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Abstract

The electrical conductivity of a range of Portland cement-based mortars was studied over a period of 450 days hydration. The influence of
thermal cycling on conductivity was investigated and the activation energy, E,, established for conduction processes. E, was found to be
system specific and was in the range 16—30 kJ/mol (0.16—0.31 eV /ion); pozzolanic additions had the effect of increasing £, in comparison
with the plain ordinary Portland cement (OPC) mortar. Results also indicate that on the initial heating cycle, microstructural changes
occurred. At the end of the test period, permeability and diffusion tests were carried out and data are presented in this respect. © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Characterization of the developing microstructure within
cementitious systems represents an important area, and a
variety of techniques have now been exploited in this
respect. These include, for example, scanning electron
microscopy, mercury intrusion porosimetry, magic angle
spinning and small angle X-ray scattering. The continu-
ously evolving pore network is critical in all aspects of the
science of cement-based materials including strength, per-
meability, diffusion, sorptivity, leaching, creep and shrink-
age. Electrical property measurements, as applied to
cementitious materials, represent an additional and still
developing investigative technique in the study of these
materials both at the micro- and macro-scale (see, for
example, references [1—8]). From an engineering point of
view, there is a need to be able to characterize the capillary
pore network using easily measured properties and, to this
end, electrical measurements could be exploited.

The current work investigates the electrical conductivity
of a range of Portland cement-based binders over a 450-day
time scale; in particular, the influence of thermal cycling on
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electrical measurements of mature cementitious systems
formed an important aspect of the investigation. Regarding
the latter, there is a dearth of information in this area. At the
end of the test period, a more limited series of tests was
undertaken on water permeability and chloride diffusion.

2. Experimental
2.1. Test specimens

The oxide analysis of the materials employed within the
experimental program is presented in Table 1. Ordinary
Portland cement (OPC) was used throughout. The pozzolanic
materials comprised ground granulated blast-furnace slag
(GGBS), metakaolin (MK), and micro-silica (MS). Mortar
samples were used throughout and are presented in Table 2;
the fine aggregate (i.e. <5 mm maximum size) conformed
to grading zone M as defined in BS882: 1992 [9].
Materials were initially dry-mixed in a Hobart planetary
motion mixer (10 1 capacity) for 2 min; distilled water was
added and mixing continued for a further 5 min and subse-
quently compacted in steel moulds. Samples were prepared
as 100 x 60 mm (diameter) cylinders, demoulded at 24 h and
stored in 100% RH (at 20°C) thereby avoiding leaching
problems associated with submerged curing. A total of 10
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cylinders were cast for each mix in Table 2. Undertaken were
28-day compressive strength tests (denoted F,g) of 75 mm
cubes (mean of three cubes) and presented in Table 2. A
further series of cylinders was cast for pore-fluid conductiv-
ity studies (six per mix).

Test specimens for electrical measurements took the
form of disks 15 mm thick and 60 mm in diameter cut
from the central region of these larger cylinders at the time
of testing. Electrical measurements were taken at 3, 14, 28,
90 and 450 days.

2.2. Impedance measurements

Stainless steel disc electrodes were cemented onto the
disk-specimens using a silver-loaded conductive paint.
Complex impedance measurements were obtained using a
Solartron 1260 frequency response analyser operating
over the frequency range 100 Hz—10 MHz with a signal
amplitude of 100 mV. Open-, short-, and load-calibra-
tion (using a precision capacitor and resistor) were
performed at each test frequency. Such measurements
allowed accurate identification of the bulk conductance
[1] of the specimen that was subsequently converted to
sample conductivity (opu)-

At 450 days, the specimens were also subjected to a
temperature cycling regime. For these measurements, speci-
mens were placed in a temperature controlled, environmen-
tal chamber. The chamber was initially at 20°C and taken
incrementally through the cycle from 20°C up to 50°C then
down to 10°C and back to 50°C, etc. This repeated itself
three times with 100% RH being maintained throughout.
Samples were held at each temperature for 2 days before
initiating impedance measurements thereby ensuring that no
temperature gradients existed through the specimens.

Conductivity measurements were undertaken on the pore
fluid (opore) extracted from the mortar cylinders using a
high-pressure pore press. Technical difficulties were en-
countered in expressing sufficient pore fluid from the sample
at hydration times in excess of approximately 4 weeks; as a
consequence, data were only obtained at 3, 14, and 28 days.

2.3. Diffusion and permeability measurements

Diffusion tests were undertaken at 450 days repre-
senting a relatively mature system and reducing the

Table 1

Oxide analysis of materials used in the experimental programme

% By weight OPC MS MK GGBS
Si0, 20.68 92.0 55.40 34.33
Al,O4 4.83 1.0 40.50 12.60
Fe,03 3.17 1.0 0.65 0.60
CaO 63.95 0.3 0.01 41.64
MgO 2.53 0.6 0.12 8.31
K,0 0.54 0.8 1.00 0.47
Na,O 0.08 0.3 0.13 0.25

Table 2
Mix ratios of mortars (relative to Mix 1 datum; binder comprises OPC and
replacement)

Materials Mix 1 Mix2 Mix3 Mix4 Mix5
OPC 1 0.5 0.8 0.8 0.5
GGBS + 0.5 + + 0.3
MK + + 0.2 + 0.2
MS + + + 0.2 +
Fine aggregate 3 3 3 3 3
Water/binder ratio (by mass)  0.55 0.55 0.55 0.55 0.55
F>g MPa 19 16 26 22 21

influence of hydration and pozzolanic activity to a
minimum. A divided-cell technique [10—12] was used
to study the diffusion of CI. Cells (three per mix) were
placed in a water bath at 20°C and the effective
diffusivity, D.s, of the Cl™ ion calculated from the
steady state increase with time of the Cl™ concentration
in the solution on the ‘low’ concentration side of the
cell. The high concentration side of the cell contained a
1.0 M NaCl solution.

Water permeability measurements were obtained on disk
specimens as detailed above (two per mix). The curved
surface of the specimens was prepared with an epoxy -resin
‘sleeve’ and then placed in a permeability test rig [13]. A
water pressure equivalent 100-m head of water was applied
to the bottom surface of the specimen and the linear
volumetric increase with time on the ‘low-pressure’ side
of the sample monitored.

3. Discussion of results
3.1. Bulk conductivity (at 20°C)

The decrease in bulk conductivity, oy, over the 450-
day test period is presented in Fig. 1A. In comparison with
the plain OPC mix (Mix 1), the conductivity of the mixes
with pozzolanic additions decreases more rapidly over the
initial 28-days (particularly Mixes 3 and 5) and, in the
longer term, achieve a lower value than Mix 1. This
reflects the influence of the pozzolanic reaction. The
decrease in conductivity of the saturated specimens will
result from two sources,

(a) a reduction in connected capillary porosity due to a
refinement in the pore structure, and
(b) changes in ionic concentrations within the pore fluid.

Regarding (b), this has been found to be particularly
significant in the case of silica fume based binders where the
conductivity of the pore water can reduce considerably over
the period 28—365 days [14].

Pore-fluid conductivity measurements were taken on
samples, although as noted in the Experimental section
above, were confined to the initial 28-days hydration. Fig.
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Fig. 1. (A) Decrease in bulk conductivity over the test period; and (B)
variation in normalised conductivity, N, over the initial 28 days.

1b presents the normalised conductivity, N, over the initial
28-days hydration where N is defined in Eq. (1),

N = Obulk (1)

Opore

In this format, the relative effects of changing micro-
structure and pore-fluid conductivity can be assessed. Since
N decreases with time, this implies that the bulk conductiv-
ity is decreasing at a faster rate than changes in pore-fluid
conductivity. Microstructural changes (e.g. increasing pore
tortuosity, pore constriction) are thus exerting a more
dominant effect on the measured conductivity than pore-
fluid chemistry. Whereas for an individual mix the con-
ductivity of the pore fluid changes by less than a factor of
two over the 28-day period, the bulk conductivity can, in
some instances, decrease by almost an order of magnitude
(i.e. Mix 4). The parameter, N, thus allows comparison of
the changing pore network of different binders.

3.2. Bulk conductivity vs. temperature

The influence of thermal cycling on the bulk conduc-
tivity of mature mortar samples (450 days old) is presented

in Fig. 2A—E. The temperature was cycled over the range
10-50°C. For comparative purposes, Fig. 3 presents the
conductivity of a pore fluid over the temperature range
10-50°C. Figs. 2 and 3 are presented in the Arrhenius
format in Eq. (2),

Obulk = Ae (2)

where A is a pre-exponential constant; R is the gas constant
(8.314 J/K mol); T is the absolute temperature (K) and E,,
the activation energy for the conduction process.

The mortar samples are taken around three temperature
cycles with each cycle comprising an increasing (I) and
decreasing (D) portion (denoted T1-I; T1-D; T2-1, etc. on
legend). It is evident that in the increasing portion of the
first cycle an anomaly occurs at 40°C (1000/7 = 3.19/K)
whereby the slope of the Arrhenius plot alters. This
feature is most prominent in the plain OPC mortar, but
is evident in all mixes. This feature becomes less sig-
nificant with subsequent increasing temperature cycles. In
the decreasing portion of the temperature cycle, no such
anomaly occurs.

The activation energy (F,) obtained from each Arrhe-
nius plot is presented in the figure legend for both
increasing and decreasing portions of each temperature
cycle. Concerning the increasing temperature, the activa-
tion energy is calculated only in that portion of the
conductivity data up to 40°C. The pre-exponential constant
is not presented as measurements of conductivity were
confined to a narrow range of temperatures and significant
errors could be incurred in extrapolating the Arrhenius plot
to 1/7 = 0. The activation energy in the cooling portion of
the thermal cycle is less than that in the respective heating
portion for all mixes. At this stage, this difference may not
be that significant considering the uncertainty in the
derived activation energy.

It is evident that the addition of pozzolanic materials
generally increases the activation energy relative to the plain
OPC mix (Mix 1). The system with the highest activation is
represented by the ternary blended binder (Mix 5) and its is
noteworthy that the activation energy is higher than either of
the respective binary blended systems (Mix 2 and Mix 3).
The activation energy for free pore fluid in Fig. 3 is 13.8 kJ/
mol (0.14 eV/ion) and this is less than that of the mortar
systems. It is recognised that pozzolanic materials result in a
finer, more tortuous pore network than that of a plain OPC;
reduced ionic mobility, ion—ion interaction and surface
forces operative within the confines of the pore network
must result in the (electrical) behaviour of the pore fluid
differing from that of the free electrolyte.

There are limited data on the influence of thermal
effects on activation energy for electrical conduction
processes in Portland cement-based mortars. Data have
been published for 28-day old neat OPC pastes [11] with
a water/binder ratio = 0.4 taken around one temperature
cycle: 30°C up to 60°C and back to 20°C. The entire
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Fig. 2. Arrhenius plots over three thermal cycles for (A) Mix 1; (B) Mix 2; (C) Mix 3; (D) Mix 4; and (E) Mix 5 (Note: each cycle is denoted T1, T2, and T3;
and each cycle comprises an increasing portion (denoted I) and a decreasing portion (denoted D)).
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Fig. 3. Arrhenius plot for pore fluid taken over the temperature range
20-50°C.

cycle completed within a period of 10 h and the E, value
for the paste was 27.6 kJ/mol (0.29 eV/ion) for increas-
ing temperature and 23.6 kJ/mol (0.24 eV/ion) for
decreasing temperature. E, for a mature OPC mortar with
a water/binder ratio = 0.4 and a sand/cement ratio of 3:1,
undergoing a single increasing temperature regime, has
been quoted as 19.4 kJ/mol (0.20 eV/ion) over the range
10-40°C [15].

Increasing the temperature of the mortar specimens
can result in a number of synergistic and opposing
effects, for example,

(a) from Fig. 3, the conductivity of the free pore fluid
displays a natural temperature dependence, increasing
with increasing temperature;

(b) within the pore network, the chemical composition of
the pore fluid may change due to changes in solubility of
the mineralogical phases. Dissolution would increase
ionic concentration within the pore fluid thereby
increasing its conductivity; and,

(c) microstructural changes, resulting in a reduction in
the connected porosity, would have the effect of
decreasing bulk conductivity.

Fig. 2 would suggest that at temperatures in excess of
approximately 40°C, the decrease in bulk conductivity
resulting from microstructural changes ((c) above) must
exert a greater influence than the combined effects of (a)
and (b). This feature is only significant in the initial heating
cycle. It is noteworthy that Joule heating effects [16] cause
an increase in resistivity (reciprocal of conductivity) of
Portland cement systems and has, in part, been attributed
to changes in microstructure.

3.3. Diffusion, permeability, and conductivity (at 20°C)
The diffusivity and permeability of hardened mortars

depend upon the pore structure although in different ways.
These coefficients have been related to the measured con-

ductivity through, respectively, the Nernst—FEinstein rela-
tionship and the Katz—Thompson equation. The Nernst—
Einstein has been applied to cementitious materials [2,4,17—
19] in the form,

Obulk __ Defr
=~ = 3
Opore D, 9 ( )

where D, is the diffusivity of the species at infinite dilution;
Dy, the effective diffusivity of the same species in the
mortar, and Q is termed the diffusibility of the medium. The
normalised conductivity, V, discussed above and presented
in Fig. 1a, would represent the change in diffusibility with
time for the mortar mixes. The use of Eq. (3) to predict D
from conductivity measurements may only be valid
provided a suitable value of D, is chosen and employing
the value of the species at infinite dilution may be
inappropriate [18]. A recent study has developed relation-
ships for specific types of binders showing that a resistivity
measurement may, on its own, be sufficient to estimate
diffusion coefficient [20].

Regarding permeability, the Katz—Thompson approach
[21] involves two microstructural parameters: a character-
istic length scale and a measure of the pore-system con-
nectivity. The characteristic length has been obtained as the
threshold pore diameter, d.,, obtained from MIP tests and the
pore connectivity is obtained from opyi/0pore @s defined
above. The equation employed is of the form,

1 ok , (pg

k=35 Opore e ( n) )
where £ is the permeability in m/s; p is the density of water;
g is the gravitational acceleration and m, the viscosity of the
permeating fluid. The general applicability of such an
approach has been criticised [22]. Some limited studies [23]
utilising both MIP and conductivity data on young cement
pastes (i.e. <28 days old) indicate reasonable agreement
with Eq. (4) above although conflicting results have been
published [24,25].

Unfortunately, we were unable to obtain the pore-fluid
conductivity of mature mortars as used in our experimen-
tal programme. It is recognised that in the long term,
binders such as MS show an appreciable decrease in pore-
fluid concentration which, in addition to pore refinement,
will serve to reduce conductivity. A conductivity measure-
ment on its own may thus only allow a relative assessment

Table 3
Values of effective C1~ diffusion coefficient (D.g), water permeability (k),
and bulk conductivity (o) of mortars determined after 450 days (20°C)

Dege x 10712 kx 10713 Opuix X 1073
Mix (m?/s) (m/s) (S/m)
1 2.42 30.5 144
2 0.45 8.54 6.0
3 0.41 3.42 4.4
4 0.38 5.23 2.0
5 0.14 121 0.6
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of mass transport and flow coefficients for similar binder
types and not generally. For comparative purposes, Table 3
presents the effective diffusion coefficient and permeabil-
ity for all mixes, together with their measured conductiv-

1ty, Opulk-

4. Concluding comment

In the current work, the electrical conductivity of a range
of cementitious binders was studied over 450 days. Bulk
conductivity measurements on mortars and their respective
pore fluids indicate that over the initial 28-days hydration,
changes in the pore structure exerted a greater influence on
the measured conductivity than changes in pore-fluid con-
ductivity. At the end of the test period, Arrhenius plots were
established for the conduction process under a thermal
cycling regime and represents an area where there is a
dearth of published data. The activation energy was found
to be binder specific.
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