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Abstract

This paper describes the use of electrical conductivity to characterize plain and coarse glass powder modified cement pastes. It is
observed that the glass powder addition facilitates improved hydration of the cement grains. For the proportions investigated in this
study, and the particle size of glass powder, this advantage is negated by the reduced amount of hydration products, i.e., the dilution
effect. The variation of electrical conductivity and its derivative with time can be related to the various phases in the microstructural
development of the paste. It is observed from the time derivative of conductivity plots that the addition of glass powder results only
in minor changes in the setting time of the pastes. Higher the glass powder content, higher the normalized conductivity (ratio of con-
ductivity at a certain glass powder content to that of plain paste) at very early times, and then it falls to a value closer to or less than
1.0 at later times. A parallel model is used to represent effective conductivity as a function of the pore solution conductivity, porosity, and
pore connectivity factor. The pore solution conductivity increases with increase in glass powder content. The porosity of the pastes
reduces with increase in glass powder content at early ages and increases at later ages. A reduced pore connectivity factor is observed
for pastes with higher glass powder content at later times. However, this does not imply increased volume of hydration products as
is commonly interpreted for normal pastes, but the electrical conduction pathways are made more tortuous by the relatively large volume
of un-reacted filler material in the pore structure.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of high performance concrete (HPC) and self-
consolidating concrete (SCC) have gained prominence in
global concrete construction. These concretes are propor-
tioned with a substantially reduced water–cement ratio
(w/c) and incorporate a variety of additives. With a
reduced w/c, it is well known that not all the cement in
the concrete mixture participates in hydration reactions,
and for w/c less than 0.38, some unhydrated cement remain
in the system [1]. In order to ensure more efficient usage of
energy and materials, it has been suggested that coarser
cements be used in HPC [2], or the coarser cement particles
0958-9465/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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that will not undergo complete hydration in low w/c mix-
tures be replaced by inert filler materials like ground sand
or limestone powder [3,4]. The addition of limestone pow-
der to cement is common in Europe and up to 35% of lime-
stone powder can be added to produce portland limestone
cement [5]. In the United States, ASTM C150, the standard
specification for portland cement allows limestone addi-
tions of up to 5%. The limestone filler improves the disper-
sion of cement grains and thus the hydration rate of cement
[6]. Other inert filler materials that can be used in HPC and
SCC are glass powder, stone dust, and chalk powder
[5,7,8].

This paper examines the influence of waste glass powder
as filler on the properties of cement pastes. The recycling of
waste glass is a major problem in large municipal areas of
developed countries [9,10]. In regions where there are local
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sources of glass powder, either from the crushing of post
consumer glass or from the production of industrial appli-
cation and highway safety glass beads, which needs to be
safely disposed, their use in concrete becomes an environ-
ment-friendly option. A few studies have reported the use
of waste glass as a raw siliceous material for the production
of portland cement [11,12], but the concerns with high
alkali content remain. Previous studies on the use of glass
powder [7,10,13,14] have investigated the pozzolanicity
and strength development of mortars and concrete incor-
porating fine glass powder, whereas this study employs
electrical property based methods to characterize cement
pastes in which a coarser glass powder is used as filler.
Characterizing such non-conventional materials with
respect to their behavior in cementitious systems is an
important step that is expected to lead to (i) better confi-
dence in the usage of such materials in concrete, thus
leading to sustainable methods of waste utilization, and
(ii) the selection of optimal dosages of these replacement
materials.

2. Experimental program

2.1. Materials and mixtures

Type I ordinary portland cement conforming to ASTM
C 150 is used for the cement pastes investigated in this
study. The glass powder was obtained from Potters Indus-
tries, Potsdam, NY, a manufacturer of highway safety glass
spheres and industrial glass beads. The waste glass powder
from this facility comes in two different particle size distri-
butions – a coarser powder with 60% finer than 88 lm, and
a finer variety with 90% finer than 45 lm. The glass powder
used in this study was the coarser of the two since it is used
just as filler. Cement pastes were prepared with two differ-
ent water-solids (cement + glass powder) ratios (w/s) of
0.32 and 0.42. The replacement rates of cement with glass
powder were 10%, 20%, and 30% by mass. The physical
characteristics and chemical composition of the cement
and glass powder are shown in Table 1. Fig. 1 shows a
micrograph of the glass powder along with the energy dis-
Table 1
Chemical composition and physical characteristics of cement and glass
powder

Composition (% by mass)/property Cement Glass powder

Silica (SiO2) 20.2 72.5
Alumina (Al2O3) 4.7 0.4
Iron oxide (Fe2O3) 3.0 0.2
Calcium oxide (CaO) 61.9 9.7
Magnesium oxide (MgO) 2.6 3.3
Sodium oxide (Na2O) 0.19 13.7
Potassium oxide (K2O) 0.82 0.1
Sulfur trioxide (SO3) 3.9 –
Loss on ignition 1.9 –
Fineness, % passing (sieve size) 97.4 (45 lm) 60 (88 lm)
Specific surface area (m2/kg) 388 262
Density (kg/m3) 3150 2490
persive X-ray spectrum (EDX) indicating the dominant
elements.

Cement and glass powder were mixed dry in a labora-
tory mortar mixer for 2 min. Water was then gradually
added and mixed for further 3 min. After the mixing time,
a part of the mixture was filled in acrylic molds for electri-
cal property measurements, another part filled in 50 mm
cube molds for compressive strength test at various ages,
and another part used for flow table tests to determine
workability as per ASTM C 1437.
2.2. Electrical impedance spectroscopy (EIS) for

conductivity determination

Electrical impedance spectroscopy tests on the cement
pastes were carried out using a HP 4284A LCR meter
connected to a personal computer for data acquisition.
The cement pastes were filled in acrylic molds (50 mm ·
50 mm · 150 mm) immediately after they were mixed.
Two stainless steel plates (50 mm · 75 mm · 0.75 mm)
were placed at the ends of the molds to be used as elec-
trodes. Alligator plugs from the impedance analyzer were
attached to the electrodes. The impedance measurements
were carried out over a frequency range of 20 Hz to
1 MHz at five measurements a decade, using a 250 mV
AC signal. A typical Nyquist plot (plot of real versus imag-
inary impedance) obtained from EIS measurements con-
sists of two arcs – the bulk arc and the electrode arc. The
two arcs meet at a point where the imaginary component
of the impedance is minimum, and the corresponding real
impedance is the bulk resistance (Rb) of the sample. The
effective conductivity (reff) is calculated from the bulk resis-
tance as

reff ¼
l

RbA
ð1Þ

where l is the specimen length, and A is the cross-sectional
area.
2.3. Non-evaporable water content and degree of hydration

Non-evaporable water content (wn) is used in this paper
as a measure of the degree of hydration of cement pastes.
Small pieces of pastes (2–4 g in mass) were cured in com-
pletely saturated conditions at 20 �C. At different ages (1,
3, 7, 14, and 28 days), the hardened pastes were removed
from water, crushed into powder, and flushed with acetone
to stop further hydration. The samples were placed in cru-
cibles and heated to 105 ± 5 �C for 24 h in an oven. After
the 24 h period, the crucibles were weighed (w105) and then
kept in a muffle furnace at 1050 �C for 3 h, after which they
were allowed to cool to ambient temperature in a dessica-
tor and weighed (w1050). Non-evaporable water content
(wn) is obtained as

wn ¼
w105 � w1050

w1050

ð2Þ



Fig. 1. SEM image and EDX analysis of the glass powder used in this study.
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The wn values of plain pastes were converted into degrees
of hydration (a) by dividing them with the wn of a com-
pletely hydrated paste, which is 0.24, and subtracting the
loss of ignition of the dry cement. Since the glass powder
is only a filler, the obtained degrees of hydration of modi-
fied pastes were corrected using the mass fraction of cement
in the mixtures to give actual degrees of hydration (aact)

aact ¼Min 1;
a

ð1� g=100Þ

� �
ð3Þ

where g is the percentage of glass powder replacing cement.
The minimum function is used to pre-empt the possibility
of aact attaining values greater than 1.0.
0 10 20 30
% glass powder replacing cement 

0.6

Fig. 2. Relationship between normalized flow and glass powder content
(pastes with w/s 0.42).
3. Results, analysis and discussions

3.1. Flow behavior and compressive strength of modified

pastes

The workability of the plain and glass powder modified
cement pastes were evaluated using a flow table as per
ASTM C 1437. The normalized flow values (ratio of flow
values of the modified pastes to that of the plain paste)
for a w/s of 0.42 are shown in Fig. 2. An increase in glass
powder content leads to increased flow. This is because the
glass powder does not absorb any water, thereby increasing
the free water content in the system. The increased work-
ability as a result of the addition of glass powder can be
beneficially employed to reduce the w/c for a specified
workability, and consequently a reduction in cement con-
tent. A lower w/c improves the mechanical and durability
characteristics while the reduced cement content controls
thermal and shrinkage stresses.
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Fig. 3. Compressive strength of glass powder modified pastes (w/s 0.42).
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Fig. 3 depicts the compressive strengths of glass powder
modified cement pastes at various ages, determined in
accordance with ASTM C 109. The compressive strengths
decrease with increase in glass powder content, the reasons
being the reduction in cement content and increase in effec-
tive w/c, which increases the porosity. The compressive
strength results indicate no secondary reaction and
strength gain. This is expected, considering the particle size
range of the glass powder used in this study.
3.2. Influence of coarse glass powder on the degree of

hydration of pastes

Fig. 4(a) and (b) shows the actual degrees of hydration
aact (or, in other words, the degree of hydration of the
active particles) as determined by the method explained
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Fig. 4. Actual degrees of hydration as a function of time for
earlier for glass powder modified cement pastes with w/s
of 0.32 and 0.42, respectively. For both w/s, replacing cer-
tain proportions of cement with glass powder results in an
enhancement in the degree of hydration because of the
increase in effective w/c. For 0.42 w/c plain cement paste,
the aact values are 0.35 and 0.68 at 1 and 28 days respec-
tively, whereas they increase to 0.67 and 1.0 when 30% of
cement is replaced with glass powder. For w/s of 0.32, aact

values at 28 days are 0.55 and 0.9, respectively, for plain
paste and paste with 30% cement replaced by glass powder.
The enhancement in aact is noticed for all ages, and it
increases with increase in glass powder content.

However, a high value of aact does not indicate an
increase in the volume of total hydration products, as is
evident from the reduced compressive strengths of the glass
powder modified pastes. The replacement of cement grains
by the coarse glass powder causes a dilution effect. Deter-
mining the proportion of glass powder (or any inert filler)
that will adequately compensate the dilution effect through
an increase in aact is important to attain equal or superior
mechanical properties to that of the plain paste. Such an
approach is beyond the scope of this paper, which deals
with the estimation of microstructural development of
plain and modified cement pastes using electrical
properties.
3.3. Electrical conductivity as an indicator of

microstructure development

Among several techniques that allow continuous moni-
toring of the evolution of microstructure of cement based
materials, electrical property measurements have received
considerable attention in the past [15–19]. The cement
paste is electrically conductive by virtue of its intercon-
nected pore network filled with water containing ions
released from the cement. During hydration, the volume
and connectivity of the pore network, as well as the
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conductivity of the ionic pore solution changes with time.
Such a behavior allows the use of electrical conductivity
as a tool to monitor microstructural changes with time.
Obtaining an understanding of the continuously evolving
pore structure is vital to all performance characteristics
of cement based materials including strength, volumetric
stability, transport characteristics, and durability. Of the
electrical property based test methods, EIS which employs
alternating currents at very low voltages over a range of
frequencies from Hz to MHz is widely used. Details on
EIS measurements to characterize cement based materials
have been extensively reported [16–24].
3.4. Interpreting electrical conductivity changes with time

for plain cement pastes

The variation in effective conductivity (reff) with time for
plain cement pastes having w/c of 0.32 and 0.42 are shown
in Fig. 5. The secondary Y-axis of this plot depicts the var-
iation in the time derivative of conductivity dreff

dt

� �
. This was

determined from the experimental conductivity–time data
using a commercial software SigmaPlotTM. It has to be
noted here that the peaks in the effective conductivity plot
do not coincide with the zero value for the derivative since
the time is plotted in the log scale (in this case, the slopes of
the conductivity curves are not the derivatives).

The effective conductivity increases slightly for a short
period of time after mixing of cement and water, due to
the dissolution of conductive ions from the cement [25–
27]. The magnitude of the conductivity peak increases with
increase in w/c, which can be attributed to the larger vol-
ume of conductive pore solution. The conductivity reaches
a maximum, and then starts to decrease at some point in
time as the water is replaced by hydration products. The
first minimum in the derivative plot, indicated as ‘A’ in
Fig. 5, can be thought of as relating to the end of dominant
dissolution of ions from cement into the pore solution, i.e.,
the induction period. For both w/c cement pastes, the first
minimum occurs at 1.44 h. The first maximum in the deriv-
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Fig. 5. Electrical conductivity and its derivative as a function of time for
plain cement pastes.
ative plot (indicated as ‘B’) can be related to the beginning
of the setting of the cement. The set time is determined by
the point at which the solid phase within the microstructure
begins to get connected, or the pore structure begins to
depercolate, as is evident from the rapid drop in conductiv-
ity corresponding to the peak B in the dreff

dt plot. This occurs
at about 3 h for the pastes shown in Fig. 5. The measured
initial setting times agree with this value. The final setting
time and the onset of hardening occurs between the first
maximum (‘B’) and the second minimum (‘C’). The fall
in dreff

dt between ‘B’ and ‘C’ coincides with the acceleration
phase in the heat evolution curve. These stages have been
identified in [27] using the resistivity of hydrating cement
pastes. Beyond C, which happens at about 10–12 h for
the pastes shown in Fig. 5, dreff

dt increases rapidly, and the
portion of the curve till the point ‘D’ corresponds to the
deceleration stage. During this stage, the pore network
becomes less and less electrically connected and the reac-
tion is completely diffusion controlled. Beyond ‘D’, dreff

dt is
relatively stable at or very close to 0 around and after
24–30 h, indicating that the conductivity decrease is very
gradual. This (near) steady state corresponds to the one
in the heat evolution curve also. However, microstructural
changes are still occurring in the cement paste even after
this time, but the change in conductivity is not as drastic
as at early ages. This is because the solid phase in the
microstructure has percolated to a sufficient degree at this
time. Theoretically, conductivity measurements should be
able to characterize the paste microstructure until the per-
colation threshold of approximately 18% has reached,
beyond which the capillary pores no longer control the
conductivity of the cement paste. This corresponds to a
degree of hydration of approximately 0.75 for a 0.45 w/c
paste [28]. Table 2 summarizes the different regions in the
derivative plot in Fig. 5 with respect to its characteristics,
relevant properties, and the corresponding stages in the
heat evolution curve.

3.5. Electrical conductivity response of glass powder
modified pastes

The influence of cement replacement by glass powder on
the electrical conductivity (reff) and its time derivative dreff

dt

� �
of cement pastes made with a w/s of 0.42 is shown in Fig. 6.
Similar curves were obtained for mixtures with w/s of 0.32
also. The following sub-sections describe the effective con-
ductivity response of the glass powder modified pastes at
early and later times, and also the interpretation of the time
derivative plots of effective conductivity.

3.5.1. Effective conductivity at very early times (till 6–8 h)

Immediately after mixing and at very early times, the
glass powder modified pastes exhibit a lower reff than that
of the plain cement paste, the lowest being observed for the
mixture with the highest amount of glass powder. This
could be attributed to the reduction in the amount of
mobile ions released by the particulate phases soon after



Table 2
Summary of the distinct regions in the derivative plots and relevant properties

Region in the
dr/dt curve

Approx. time
range

Characteristics of dr/dt Relevant properties Corresponding stage in
heat evolution curve

Till A �1.5 h Drop in dr/dt; goes from +
to � values

r increases, attains maximum
value

Dissolution, induction

A to B 1.5–3 h dr/dt < 0 r starts to decrease; beginning
of setting at peak B

End of induction phase

B to C 3–10 h dr/dt < 0; becomes more
negative

Initial and final setting occurs,
hydrated products form, r decrease rapid

Acceleration stage

C to D 10–24 h dr/dt increases, but stays <0 r decrease more gradual, diffusion controlled Deceleration stage
Beyond D >24 h dr/dt � 0 Slow and steady reduction in r Steady state
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Fig. 6. Electrical conductivity and its derivative as a function of time for
glass powder modified pastes (w/s 0.42).
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mixing with water because of the reduced cement content.
Although the alkali content of the glass powder is very high
as seen from Table 1, Na+ ions are not being released into
the pore solution immediately after coming into contact
with water. Measurement of conductivity of distilled water
and simulated pore solution incorporating glass powder
showed that the conductivity values start to increase
slightly only after about 2 h, and a gradual increase is
noted later on.

The value of reff for all the mixtures increases till about
1.5 h and then starts to decrease as can be seen from Fig. 6.
At points of highest conductivity, the mixture with 30%
glass powder replacing cement shows a 30% lower reff than
the plain cement paste. The reasons for this could be either
or both of the following: (i) the effect of reduced concentra-
tion of mobile ions as described earlier, resulting in a
reduced pore solution conductivity (rpore) and (ii) the glass
powder has a lower relative density than cement; therefore
for a given mass replacement, there is more volume of glass
powder in the mixture than the volume of replaced cement,
consequently leading to a lower pore volume (/pore). How-
ever it needs to be emphasized here that the reduced poros-
ity at such an early time should not be construed as an
indication of lower porosity at later times. As hydration
proceeds, the glass powder remains as filler, thus reducing
the volume of hydrated products and consequently increas-
ing the porosity. This is proved in Section 3.6.2 from the
calculations for capillary pore volume from the actual
degrees of hydration as well as by using a simplified model.

3.5.2. Effective conductivity at later times (beyond 6–8 h)

The rate of decrease of reff between 6–8 and 24 h is high-
est for the plain cement paste and it decreases with increase
in glass powder content, as observed in the reff–time plots
in Fig. 6. The cement content is reduced with increase in
glass powder content, and since the glass powder is not
expected to participate in the hydration reaction, the
amount of solid hydration products is less for modified
pastes, resulting in higher reff. At ages of 24 h and beyond,
the glass powder modified mixtures show higher reff than
the plain paste, and eventually at 14 days, the reff values
of plain and modified pastes are almost equal. A different
approach to look at the variation in reff at later times is
given in Section 3.5.4 using normalized conductivity.

3.5.3. Interpreting the time derivative plot of conductivity

The first minimum (point A) in the derivative plot in
Fig. 6 appears at about 1.5 h for all the pastes. This shows
that the dissolution of ions from the cement ends at the
same time irrespective of the glass powder content. How-
ever, there are discernible differences in both the reff values
as well as the magnitude of the minimum at this time. The
reff values are reduced with increase in glass powder con-
tent, and lower the glass powder content, the minimum
in the derivative curve is more negative. The first maximum
in the derivative curve which indicates the onset of setting
is observed between 2.5 and 3 h for all the mixtures. With
an increase in glass powder content, the maximum is
shifted to slightly earlier periods, showing that the mixture
begins to set earlier, which may possibly be attributed to
the alkali activation as a result of the high alkali contents
in glass powder. The second minimum is observed to occur
at 9.6 h for the plain cement paste. The corresponding val-
ues are 9.8 h, 9.9 h, and 9.5 h for mixtures where 10%, 20%,
and 30% cement, respectively, has been replaced with glass
powder. The magnitudes of the second minima also follow
a similar pattern as that of the first minima – the dips being
less conspicuous with increase in glass powder content. The
specific values of reff and dreff

dt pertaining to the distinct



Table 3
Distinct regions in the conductograms and their values for pastes with w/s 0.42

Proportion of glass powder
(% by mass of cement)

Point A Point B Point C

Time,
h

Cond.
(reff), S/m

dreff

dt ,
S/m/h

Time,
h

Cond.
(reff), S/m

dreff

dt ,
S/m/h

Time,
h

Cond.
(reff), S/m

dreff

dt ,
S/m/h

0 1.44 1.42 �0.110 2.96 1.25 �0.052 9.61 0.70 �0.085
10 1.44 1.38 �0.104 2.95 1.24 �0.022 9.81 0.68 �0.061
20 1.44 1.22 �0.077 2.61 1.17 �0.038 9.90 0.75 �0.047
30 1.43 1.08 �0.059 2.55 1.05 �0.015 9.51 0.73 �0.038
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regions in Fig. 6 for all the pastes are shown in Table 3.
Comparing the times in the derivative plot when the char-
acteristic features appear (Table 3), it could be concluded
that the incorporation of glass powder in cement pastes
has a slight influence on the initial setting times, but the
onset of other processes remain relatively unaffected.

3.5.4. Analysis of normalized conductivity of modified pastes
In this section, variations in normalized conductivity are

explored for glass powder modified pastes. Normalized
conductivity, rnorm, is defined as the ratio of effective con-
ductivity of pastes with varying amounts of glass powder at
a certain time to that of plain cement paste at the same
time. Fig. 7(a) and (b) shows the variation of rnorm with
time for mixtures with w/s of 0.32 and 0.42, respectively.
These plots are useful in explaining some of the finer details
beyond 6–8 h that are not very obvious from Fig. 6. At
early times (less than 6–8 h), rnorm is lower than 1.0 for
mixtures with higher glass powder content. Two plausible
reasons for this were discussed in Section 3.5.1. This trend
is reversed at about 6–8 h, and at 48 h (2 days), rnorm of the
paste with the highest cement replacement by glass powder
is the highest. This observation may be related to changes
in microstructural parameters (porosity, pore solution con-
ductivity, and pore connectivity) that result in a higher reff,
and consequently higher rnorm for the modified pastes.
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At 336 h (14 days), the pastes with higher amounts of
glass powder show rnorm values very close to 1.0. Though
a greater degree of hydration of the available cement grains
in modified pastes (Fig. 4) might have played some role in
this, it is believed that an analysis of all parameters that
contribute to reff is required to properly understand the
reasons behind such a behavior. This is attempted in this
paper using a parallel model, which is one of the common
models to describe the effective conductivity of cement
based materials [29]. For cement pastes, reff can be
expressed in terms of the conductivity of the pore solution
(rpore), the pore volume fraction (/pore), and the pore con-
nectivity factor (b) as

reff ¼ rpore/poreb ð4Þ

The following section evaluates these parameters in greater
detail.

3.6. Estimating the pore solution conductivity and

microstructural parameters

3.6.1. Influence of glass powder addition on the

conductivity of pore solution

Since the pore solution is the electrically conducting
phase in cement pastes, it is necessary to estimate the con-
ductivity of the pore solution (rpore) in order to be able to
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use models for prediction of reff. Experimental methods of
pore solution analysis by squeezing the pore solution from
hardened pastes have been reported and practiced [25,30].
In this paper, rpore is determined using an indirect method.
The concentrations of the dominant ions (Na+, K+, and
OH�) in 1 day or older pastes are calculated using the pro-
cedure outlined by Taylor [31], which has been found to
predict these concentrations fairly accurately. Using the
concentrations of the ionic species obtained from Taylor’s
models, rpore can be estimated using Eq. (5) [32]

rpore ¼
X zik

0
i ci

1þ GiI0:5
M

ð5Þ

where zi is the valence, k0
i is the equivalent conductivity at

infinite dilution, the values of which are given in [32], ci is
the molar concentration determined using Taylor’s model,
and Gi is an empirical coefficient, all for the species i. IM is
the ionic strength on a molar basis given by

IM ¼
1

2

X
z2

i ci ð6Þ

Fig. 8(a) and (b) illustrates the variation in the concentra-
tion of Na+, K+, and OH� with glass powder contents at 2
and 14 days, respectively. These two times are chosen here
because rnorm attains a maximum value at 2 days, and then
approaches a value of 1.0 at 14 days, as can be seen from
Fig. 7(a) and (b). At both these times, the Na+ concentra-
tion increases with increase in glass powder content be-
cause of the higher Na2O content in the glass powder.
The K+ concentration is found to decrease with increasing
glass powder content, due to the lower K2O content in
glass powder than the cement it replaces. At 14 days, the
Na+ concentration in the pore solution rises at a much fas-
ter rate with glass powder content than at 2 days. Since
glass powder is an inert filler, the volume of hydration
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Fig. 8. Variation of ionic concentration in the pore solution with glass powder c
at 14 days.
products is less in modified pastes, leading to a reduction
in the amount of ions that can be incorporated into the
hydration products. Majority of these ions thus remain in
the pore solution. The OH� ion concentration does not
show any appreciable change with increase in glass powder
content at 2 days, whereas at 14 days, it increases. The
reason for this behavior is the following. The OH� concen-
tration is determined from charge balance as [31]: cOH� ¼
cNaþ þ cKþ . From Fig. 8(a), at 2 days, it can be seen that
an increase in Na+ concentration is more or less balanced
by a reduction in K+ concentration, thus leading to no sig-
nificant change in the OH� concentration. From Fig. 8(b),
at 14 days, the Na+ concentration increases at a faster rate
than the reduction in K+ concentration with glass powder
addition, resulting in an increase in OH� concentration.

The values of rpore estimated using Eq. (5) are shown
in Fig. 9. It is seen that rpore is higher at 14 days than
2 days for all the pastes, which is in agreement with pre-
vious findings that the pore solution conductivity
increases with time at least until 28 days [16,25,31]. With
increase in glass powder content, rpore stays fairly con-
stant at 2 days because of the near constant OH� concen-
tration (Fig. 8(a)) which is the dominant contributor to
rpore. rpore is found to increase with glass powder content
at 14 days, which is the consequence of increasing OH�

and Na+ concentrations. It can be seen from Fig. 9 that
the incorporation of glass powder in cement pastes leads
to drastic increase in rpore at later ages. The aforemen-
tioned reason, combined with the reduction in volume
of hydration products that can sorb the alkali ions result
in such high values of rpore.
3.6.2. Estimating the capillary porosity

Using the actual degrees of hydration (aact), the capillary
porosity (/pore) of the plain and modified pastes were
determined using Eq. (7) [33]
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/pore ¼
qcemðw=cÞeff � fexpaact

1þ qcemðw=cÞeff þ
qcem

qglass
ðg=cÞ ð7Þ

qcem and qglass are the specific gravities of the cement (3.15)
and glass powder (2.50) respectively, fexp is the volumetric
expansion coefficient for the solid cement hydration prod-
ucts relative to the cement (2.15 � 1 = 1.15), and g/c is
the glass powder to cement ratio by mass. (w/c)eff is the
effective water–cement ratio, which for a w/s of 0.42%
and 20% replacement of cement by glass powder, is 0.525.

Fig. 10 depicts the variation in porosity with glass pow-
der content for pastes with w/s of 0.42 at 2 days and 14
days. Immediately after mixing with water, and at very
early ages, the local porosity reduces with increase in inert
glass powder filler content because of the lower relative
density of the glass powder as compared to that of cement.
However, as hydration proceeds, the porosity increases
with increase in glass powder content, as can be observed
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for 14 day old pastes. This can be illustrated by the follow-
ing simple model, depicted in Fig. 11. Consider 500 g of
cement mixed with 210 g of water (w/c 0.42) as shown in
Fig. 11(a). The original volume of cement in the paste is
159 cc (500/3.15), and that of water is 210 cc, providing a
total volume of 369 cc. After the cement has completely
hydrated, it occupies 2.15 times the original volume, i.e.,
342 cc, leaving 27 cc or 7.3% as capillary porosity. If 20%
by mass of cement is replaced with glass powder having a
specific gravity of 2.50, as shown in Fig. 11(b), the volumes
of cement, glass powder and water in the paste are 127 cc,
40 cc, and 210 cc, respectively. After complete hydration of
the cement, the volume of hydrated products then is 273 cc.
Since the glass powder is only a filler, this leaves a pore vol-
ume of 64 cc or 17%.
3.6.3. Determination of pore connectivity factor (b) from

effective conductivity

The values of reff experimentally obtained using Eq. (1),
/pore calculated using Eq. (7), and rpore at 2 days and 14
days determined using the procedure explained in Section
3.6.1 are used to determine the pore connectivity factor
(b) using Eq. (4) and plotted in Fig. 12 as a function of
the glass powder content. b increases with increase in glass
powder content at 2 days. This explains the reason for a
higher reff (and thus, rnorm as seen in Fig. 7) at 2 days
for the glass powder modified pastes even when /pore is
lower (Fig. 10) and rpore is fairly constant (Fig. 9). At 14
days, rnorm is close to 1.0 (i.e., reff of the plain and modified
pastes are very close to each other), even when /pore and
rpore are significantly higher for the modified pastes (Figs.
9 and 10). The reff of the modified pastes is lowered by a
reduction in b to bring rnorm close to 1.0. At relatively later
ages (14 days), a combination of higher degrees of hydra-
tion of the available cement grains (Fig. 4), and the pres-
ence of a higher volume of unreacted particles of the
glass powder than the cement it replaced (because of the
lower specific gravity of the filler), modifies the pore struc-
ture of the material so as to make the electrical conduction
paths more tortuous, demonstrated by a reduction in b. It
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is important to note here that the reduction in b does not
imply increased volume of hydration products as compared
to the plain paste.

4. Conclusions

This paper has dealt with characterization of cement
pastes incorporating coarse glass powder as a filler material
using effective electrical conductivity and its time deriva-
tive. The following conclusions are drawn from this study:

(i) The workability of the pastes was found to increase
with glass powder addition because of the increase
in effective w/c and the negligible water absorption
of the glass powder. This characteristic can be bene-
ficially employed to reduce the w/c for a given work-
ability, and thus the cement content. Replacing a
certain portion of cement by coarse glass powder
results in reduced compressive strengths of the paste
because of the increase in effective w/c as well as
the dilution effect which reduces the volume of hydra-
tion products. The actual degree of hydration of the
cement grains also increases with glass powder addi-
tion. For the glass powder contents investigated in
this study, the effect of dilution is more than what
could be compensated by the increase in actual degree
of hydration.

(ii) The variation of electrical conductivity with time and
its derivative can be related to the microstructure
development in cement pastes. The distinct regions
in the derivative plots show correspondence to the
dissolution phase, acceleration and deceleration
phases, and steady state in a typical heat evolution
curve.

(iii) The effective conductivity of the plain paste is higher
at very early times due to the dissolution of more ions
into the pore solution, where as it is lower at later
times because of the formation of a less connected
pore structure. The glass powder modified pastes
show lower initial conductivities as a result of
reduced ionic concentration, and reduced pore vol-
ume, both being direct consequences of the reduction
in cement content. From the derivative plots, it was
observed that the replacement of cement by glass
powder in the proportions used in this paper results
in only slight changes in the initial setting time.

(iv) The Na+ concentration increases with increase in
glass powder content in the paste, due to the higher
Na2O content in the glass powder. The K+ concentra-
tion decreases because the glass powder has lesser
amount of K2O than the cement it replaces. At 2
days, the increase in Na+ is compensated by the
reduction in K+, resulting in no significant changes
in pore solution conductivity with glass powder addi-
tion. However, at 14 days, the Na+ concentration in
the pore solution rises at a much faster rate with
increasing glass powder content, consequently
increasing the pore solution conductivity.

(v) At early times, local porosity reduces with increase in
glass powder content because of the lower relative
density of the filler as compared to that of cement.
As hydration proceeds, the porosity increases with
increase in glass powder content because there is insuf-
ficient hydration products as a result of the reduced
cement content and the increased effective w/c.

(vi) A parallel model has been used to describe effective
conductivity as a function of the pore solution con-
ductivity, porosity, and the pore connectivity factor.
At early times, the pore connectivity factor increases
with increase in glass powder content, and reduces at
later times (14 days). This reduction in pore connec-
tivity factor is responsible for the lower values of
normalized conductivity at later times even when
the porosity and pore solution conductivity are
higher. The reduction in pore connectivity factor
for inert filler modified pastes has a different meaning
than that of normal cementitious materials. In this
case, a reduction in pore connectivity factor does
not imply increased volume of hydration products
as is usual, but the electrical conduction paths are
believed to be made more tortuous by the presence
of higher volume of unreacted filler particles (because
of its lower specific gravity).
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