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Dielectric amplification (dielectric constants >80) is observed in
cement pastes at early ages. Standard nonlinear least squares fitting
routines yield artificially large “'capacitances” when constant phase
elements are employed. Instead, capacitance vs. frequency analysis
provides reliable evidence of dielectric amplification. A physical
model system consisting of a polycarbonate box with electrodes at
each end, divided into two compartments by a polycarbonate barrier
with a single hole, and filled with electrolyte solution, simulates the
impedance response in young cement pastes. The barrier represents
hydration products whereas the hole represents the constriction be-
tween two adjacent capillary pores, i.e., the pore network remains
percolated. Dielectric amplification is inversely proportional to bar-
rier thickness, i.e., it decreases as the barrier (product phase) thick-
ens. Impedance spectra from real pastes vs. water/cement (w/c) ratio
and during freezing or solvent exchange (to preferentially reduce the
conductivity of the capillary pores) exhibit significant dielectric am-
plification, even after freezing or exchange, suggesting that C-S-H
gel also has a dielectrically amplified microstructure. ~ ADVANCED
CEMENT BASED MATERIALS 1997, 5, 41-48. © 1997 Elsevier Science
Ltd.
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everal groups have investigated the electrical

response of cement-based systems as a nonin-

vasive technique for monitoring the micro-
structural evolution of these materials [1-10]. Recently,
the relative dielectric constant of cementitious materials
(k,) has been the focus of much attention, and values as
large as 10° have been reported for cement pastes at
early hydration times [1,4,11]. Cement paste can be de-
scribed as a 3-3-0 electrocomposite having intercon-
nected pore fluid and C-5-H gel phases (3D connectiv-
ity) and various other disconnected solid phases (0D
connectivity) [12,13]. It has been shown that the highly
conductive, continuous pore phase controls the conduc-
tivity of cement-based materials, being proportional to
the volume fraction of pore fluid (), its conductivity
(0,), and connectivity (B) [1,7]. Similarly, because the
dielectric constant for the liquid phase is near 80, and is
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much larger than the dielectric constants of all other
phases, the dielectric behavior of the bulk paste should
be dominated by the amount of pore water in the sys-
tem [4]. It can be assumed that the dielectric response is
proportional to the volume fraction of porosity (¢) in
saturated pastes. This is not borne out experimentally,
however, as the reported values for the bulk dielectric
constant appear to be much higher than that of the pore
solution. Such high values have given rise to several
theories to account for the enhanced dielectric behavior
of these materials [4,5,10]. In this paper, we discuss this
“dielectric amplification.” The origin of this amplifica-
tion is explained as a combination of analysis errors and
microstructural effects. An explanation of the micro-
structural contribution is presented, based on simula-
tions of a constricted pore system and experimental
data from both frozen cement pastes and pastes whose
pore solution has been exchanged with isoproponal.

Experimental

Simulations

As with the electrical conductivity of these materials,
their dielectric constants may be related to the tortuos-
ity of the liquid phase. To test the effect of a constricted
microstructure on the dielectric response, a simplified
experimental model was used. Containers, as shown in
Figure 1, were constructed from polycarbonate with di-
mensions 25.4 x 254 x 100 mm. C-1018 steel plates,
polished to 600 grit, were used as electrodes for the
impedance measurements described below, and poly-
carbonate barriers of varying thickness were placed
midway between them. Tap water was used as the sys-
tem electrolyte, and the barriers, having the same cross-
sectional area as the containers, constricted the current
flow through a hole 2.5 mm in diameter that was drilled
through their centers. Epoxy was used between the bar-
riers and container walls to prevent leakage.

Cement Pastes

Cement pastes of various water/cement ratios (w/c)
were prepared using ASTM Type I ordinary Portland
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FIGURE 1. Schematic of the polycarbonate containers used to
model constricted microstructures.

cement (OPC), mixed with distilled water for 15 min-
utes in a Hobart planetary mixer. The pastes were then
cast into polycarbonate molds, similar to those de-
scribed above, and stored in 100% relative humidity
(RH) chambers. Details of the freezing and isopropanol
exchange experiments, including specimen geometries
and experimental procedures, are provided elsewhere
[11,14].

Instrumentation

Impedance spectra were acquired using a Solartron
1260 frequency response analyzer (FRA) with ““Z60"
data collection software [15], over the frequency range 1
Hz to 10 MHz. An oscillating voltage of 25 mV was
used as the excitation signal. Nulling procedures, de-
scribed elsewhere [1], were used to remove inductive
and capacitive effects from the leads and measurement
apparatus, and the corrected spectra were analyzed us-
ing the “EQUIVCRT" software [16].

Results and Discussion

Dielectric amplification in cement-based materials is de-
fined herein as the increase in the capacitance of the
system above the values that would be expected if the
volume fraction of pore solution, using the rule of mix-
tures, resulted in the dielectric response of the compos-
ite. The predicted capacitance values should be the
product of the pore fluid capacitance and its volume
fraction, expressed mathematically as:

C:[w&].d) (1)

where C is the capacitance of the system, k,.(ps) is the
dielectric constant of the pore solution, A and ! are the
specimen area and length respectively, €, is the permit-
tivity of free space, and ¢ is the volume fraction of fluid
filled porosity in the system. As discussed previously,
capacitance values orders of magnitude higher than
those predicted by Eq. 1 have been reported for cement
pastes at early hydration times [1]. The present work
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addresses numerical fitting artifacts and possible micro-
structural origins of dielectric amplification.

Numerical Fitting

The first contribution to the reported dielectric amplifica-
tion is the error introduced as a result of numerical fitting.
Analysis and deconvolution of impedance spectra are
usually accomplished with the aid of non-linear least
squares (NLLS) fitting programs such as “EQUIVCRT”
[17]. These programs allow the measured spectra to be
fit to a user-defined equivalent circuit which simulates
the impedance response of the system, and is composed
of ideal circuit elements such as resistors, capacitors,
and inductors. These circuit elements, if chosen cor-
rectly, represent various electrochemical processes,
such as ionic conduction and dipole polarization occur-
ring in the system. Because most systems are not ideal,
these NLLS programs often allow non-ideal spectra to
be fit with constant phase elements (CPEs). Figure 2
shows a numerically simulated, non-ideal response for
the inset circuit combination. This equivalent circuit is a
common representation for many electrochemical pro-
cesses, and consists of a resistor in series with a resistor
and non-ideal capacitor, or CPE, combined in parallel.
The complex plane, or Nyquist plot in Figure 2 shows
the characteristically depressed semi-circular arc for
this circuit. The depression angle, 6, is a measure of the
CPEs deviation from an ideal capacitor.

Constant phase elements are empirical functions hav-
ing an impedance response of the form [17-19]:

Z(CPE) = B(jo)™ @)

or, separated into its real and imaginary components,

R:

CPE

_Z”

le Ri+R2

Z7

FIGURE 2. Schematic Nyquist plot for a resistor in parallel
with a non-ideal capacitor.



Advn Cem Bas Mat
1997;5:41-48

Z(CPE)=Bw™ [cos(%rr) - fsin (%1)} (3)

where B is a constant, o is the angular frequency, and n
is a measure of arc depression having values between
-1 and 1, which is related to the depression angle by the

equation:
(1 20 ) 4
n=(1-= 4)

with 8 in radians. Eq 3 is completely general and can be
used to model all of the basic circuit elements, with
variations only in their n-value, as shown in Table 1.
Most often, CPEs are used to represent non-ideal ca-
pacitors to model depressed arcs in the complex imped-
ance plane, as discussed above.

Cement-based materials usually produce semi-
circular impedance responses, similar to the depressed
arc illustrated in Figure 2, where the CPE typically has
n-values between 1 and 0.75, indicating predominately
capacitive behavior. This depression of the impedance
arc has been attributed to non-Debye behavior and a
distribution of relaxation times in the system [18,19].
Regardless of the cause of the depression, this non-
ideality can lead to misinterpretations of the system
capacitance, as will be described below.

When constant phase elements are used to represent
non-ideal capacitors, the inverse of the CPE constant, B
from Eqs 2 and 3, is often the reported parameter. This
“capacitive” constant Q, is defined as:

Q=8" (5)

The constant Q is of interest because, when the n-value
is equal to unity, Q is defined as the true, frequency
independent, capacitance of the system. Because the
real term of Eq 3 goes to zero as n approaches one, the
impedance of the CPE becomes identical to that of a
pure capacitor {see Table 1). Problems arise when Q is
taken to be a true, single-valued capacitance for a non-
ideal system, as the actual capacitance of the system
may be orders of magnitude lower than Q. Fortunately,
these misinterpretations are easily avoided because
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NLLS fitting procedures are unnecessary for obtaining
capacitance information from experimental spectra.

Using the proper conversion factors [18], the mea-
sured impedance can directly give the capacitance of a
system, without the need for numerical fitting. The im-
pedance and capacitance values are related through the
equation [18]:

~Im(Z)
wlZ?

Re(C) = (6)

where Re(C) is the real part of the capacitance, Im(Z) is
the imaginary part of the impedance, v is the angular
frequency, and |Z| is the total impedance given by:

1Z12% = [Re(2)]? + [Im(2)]? )

This approach allows capacitance data to be directly
obtained. It also highlights where errors in interpreta-
tion can be made.

Figure 3 shows the capacitance vs. frequency re-
sponse of the inset equivalent circuit, simulated using
the “EQUIVCRT” software. This equivalent circuit is a
typical, although simplified, representation of cementi-
tious systems, where the individual elements were as-
sumed to have the values given in Table 2. The two
curves differ only in the n-value assigned to the bulk
CPE, as indicated in the figure, and thus in their devia-
tion from ideality. The n = 1.0 curve is the ideal re-
sponse, and the n = 0.75 curve is a non-ideal response.
Because real systems are seldom ideal, the latter curve
more closely resembles the response of typical cement-
based systems [1]. At frequencies above approximately
10* Hz, these curves diverge owing to the difference in
the bulk n-values. In this region misinterpretations are
often made concerning the bulk capacitance of non-
ideal materials systems. When # is equal to unity, as in
the upper curve, Q is by definition the true capacitance
of the bulk, and in this simulation would have a value
of 10 nF (107°F). When n diverges from one as in the
lower curve, it can be seen that Q is not an accurate
measure of the bulk capacitance. In the non-ideal case,
a distinct value for the bulk capacitance cannot be ob-
tained because of the frequency dependence of the di-

TABLE 1. Impedance relations for some basic circuit elements, derived from the impedance function of a constant phase element

given in Eq 2.

Circuit Element n-value Z(CPE) Constant
resistor 0 B Z(R) B=R
capacitor 1 -jB/w Z(C) B=C"
inductor -1 joB Z(L) B=L
Warburg

diffusional 05 B(1 - )2w)™Y/2 Z(W) B=Q*

element
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10 107
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Interface Bulk
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FIGURE 3. The capacitive response of the inset equivalent
circuit with bulk n-values of 1 and 0.75. The two parallel
resistor-CPE circuit combinations represent bulk and interfa-
cial impedance responses.

electric response. The bulk capacitance for this simula-
tion can be estimated as having a value in the 107'°F
range, as can be seen in the figure. The Q-value ob-
tained by NLLS fitting of the lower curve (107°) is not a
good approximation of the true bulk capacitance
(=107'9), being in error by more than an order of mag-
nitude.

Numerical fitting errors cannot completely account for
the observed dielectric behavior at intermediate frequen-
cies (10°-10” Hz) in cement-based systems. Figure 4
shows the dielectric response as a function of frequency
of a w/c = 0.4 OPC paste at 20 hours of hydration.
Various mechanisms are indicated in the extended
spectrum with an electrode interfacial response at lower
frequencies (mHz-Hz), a water dipolar response at the
highest frequencies (MHz-GHz), and a bulk response
in the intermediate frequency range (kHz-MHz) [20].
The highest frequency capacitive response is beyond
the measurement range of most impedance equipment,
which are usually limited to below 30 MHz. Recent
reports in the literature have provided this high fre-
quency information, measured using microwave fre-
quency analyzers [21-23]. Because aqueous electrolytes

TABLE 2. Circuit element values assumed in the capacitance
vs. frequency simulations shown in Figure 3.

Resistance Q-value n-value
Interface 10° Q 1074 0.95
Bulk 150 O 1078 1.0 and 0.75
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FIGURE 4. Extended spectrum for the dielectric behavior of a
neat OPC paste of w/c=04ata h;ldration time of 20 hr (¢ =
0.4 = 0.05). The behavior above 10" Hz is taken from Ref 22.

have resonant frequencies in the GHz range, these mea-
surements provide information on the dielectric behav-
ior of the pore solution in cement-based materials. Fig-
ure 5 shows the results of dielectric measurements
made at 10 GHz for several porous systems as a func-
tion of the volume fraction of porosity they contain

[ OPCwic=0.18
1 (2.2% Superplasticizer)
504 O OPCwic=03 X
1 (2.2% Superplasticizer)
A White Cement w/c = 0.5
(2% CaCl,)
40 4 ¥ OPCw/ic=0)5
(2.9% CaCl)
¥ OPCwic=10
(1.6% Superplasticizer)
=+ OPCwic=1.0
30 -
k
T
20 4
—ey = 3.47 + 45.5x
X HO
10 - B gand
O Glass Beads
® OpCwic=05
¢ OPCwic=03
4 A White Cement w/c = 0.5
O T T L} T
0 0.2 0.4 0.6 0.8 1

volume fraction porosity

FIGURE 5. Dielectric constant values collected at 10 GHz for
various porous systems vs. their volume fraction of porosity
(after Brodwin).
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[24,25]. The GHz frequency capacitance values appear
to depend only on the amount of free (capillary) water
in the system, in validation of Eq 1.

Between the dipolar (GHz) and interfacial (sub-Hz)
plateaus in Figure 4, there is clear indication of an in-
termediate frequency (10*-10” Hz) plateau. Capaci-
tances in this frequency range fall typically one to two
orders of magnitude higher than can be accounted for
on the basis of the dipolar response of capillary pore
water, based upon Eq 1 and the plot in Figure 5. In all
subsequent plots, the capacitance-frequency behavior is
examined over the 10*~107 Hz frequency range and
compared with the “non-amplified response,” i.e., the
capacitance based upon a reasonable range of free wa-
ter contents and the relationship in Figure 5.

Dielectric Amplification

In the computer modeling work of Coverdale et al. [4],
dielectric amplification could be obtained when com-
plete or incomplete C-S-H gel phase barriers blocked
the current flow between two adjacent capillary pores.
In the present work, a physical model which simulated
incomplete blockage between pores was constructed
and tested for dielectric amplification.

Simplified Model of a
Constricted Microstructure

The simplified experimental model of Figure 1 was
used to simulate the effects of hydration on the electri-
cal properties of cement paste microstructures. As hy-
dration proceeds, constriction of the pore microstruc-
ture occurs in cement pastes as C-5-H gel is formed,
which consumes free water and constricts passages in
the capillary pore network [26,27]. This constriction of
the capillary pores makes fluid and current flow more
difficult [7], and these impediments are simulated by
the polycarbonate barriers in the experimental model.

Figure 6 shows the Nyquist and capacitance behavior
of three different polycarbonate configurations; one
without a constricting barrier and two with barriers of
different thicknesses but identical hole diameters.
When a barrier is present, the Nyquist plot shows a
second arc which implies series behavior. The presence
of two arcs in the complex plane is observed only when
the constricting hole in the barrier is within a certain
size range and can be understood with the aid of the
equivalent circuits in Figure 7. When the hole is small,
the capacitance of the electrolyte within the hole is
much less than that of the barrier itself, and the barrier
capacitance dominates the response. For the polycar-
bonate model, the size restrictions needed to produce
two arcs in the complex plane can be described by the
relation:
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FIGURE 6. a) Nyquist and b) Capacitance vs. frequency plots
for the simple polycarbonate experiments used to model the
behavior of other constricted microstructures.

®)

where p, and p, are the resistivities of the barrier and
electrolyte respectively, k% and k° are the dielectric con-
stants of the barrier and electrolyte materials, A is the
area of the barrier, and 4 is the area of the hole. There-
fore, as long as the ratio of the barrier and hole areas is
within this range, the equivalent circuit in Figure 7a is
reduced to the circuit in Figure 7b, giving rise to two
arcs in the complex impedance plane. It should be
stated, however, that this circuit model is not strictly
correct. The high frequency arc, to the left of the
Nyquist plot in Figure 6a, is affected by current spread-
ing at the point of constriction. In essence, the current
flow near the hole is perturbed so that the sampled
“pore” area is less than the geometric area (A), and
resistance values for the electrolyte (R, ... are larger
than expected. This effect becomes more pronounced as
the microstructure becomes more constricted. (Note:
The RC elements of the polycarbonate side walls are
ignored for the moment, but will become important in
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a)

b)

C

water Cban'ier

FIGURE 7. Equivalent circuit for the single barrier polycar-
bonate model. a) reduces to b) for small holes. Note that R, ,er
represents a combination of the two side chambers of Figure
1 into a single element, likewise for C

water®

the discussion of cement pastes, especially during freez-
ing and solvent exchange.)

This simple model of cement-based systems does not
require the pore system to be depercolated, which was
a major concern in the early modeling work of Cover-
dale et al. [4]. Percolation in any model concerning the
microstructure of cement-based materials is important,
because the pore network for most cementitious sys-
tems is continuous at early hydration times when di-
electric amplification is at a maximum, and for many
systems the pore network is continuous even at long
hydration times [27]. It can be seen from Eq 8 that de-
percolation nullifies the circuit model of Figure 7b. As
the area of the hole goes to zero, the barrier becomes a
series component in the circuit, greatly increasing the
resistance of the system. It will therefore become im-
portant to include the C-5-H gel phase in the equivalent
circuit models of depercolated cementitious systems.

Figure 6b illustrates how the constriction of electrical
current flow in the experimental models has an ampli-
fying effect on the bulk capacitance of the system. When
the barrier is thin, the voltage drop across it produces a
large, amplified capacitance. As thicker barriers are
used, the capacitance decreases analogously to an in-
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crease in plate separation in a parallel plate capacitor.
The amplified capacitance is the capacitance of the bar-
rier above the expected capacitance of the system with-
out a barrier. This response is similar to that described
for cement paste during hydration, as in Figure 4. As an
analogy, C-S-H barriers can be thought to form in the
pore network at early times, causing an increase in the
bulk capacitance due to the constriction of the pore net-
work and the voltage drop across C-S-H barriers. As
hydration proceeds, these barriers thicken, causing the
capacitance to decrease. At long times, the hydration
reaction slows and the bulk capacitance reaches a pla-
teau.

Experimental Results

To test the validity of the barrier/hole analogy, theo-
retical results from Eq 1 were compared with experi-
mental observations of real cement paste systems. Fig-
ure 8 shows how the capacitance of a neat OPC paste of
w/c = 0.4 changes with hydration time. As with the
simple microstructural model presented above, the ca-
pacitance decreases with time, presumably due to the
thickening of the C-5-H barriers. An implication of this
microstructural model is that dielectric amplification
should be more pronounced when the system is more
open and fewer barriers are present. In other words, the
same voltage is being dropped across shorter distance,
i.e., higher capacitances can be expected. A higher wa-
ter content in a cement paste produces larger capillary

1 non-amplified response

k =k(ps} ¢
ITITTITIIIIIITITIITIIIITITIIIITITIT1L]

~—&— grout - soln/solids = 1

—e—neal paste - w/c = 0.4

10 (1 day old) (1 day old)
—O-—neat paste - w/c = 0.4 —0O-—neat paste - w/c = 0.7
(3 days old) (3 days old)
10* 10° 10° 107
frequency (Hz)

FIGURE 8. Capacitance vs. frequency plot for various cement-
based systems, comparing hydration times (at fixed w/c ra-
tio) and w/c ratios (at fixed hydration time). (¢ = 0.4 + 0.05)
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pores and creates a more open microstructure with
fewer barriers [26,27]. To further test the model, pastes
with various w/c ratios were compared. Figure 8 also
shows how the dielectric constant vs. frequency re-
sponses of a w/c = 0.7 OPC paste, and a grout with a
solution:solids ratio of approximately 1.0 [28] compare
with a paste of w/c = 0.4 at the same hydration times.
It can be seen that dielectric amplification is more pro-
nounced at high w/c ratios, as anticipated when larger
pores (fewer barriers) are present.

The C-S-H gel phase may itself be a dielectrically
amplified microstructure, dominating the electrical re-
sponse of cementitious systems in which the larger cap-
illary pore network is nearly consumed or is highly
tortuous. This is illustrated by the relatively high ca-
pacitances evident for cement pastes at long times when
the free water is consumed and the volume fraction of
capillary porosity is near zero [1]. This additional level
of amplification can be seen more clearly in freezing
and solvent exchange experiments.

Figures 9 and 10 show the effects of freezing and
solvent exchange, respectively, on the capacitive behav-
ior of cement pastes. During freezing (Figure 9), a pre-
cipitous drop occurs in the dielectric constant at ap-
proximately -5°C, followed by a more gradual decline
as the temperature is decreased [14]. The precipitous
drop can be explained by the freezing of the free water
in capillary pores, eliminating the conductive large
pores/constrictions (Ryaiers R'yyarer = @ in Figure 7b).
What remains is the dielectric response of the continu-
ous C-5-H product phase, i.e., the side walls in Figure 7.

wic=0.4
normal OPC paste
1 day old

unfrozen

1004

JIITIITITILIITIIITIIILICITINIZIININININIG

104 non-amplified b=k (ps)0
responses =k (ice)-6
BRRRRERNRNRONNRNNRnnInaEeantnsinningtg

frequency

FIGURE 9. Dielectric constant vs. frequency plots for a frozen
and unfrozen neat OPC paste of w/c = 0.4 at 1 day of hydra-
tion (¢ = 0.4 + 0.05)
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E00IAN0NRERIRBRIRORORDRBTORORRNININEN
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5
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FIGURE 10. Dielectric constant vs. frequency plots for a neat
OPC paste of w/c = 0.4 at 1 day of hydration, before exchange
and after nearly 10 hours of solvent exchange with isopropa-
nol. (¢ =04 = 0.05)

The gel pores, being on a much smaller size scale, keep
the gel water from freezing until lower temperatures
are reached. Figure 9 shows that the capacitance of the
frozen system is still higher than the capacitance pre-
dicted by Eq 1. This implies that there is a residual
dielectric amplification associated with C-S-H gel, pos-
sibly of similar origin to the amplification in the capil-
lary pore system, but on a smaller scale.

A similar explanation can be made concerning the
isopropanol exchange of the capillary porosity in ce-
ment pastes. Because isopropanol has a large molecular
size relative to water, it is thought to exchange only the
capillary water in the system, because the gel pores are
smaller than the solvent molecules [11]. As in freezing,
solvent exchange greatly reduces the conductivity of
this capillary pore network (R acers R'ivater = @ in Fig-
ure 7b). Figure 10 shows that the system capacitance
after solvent exchange is still large relative to the non-
amplified response, implying that C-5-H gel is a dielec-
trically amplified microstructure. This residual level of
amplification can be virtually eliminated upon solvent
exchange with methanol, a much smaller molecule than
isopropanol which is thought to more fully exchange
gel pores in addition to capillary pores [11,29].

Conclusions

The impedance spectra of cement pastes at early ages of
hydration show evidence of dielectric amplification, i.e.,
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dielectric constants larger than can be accounted for on
the basis of water dipolar response. This is best seen in
plots of capacitance vs. frequency in the 10*-10” Hz
range. Because of arc depression, non-linear least
squares fitting with equivalent circuits involving con-
stant phase elements can lead to erroneously high “ca-
pacitance” values. This problem is avoided by using
capacitance vs. frequency plots.

A simple physical model of the “constricted” pore
structure of cement pastes consists of reservoirs (pores)
separated by a barrier (C-5-H gel) with a hole to retain
percolation. The resulting capacitance-frequency be-
havior is similar to that of cement pastes, i.e. there is
substantial dielectric amplification in the 10*-10" Hz
range. The model shows that dielectric amplification is
inversely proportional to the barrier thickness, and that
the pore network need not be depercolated, as pre-
dicted by Coverdale et al. [4].

Dielectric amplification in cement pastes can be ex-
plained on the basis of the physical model. Depending
on w/c ratio and degree of hydration, capacitance val-
ues up to two orders of magnitude larger than what can
be accounted for by water dipole relaxation can be ob-
tained. Factors which increase pore size (e.g., w/c ratio)
or decrease product layer thicknesses (short times of
hydration) lead to higher dielectric constants. The di-
electric amplification arising from the constricted pore
network can be reduced by preferentially freezing or
solvent exchanging the capillary pores. In these cases,
the residual dielectric amplification (upon freezing or
solvent exchange) argues for dielectric amplification in
the C-S-H gel phase, albeit on a finer scale.
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