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Electrical behaviour of chemically activated

fly ash
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The temporal change in electrical properties is used to study the hydration kinetics of
chemically activated fly-ash systems at room temperature. Four low-lime ashes and one
high-lime ash were used in the experimental programme and the electrical response was
measured in terms of the in-phase (i.e. conductance) and quadrature (i.e. capacitance)
components of the sample admittance. The low-lime ash and high-lime ash exhibited
markedly different electrical response. The work highlights the applicability of the testing
methodology as a non-invasive, non-destructive technique in the assessment of the
efficacy of a particular activator or combination of activators.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
The use of residual materials from certain manufac-
turing processes, as a partial replacement for ordinary
Portland cement (OPC) in structural concrete, are ben-
eficial on several levels,

(a) they replace that part of the cementitious binder
which releases greenhouse gases and consumes the
most energy in its production (viz. the OPC);

(b) they result in enhanced durability of the concrete;
and,

(c) they reduce the accumulating stockpiles of these
industrial by-products which is causing environmental
concern.

One of the most widely available materials is pul-
verised fuel ash or fly-ash, which is a by-product from
the generation of electricity from coal-fired power sta-
tions. The use of fly-ash, as a partial replacement for
OPC in concrete is now assuming an important role
in the drive for more sustainable construction materi-
als and practices [1]. However, there is also scope for
direct chemical activation of fly-ash with suitable non-
OPC activators [2, 3] to produce cementitious systems
of lower strengths but could be used in, for example,
masonry mortars, grouts, repository backfill, non-clay
bricks or slurry trench cut-off walls for containment
purposes. This could further increase the utilisation of
fly-ash, particularly those ashes which would not satisfy
code requirements as contributing towards all (or part)
of the cementitious component when used in structural
concrete.

Evaluation of the setting and hardening characteris-
tics of fly-ash with a particular activator (or combina-
tion of activators) is of considerable importance before
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such cementitious systems can be fully developed and
exploited. Traditionally, the early hydration and reac-
tion kinetics of OPC has been studied using isothermal
conduction calorimetry. This technique has also been
applied to alkali-activated blast-furnace slag systems
[4–7] where heat outputs can be significant. However,
as an alternative to conduction calorimetry, the prime
motivation of the current work was to utilise electri-
cal techniques as a means of continuous monitoring of
the early hydration characteristics of activated fly-ash
pastes and, hence, in the assessment of the efficacy of
a particular activator.

The macroscopic electrical response of a cementi-
tious system to an alternating electrical field can be rep-
resented as, Y ( f ) = G( f ) + j2π f C( f ) where G(ω)
and C(ω) represent, respectively, the conductance (real
part) and capacitance (imaginary part) of the complex
admittance, Y (ω), at frequency, f (Hz), and j = √−1.
Whilst a considerable amount of work has been pub-
lished on the electrical response of OPC [see, for exam-
ple, 8–13], there is dearth of work on their application
to activated fly-ash systems.

2. Experimental
2.1. Materials and sample preparation
The materials employed in the program comprised
four low-lime fly-ashes (ASTM Type F) denoted
FA1/2/3/4, and one high lime ash (ASTM Type C), de-
noted FA5. Low-lime ashes are produced from power
stations using anthracite/bituminous coal, whereas
high-lime ashes are produced using lignitic/sub-
bituminous coal. The oxide analysis and physi-
cal properties of these materials are presented in
Table I.
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TABLE I Chemical and physical properties of ashes used within the
experimental programme

FA1 FA2 FA3 FA4 FA5
Fineness (% retained 8.0 12 10 29 20
on 45µm sieve)

Oxide%
SiO2 51.0 44.3 50.5 48 33.9
Al2O3 27.4 24.7 24.7 27 19.4
Fe2O3 4.6 9.2 7.4 9 6.1
CaO 3.4 5.9 2.6 3.3 28.2
MgO 1.4 1.9 1.5 2.0 4.8
SO3 0.7 0.69 0.8 0.6 3.0
TiO2 1.6 1.4 1.0 0.9 1.7
K2O 1.0 1.7 3.0 3.3 0.4
Na2O 0.2 0.6 0.8 1.2 1.9

Loss on Ignition 5.5 1.9 5.3 4.0 0.3

Fly-ash is normally blended with OPC which then
reacts with the calcium hydroxide (Ca(OH)2) formed
during the hydration of alite (3CaO·SiO2) and belite
(2CaO·SiO2) phases in the OPC. As a result, the fol-
lowing standard mix formulation was used for chem-
ical activation studies: samples were prepared by dry-
blending the fly-ash and reagent grade Ca(OH)2 in the
ratio 4:1 (by mass) for approximately 60 seconds. Dis-
tilled water was then added to obtain a water/solids ra-
tio of 0.5 (by mass), with the solids comprising fly-ash
and Ca(OH)2. Mixing then continued for a further two
minutes. In the initial suite of tests, pastes were formed
by mixing the solids with distilled water only; in sub-
sequent tests, sodium sulphate (Na2SO4) at a dosage
of 10g/100 g water (0.7 moles/l); sodium hydroxide
(NaOH) at a dosage of 0.4g/100 g (0.1 moles/l) and
40/100 g water (10 moles/l), were dissolved in the mix-
ing water.

2.2. Test cell and measurements
The pastes were compacted into plexiglas test cells of
internal dimensions 50 × 50 × 50 mm. Two opposite
walls of the cell had 50 × 50 × 3 mm (thick) stainless
steel plate-electrodes attached. After compaction, the
top surface of the sample was covered with a plexiglas
sheet to prevent evaporation from the exposed surface.
The cells were stored at cabinet at a temperature of
21 ± 1◦C and humidity of >95%. Sample preparation
and set-up procedures took 15 min.

Both conductance and capacitance measurements
were taken using an impedance analyser (Hewlett
Packard 4263B) operating at a frequency of 100 kHz
and a drive voltage of 100 mV. Lead inductive ef-
fects were automatically nulled from the incoming data.
Both the internal sample temperature and ambient lab-
oratory temperature were monitored using a Hewlett
Packard 3457A multimeter connected to temperature-
matched thermistors, which gave a direct output of
temperature. Data were logged automatically with all
measurements (capacitance and conductance; internal
sample and ambient temperatures) taken on a 10 min
cycle over periods extending up to 1 week after initial
mixing.

3. Discussion of results
Temporal changes in conductance (in Siemens, S) and
capacitance (in Farads, F) are presented relative to the
respective value taken at the start of the test. The rela-
tive change in conductance is denoted G t/Go where Gt

represents the conductance measured at time, t after
the start of the test, and Go is the conductance at time
t = 0; the relative change in capacitance is denoted
Ct /Co where Ct represents the capacitance measured at
time, t after the start of the test, and Co is the capaci-
tance at time t = 0. Go and Co values are presented on
the figure legends. As measurements were taken every
ten minutes over the 7-day test period, for clarity, data
markers have been omitted from the curves.

3.1. Fly ash/calcium hydroxide mixtures
Figs 1a and b display, respectively, the relative change
in conductance and capacitance for two fly-ash/calcium
hydroxide blends mixed with distilled water—FA1 and
FA5, in this instance (note the change in time-scales
between the Figures for FA1 and FA5).

The electrical response of the mixture will be depen-
dent upon: (a) the fractional volume of aqueous phase;
(b) the continuity and tortuosity of the interstitial aque-
ous path between the electrodes, and, (c) the ionic con-
centration within the aqueous phase. As the mixture
reacts, sets and hardens, all these factors will be af-
fected to a greater or lesser extent which, in turn, will
be quantified by the electrical response of the mixture.
From Fig. 1a, the conductivity of FA1 ash decreases by
approximately 20% of its initial value over the 1-week
test period, which would indicate an extremely sluggish
reaction, hence a slow rate of strength development. The
was confirmed as samples could be ‘crushed’ by hand
at the end of the test period, any strength at this stage
would be as a result of interparticle forces as opposed to
the formation of products of hydration (calcium silicate
hydrate) through the pozzolanic reaction.

Ash FA5, on the other hand, displays a markedly
different response as there is a rapid reduction in con-
ductance over the period 1–1 1

2 hours after mixing, de-
creasing by almost 80% of its initial value. This implies
a more rapid stiffening of the mixture in comparison to
FA1, and hence a more rapid increase in rigidity.

Consider also the change in capacitance for these
two ashes presented in Fig. 1b. Whereas the change in
capacitance for FA1 simply mimics the conductance
response, the response from FA5 displays a transient
peak occurring over the period when there is a rapid re-
duction in conductance. Interestingly, such a peak has
also been observed in the setting of OPC pastes and
attributed to enhanced double layer polarisation pro-
cesses on the grain surface [9]. Instead, the following
alternative mechanistic explanation for the transitory
increase in polarizability of the FA5 system is proposed.
Consider the schematic presented in Fig. 1c whereby
the products of hydration (primarily calcium silicate hy-
drate, calcium aluminate hydrates and ettringite [14])
are depicted as outgrowths from the grain surface which
result in stiffening of the mixture. Hydrates growing
into the interstitial aqueous phase could be visualised
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Figure 1 Relative change in (a) conductance and (b) capacitance for low-lime (FA1) and high-lime (FA5) fly-ash activated with Ca(OH)2. (c) schematic
diagram to explain the origin of the increase in capacitance for high-lime ash at setting.

as producing a network of thin, insulating sheets and
is analogous to a network of small electrolytic capaci-
tors, whose capacitance will be directly proportional to
the exposed area, A, and inversely proportional to the
thickness, t , of the hydrate (see Fig. 1c). A thin layer
can produce a large capacitive effect [15] which would

account for the increase in capacitance of the paste. The
peak is only transitory as infilling and accretion of the
pore space with hydration products result in reducing
capacitance (t increases; A decreases).

Regarding the difference in response between the
FA1 and FA5, this is attributable to the increased free
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lime content (CaO) of FA5 (see Table I), which would
give the ash self-cementitious properties. It is also ev-
ident from Fig. 1 that the initial values of conductance
(Go) and capacitance (Co) for FA5 are higher than those
of FA1 and can be explained by the higher lime and
alkali oxide content (Na2O and K2O) of FA5, which
increases the ionic concentration within in the aqueous
phase.

3.2. Fly ash/calcium hydroxide/sodium
sulphate

The response in Fig. 1a was typical of all the low-
lime ashes; however, in order to stimulate a more en-
hanced reactivity, in addition to blending with calcium
hydroxide, Na2SO4 was dissolved in the gauging wa-
ter. Fig. 2a presents the relative change in conductance
for ashes FA1-FA4. When compared with Fig. 1a, all
curves now display a central region where there is
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Figure 2 (a) Relative change in conductance for FA1-FA4 with addition
of Na2SO4; (b) derivative of the conductivity (Gt ) versus time curve for
FA3; and (c) relative change in capacitance for FA1, FA2 and FA3.
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Figure 3 Temperature versus time curve for low-lime fly ash (FA1) ac-
tivated with Na2SO4.

a more pronounced reduction in conductance signi-
fying a more intense increase in rigidity of the mix-
ture, although the time at which this decrease occurs,
the time-scale over which the central region persists,
and the intensity of the decrease are different for each
ash.

Examination of the derivative of the conductance ver-
sus time curves (i.e. dGt /dt) allows delineation of sev-
eral regions in the reaction process. Again, for illus-
trative purposes, Fig. 3b presents the resulting dGt /dt
curve for FA3. From this response, five regions can be
identified over the test period: Region I, from initial
gauging up to 20 h, over which time dGt /dt increases
(i.e. gets more negative) indicating initial chemical ac-
tivity; Region II, from 20–53 h, where the response
gradually decreases indicating reduced chemical activ-
ity; Region III, from 53 to 84 h, representing an accel-
eratory period with more rapid chemical activity and
results in stiffening of the mixture; Region IV, from
84 to 112 h, representing a deceleration period and re-
duction in intensity of chemical activity; this leads into
Region V , where there is a more gradual change in con-
ductivity. dGt /dt could thus be considered as indicative
of the intensity of chemical activity, hence microstruc-
tural development, occurring within the mixture. In
this respect, similarities can be drawn with isothermal
calorimetry methods which is used to follow the hydra-
tion sequence of OPC comprising a pre-induction pe-
riod; an induction or dormant period; an acceleratory
period, a deceleration period followed by a diffusion
controlled period.

Regarding the difference in response between low-
lime/calcium hydroxide mixtures with and without
Na2SO4, the introduction of Na2SO4 will increase the
SO4

2− concentration within the interstitial water which,
in turn, would promote the formation of ettringite (AFt).
The large-scale formation of AFt must be the cause
of the prominent reduction in conductivity, as opposed
to an enhanced pozzolanic reaction which results in
the formation of calcium silicate hydrate. Regarding
the latter, from Fig. 1a above, this is not the case as
there is little reactivity within the fly-ash/calcium hy-
droxide mixture. From Fig. 2a, FA4 would appear to be
the least reactive of the ashes presented as the time over
which Stages I–IV occur are all increased. Considering
that this is the coarsest ash (29% retained on the 45 µm
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sieve), the reduced surface area of the particles would
account for the slower rate of reaction.

Fig. 2c displays the relative change in capacitance
for ashes FA1, FA2 and FA3. As with Fig. 1a, the
Ct/Co vs. time response mimics the relative change
in conductance. As the sample increases in rigidity,
the irrotational binding of charges during setting re-
duces the polarizability of the paste; however, unlike
the high-lime ash (FA5) in Fig. 1b, there is no de-
tectable transient peak in capacitance for these ashes,
even though there is a more intense crystal forma-
tion with Na2SO4 activation. As postulated, the oc-
currence of this peak is related to the rapidity of out-
growth of hydration products from the grain surface
into the aqueous phase; the results would indicate that
for the activator combination employed (Ca(OH)2 and
Na2SO4), crystal growth is still too slow to cause an en-
hanced polarizability as observed in the high-lime ash in
Fig. 1b.

3.3. Internal temperature
Fig. 3 displays the change in internal temperature for
FA1 which simply follows the natural fluctuations in
laboratory temperature (i.e. 21◦C ± 1◦C). Unlike the
setting of OPC which is accompanied by a liberation of
heat and consequent increase in internal temperature,
little can be deduced from the temperature measure-
ments for low-lime activated ashes. The setting process
of these systems is thus too slow to cause any measur-
able increase in internal sample temperature and heat
output techniques would be ineffective in studying the
hydration of these materials.

3.4. Fly ash/calcium hydroxide/sodium
hydroxide

Fig. 4 presents the relative change in conductance ver-
sus time response for FA1 using 0.1 M NaOH and 10 M
NaOH dissolved in the gauging water. For comparative
purposes, the response in Fig. 2a for this ash is also
presented. The change in conductance over the test pe-
riod suggests that 0.1 M NaOH, although producing
an alkaline environment which is conducive to activa-
tion (through dissolution of the amorphous glassy phase
in the ash), displays little reactivity as there is only a
marginal reduction in conductivity of the mixture over
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Figure 4 Relative change in conductance for NaOH activated fly ash.

the 1-week test period. The response for 10 M NaOH
follows a similar pattern.

The results from the electrical behaviour of these
systems is corroborated by microstructural studies [16]
which indicate that little reaction takes place between
NaOH and fly ash (Type F) at room temperature; higher
temperatures are required (≈90◦C) for activation of
such systems.

4. Concluding comments
The temporal change in conductance and capacitance of
chemically activated fly-ash at room temperature were
studied and new data have been presented in this re-
spect. Of particular interest was the capacitance ver-
sus time curve for the high-lime ash and the derivative
of the conductance (dGt /dt) versus time curve for the
low-lime ashes. A unique feature of the capacitance re-
sponse for the high-lime ash concerned the occurrence
of a transitory peak at the time of setting and a mech-
anistic interpretation of this feature was proposed. By
utilising the dGt /dt curve for the low-lime ashes, sev-
eral stages in the early hydration process could be iden-
tified over the test period, although the duration of each
stage and rate of change of electrical parameters varied
between ashes.

The work demonstrates how well these electrical
parameters allow monitoring of the reaction kinetics,
hence increase in rigidity, of these systems. The testing
methodology allows virtually continuous monitoring
thereby allowing the activation effect to be quantified.
The method has considerable scope for use as an addi-
tional (and complementary) tool to study, for example,
the cementitious properties of by-products generally,
evaluating activators and combination of activators, or
the hydration of systems where there is negligible heat
output.
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