conductivity. For o/o,, > 8.26, the curve will start out
with positive slope and always remain above the bulk
cement paste conductivity. This cutoff value for the
dilute limit slope will of course vary with the sand size
distribution. Having larger particles, and keeping the

3
[(01 + 207)(07 + 203) + 2 (m) (o1 — a2}z — 03)]

interfacial zone width the same, will tend to reduce the
dilute limit slope at the same value of o/o,.

Figure 9 shows computed conductivity data for the
random mortar model as a function of sand volume
fraction for 0'5/0,, = 20,-5, and 1. The sand size distri-
bution was preserved at every volume fraction. The
curve for o,/0, = 20 is roughly concave up, as the
initial slope is greater than 1, and the interfacial zone
conductivity is great enough so that the addition of
more sand makes this slope even greater. (In principle,
the percolation threshold at which the interfacial zone
phase becomes continuous might be visible as a fairly
sharp break in such a curve. Presumably, the required
values of o,/o, are considerably larger than those
shown here.) The o/6, = 5 curve has a negative initial
slope and remains below 1 as would be expected from
the previous predictions. The o/o, = 1 curve roughly
follows a 3/2 power law in the total cement paste vol-
ume fraction, as would be expected because there is no
difference between interfacial zone and bulk cement
paste in this case.

Using the results of eq 5 for the BCC model implies
that the initial slope is zero for o /o, = 5.5, nearly
equal to the value needed to make o/o, = 1 at 54%
sand, so that a fairly similar picture will hold for the
ordered model as well.

Comparison with
Experimental Evidence

Electrical Conductivity

There has been very little experimental work in which
both the electrical properties of mortars and the under-
lying cement paste have been measured. It is hoped

TABLE 1. Sand size distribution used in random mortar
model

Diameter (pam) Volume Fraction of Total Sand Content

250 0.1895
500 0.2233
750 0.2317
1,500 0.3555
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FIGURE 8. The exact initial slope of the con-
] ductivity, in the limit of dilute sand concen-
tration, is shown as a function of o./o, for
- the sand size distribution (see Table 1) of the
random mortar model.
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that the model presented in this paper will encourage
such measurements. However, there are two papers in
which measurements of the correct parameters were
attempted [10,44].

The first paper [44] contains chloride diffusivity mea-
surements made for cement pastes and mortars with
several different sand volume fractions. The ratio of
the overall diffusivity to the cement paste diffusivity is,
via the Nernst-Einstein relation, the same as the ratio
ola, [2]. It was found that this ratio was on the order of
1-2 for both 0.4 and 0.5 w:c mortars at about 50% sand
content. Using Figure 7, this result implies, assuming
that the sand particle size distribution was similar to
that used in our random mortar model, that o /o, was
roughly between 10 and 20, in agreement with the
experimental results discussed earlier on flat aggregate
interfaces [11,12]. However, another paper that at-
tempted to measure the conductivity of mortar as a
function of sand volume fraction found completely dif-
ferent results {10].

Ping and Tang [10] found a roughly linear depen-
dence of mortar conductivity on sand volume fraction,
with the slope always negative. They used an approx-
imate formula for the electrical conductivity of the mor-
tar as a function of sand content, os/crp, and h to try to
extract information about the interfacial zone conduc-
tivity. As this formula does not even agree with the
exact result for the dilute limit shown in eq 5 and Fig-
ure 8, any information obtained by it on the interfacial
zone conductivity is suspect [10]. The experimental
data also appears to have problems. For quartz aggre-
gate mortars, which almost certainly have high poros-
ity interfacial zones, Ping and Tang find mortar con-
ductivity values that are up to four times lower than

80.0

the cement paste values at sand fractions of 50%. This
value seems too low, especially when compared to the
3/2 power law [27] that predicts a conductivity, (0.5)*2
= 0.35, only three times lower than the paste value
when the interfacial zone has the same conductivity as
the bulk cement paste. In these quartz sand mortars,
we expect that the interfacial zone conductivity is in-
deed greater than the bulk cement paste value, so that
overall conductivity should be significantly higher
than the 3/2 power law result, not lower.

A possible problem with the experimental data in ref
10 is that a fixed frequency measurement of the con-
ductivity was used. It has been shown that variable
frequency AC measurements (impedance spectros-
copy) must be used to properly define the DC response
of ionic conduction systems like cement paste and
mortars [5,45]. Fixed frequency measurements do not
necessarily correctly eliminate the effect of the elec-
trode-sample impedance, so that in general too high
values of resistance, and therefore erroneously low
values of conductivity, will be measured [45].

Fluid Permeability

It is interesting to try to extend the modeling work to
include fluid permeability. However, this can only be
done approximately via the following analogy. The
correct way to calculate the permeability of a mortar
would be to solve the Navier-Stokes equations [46] for
the random pore space, which would include bulk ce-
ment paste pores as well as interfacial cement paste
pores. However, because we are considering mortar at
the sub-millimeter scale in this paper, we can use Dar-
cy’s law with the appropriate phase permeabilities for
the three-component composite: sand (K,), interfacial
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FIGURE 9. Composite conductivities (calcu-
lated by random walk simulations) for the ran-
dom mortar model are shown as a function of
sand concentration for several values of the in-
1 terfacial zone conductivity. (Normalization is
as in Figures 6 and 7.)
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zone cement paste (K;), and bulk cement paste (K,).
Darcy’s law for a spatially varying permeability is:

B K(r)VP(r)
n

v(r) = &)

where v(r) is the fluid velocity, K(r) is the permeability,
P(r) is the pressure at a position r, and 7 is the fluid
viscosity. If we identify v(r) with j(r), the electrical cur-
rent density, K(r)/m with the electrical conductivity,
and P(r) with the electrical voltage, then this equation
is identical with the equation for steady state current
flow, with the same boundary conditions, so that all
the results we have obtained for electrical conductivity
can be reinterpreted for permeability, albeit approxi-
mately. (A recent paper has shown that the correct
equation to be used in this case is Brinkman'’s equation
but that this use of Darcy’s law should be a reasonably
good approximation [46].)

If Darcy’s law is used, the next question to be raised
is: what is the effective value of K/K,, the key param-
eter analogous to 0/a,,? One way to estimate this quan-
tity is to make use of the Katz-Thompson (K-T) equa-
tion, which predicts the permeability of a porous me-
dium in terms of its conductivity and a critical pore
radius characteristic of the largest connected pores in
the material defined by a mercury intrusion experi-
ment [1,47]. The K-T equation has recently been
shown to work reasonably well on cement based ma-
terials [44,48,49], although using conductivities esti-
mated from mercury injection curves did not work as
well as directly measured conductivities [50]. The K-T
equation also seems to work better for higher water:

cement ratios (=0.5) then for lower ones (=0.4)
[44,48]. Neglecting constants of proportionality, the
K-T equation is

k~£d2

Gy

(10)

where o/o, is the conductivity of the porous material
relative to the conductivity o, of the conductive phase
it contains, and d is the critical pore diameter. If we
assume that the value of d for interfacial zone cement
paste is about 10 times as large as that for the bulk
cement paste, in rough agreement with the available
mercury intrusion evidence {15}, and if we take the
interfacial zone conductivity to be about 10 times larger
than that of the bulk cement paste, in rough agreement
with experiments on flat aggregates, then we would
expect that the ratio K/K, would be about 1,000.

The largest value of K/K, or o/g, computed in Fig-
ure 7 was only 50, but we can use the fitted Padé
approximant, which should be more accurate in this
limit, to estimate the overall conductivity or permeabil-
ity to be about 35 times that of the bulk cement paste.
Data in ref 44 indicate that the permeabilities of mor-
tars with about 50% sand are about 20 to 60 times
higher than the equivalent cement paste mortar, again
in rough agreement with the model prediction.

These analyses of the available experimental data in
light of the model predictions should serve to motivate
more experimental work on mortars with a wide range
of sand fractions including the dilute limit of a few
percent sand volume fraction. Generally, it appears
that impedance spectroscopy should be used to mea-
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sure the conductivity, as this is easier than making
direct measurements of the diffusivity. Conductivity
can then be related to diffusivity via the Nernst-
Finstein relation [2].

Discussion of Future Work

An important goal of future work, based on the tech-
niques and results of this paper, will be to develop a
general equation for the conductivity and diffusivity of
concrete. The inputs to such an equation would be: (1)
the chemistry, water:cement ratio, and degree of hy-
dration of the cement to determine the bulk matrix
conductivity; (2) interfacial zone characteristics; (3) ag-
gregate size distribution and volume fraction; and (4)
computations like those in this paper. With such an
equation, the conductivity and diffusivity of a concrete
could be determined with good accuracy at the mix
design stage based on fundamental microstructural pa-
rameters.

There are two (at least) possible complications in de-
termining the conductivity of mortar or concrete in
such a general equation that is not directly addressed
by the work covered in this paper. The first is the
folowing. In mortar with a fixed water:cement ratio,
the interfacial zone cement paste has less cement and
therefore more porosity than would be expected for
this water:cement ratio, implying that the bulk cement
paste will have slightly more cement and therefore a
lower water:cement ratio than the nominal value. The
results of ref 15 imply that a typical mortar or concrete
has one-fourth to one-third of its cement paste volume
in the interfacial region, where the interfacial region is
taken to be about 20 um, the region where most of the
larger pores reside. This value implies that there could
be a significant effect on the water:cement ratio of the
bulk cement paste. This effect would have to be al-
lowed for in a general equation.

The second possible complication is that some kind
of assumption about the uniformity of curing must be
made, because the local electrical conductivity in a con-
crete will depend on the local degree of hydration.
Water loss at surfaces and selfdessication, among other
factors, will effect the uniformity of curing in a typical
piece of concrete. A general equation for conductivity,
as described previously, must be able to be applied to
concrete whose degree of hydration will probably not
be uniform.

The same kind of model discussed in this paper can
also be used to help understand the role of the inter-
facial zone on the elastic properties of mortar and con-
crete. The effect of interfacial zone cement paste on
elastic moduli has already been experimentally studied
[17]. By holding the aggregate in a mortar at fixed vpl-
ume fraction but varying the average aggregate size

Advn Cem Bas Mat
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and thereby the surface area, researchers produced
significantly lower elastic moduli [17]. Increasing the
aggregate surface area at fixed aggregate volume frac-
tion would certainly increase the volume fraction of
interfacial zone cement paste at the expense of bulk
cement paste, so that we may conclude that the elastic
moduli of interfacial zone cement paste are smaller
than those of bulk cement paste, in keeping with a
higher interfacial zone porosity. Another recent anal-
ysis of elastic moduli led to this same conclusion [18].
It should be possible to carry out computations similar
to those described in this paper for the elastic moduli
of mortars and to quantitatively understand the effect
of the interfacial zone phase on the composite elastic
moduli. Work on two-dimensional digital image based
models of mortars is currently being carried out on
elastic moduli and elastic drying shrinkage [51]. This
should give at least qualitative insight into real material
behavior at arbitrary sand volume fractions. The dilute
limit for the elastic moduli of coated spheres has only
very recently been derived [52,53] and will make pos-
sible analyses of dilute limit experimental measure-
ments of the elastic moduli. These dilute limit moduli
measurements will provide direct measurements of in-
terfacial zone elastic properties.

Summary

We have shown, assuming a well-defined thickness
and conductivity, how the presence of the interfacial
zone cement paste influences the overall conductivity
of a mortar. Although the aggregate size distribution
used was typical of a mortar, the same general behav-
ior is expected of a concrete. Because the interfacial
zone cement paste occupies a significant fraction of the
total cement paste phase, up to one-fourth or one-
third, and because it is percolated, the higher conduc-
tivity of this phase in a plain portland cement mortar or
concrete will cause the overall conductivity of the mor-
tar or concrete to be higher than that expected for just
a simple two-phase (bulk cement paste plus aggregate)
composite. Just how much higher is determined by the
value of o/0,, the ratio of the interfacial zone cement
paste conductivity to that of the bulk cement paste. For
small sand fractions, on the order of 5% or so, the
overall conductivity can be predicted analytically for
any given sand size distribution, whereas for larger
sand volume fractions, numerical computation is nec-
essary. The random walk algorithm discussed in this
paper can perform this task accurately.
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