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Dielectric properties of cement pastes are measured using impedance spectroscopy, and the 
effective dielectric constants of the low frequency bulk arcs are reported. The unusually high 
values thereby obtained, and their dependence on reaction time and water:cement ratio, are 
explained by the presence of microstructural features that serve to amplify the dielectric 
constants of the individual material phases. The dielectric properties of three-dimensional 
cement paste models and of simple two-dimensional models of the hypothesized 
microstructural features are analysed. The model results provide insight into the proposed 
dielectric amplification mechanism in real cement paste. 

1. Introduction 
Several papers have been published recently relating 
the impedance response of cement paste to certain 
aspects of the microstructure [1-9].  These reports 
have focused on the observed offset resistance, bulk 
resistance and the origin of the dielectric response of 
cement paste. However, the effective dielectric con- 
stant associated with the bulk arc has not been re- 
ported. Part  I of this paper [10], studied the bulk 
resistance and the apparent "offset resistance" found 
in Nyquist plots of the impedance response of cement 
paste, using computer modelling. In Part  II of this 
paper, computer modelling is used to help understand 
the dielectric response of cement paste, and in particu- 
lar the low frequency effective dielectric constant. 

Using impedance spectroscopy techniques [10, 11], 
the low frequency effective dielectric constant, kof~, 
associated with the bulk arc of the Nyquist impedance 
plot, has been measured, kef f has been found to be a 
function of the water:cement ratio (w/c = weight ratio 
of water to cement in the original mixture), and the age 
or degree of reaction of the paste. The quantity k~ff is 
defined in the following way [11]. A Nyquist plot that 
is perfectly circular in the complex impedance plane, 
with its centre on the real axis, can be fit to a circuit 
containing a perfect resistor, R, and a perfect capaci- 
tor, C, connected in parallel. The value of R is the 
d.c. resistance of the material, and the value of C, 
normalized for the geometry, gives the dielectric 
constant s = ka o. 

It has been found [1, 10] that the Nyquist plots for 
cement paste can be successfully fit by "constant phase 

elements", or CPEs [10, 11], which are circular arcs 
but with their centre depressed below the real axis. In 
these circuit elements, a parameter, Q, takes the place 
of C in the parallel r.c. circuit. If the arcs are not 
depressed below the axis very much, as is usually the 
case for cement paste, then an effective dielectric 
constant kef f = Q'/Eo, where Q' is just Q but normal- 
ized for sample geometry, can be defined [11]. The 
parameter Q reduces to the regular capacitance, C, 
when the centre of the arc is on the real axis. This is the 
quantity reported and discussed in this paper. In the 
area of composites, quantities reflecting the response 
of an entire sample are also often denoted as "effect- 
ive" or "average" quantities [12]. This same meaning 
also applies to the effective dielectric constant 
measured, as cement paste is a composite material, 
and the dielectric response of the entire composite 
is measured. 

2. Experimental results 
Fig. 1 shows a plot of keff versus time for a 0.4 w/c 
cement paste. The dashed line represents data ob- 
tained from impedance arcs that were very difficult to 
fit since they were barely measurable. The dashed line 
data are also probably not reliable because they were 
obtained a t  high frequencies ( >  3 MHz) at which 
induction effects occur due to the experimental appar- 
atus. The solid line is computed from data obtained 
from larger bulk arcs occurring at lower, more reliable 
frequencies. The effective dielectric constant is seen to 
decrease from a very large value near 90000 and 
eventually levels off at a value near 4000. 
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Figure 1 Experimental results for change in the effective dielectric 
constant, kaf, as a function of reaction time for a 0.4 water:cement 
ratio cement paste. 
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Figure 2 Experimental results for the effective dielectric constant, 
k~ef, of cement pastes hydrated for 11 months versus the water: 
cement ratio. 

Fig. 2 shows a plot of kef f v e r s u s  water: cement ratio 
for a single Portland cement after long reaction times 
(11 months). It can be seen that the effective dielectric 
constant increases with water:cement ratio, and also 
that the values are still large, ranging from 4000 to 
above 12000 for the highest w/c pastes. 

These high values are difficult to explain, especially 
since the material phase in the micros truc ture  that has 
the highest dielectric constant would have thought to 
have been pore fluid, with a dielectric constant near 80 
[13]. However, separate dielectric measurements of 
synthetic calcium silicate hydrate (C-S-H)  and of 
pastes containing mostly C - S - H ,  indicate that 
C - S - H  has an effective dielectric constant signific- 
antly higher than pore fluid, perhaps on the order of 
~C-S-H = 1000 [14]. This does not, however, explain 
the observed phenomena, for two reasons. 

First, this value of e c - s -n  is not high enough to 
explain the effective dielectric constant of 90 000 for 
pastes at very early reaction times, when only a small 
percentage of C - S - H  is present. And second, if 
C - S - H  were responsible for the high dielectric con- 
stant of the paste, the value for the paste should 
increase, not decrease, with reaction time, since more 
C - S - H  is being produced, replacing the much lower 
dielectric constant water and cement. 

The dielectric response of cement paste has been 
attributed [9, 153, to electrical double layers that form 
at the interfaces between pore fluid and product 
and/or reactant surfaces. Calculations by Xie et al. [9] 
indicate that a double layer (Stern layer) in the cement 
system should have a dielectric constant of 17.4, which 
is significantly less than observed values of bulk 
cement paste. However, double layers are certainly 
present on cement particles after mixing with water, 
yet the bulk arc does not appear until after a signific- 
ant amount of reaction product has formed ( ~ 12 h). 
Possibly, as the hydration reaction proceeds, the sur- 
faces available to form double layers increase dramat- 
ically, which could explain the delayed appearance of 
the bulk arc. But this does not explain why the 
dielectric constant of bulk paste decreases as hydr- 
ation proceeds, a process that is producing more and 
more free surface. 

An alternative explanation of the dielectric response 
of cement paste is that the arrangement of phases 
within the microstructure provides an amplification 
mechanism that gives rise to the high values of kef f 
observed. The "amplification mechanism" is defined 
as a geometrical arrangement of material phases that 
results in an effective dielectric constant that is much 
higher than the value for any individual material 
phase. As an example, it is noted that this phenom- 
enon is observed in composite materials composed of 
an insulating and a conducting phase, where the 
conducting phase is very close to, but just below, its 
percolation threshold [16-18]. The complex geometry 
that gives rise to this amplification mechanism is "the 
existence of many almost pure conducting channels 
which stretch across the entire length of the system 
and are blocked off only by very thin barriers. Every 
channel of this type contributes an abnormally large 
capacitance, and all of these are connected in parallel" 
[173. 

A simpler geometry that also gives rise to dielectric 
amplification by forcing current across thin layers of 
insulating material is shown in Fig. 3. This figure 
shows a two-dimensional schematic of a three-dimen- 
sional perfect parallel plate capacitor into which a 
conductive plate has been placed. The overall capaci- 
tance is affected by the thickness of the inserted plate 
as follows 

C = keff~oA/D = k s ~ o A / ( D - b  ) 

= ks~oA/d = ksso(A/D)(D/d ) (1) 

from which it follows that 

keff = ksD/d (2) 

Here koff is the true composite effective dielectric 
constant; ks is the dielectric constant of the material 
that is in the space d; ~o is the permittivity of free space; 
A is the area of the electrodes; and D, d and b are as 
shown in the Fig. 3. It is clear that as b becomes larger, 
d becomes smaller, and the capacitance increases, This 
phenomenon is observed in grain boundary ceramics 
in which conductive grains are isolated by insulating 
grain boundaries [11]. The composite dielectric con- 
stant is proportional to D/d, where D is the grain size 
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Figure 3 Schematic diagram of a parallel plate capacitor (after 
Feynman et al. [19]) with a crossbar thickness, t, of 1 pixel. 

and d is the grain boundary thickness. The larger the 
grain size (conductor) and the thinner the grain 
boundary (insulator), the greater the amplification. In 
these materials, the high conductivity material phase 
is disconnected. 

A similar mechanism may be responsible for the 
observed dielectric response in cement pastes. As the 
microstructure develops, relatively large (,-~ 20 gm) 
capillary pores, filled with highly conductive pore 
fluid, are reduced in size as reaction products fill space. 
Following the model shown in Fig. 3, the conductive 
pores would correspond to the conductive plate sand- 
wiched between the much more insulating layers of 
reaction product. As hydration proceeds, capillary 
pore size, D, tends to decrease, and the reaction prod- 
uct thickness, d, tends to increase. Thus, the overall 
capacitance, starting out high, would then be sys- 
tematically reduced as the hydration reaction pro- 
ceeded. However, the isolation, or disconnection, of 
the conductive pore phase, as pictured in Fig. 3 and 
found in grain boundary ceramics [11], is not neces- 
sary to produce the observed phenomena. Computer 
simulation modelling is next used to explore the pos- 
sibility that highly tortuous pathways of cont inuous 
conductive pore fluid channel the current into regions 
where it is forced to drop across thin layers of insulat- 
ing material, thus producing a high value of k~ff. 

3. Three -d imens iona l  model  o f  c e m e n t  

paste 
A model that relates the three-dimensional micro- 
structure of cement paste to impedance has already 
been described in Part I and elsewhere [10, 20, 21]. 
The electrical parameters assigned to each phase are 
given in Table I. The simulated impedance data from 
the model can be analysed in the same way as the 
experimental data was, and the value of kef f deter- 

TABLE I Phase parameters used in three-dimensional impedance 
simulations 

Phase cra (S m- 1) kb 

Pore fluid 1.00 80 
C-S-H 0.01 500 
C3S 3.60 x 10- 8 1 
CH 3.60 x 10- 8 1 

a ~ is the d.c. conductivity. 
b kr is the relative dielectric constant. 
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Figure 4 Three-dimensional model results for the change in the 
effective dielectric constant, keel, as a function of reaction time, t, for 
a 0.4 water:cement ratio model system. Reaction time is calculated 
from degree of reaction and published kinetic relationships [22]. 

mined. A plot of kef f versus reaction time* for a 
simulated 0.4 w/c  cement paste system is shown in 
Fig. 4, analogous to the plot in Fig. 1. Three of the five 
values displayed are at least a factor of two above 500, 
the highest value of k assigned to any phase (C-S-H)  
in the model. Therefore, an amplification mechanism 
must be present. 

It is crucial to note that the first three data points in 
Fig. 4, corresponding to the shortest reaction times, 
come from model systems in which the conductive 
pore phase is known directly from the model to be still 
percolated in the direction of the applied field [23]. 
Thus; isolation of the conductive phase (as in Fig. 3) is 
not required to produce amplification of the low 
frequency effective dielectric constant. 

The model is not, however, capable of reproducing 
the full range of amplification that is observed experi- 
mentally, probably due to the limited resolution of its 
digital image-based format. The smallest unit of ma- 
terial that may be represented is 1 pixel, and therefore 
to achieve an amplification of x 100 would roughly 
require a pore diameter of 100 pixels (D = 100, d = 1 
in Equation 2). This degree of resolution is not 
currently possible. 

In Fig. 5, a plot of keff versus water: cement ratio for 
model systems displays a trend similar to that ob- 
served in Fig. 2. All three data points in Fig. 5 are for 
models in which approximately the same fraction of 
cement initially present had been reacted, about 0.73, 

* Reaction time is calculated from degree of reaction and published kinetic relationships [22]. 
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Figure 5 Three-dimensional model results for the effective dielectric 
constant,  kerr, of model systems with 0.73 of the cement hydrated. 
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but with different initial w/c values. Therefore, the 
volume fractions of pore fluid were different, increas- 
ing with increased w/c; whereas the volume fraction of 
C - S - H  decreased with higher w/c. One might then 
expect the value of koff to be lower for higher w/c, 
because a smaller fraction of the high dielectric con- 
stant phase (C-S-H) was present. Since this is clearly 
not the case, again dielectric amplification by the 
microstructure must be taking place. The greater am- 
plification corresponding ,to the higher water:cement 
ratios may be correlated with a higher value for D 
(Equation 2), rather than for d, since the latter is likely 
to be independent of water: cement ratio, especially for 
older pastes. In other words, d is related to the amount 
of product that has formed, while D is dependent on 
the amount of pore fluid (capillary porosity) that is 
present at any given time. 

The three-dimensional computer models have thus 
shown that the high value of keff of the bulk arc of 
cement paste may be the result of microstructural 
amplification. The same trends were observed with 
respect to reaction time and water:cement ratio 
as seen experimentally. It was also shown that discon- 
nection of the conductive phase (pore fluid) is not 
necessary to produce this amplification. 

4. Two-d imens iona l  models 
The following two-dimensional models were de- 
veloped to gain a better understanding of the kind of 
microstructural features that can give rise to a dielec- 
tric amplification mechanism, with and without a 
percolated highly conductive phase. Although two- 
dimensional, these models were formulated to capture 
the essential physics of three-dimensional microstruc- 
tural features that can result in dielectric amplifica- 
tion. Both models are formed from 20 x 20 pixel digi- 
tal images and consist of two phases, pore solution 
and C-S-H.  The phases have the same properties as 
given in Table I, except that ec_s_r~ = 1000 instead of 
500, for the sake of simplicity. The absolute value of 
the effective dielectric constant is not of great import- 
ance in these models, but, rather, the amount of 
amplification that may be produced based on the 
geometry of the microstructure. 

Figure 6 Schematic of the I model, shown with a crossbar thickness, 
t, of two pixels. 
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Figure 7 I model Nyquist  plots at 0-900 GHz for different thick- 
ness, t, values. The peak frequency for each low frequency arc is 
200 kHz: (�9 t = 1, (El) t = 2, (~1,) t = 3, (A)  t = 4, ( + ) t = 5 and 
( ~ ) t = 6 .  

4.1. The l model  
Fig. 6 shows a schematic of a model microstructure 
referred to here as the 'T '  model because the C - S - H  
phase forms a capital "I". The model represents an 
area between two reacting cement grains that are 
coated with C-S-H.  Just enough product has formed 
to connect the two grains by a very thin layer of 
C-S-H.  Continued reaction is simulated by thicken- 
ing the connecting crossbar. The impedance is com- 
puted by applying a voltage in the direction shown 
on the figure. Fig. 7 shows the impedance curves 
for different thickness, t, values. Although it is over- 
shadowed by the low frequency arc, a second, higher 
frequency arc does exist for each thickness, implying 

4987 



25 000 

"~ 20000 

E 
O 
o 15000 
o .r-- 

"6 
o 

10000-  
"o 

> 

o 5000 
o 

I.u 

0 
0 

I I I I I 

E~  " " E l .  

�9 " " ~ 3 o  . 

I I t I I I 

1 2 3 4 5 6 7 

Thickness, t (pixels) 

Figure 8 Effective dielectric constant, kerr, as  a function of crossbar 
thickness, t, for both the I (-�9 and T (-[~-) models. 

Figure 9 (a) I model with a crossbar thickness of 1 pixel, (b) 
corresponding current intensity plot, where white represents the 
highest value of current. 

that this microstructural arrangement has a series 
character [10]. Indeed the middle section of the I 
model is a series arrangement of C - S - H  and pore 
fluid, although the upper and lower sections are arran- 
ged in parallel. As the thickness of the crossbar in- 
creases from 1-6 pixels, the composite resistance also 
increases as expected. The effective dielectric constant 
of the larger, lower frequency arc decreases with in- 
creasing t as shown in Fig. 8. As the thickness in- 
creases from 1-2 pixels, the amplification ratio, D/d, of 
the middle section is reduced from 20/1 to 20/2, and 
kef f also drops by a factor of two. However, the value 
of koff of the composite when t = 1 is not 20 x ac_s_ n 
= 20000, but closer to 10 x eC-S-H = 10000; since the 

middle section, from which comes the dielectric ampli- 
fication, represents only 50% of the volume (area) of 
the composite. The value of k~ff in Fig. 8 roughly 
follows a l i t  power law for small t, as would be 
expected from the above analysis. 

Analysing the current distribution in the model is 
useful to show the effect of microstructural geometry 
on the impedance properties. Fig. 9 shows a map of 
d.c. current intensity for the I model when t = 1. 
Fig. 9a represents the microstructure, where white is 
pore fluid and gray is C - S - H .  Fig. 9b shows a gray 
scale image of the current intensity at each pixel where 
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Figure lO Effective conductivity distribution, (jeff, functions for the 
I model (crossbar thickness of 1 pixel) for (a) C-S-H phase and (b) 
pore fluid phase with o = 0 (d.c.): ( I )  bulk C-S-H, ([~) crossbar 
C-S-H. 

white equals high current and black equals low cur- 
rent, with various scales of gray for intermediate 
current values. It is apparent that some of the current 
is going around the crossbar and through some of the 
"bulk" C - S - H .  

Fig. 10a, b shows the effective conductivity, ~eff, 
distribution functions for each phase of the I model 
(t = 1). The effective conductivity for a given pixel is 
calculated by dividing the actual local current by the 
macroscopic field that has been applied to the total 
sample. The difference between the effective conduct- 
ivity and the actual material conductivity for a given 
pixel is then a measure of the influence of the pixel's 
local environment on the current going through it. 
The effective conductivity distribution function is then 
just a histogram, showing what volume fraction 
of material has a given effective conductivity. More 
formally, the total average conductivity, %omp, of a 
multi-phase composite is defined by [-12] 

tO V 

_ 1 [ a3r~o.(7 ) (3) 
V J v  

which can then be rewritten for a two-phase com- 
posite as 

O'comp = C 1 d 3 r o e f f ( r )  -Jr c 2 d 3 r o e f f ( r )  (4 )  
1 2 



T A B L E  II Effective conductivity data for the I model 

a 

t ~ elf 

C - S - H  Pore fluid C - S - H  Pore fluid 

C 
(~comp 

R d 

1 0.017 37 0.185 39 0.525 0.475 0.097 10.290 
2 0.017 29 0.109 52 0.550 0.450 0.059 17.009 
3 0.016 80 0.079 51 0.575 0.425 0.043 23.014 
4 0.016 25 0.062 97 0.600 0.400 0.035 28.622 
5 0.015 69 0.052 33 0.625 0.375 0.029 33.979 
6 0.015 14 0.044 78 0.650 0.350 0.026 39.194 

cr~e f is the effective conductivity for a given phase, as defined 
b Vf is the volume fraction of a phase. 

a~omp is the composite d.c. conductivity. 
d R = 1/~o~p = the bulk resistance. 

in Equations 3-5. 

resulting in the equation 

O'comp = C l ~ e f f ( 1 )  -t- czrr~ff(2) (5) 

where O'efr(1 ) and creff(2) are the average value of the 
effective conductivity for phases one and two, respect- 
ively, //1 = cl V, V2 = c2 V are the partial volumes of 
each phase, Va + V2 = V is the total sample volume, 
and eo is the original applied field. The values of the 
average effective conductivity for each phase are 
shown in Table II for each crossbar thickness. For 
each thickness in the I model, the effective conductiv- 
ity of the C - S - H  phase is increased above its assigned 
value of 0.01 (Fig. 10a), and the effective conductivity 
of the pore phase is decreased significantly from its 
assigned value of 1 (Fig. 10b). The composite resist- 
ance, R, is equal to 1/C~o~p for this square, two- 
dimensional geometry, and is also listed in Table II. 

For the I model, it has been found that the fre- 
quency associated with the peak of the low frequency 
arc, COo, is the same for each thickness value. This 
implies that koff is a function of R via the following 
equation which defines k~ff 

O/0 = ff/(keffl~0) (6) 

where cr is the conductivity of the low frequency arc. 
As t increases, both o and kef f m u s t  decrease by the 
same factor in order to leave the value of o) 0 un- 
changed. 

4.2. The T mode l  
The T model microstructure shown in Fig. 11 is very 
similar to the I model, except that the lower section of 
the image has been changed from C - S - H  to pore 
fluid. The crossbar in this case has extended from the 
cement grain into a pore, but not far enough to isolate 
one side of the pore from the other. This leaves the 
high conductivity pore phase continuous, as is the case 
in real three-dimensional cement paste. The impe- 
dance response for this system is shown in Fig. 12 for 
six different crossbar thicknesses. As with the I model, 
the composite resistance increases with increasing 
crossbar thickness; however, the magnitude of the 
resistance is much less. The size of the low frequency 
arc is also much smaller than in the I model, and the 
high frequency are is much more visible. The value of 
kef f associated with the low frequency arc follows the 
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Figure 11 Schematic of T model, shown with a crossbar thickness, 
t, of 2 pixels. 

3.0 I I I I I 

2.5 

2.0 

~1 1.5 

1.0 

0.5 

0.0 
0.0 

A+ + ~  A & + + A 

.~++ & & � 9  �9 �9 + & 

o 
[] �9 A + ~ 

OO [] �9 �9 + A 
I~ @ �9 + A 

i i i i ~  B ! ! * ~  
0.5 1.0 1.5 2.0 2.5 3.0 

Z' 

Figure 12 Nyquist  plots for the T model at 0-900 GHz at different 
thickness values. The frequencies at the,peaks of each low frequency 
arc are 1, 1.5, 2, 2.5 and 3 MHz for t = 1-6, respectively: (O) t = 1, 
(E3) t =  2 , ( ~ ) t =  3 , ( A ) t = 4 , (  + ) t  = 5and ( A ) t = 6 .  

4989 



TABLE III  Effective conductivity data for the T model 

t (~ eaff 

C-S-H Pore fluid C-S-H Pore fluid 

C 
O" comp R d 

1 0.019 84 0.626 68 0.275 0.725 0.460 2.175 
2 0.019 48 0.593 77 0.300 0.700 0.421 2.373 
3 0.018 76 0.578 40 0.325 0.675 0.397 2.522 
4 0.018 00 0.569 33 0.350 0.650 0.376 2.657 
5 0.017 25 0.564 79 0.375 0.625 0.359 2.782 
6 0.016 53 0.563 00 0.400 0.600 0.344 2.903 

a ~.fr is the effective conductivity for a given phase, as defined in" Equations 3-5. 
b Vf is the volume fraction of a phase. 
c Cr~omp is the composite d.c. conductivity. 
d R = 1/o'¢omp = the bulk resistance. 

Figure 13 (a) T model with a crossbar thickness of 1 pixel, (b) 
corresponding current intensity plot, where white represents the 
highest value of current. 

same trend as in the I model  (see Fig. 8), but  its value is 
higher, especially at smaller thickness values. 

Fig. 13 shows a map  of d.c. current intensity for the 
T model  with a thickness, t, of 1 pixel. It is apparent  
that  a significant amoun t  of current simply flows 
a round  the crossbar through the much more  conduc-  
tive por t ion of the composite,  thus significantly redu- 
cing the composite resistance, and, therefore, the size 
of the low frequency arc. Distr ibution functions of 
effective conductivities for the T model  (o~ = 0) with a 
crossbar thickness of 1 pixel are shown in Fig, 14 for 
C - S - H  (a) and pore fluid (b). Table I I I  lists the average 
single phase effective conductivities for the T model  at 
different thicknesses, analogous to Table II. It is evid- 
ent from Fig. 14b and Fig. 13 that  the pore fluid in the 
T model  has a much wider distribution of effective 
conductivities than the pore fluid in the I model. The 
distribution of effective conductivities for C - S - H  in 
the T model  is not  much different than in the I model. 

The flow of current a round  the crossbar in Fig. 13 is 
not  too surprising, and raises the question of why, 
since the crossbar is providing the mechanism for 
dielectric amplification, should the T model  have a 
higher value of  k~ff than the I model? 

The answer to this question lies in the effective 
conductivities of the crossbar pixels for each model. 
The following explanation, applicable to any crossbar 
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Figure 14 Effective conductivity distribution, ~eff, functions in the 
T model (crossbar thickness of 1 pixel) for (a) C-S-H phase and (b) 
pore fluid phase, where co = 0 (d.c.): ( i )  bulk C-S-H, ([]) crossbar 
C-S-H. 

thickness, compares  the effective conductivities of the 
crossbar pixels for bo th  the I and the T models, for a 
thickness of 1 pixel. Consider  the crossbar pixels to be 
numbered  1-10, starting with the first pixel of the 
crossbar nearest the top, as pictured in Figs 6 and 11. 

Fig. 15 shows a plot of effective conductivi ty versus 
the position of the crossbar pixel for both  the I and T 
models when the applied frequency is zero (d.c.). As 
expected, the effective conductivi ty of crossbar pixels 
in the I model  is higher, and relatively constant  along 
the bar. The crossbar pixels of the T model, on the 
other  hand, have overall lower effective conductivities, 
and the pixels toward  the end of the crossbar have 
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significantly lower effective conductivities than those 
near the top. Near the top of the crossbar it is easier 
for the current to go through the crossbar than travel 
all the way to the bottom to go around the crossbar, 
which will tend to increase the effective conductivity 
near the top. Near the bottom of the crossbar, how- 
ever, current may easily travel around the tip through 
the more conductive pore fluid, thus reducing the 
effective conductivity of the pixels near the bottom of 
the crossbar. 

The situation is quite different for the two models at 
the peak frequency c0 o. Fig. I6 shows the effective 
conduc.tivity (both real and imaginary) for the cross- 
bar pixels at the peak of the low frequency arc for each 
model. In this case, the effective conductivities of the 
crossbar pixels in the T model are higher than those of 
the I model for both real and imaginary components. 
The geometry of the T model is such that the micro- 
structural feature responsible for dielectric amplifica- 
tion (crossbar) has a higher effective conductivity at 
the peak frequency than its counterpart in the 1 model. 
In other words, more current passes through the 
crossbar in the T model, producing greater dielectric 
amplification. It is important to recall that the T 
model has a well percolated high d.c. conductivity 

phase. In fact, at least for the I and T models, a 
percolated high d.c. conductivity phase actually seems 
to produce higher values of kew 

5. Conclusions 
The dielectric response of hydrating cement paste is 
dependent on the developing microstructure and the 
arrangement of microstructural phases. Impedance 
simulations from digital image-based models have 
successfully reproduced the main features of the di- 
electric response of cement paste, and provide 
valuable insight into the relationship between micro- 
structure and measured impedance. The current dis- 
tributions and effective conductivities obtained 
through the digital image technique are excellent ex- 
amples of how the data obtainable from computer 
modelling can be used in understanding observed 
phenomena. 

The extremely high effective dielectric constants 
determined from the bulk arcs of cement paste may be 
explained by an amplification mechanism produced 
by microstructural arrangements in hydrating cement 
paste. Amplification could result from relatively large 
capillary pores, D, and thin product layers, d, that 
block or redirect current flow in the impedance experi- 
ment. It is thus possible to produce dielectric amplifi- 
cation without disconnecting, or depercolating, the 
conductive, capillary pore phase. In fact, higher effect- 
ive dielectric constants may be obtained from micro- 
structures in which the conductive phase remains 
connected. This is consistent with what is known 
about the continued presence of continuous capillary 
pores in cement pastes that have achieved high 
degrees of hydration [231. 

Moderate amplification of the effective dielectric 
constant is found in the three-dimensional, digital 
image-based model of cement paste, probably due to 
the finite resolution (1 pixel = 1 ~m) of the pixel,based 
model. Higher values of kef f would be obtained if the 
resolution were to be increased. The I and T models 
suggest that the capillary pore structure is highly 
tortuous, and, at early reaction times, thin product 
layers extend into capillary pores and connect reacting 
cement grains. 

The drop in kerr with degree of hydration can be 
explained by the changing microstructural features 
that control dielectric amplification. If D is taken as a 
measure of the size of the pore fluid-filled capillary 
pores, and d is taken as a measure of the size of the 
reaction product thicknesses separating or extending 
into these pores, then as the reaction products grow, 
capillary pore sizes are reduced (D decreases), and 
reaction products extending into the pore space 
thicken (d increases). Both of these effects serve to 
decrease amplification. The increase in effective dielec- 
tric constant with water:cement ratio, at equal de- 
grees of hydration, is a result of larger capillary pores 
being present in the microstructure at the higher 
water:cement ratios, but with nearly the same value of 
product thickness, d. Thus the amplification ratio, D/d, 
will be increased as water: cement ratio increases at 
roughly equal degrees of.hydration. 
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