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The impedance spectra of hydrating Portland cement paste showed a small part of a large 
depressed arc and a single depressed arc at low- and high-frequency regions, respectively. 
A new equivalent circuit was proposed for hydrating cement paste, which consists of a serial 
combination of  a resistor and a constant phase element (CPE) with a resistor in parallel for 
the bulk effects, and a parallel combination of a resistor and a CPE for the electrode effects. 
The microstructural evolution in hydrating cement paste was associated with the changes in 
the resistances, capacitance and the critical relaxation time. 

1. Introduction 
The impedance spectrum has been studied in an effort 
to separate the bulk cement electrical properties from 
measured electrical values and to represent micro- 
structural changes of hydrating cement paste [1-4]. 
A single arc and a small part of a large arc of complex 
impedance plotted, respectively, in the high- and low- 
frequency ranges, are considered as evidence for Max- 
well-Wagner effects in the bulk and an indicator of 
electrode effects, respectively. Several equivalent cir- 
cuits [-2-8] were proposed to account for the two 
observed arcs, such as an electrode R/C network and 
a constant phase element (CPE) in series with one or 
two bulk R/C networks and a bulk resistor I-3]. The 
cut-off frequency at the intersection of the single arc 
with another large arc is envisaged to differentiate 
bulk effects from electrode effects, and the real impe- 
dance at that frequency is considered as the bulk ionic 
resistance of cement paste [1]. Each RC element of an 
equivalent circuit indicates microstructural evolution 
in hydrating cement paste 1-5 7, 9-11], such as C 
for the polarization change due to blocking of charges 
by cement grains or hydration products, and R 
the change of charge movement through water-filled 
capillary pores. However, data on the bulk electric 
parameters and relaxation time during hydration ob- 
tained from the analysis of the impedance spectra are 
scarce. 

In the present work, a new equivalent circuit is 
proposed to characterize the whole impedance spec- 
trum of hydrating cement paste and provide the phys- 
ical meaning of each element. The microstructural 
evolution in hydrating cement paste was investigated 
with changes in resistance, capacitance and the critical 
relaxation time. 

2. Experimental procedure 
The specimen was prepared by mixing commercial 
ordinary Portland cement (OPC, Ssangyong Co., 
Korea) and deionized water. The mixed cement paste 
with a water/cement (W/C) ratio by weight of 0.4, was 
immediately poured into a dielectric mould of 
16 x 50 x 75 mm 3, which consists of parallel electrodes 
of polished stainless steel at each side. The area, A, of 
the electrode and the distance, d, between the elec- 
trodes were A = 1256 mm 2 and d = 16 ram, respect- 
ively. The cement paste was hydrated under a constant 
temperature of T = 30 ~ in a temperature-control- 
lable oven. 

The complex impedances were measured in the fre- 
quency range 5 Hz-13 MHz with 20 readings per dec- 
ade of frequency in logarithmic steps by using an 
HP-4192A impedance analyser controlled by a per- 
sonal computer. Measurement was performed for 10 
days from 10 min after mixing, with a reading cycle of 
every 10 min for 2 days, followed by 30 min thereafter. 

The heat evolution rate during hydration was also 
measured by the conduction calorimetric method. 
The temperature of the hydrating cement paste was 
measured by the e.m.f, voltage of an embedded 
chromel-alumel thermocouple using a digital multi- 
meter controlled by a personal computer. 

3. Results and discussion 
3.1. Frequency-dependent impedance of 

cement paste 
The complex plots of real impedance, Z', and imagi- 
nary impedance, Z", in Fig. 1 show an underdevel- 
oped single arc in the high-frequency region, and 
a small part of a large arc in the low-frequency region, 

3768 0022-2461 �9 1995 Chapman & Hall 



200 / / , 
,' / 

o 150 / i '  ,' / / '  , ,  

,,~ / /  ,, 
�9 "i  i ,,, 

._E 100 -"i/ '  ,, 
: : '  ~ / 

o // .E . / / 

/I / - -  :": 
E �9 1 i , - - 7 - . , ~  

o " d-w -?'." " 4  , , , I 

0 50 100 150 200 250 300 
Real impedance (D) 

Figure l The complex plots of real impedance and imaginary impe- 
dance of hydrating cement paste. W/C = 0.4, T = 30 ~ ( ) 10d, 
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Figure 2 (a) Complex impedance of cement paste after 5 d hy- 
dration. (b) The complex plane plot of C*(f) (�9 Experimental 
data, (- ) fitted data with Equation 3. 

similar to those of  other  workers  [1-3,  5, 7, 11-13].  
The  small depressed arc of  the bulk effect appeared  
after 2 days  and the large depressed arc of the elec- 
t rode effect appeared  immedia te ly  after mixing of the 
cement  paste  with deionized water.  The  real impe- 
dance, Z ' ,  at  the intercept ion of the two arcs increased 
as hydra t ion  proceeded.  

Fig. 2a is the impedance  spect rum measured  after 
5 d hydrat ion.  The  high-frequency arc, A, is a closed 
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Figure 3 (a, b) Equivalent circuit models for cement paste/electrode 
system. (c) Complex impedance, Z*( f )=Z ' ( f ) - iZ" ( f ) ,  as 
a function of frequency for hydrating cement paste. (O) Experi- 
mental data, ~ ) fitted data with the equivalent circuit of (b). 

arc with its centre lying below the real impedance  axis, 
and Ro~ and Roo + Ri cor respond  to abscissae inter- 
cepts of  the arc, A, at high and low frequencies, respec- 
tively. Therefore,  the single arc, A, is depicted with 
a parallel  combina t ion  of Ri and  an unknown  C*( f )  
connected to Roo in series in Fig. 3a [14]. The  resist- 
ances Roo = 20.3 f~, Ri = 39 .4D and the depressed 
angle 0 = 20.5 ~ were ob ta ined  by fitting the high- 
frequency arc, A, to the equat ion  of a circle as follows 

( Z ' - - Z l )  2 -t- ( Z  ,t - Z 2 )  2 = r 2 (la) 

Roo = Z1 - (r 2 - -  2 2 )  1/2  ( lb) 

Roo + Ri = Z I  4- (r 2 - -  Z 2 )  1/2 (lc) 

- -  Z 2 
tan 0 - (ld) 

Z ,  - Roo 

where r and (Z1, Z2) are, respectively, the radius and 
centre of  the circle in the r ea l - imag ina ry  impedance  
plane. 

The  resistances, Roo and Ri, can be subt rac ted  nu- 
merical ly f rom the measured  impedance,  Z * ( f ) =  
Z ' ( f )  - iZ"( f ) ,  at the frequency f by the relat ion 

C*( f )  = Z * ( f )  - Roo R (2) 
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The circle data of the remaining element C*(f )  in 
Fig. 2b indicate a tilted straight line, corresponding to 
a constant phase type capacitance as follows 

C*(f )  = C,o(if) ' '-1 (3) 

The parameters of Cio = 1.14 x 10 -s F and ni = 0.77 
in Equation 3 were determined by the solid-line fitting 
of the experimental data in Fig. 2b. 

By the same method as for the high-frequency arc, 
the low-frequency arc, B, in Fig. 2a is depicted with 
a parallel combination of the charge transfer resist- 
ance, Rct , and the electrode barrier capacitance, 
C*(f )  = C ~'i '''~"~'-1 b0~ JJ , as shown in Fig. 3a. The para- 
meters Rot = 1760 f~, Cbo = 1.49 X 10 -4 F and 
rl b = 0.86 were obtained from the best fitting of the 
low-frequency arc, B. 

Fig. 3a is the complete circuit model obtained from 
the impedance spectrum of cement paste after 5 d 
hydration. Our equivalent circuit consists of a parallel 
combination of Ri and C*(f )  with R~ in series to 
represent the bulk effects, and a parallel combination 
of RCt and C~(f)  to represent the electrode effects, 
similar to that of McCarter and Brousseau [2] except 
for the Warburg (or Faradic) impedance element and 
also similar to that of Ping Xie et al. [5]. 

An alternative equivalent circuit for Fig. 3a consists 
of a serial combination of a resistance, R~, and C*(f )  
of the CPE with a resistance, Rb, in parallel as shown 
in Fig. 3b, which perfectly gives the same frequency 
response as that of Fig. 3a under the conditions 

Rb = Ri + R~ (4) 

R~ = R~ t +  (5) 

C~ ( f )  = 1 + C*( f )  = Cjo(if) "71 (6) 

where Cjo = [1 + (Ro~/Ri)]-z Cio and rii = nj. 
Under the assumption that the conduction pro- 

cesses in bulk cement paste are in parallel, we choose 
the equivalent circuit of Fig. 3b to describe the de- 
pressed arc in the complex impedance plane. Then, we 
obtain the values Rb = 59.7 ~ and R~ -- 31.1 f~ using 
R~ = 39.4 ~ and R~ = 20.3 ~ for the cement paste 
hydrated for 5 d from Equations 4 and 5. 

The total impedance, Zt ( f) ,  of the equivalent circuit 
given in Fig. 3b for the cement paste after 5 d hy- 
dration is given by the following equation. 

RsRb R2/(Rs + Rb) 
z t ( f )  - + 

Rs + Rb 1 + i2~fC*(f)(Rs + Rb) 

Rot 
+ (7) 

1 + i2~fRotC~(f)  

The solid line in Fig. 3c is the result of fitting Zt( f )  
with the parameters, R~ = 31.1 ~, RB = 59.7 fl, Cjo = 
5.0 x 10-~2 F and rij = 0.77 for C*(f),  Rot = 1760 s 
CbO=1.49X10 - 4 F  and rib=0.86 for C~(f),  ob- 
tained from the analysis of the impedance spectrum 
for the cement paste after 5 d hydration. The corres- 
pondence between the measured impedance data of 
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the circles and the total impedance, Zt(f),  of the solid 
line is quite satisfactory, except for a slight deviation in 
the low-frequency region. 

The physical process in the cement paste/electrode 
system is associated with the circuit elements in the 
equivalent circuit in the following manner. Rb, the 
corresponding bulk d.c. resistance in the cement paste, 
is associated with the presence of direct ion conduc- 
tion through the long capillary pore channel making 
a conduction path between two electrodes. Rs is asso- 
ciated with the overall resistance of the water solution 
in blocked pores with a size distribution. The ions in 
blocked pores cannot contribute to the d.c. conductiv- 
ity, but their contribution appears in the high- 
frequency dispersion region above 1 MHz, as repres- 
ented by the second term of the right-hand side in 
Equation 7. 

The representation of the high-frequency dispersion 
by C*(f )  has been accepted as a universal dielectric 
response, because virtually all materials show a con- 
stant phase type of response [15, 16]. We ascribe the 
CPE response in the cement paste to a distribution of 
relaxation times caused by the motion of ions in the 
heterogeneous pore distribution [14]. Ions in the pore 
contribute to C*(f )  of the CPE, by means of blocking 
by cement grains or by hydration products and con- 
duction by charge transport through the pore net- 
work, respectively. The interracial element, Ret , is due 
to the charge transfer resistance at the electrodes. The 
barrier process C* ( f )  is encountered frequently at the 
solid material/electrode interface and has been con- 
sidered as a diffusion-related process [17-21]. 

3.2. Change of electrical parameters given 
by impedance spectra during hydration 

Fig. 4a shows the variation of the resistances R~, R b 

and Rot obtained from impedance spectra during 
hardening of the cement paste. The sensitive change in 
the resistances, Rb and Rct,  from 2-10 d indicates 
continuous microstructural changes. The increase of 
the bulk d.c. resistance, Rb, suggests that the conduc- 
tion path between two electrodes becomes more com- 
plex and truncated by the hydration products. The 
slight decrease of Rs indicates that the blocked pores 
are continuously produced by hydration products and 
contribute to the overall Rs, represented by parallel 
connection with R b. 

Fig. 4b shows the changes in Rb, Rct and the heat 
evolution rate during the initial 2 d. R~ could not be 
determined during the first 2 d due to the underdevel- 
oped high-frequency arc, which indicates that all ions 
in the cement paste can be transported through the 
whole material without blocking in the initial stage of 
hydration. As hydration proceeds, the blocked pores 
start to appear. Accordingly, R~ contributes to the 
high-frequency arc after 2 d as shown in Fig. 4a. The 
nearly parallel behaviour of Rb and Rct with hydration 
time in Fig. 4a and b reflects that the charge transfer 
process is controlled by d.c. ionic conduction in the 
cement paste. As R b increases, the number of ions 
reaching the electrode per unit time and per unit area 
decreases, hence Re, increases. 
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Figure 4 (a) Variation of the resistances R,, R b and RCt during 
hardening of cement paste. (b) Variation of Rb, Rot and heat evolu- 
tion rate during the initial 2 d. 

The variation of the two resistances, Ru and Rot, 

during hydration in Fig. 4b shows four stages separ- 
ated by vertical lines: a slow decrement, a plateau, 
a plateau after a small increment, and an increasing 
region. The first stage of slow decrement of resistance 
corresponds to the free-induction of the heat evolution 
rate and is due to the dissolution of ions from cement 
grains into the aqueous phase after mixing E221. The 
second stage of the plateau region is attributed to the 
induction period, where the hydration reaction is very 
low. The third stage of an increase of the resistance 
during the acceleration period, where the heat evolu- 
tion rate increases, is mainly caused by the decrease in 
the number of ions and ion mobility due to the forma- 
tion of hydration products. The plateau resistance 
near the end of the accelerated period may reflect the 
competition between the resistance decrease due to 
the temperature rise [23] and the resistance increase 
due to the formation of hydration products. The last 
stage of increasing resistance corresponds to the decel- 
eratory period characterized by the decrease of the 
heat evolution rate and is associated with a continu- 
ous decrease of mobility due to the solidification of the 
hydrating cement paste. 

Fig. 5a and b show, respectively, the coefficients, 
Cjo and nj, of C * ( f )  for the bulk CPE, and the 
coefficients, Cbo and rib, of * Cb( f )  for the electrode 
CPE. The powers nj and nb are nearly constant 
during hydration. The value of Cjo decreases continu- 
ously, while Cbo increases slightly for 5 d followed by 
saturation. 

160 

v 
150 

=o 14o 

o 
r 

130 
(.9 

120 , ~ r L , ~ 
2 4 6 8 

(b) Hydrat ion t ime (d)  

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 
10 

Figure 5 Variation of the coefficients, Cjo and nj, for bulk CPE and 
the coefficients, Cbo and rib, for electrode CPE during hydration of 
cement paste. 

We consider the heterogeneous structure of the ce- 
ment paste/electrode interface as the physical origin of 
C ~ ( f )  ( = Cbo(if) "b- 1), and it can be accounted for by 
Liu's or Kaplan-Gray 's  models for the fractal rough 
interface E24, 251, where they proposed an equivalent 
circuit for a rough interface between two materials of 
very different conductivities, e.g. an electrode and an 
electrolyte, represented by the CPE. The nearly con- 
stant nb of C~( f )  in Fig. 5 is attributable to the con- 
stancy of the heterogeneity of the electrode/cement 
paste, such as roughness during hydration. The in- 
crease of Cuo during hydration is due to the increase of 
the double-layer capacitance as the charge transfer 
resistance, Rot, increases during hydration, as shown 
in Fig. 4. 

In order to analyse the change of nj and C j0 in 
Fig. 5a, we use the following alternative representa- 
tion for the impedance of the bulk part in the equiva- 
lent circuit of Fig. 3b. 

e b  --  i c o  
Z * ( f )  = Roo + l + ( i 2 r c f % )  1-~ (8) 

"Co = [Cjo(R s + Rb)]l/~J(2g)(t/'uYl (9) 

where Roo = RbRs/(Rb q- Rs) and 0~ = 1 - nj. The re- 
laxation time 'c is not single-valued but is distributed 
continuously or discretely around the critical relax- 
ation time %. The values of c~ are related to the width 
of the relaxation time distribution [14, 263, which is 
caused by the distribution of pore sizes and many 
kinds of ions in the hydrating cement paste. The 
change of % and ~ transformed from Rs, Rb, Cjo and 
n j, is shown in Fig. 6. 
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The slight decrease of a from 2-10 d in Fig. 6 is 
attributable to the decreased width of the relaxation 
time distribution. This indicates that the distribution 
of pores becomes simpler as the hydration products 
fill up the space of the pores, although the change is 
small due to the slow rate of hydration. 

The critical relaxation time, %, in Fig. 6 changes 
slowly during hydration in spite of the increase of 
resistance, Rb. This indicates that the decrease of the 
capacitance, C j0, is accompanied by hydration in the 
cement paste, as shown in Fig. 5a, because the changes 
of Rs and nj in Equation 9 are small during hydration. 
This result is consistent with the constancy of the 
angular frequency, COo, associated with the peak of the 
circular arc obtained from two-dimensional models of 
cement paste by Coverdale et al. 1-27], where they 
showed that the change of the microstructure in ce- 
ment paste did not influence the angular frequency, 
% = 1 /~o .  

4. Conclusion 
The impedance spectrum of hydrating cement paste 
was represented by an equivalent circuit involving 
a serial combination of Rs and C*(f) with R b in 
parallel for bulk effects and a parallel combination of 
Rot and * Cb (f)  for the interface effects. The increase of 
bulk d.c. resistance, Rb, during hydration indicates 
that the conduction path between two electrodes be- 
comes complex and truncated by the hydration prod- 
ucts. The decrease of the overall resistance, Rs, of 
water solution in blocked pores during hydration, 
indicates that the blocked pores are continuously pro- 
duced by hydration products. C* (f) of the CPE in the 
bulk is due to blocking of ions by cement grains or by 
hydration products in the distribution of heterogen- 
eous pores. The impedance, Z*(f),  of the bulk part in 
the equivalent circuit represents the cement paste as 
a heterogeneous material having a relaxation time 
distribution due to various distributions of pore size 
and many kinds of ions in the hydrating cement paste. 
The Net and C~ (f) represent, respectively, the charge 
transfer resistance and barrier process at the cement 

paste/electrode interface. The four-stage variation of 
the heat evolution rate was explained in terms of the 
changes of Rct and Rb, indicating that the resistance of 
the cement paste is closely related to the microstruc- 
rural evolution in the hydrating cement paste. The 
critical relaxation time of a bulk depressed arc had 
a nearly constant value in spite of microstructural 
changes in the hydrating cement paste, indicating that 
the increase of bulk d.c. resistance during hydration 
accompanies the decrease of bulk capacitance. 
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