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Computer simulation of impedance spectroscopy (IS) of hydrating cement paste, using a 
three-dimensional, four-phase model, is described. Two puzzling features of experimental IS 
results, the possible offset resistance in the Nyquist plot and the sharp decrease in normalized 
conductivity within the first 50 h of reaction, have been studied using the computer simulation 
model. Insight is provided into these features using the ability of the model to compare 
quantitatively microstructure and properties. It is concluded that the offset resistance is an 
experimental artefact, and does not directly relate to microstructure. The drop in conductivity 
during the first 50 h is shown to be a consequence of a gradual shift from parallel-dominated 
to series-dominated behaviour of the electrical conductivity, as microstructural modifications 
take place during hydration, causing the capillary pore structure to become more tortuous. 
This tortuousity can also explain the high-frequency impedance behaviour in terms of a 
two-arc response. 

1. In t roduct ion  
Portland cement paste is a porous, chemically bonded 
ceramic which results from the reaction of an initial 
suspension of Portland cement powder and water. 
Portland cement is a manufactured material, con- 
sisting primarily of calcium silicates, with fairly minor 
amounts of aluminates, ferrites, and sulphates [1]. The 
hydration reaction between cement and water in time 
produces a multi-phase, rigid material. After initial 
mixing, the water originally between the cement 
particles gradually becomes a highly conductive pore 
fluid, due to the dissolution of calcium and alkali ions 
from the cement. The main product of reaction is a 
poorly crystalline or amorphous calcium silicate hy- 
drate commonly referred to as C S H (standard ce- 
ment chemistry notation: C = CaO, S = S i O2 ,  and 
H = H 2 0 ) ,  with the hyphens denoting a varying C/S 
ratio non-stoichiometric compound. This phase is also 
conductive, because its nanometre-sized pores are fil- 
led with conductive pore fluid. Another important 
product is calcium hydroxide, CH, which forms in 
crystals and is an insulator. Because the total reaction 
products have a higher specific volume than the re- 
actants (cement and water), the volume originally 
containing the pore fluid, termed capillary porosity, is 
reduced and becomes increasingly tortuous. The capil- 
lary pores control properties such as permeability, 

strength, toughness, and durability. With respect to 
electrical properties, on which this paper focuses, the 
only phases of importance are capillary porosity and 
C S-H. Other phases are insulators [2]. 

Analysis of porosity by methods such as scanning 
electron microscopy (SEM) or gas adsorption, is com- 
plicated by the fact that the high vacuum necessary for 
these measurements removes water, which is an integ- 
ral part of the cement paste structure. Recently, impe- 
dance spectroscopy (IS) [3] has been used to study the 
microstructure of cement paste [4-12]. IS, as it is 
commonly practiced, is a technique in which an alter- 
nating voltage at a single frequency is applied to a 
sample, and the magnitude and phase of the current 
measured [3]. Impedance spectra are then given by 
the behaviour of the impedance (or other quantities 
derived from the impedance and the frequency [3]) as 
a function of frequency. It has been shown that the 
impedance spectra of cement pastes depend strongly 
on the amount of porosity present in the micro- 
structure, and, perhaps more importantly, on the ar- 
rangement and connectivity of the porosity [2]. By 
studying the impedance response at different times 
during the reaction, information about the arrange- 
ment and interconnectivity of the microstructure in 
the undried state can be obtained. 

Part II of this paper has been previously published in volume 29 issue 19, pages 4984 4992 of this journal. 
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It is very common to study the cement paste made 
from pure tricalcium silicate (C3S) and water, because 
C3S is the major component of Portland cement. This 
reaction serves as a useful, somewhat simpler approx- 
imation for the hydration of Portland cement. 
However, the electrical properties of C3S paste are 
qualitatively very similar to Portland cement paste, 
because both capillary porosity and C - S - H  are still 
the main phases. Fig. 1 shows an impedance curve of a 
tricalcium silicate paste. The impedance curve is in the 
form of a Nyquist plot [3], with - Z" plotted against 
Z', and where Z" and Z' are the imaginary and real 
parts, respectively, of the impedance Z. Applied fre- 
quency parameterizes the plot, with frequency increas- 
ing from right to left in Fig. 1. The paste was mixed 
with an initial weight ratio of water to cement (de- 
noted w/c) of 0.45, and was reacted for 14 days. The 
degree of hydration or reaction, m, is defined as the 
fraction of cement that has hydrated. The impedance 
curve in Fig. 1 exhibits a large electrode arc on the 
low-frequency (right-hand) side of the plot. This arc is 
due to the interface between the ionically conducting 
sample and the electronically conducting electrode, 
and is not a response of the bulk cement paste. The 
bulk arc to the left of the electrode arc is the response 
of the paste. The point where the bulk and electrode 
arcs intersect on the real axis (~470 ~ on Fig. 1) is the 
bulk resistance of the sample, and is equivalent to the 
d.c. resistance of  the sample. The separation of bulk 
and electrode effects in IS is a much more reliable way 
of measuring the true d.c. resistance than single- 
frequency electrical measurements. Higher frequency 
measurements that would be located to the left of 
those shown in Fig. 1 are currently unattainable, 
owing to experimental limitations, which make the 
maximum reliable frequency to be about 3 MHz [2]. 

While initial efforts to explain IS spectra in terms of 
microstructure have had some success [4~13], some 
implications of the experimental results have been 
hard to reconcile with prevailing theories of micro- 
structural development. The purpose of this paper is 
to explain these puzzling features, described below, 
using a computer model. 

2. Puzzling experimental features 
The conductivity of cement paste may be described by 
a simple effective medium equation [14] 

= cy o [3 Vf, (1) 

where ~ is the composite conductivity, Go is the 
conductivity of the capillary porosity, by far the most 
conductive phase in cement paste, Vf is the volume 
fraction of the capillary porosity, and 13 is a micro- 
structural parameter related mainly to the tortuosity 
and connectivity of the capillary porosity, and to a 
lesser extent to the tortuosity and connectivity of the 
C - S - H  phase. Normalizing the composite conductiv- 
ity ~ by o o, leaves 13V f, which is a measure of the 
influence of the microstructure on the composite con- 
ductivity. The parameter [3 is an empirical constant 
related to the arrangement and relative amounts and 
conductivities of the conductive phases, and can only 
be analytically calculated for simple microstructures. 
For  example, Fig. 2 shows a plot of normalized con- 
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Figure 1 Nyquist plot of a CaS paste with water to cement ratio of 
0.45, reacted for 14 days. 
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Figure 2 The composite conductivity of (---) parallel and ( ) 
series composite microstructures. The conductivity has been nor- 
malized by the conductivity of the more conducting phase. The two 
phase conductivities differ by three orders of magnitude. Vf is the 
volume fraction of the higher conductivity phase. 

ductivity, cy/Cyo, versus volume fraction of the more 
conductive phase, Vf, for two simple two-phase micro- 
structural arrangements. In these examples, the con- 
ductivity of the two phases differ by a factor of 1000. 
In Fig. 2, the straight, dashed line represents a parallel 
arrangement of the two phases, while the lower solid 
curve represents a series arrangement. As can be seen 
in the figure, [3 for the parallel case is 1, while for a 
series arrangement, [3 drops to a very low value as 
soon as the resistive phase is present. It is also import- 
ant to note that for any two conducting-phase 
material, the conductivity of the parallel and series 
arrangements are strict upper and lower bounds for 
the true composite conductivity [15]. 

Fig. 3 is a semi-log plot of the data in Fig. 2, 
together with conductivities for two cement pastes 
with different water to cement ratios and various 
degrees of reaction, normalized by their pore fluid 
conductivities. (The fraction of capillary porosity is 
calculated from the degree of reaction using the 
Powers Brownyard model [-16]. The composite con- 
ductivity, s, is obtained directly from the bulk resist- 
ance by correcting for the sample geometry, and the 
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Figure 3 Normalized conductivity data for two ordinary portland 
cements with different water to cement ratios, w/c: ( + ) 0.50, (o) 
0.35. (---) Parallel and ( ) series bounds, shown in Fig. 2. 

conductivity of the pore fluid, G o, is measured directly 
after extracting it from the paste samples.) If the 
amount of "parallel" or "series" character of the ma- 
terial is defined by the point at which a conductivity 
data point lies between the parallel and series bounds, 
then it appears that the cement paste microstructure is 
making a transition from having a mostly parallel 
character at high volume fractions of porosity, to 
having a most ly  series character at low volume frac- 
tions of porosity. The capillary pore space is clearly 
losing connectivity and volume, while it is filled in 
with reaction products, thus leading to the observed 
drop in composite conductivity. This transition points 
to an eventual depercolation of the capillary porosity, 
but depercolation, or loss of connectivity is neither 
observed by other techniques [16], nor predicted by 
percolation theory [17], nor computer simulation 
[183, until a volume fraction near 20%. A disconnec- 
ted capillary pore space would, of course, display 
series character as current flows through the (always) 
connected C - S -H  and through the isolated capillary 
pores. 

A series character in the microstructure at porosity 
volume fractions greater than 20% may also be indic- 
ated by the full Nyquist plot, according to the follow- 
ing argument. Fig. 4 shows the impedance spectrum of 
Fig. 1, with the bulk arc fitted by a semicircle whose 
centre is depressed below the axis. The parameters n 
and Q come from fitting the arc with a "constant phase 
element", which becomes a perfect capacitor in par- 
allel with a perfect resistor when n = 1 [-2, 3]. Fig. 4 
shows that the fitted arc, when extended to frequencies 
higher than those measured, does not extend to zero 
impedance, but rather to some real resistance greater 
than zero, defined as an "offset resistance" [4]. 

This behaviour is unexpected, because the conduc- 
tive pore phase is almost certainly well connected for a 
sample with this initial water:cement ratio (0.45) and 
age of reaction (14 days). The impedance of a pure 
capacitor is inversely proportional to frequency 

Z~,p,ci to r = - i/(oC, (2) 

where ~0 is the applied angular frequency, C is the 
capacitance of the capacitor, and i is the square root 
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Figure 4 Impedance arc analysis used to determine effective dielec- 
tric constant, bulk resistance, and offset resistance. The parameters 
n, Q, and ~o are explained in the text. 

of -- 1. Thus, for an ideal connected phase, Z c a p a c i t o  r 

approaches zero as the applied frequency becomes 
infinite. Because the C - S - H  phase is always connec- 
ted, from a few hours of hydration on, and because the 
C - S - H  phase has a capacitive character [2], this 
implies that the arc must eventually go to the origin. 
Therefore, there must be a second arc, unseen by 
experiment because its frequency is beyond experi- 
mental limits. 

The models usually used to analyse impedance 
spectra are simple series and parallel combinations of 
resistors and capacitors [3]. Series behaviour results 
in two arcs as seen in Fig. 5, where two R C  circuits 
arranged in parallel and series are shown, along with 
their impedance spectra. Thus, according to this ana- 
lysis, the electrical properties of cement paste are 
behaving as if the conducting phases were assembled 
in series, which would imply that the capillary pore 
space is disconnected. Because of the low resistance of 
freshly mixed pastes, arising from the high conduct- 
ivity of the pore fluid, an impedance arc cannot be 
observed at very early times, as most of the arc is at 
frequencies too high to be observed experimentally. 
However, enough of an arc to be analysed can be 
observed at times that are still early enough so that the 
capillary pore space is almost certainly still percolated 
[2]. Even at early hydration times, where the volume 
fraction of capillary porosity can be 40% or more, it 
appears that an offset resistance may be present. 

Both aspects of the impedance spectrum described 
above indicate that the phases within the composite 
are arranged to some extent in a series manner. In 
other words, the microstructure must have some series 
character. Because the pore fluid is the most conduc- 
tive phase in the microstructure, the series behaviour 
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Figure 5 Impedance response for equivalent circuits arranged in (a) parallel and (b) series. 

implies, according to the usual models used to analyse 
IS, that the pore fluid is disconnected at volume 
fractions for which most other information indicates 
otherwise. 

However, it has recently been shown that two-arc 
behaviour, for a composite with two conducting 
phases that can differ greatly in conductivity, can be 
manifested when either both phases are connected, or 
when the lower conductivity phase is disconnected 
[19]. This perhaps unexpected result can analyt- 
ically be seen to be true by considering the dilute 
(small inclusion volume fraction cz) limit of the 
Maxwell-Garnett equation, for a composite made up 
of a matrix material and spherical inclusions [3] 

0- = O'1 + 3C2(0"2 - -  0"1)/(20"1 + 0"2), (3) 

where 0" is the composite conductivity, 0-1 is the 
complex matrix conductivity, and 0-2 is the complex 
inclusion conductivity. When the inclusion volume 
fraction is small, Equation 3 gives the exact behaviour 
of the composite conductivity. When the phase para- 
meters are chosen so that the inclusions haye a signi- 
ficantly different peak frequency response than the 
matrix, the exact conductivity, displayed in a Nyquist 
plot, displays a two-arc behaviour [19]. An example is 
shown in Fig. 6, with the conductivities and volume 
fractions given in the caption. The peak frequencies for 
both arcs are marked on the figure, and the axes are in 
arbitrary resistance units. The main current paths will, 
of course, go around the isolated inclusions, because 
the inclusions have a lower conductivity than the 
matrix, but there will always be some current going 
from the matrix, through the spherical inclusions, and 
back into the matrix, because this is a shorter distance 
than going around the inclusions. Any current which 
flows across a phase interface means that some series 
behaviour will be displayed, and so two arcs will be 
observed if the peak frequencies for the two phases 
differ sufficiently. This simple analytical example 
shows how tortuosity (non-straight line current paths) 
can produce series-like two-arc behaviour. 
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Figure 6 Graph  of Equation 3, plotting the imaginary part of the 
impedance versus the real part. The phase complex conductivities 
were chosen to be ~ = 1.0 + 100i, ~z = 0.001 + 5000i, and the 
volume fraction of phase 2 was chosen to be 0.1. The units are such 
that E 0 = 1, so that the low-frequency dielectric constant  of phases 
1 and 2 are 100 and 5000, respectively. 

3. D e s c r i p t i o n  o f  t h e  computer model 
To understand better the apparent series behaviour of 
hydrating cement pastes, a computer model was used 
to demonstrate that a tortuous pore phase is respons- 
ible for the observed series-like behaviour. A model 
that computes impedance spectra from digital repre- 
sentations of microstructure in two or three dimen- 
sions has been developed [19]. Each discrete element 
(pixel) in an array is considered to be a sing!e, homo- 
geneous phase. The impedance properties of all the 
pixels are then summed to give an overall composite 
response for this microstructure. Garboczi and Bentz 
[20] have published a complete review of this type of 
microstructural representation of cement paste. The 
ability of this model to reproduce quantitatively 
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experimental IS curves from a simulated microstruc- 
ture of cement paste provides a powerful tool in 
establishing structure-property relationships, espe- 
cially concerning a.c. electrical properties. 

The microstructural development of cement paste 
during hydration was simulated using the Bentz- 
Garboczi C3S hydration model [21]. Images used for 
this model are typically 1003 pixels, where each pixel is 
a cube of volume 1 ~tm 3. The cement particle-size 
distribution used in these simulations consists of ten 
different sizes, and was taken from a measured dis- 
tribution of C3S powder. This distribution was used in 
all the models presented here. The computer resources 
needed to implement the impedance computation on a 
1003 image are significant, and require the use of a 
supercomputer for both memory and processing time. 
Because supercomputer resources were limited, smal- 
ler 503 models, which can be executed on various high- 
performance workstations, were used to explore gen- 
eral trends and to establish initial phase parameters. 

A measure of the connectivity of the pore phase 
(and other phases) is readily achieved in the simulated 
microstructures by using a "burning" algorithm [18]. 
The burning algorithm propagates a "fire" throughout 
the microstructural phase being assessed. If the fire 
reaches the opposite side from which it was started, 
the phase is percolated in that particular direction. 
This technique was employed on all the microstruc- 
tures used in this study to determine if the pore-fluid 
phase was connected in the direction of the  applied 
voltage. For systems of both sizes (503 and 1003 ) and 
several different water to cement ratios, the percola- 
tion threshold of pore-fluid phase occurred when its 
volume fraction fell slightly below 20%. This is con- 
sistent with the 18% value determined from the same 
model previously using a different cement particle-size 
distribution [18], implying that the capillary porosity 
percolation threshold is fairly insensitive to cement 
particle-size distribution. 

The impedance of the model is computed by solving 
the complex Laplace's equation for a random, com- 
plex conductor [3]. A node is placed in the middle of 
each pixel, and an RC (a resistor in parallel with a 
capacitor) element is connected between each node, 
with the value of R and C determined by the local 
complex conductivity for the phase occupying that 
pixel. Electrodes are added to either side of the micro- 
structure image, and "wired" into the network. A 
single-frequency voltage is then applied, and the com- 
plex Kirchoff's laws are solved for the network using a 
conjugate gradient method. Details are given else- 
where [19]. The total current in the network, divided 
by the applied voltage, then defines the impedance. 

Before implementing the impedance simulation, it 
was necessary to estimate the impedance properties of 
the individual phases, in order to be able to define the 
local RC elements to be used. Once reasonable estim- 
ates were obtained, these parameters were modified to 
achieve the best fit with the experimental data. Espe- 
cially important are the properties of the pore fluid 
and C-S-H, because these phases are the most abund- 
ant and are considered the most important in deter- 
mining the electrical properties of cement paste. 

The conductivity of pore fluid was determined ex- 
perimentally by direct measurement after being ex- 
tracted from cement paste, and is in the range of 
1-10 S m -  1 [5]. It is assumed that pore fluid from C3S 
pastes is not as conductive as that of Portland cement 
paste because of the absence of alkali ions [5]. The 
conductivity of saturated CH (lime) solution was 
found to be 2 S m - l ,  which is taken in the model for 
simplicity as 1 S m-1. Because the number ultimately 
to be computed is the composite conductivity, nor- 
malized by the pore-fluid conductivity, an overall 
multiplicative factor in the pore-fluid conductivity will 
not affect results. Because the pore fluid is highly 
conductive, its dielectric constant is not directly 
measurable by the impedance technique, because not 
enough of an arc can be generated to analyse, as was 
mentioned above, and so is assumed to be that of 
water, kr = E/Eo = 80 [22]. Some experimental res- 
ults have put an upper bound of approximately 150 on 
the value of kr [2]. 

Previous results from a d.c. simulation [23] indi- 
cated that the conductivity of C-S-H was about 400 
times less than pore fluid. The first estimate of the 
dielectric constant of C-S-H is based on measure- 
ments for synthetic C-S-H and completely hydrated 
samples that used silica fume to produce a material 
that is mostly C-S-H [2]. These measurements indic- 
ate that the relative dielectric constant of C-S-H is at 
least several times higher than that of pore fluid. Also, 
because C S H is probably a layered structure [1], 
with pore fluid residing to some extent in between the 
solid layers, it is reasonable to expect that its dielectric 
constant is larger than that of pore fluid, perhaps 
significantly larger, amplified due to a fluid-solid 
layering effect [3]. The subject of dielectric amplifica- 
tion as it occurs in C-S-H, and in cement paste itself, 
will be discussed in Part II of this paper [24]. Because 
both C3S and CH are known to be insulators, they are 
assumed to have very low conductivities and low 
dielectric constants. In the model, the dielectric con- 
stants for CH and C3S were chosen to be 1 for 
simplicity. Other results, not presented here, indicate 
more realistic values for dielectric constant (~  5) have 

T A B L E  I Model parameters 

Phase Initial values, Initial values, 
(3" (S  121 - 1) kr  

Final values, Final values, 
cy(Sm 1) k~ 

Pore fluid 1.75 80 
C S H 0.004375 1000 
C3S 3.6 • 10- 8 1 
CH 3.6 • 10 -s  1 

1.0 80 
0.01 500 
3.6 x 10-8 1 
3.6 x 10 -8 1 
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no effect on the composite response. Columns 2 and 3 
of Table I show the initial parameters used in the 
model for a large number of the 503 systems. 

4 .  R e s u l t s  

Fig. 7 shows a comparison of the normalized conduct- 
ivity data presented in Fig. 3 with results from a 
number of 50 x 50 x 50 models. The models include 
several different water to cement ratios and degrees of 
reaction. Although the model overpredicts the con- 
ductivity at lower volume fractions of porosity, it 
shows similar trends to experimental values, in agree- 
ment with earlier simulations [25]. The important 
point is that in the model, the capillary porosity has 
not lost long-range connectivity in any of the micro- 
structures until below about 20%. Therefore, the 
transition from parallel to series behaviour seen in the 
experimental results is obtainable in a tortuous, yet 
connected, conductive phase. The results from the 
model can be adjusted to better match the experi- 
mental curves in Fig. 7 by decreasing the (unknown) 
conductivity of the C - S - H  phase with respect to that 
of the (known) pore-fluid conductivity. However, it is 
possible that the overprediction of conductivity is at 
least partially an artefact of the finite resolution of the 
digital-image model. Because the distribution of por- 
osity in the model is limited to quantized units of 
1 ~tm 3, the same amount  of porosity in the model will 
be distributed in fewer, larger pores than probably 
exist in cement paste. It is known that capillary pores 
can be smaller than 1 lain [1]. Simple models have 
shown this latter type of distribution to have a some- 
what higher conductivity at the same total porosity 
[13]. 

Even though the model parameters listed in 
columns 2 and 3 of Table I provide a good fit to the 
normalized zero-frequency conductivity data shown 
in Fig. 7, they must be modified slightly to obtain a 
better rounded fit to the impedance response at all 
frequencies. To achieve the best overall fit with experi- 
mental results, systems of similar water to cement 
ratios and degrees of reaction were compared. Because 
model and experimental geometries are different, the 
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Figure 7 Compar i son  of normalized conductivity from experiment 
and simulation for various water  to cement ratios: (o) O P C  50, ( + ) 
model, (e) O P C  35. 

following three aspects of the IS curves were used to 
compare and modify the model values: normalized 
conductivity; dielectric constant as measured by 
EQUIVCRT [26], a commercial impedance spectra 
analysis software package; and the arc peak frequency, 
which is the frequency at which the imaginary part of 
the impedance, - Z", takes its maximum value. Each 
of these parameters is sample-geometry independent 
[27]. 

Fig. 8b shows a simulated curve from a 1003 pixel 
model whose parameters have been modified to match 
closely the accompanying experimental curve in Fig. 
8a. The simulated spectrum goes to the origin at high 
frequencies as predicted, and the shape of the arc at 
high frequencies (left side of the curve) shows the 
presence of another arc, which, however, is not well 
separated from the main arc for this fairly high degree 
of reaction paste. The model parameters used in Fig. 8 
are given in columns 4 and 5 of Table I. Fig. 8b does 
not show an electrode arc. It is possible to simulate 
such an arc, by placing an RC element between the 
simulated electrode and microstructure [13], but the 
data that make up the electrode arc are not relevant to 
the response of the microstructure. To make certain of 
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this, a few cases were run with and without the 
electrode arc. It was found that omission of the elec- 
trode arc had a negligible effect on the response of the 
microstructure and the computed bulk resistance. 
This result was also found previously in two-dimen- 
sional models [-13]. Electrode arcs were thus not 
usually simulated, in order to conserve limited super- 
computer resources. 

The impedance curves displayed in Fig. 9a and b 
were generated by the model and represent the evolu- 
tion of a single 1003 system as the hydration reaction 
proceeds. The phase parameters used for these simu- 
lations are given in the fourth and fifth columns of 
Table I. The fitted semicircle present in Fig. 9b ex- 
hibits the offset resistance that would be observed if 
the right-hand side of the arc were fitted with an 
equivalent circuit at experimentally observable fre- 
quencies. The simulated spectra, as in Fig. 8b, also go 
to the origin at high frequency. At smaller degrees of 
hydration (earlier hydration times), the two-arc beha- 
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viour is clearly displayed. As the amount of pore fluid 
is decreased, the higher frequency arc diminishes, 
leading to the identification of the low-frequency arc 
as being due primarily to C-S-H,  and the diminishing 
higher frequency arc being due primarily to the re- 
maining pore fluid. The model indicates that there is 
then no true offset resistance, but rather a second arc 
corresponding to the pore-fluid phase. As the pore 
fluid is replaced with more resistive reaction products, 
the bulk resistance increases, and the pore-fluid arc is 
less noticeable. Because it is known that the pore fluid 
is percolated in the first three of the four micro- 
structures analysed in Fig. 9 (~ = 0.229, 0.314, and 
0.505), it is clear that the observed behaviour in the 
impedance curves is a result of tortuous, but connec- 
ted, pore-fluid phase that is intertwined with continu- 
ous conduction paths of C S-H. 

In general, the behaviour of the simulated IS curves 
is the result of a composite response of the micro- 
structure, which depends only on the properties of the 
individual phases and their arrangement within the 
microstructure. The response is not dependent on any 
special interaction or interfaces between the phases, 
because reasonable agreement between experiment 
and simulation was obtained without any such inter- 
actions or interfaces being simulated. The origin of the 
bulk arc has been attributed by other researchers [12, 
28] to electrical double layers that form on surfaces 
that develop in the microstructure of cement paste. 
This hypothesis has significant ramifications with re- 
spect to the effective dielectric constant of the bulk arc, 
and will be discussed further in Part II [24] of this 
paper. 

5 .  C o n c l u s i o n s  

With the proper selection of electrical properties for 
the microstructural phases, the impedance spectrum 
of cement paste can be quantitatively modelled. Res- 
ults from the model suggest that the changes in the 
impedance spectra that accompany hydration are due 
to changing amounts, distribution, and arrangements 
of phases. The main features of the impedance spec- 
trum of cement paste result from a composite response 
of microstructural phases and are not the result of 
interactions or interfaces between these phases. 

The decrease in normalized conductivity that ac- 
companies the hydration reaction can be explained by 
an increase in the tortuosity of the capillary pore 
structure without requiring a premature disconnec- 
tion, or depercolation, of porosity. The tortuosity of 
the capillary pore structure, intertwined with the con- 
ducting C-S -H  phase, can also give rise to two-arc 
behaviour. The model indicates the existence of a 
high-frequency arc due to the response of pore fluid, 
which had been interpreted previously as an offset 
resistance [-4-12]. The high-frequency behaviour of 
the impedance spectrum is better explained by the 
existence of a second arc, rather than a series arrange- 
ment of the conducting phases giving rise to an offset 
resistance with physical meaning. 

Fitting the model to experimental results by varying 
the electrical parameters of the various phases leads to 



the conclusion that C-S-H has a relative dielectric 
constant of the order of 500, and a conductivity 
approximately 100 times smaller than pore fluid. This 
conductivity is obviously expected to scale with pore- 
fluid conductivity, as C-S-H probably derives its 
conductivity from having its nanometre-scale pores 
filled with conductive pore solution. 

Finally, the use of microstructure models, accom- 
panied by accurate computations of properties such as 
impedance spectra, allows the researcher to go beyond 
simple series and parallel ideas, enabling more quant- 
itative and detailed understanding of microstructure- 
electrical property relationships to be achieved. 
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