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The spectra of complex dielectric constant were measured on a fresh cement paste with 
a water/cement ratio of 0.4 sandwiched between insulated electrodes in the frequency range 
10 kHz-1 MHz and temperature range between O~ and - 30~ The bulk dielectric constant, 
30-20, and conductivity, 6 .14x 10-5-0.65 x 10 -5, in the temperature range - 10 to - 28~ 
were much lower than those at room temperature, owing to the great decrease of ionic mobility 
caused by freezing the cement paste. The activation energy of 0.31 eV for the ionic conduction 
in fresh cement paste was obtained from an Arrhenius plot of conductivity at subzero temperature. 

1. In t roduct ion 
There have been numerous works reported for 
monitoring the hydration of cement paste using a.c. 
electric techniques [1-6]. In many instances, cement 
paste has been regarded as a simple equivalent R - C  
circuit in parallel, and the equivalent resistance and/or 
capacitance were measured at a fixed frequency or 
narrow frequency range by a.c. bridge techniques; 
consequently, data on the impedance spectrum of ce- 
ment paste are scarce. 

Recently, McCarter et al. [7] considered a single arc 
and a small tail in the complex impedance plane 
during hydration of cement paste as indicative of bulk 
and electrode effects, respectively. They also con- 
sidered that the low-frequency intercept of the single 
arc on the real impedance axis corresponded to the 
bulk resistance of the cement paste. 

McCarter and Brousseau [8] suggested an equival- 
ent circuit model, including double-layer capacitance 
and Faradic impedance, to represent the interfacial 
impedance. They determined the bulk resistance of 
cement paste and the charge transfer resistance at the 
cement-electrode interface from the interceptions on 
the real axis of two arcs in a complex impedance plane 
over tile frequency range 10 mHz-15 MHz. 

Another equivalent circuit model for an impedance 
spectrum proposed by Scuderi et al. [9] involved 
a parallel R - C  circuit connected with a constant- 
phase element in series representing the interfacial 
effect between cement paste and electrode. The com- 
plex impedance spectra for the Portland cement paste 
with water to cement ratios, W/C = 0.3, 0.35, and 0.4, 
at various hydration times shows one arc in the high- 
frequency range and some part of a large arc in the 
low-frequency range arising from the bulk and inter- 
facial effects, respectively. The bulk resistance deter- 
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mined from the intercept of arcs on the real impedance 
axis increases with time, in agreement with that of 
McCarter et al. [7]. 

A new simplified equivalent circuit model is pro- 
posed here for the dielectric spectrum of a fresh ce- 
ment paste at subzero temperature, by the use of 
insulated electrodes' from which the bulk dielectric 
constant and conductivity are obtained. 

2. De te rmina t ion  of e lectr ic  
parameters  by use of an insulated 
e lectrode 

The apparent impedance of the metal-electrolyte in- 
terface is affected by both bulk and interfacial imped- 
ances due to charge transfer and accumulation at the 
electrode. The theories and equivalent circuits for the 
impedance spectrum of the interface have been ana- 
lysed in detail by considering the Faradaic impedance 
in the literature [10-15]. Experimentally, the bulk 
impedance can be obtained by separating the inter- 
facial contribution by observation of impedance 
spectra over a wide frequency range, provided that the 
responding frequency range of the bulk and interracial 
process are not superposed. 

The interfacial phenomena can be simplified by 
coating an insulating layer on the metal electrode to 
block the Faradaic current, allowing only the space 
charge polarization at the interface. Then, the equi- 
valent circuit for the insulated electrode-electrolyte 
interface is simplified as in Fig. lb, where Ci and 
Cd~ are the capacitances of the insulating layer and the 
double layer, respectively. The Debye length [10] is 
defined as the distance in the electrolyte over which 
a small perturbation in potential or electric field 
decays, and is usually much less than the thickness of 
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Figure 1 Insulated electrode-electrolyte interface and its simplified 
equivalent circuits. 
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the insulating layer. Accordingly, the double layer 
capacitance, Cd~, connected to Ci in series can be 
neglected, and the equivalent circuit is further simplifi- 
ed as shown in Fig. lc. The total admittance of this 
equivalent circuit is 

, I / E  1 1 Y -- Z + ielCb + (1/Rb) (1) 

where Cb and Rb are the capacitance and resistance of 
bulk material, respectively, and 0) is the angular fre- 
quency. Then, the spectrum of complex dielectric con- 
stant, z*, for the insulated electrode-electrolyte inter- 
face, known as a special case of the Maxwell-Wagner 
model [16], can be represented by the relation of 
e* = (d/icoeoA ) Y after some algebra 

8s -- Eo~ 
z* = ~ ' - i g '  = zoo + - -  (2) 

1 + ic0z 

E s - -  6oo 
s' = zoo + 1 + ~o2~ 2 (3) 

( 6 s -  6oo)c0r 
6" - 1 @ (LI)2"I~ z (4) 

where 6' and z" are the real and imaginary dielectric 
constant, respectively, and 6s, 6oo and the relaxation 
time, r, are 

6~d 
6s -- (5) 

2dl 

EiEbd 
oo = (6) 

8id2 4- 6b(2dl) 

zid2 4- 8b(2dl)  
= 6o (7) 

2dl ~b 

where 61 and 6b are the dielectric constants of insulat- 
ing layer and bulk material, respectively, di the thick- 
ness of each part as shown in Fig. la and c% the 
conductivity of bulk material. 

Fig. 2 shows the spectra of ~' and z" of Equations 
3 and 4, respectively. These spectra of the Debye-type 
dispersion reflect that the space-charge polarization 
caused by blocking electrodes approaches exponenti- 
ally equilibrium polarization with a single relaxation 
time, when the direction of the applied electric field is 
reversed. 

Thus the dielectric constant, 6b, and conductivity, 
~b, of bulk material can be determined from Equa- 
tions 5-7 with the substitutions of 6s, Zoo and ~ obtain- 

Figure 2 Spectrum of complex dielectric constant for the insulated 
electrode-electrolyte interface. 

able from the spectrum of the complex dielectric 
constant. 

3. Experimental procedure 
An ordinary Portland cement (Ssangyong Co., Korea) 
was mixed with distilled water. The dielectric cell was 
a cylindrical acrylic holder with parallel electrodes of 
stainless steel at each side. The area of the electrode 
and the distance between the electrodes were 
A = 1.77 cm 2 and d = 0.5 cm, respectively. A poly- 
propylene film of thickness dl = 0.005 cm was coated 
on the electrodes as an insulating layer. The spectra of 
the complex dielectric constant for a cement paste of 
W/C = 0.4 after 2 h at room temperature mixing, were 
obtained in the frequency range 10 kHz-1 MHz at 
various temperatures between 0 and - 30 ~ using the 
HP 4277A LCZ meter and cryostat controlled by 
a personal computer. The data were obtained after the 
equilibrium state was attained at each temperature. 

4. Results and discussion 
4.1. Dielectric spectrum of fresh cement 

paste/insulated electrode system 
Fig. 3a and b show, respectively, the frequency spectra 
of ~'(c0) and ~"(oJ) at various temperature for the fresh 
cement paste/insulated electrode system. These 
spectra are typical Debye-type dispersions due to the 
relaxation of space-charge polarization as expected in 
Fig. 2. The dispersion is not observed at room temper- 
ature because the space-charge polarizations oscillate 
without relaxation in our frequency range 
10 kHz-1 MHz. By decreasing the equilibrium tem- 
perature of the cement paste, the relaxation starts to 
appear and shifts towards lower frequency as a result 
of the decrease of conductivity due to the decrement of 
ionic mobility, which is more pronounced between 
0 and - I O ~  due to freezing of fresh cement paste 
[17]. 

4.2. Dielectric constant and conductivity 
of fresh cement paste at subzero 
temperature 

We obtain the bulk dielectric constant, Zb, and con- 
ductivity, CYb, of fresh cement paste by combining 
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TABLE I Data obtained from the spectrum of complex dielectric constant, and calculated bulk dielectric constant and conductivity for 
frozen fresh cement paste 

Temp. (~ zoo e~ z(10- s s) gl ~, ~(10-  5 D - 1 m - ~ ) 

- 10.8 21.9 96.0 1.4 2.24 28.04 6.14 
- -  15.8 203 94.7 2.5 2.21 26.18 3.40 
- 19.7 20.13 92.7 4.2 2.16 25.42 1.97 
- 23.0 19.4 89.3 7.3 2.08 24.50 1.09 
- 28.0 19.0 87.2 12.0 2.03 24.02 0.65 
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Figure 3 Temperature dependence of g(o)) and a"(co) for the fresh 
cement paste-insulated electrode interface. W/C = 0.4; ( ) 
0~ G - - )  -4.9~ ( - - - - - - )  -10.8~ ( . . . . .  ) -15.8~ 
( - - - - - )  -- 19.7 ~ (- ) - 23.0~ ( ) - 28.0 ~ 

Equa t ions  3 and 4 

( ~ = -  ~o~)to2T ~, - ~'(to) 
~"(to)to - 1 + e2~ 2 - �9 (8) 

~"(to) (~,  - ~oo)~ 
- = z I t ' ( t0 )  - sco ] (9)  

to 1 + (D2"C 2 

Fig. 4a and  b show, respectively, the plots  of d'(to)to 
and  d'(to)/to agains t  e'(to) ob t a ined  from the spec t ra  in 
Equa t ions  8 and  9; bo th  me thods  yield s t ra ight  lines 
with s lope 1/z and z, respectively,  intersect ing the ~' 
axis at  e~ and  too vary ing  with tempera ture .  The  too, g~, 
and  z ob ta ined  from Fig. 4 are listed in Table  I, in 
which the dielectr ic cons tan t  of insula t ing layer, t i ,  
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Figure 4 Temperature dependence of a"r versus g and g'flo versus 
g for the fresh cement paste-insulated electrode interface. 
W/C = 0.4. 

bulk  conduct ivi ty ,  CYb, and dielectr ic constant ,  ~b, cal- 
cula ted  from Equa t ions  5 -7  are also included.  The 
E ,  and  ~= decrease as a result  of the decrease in r and  
gb with decreasing equi l ibr ium tempera tu re  of cement  
paste. The re laxa t ion  time, ~, increases as the equil ib-  
r ium t empera tu re  decreases, which is ascr ibed to the 
decrease of  bulk  conduct ivi ty ,  Oh, in accordance  with 
Equa t ion  7. 

Fig. 5 shows plots  of  bulk  conduc t iv i ty  and  dielec- 
tric cons tan t  agains t  the equi l ibr ium t empera tu re  of 
cement  pas te  given in Table  I. The cement  pas te  2 h 
after mixing  is in the induc t ion  per iod  in which the 
hydra t ion  react ions  do  no t  occur  for several  hours  
[18], hence it can be regarded  as fresh cement  paste.  
The bulk  dielectric cons tan t  of fresh cement  paste, %, 
decreases f rom 28.04 to 24.02 as the t empera tu re  de- 
creases from - 10 ~ to - 3 0  ~ which is shown to be 
much  less than  that  at  r oom tempera tu re  and in the 
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Figure 5 The change of (�9 bulk conductivity and (�9 dielectric 
constant  with the equilibrium temperature of cement paste given in 

Table I. 
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Figure 6 Arrhenius plot for the resistivity of the frozen cement 
paste. W / C  = 0.4 

similar frequency range, 104-105, reported by other 
workers [4-6].  The space-charge polarization by 
blocking near the electrode and cement grains does 
not follow the high-frequency oscillating electric field 
due to decreased ion conductivity caused by freezing. 
Hence, the low dielectric constant, ~b, of 24--28 is 
attributed to the contribution from background po- 
larization of bound charges such as permanent and 
induced dipoles. Thus the decrease of eb with decreas- 
ing temperature is attributed to the decrease of polar- 
izability of bound charges. 

The bulk conductivity, Ob, of the order of 10-5 
~ - l m - t ,  at subzero temperature observed in the 
present work is much less than 10-1-101 ~ - 1 m - t ,  
that at room temperature and in the similar frequency 
range reported by other workers [4-6].  This suggests 
that the ions, such as Ca 2+ and O H -  [19], dissolved 
in water are locally bound by freezing in the temper- 
ature range - 10 to - 28 ~ 

Fig. 6 is the Arrhenius plot of the resistivity of 
frozen fresh cement paste, 1ogpb = 1og(1/~b) against 
inverse equilibrium temperature, using the data in 
Table I. The straight line indicates that the ionic 

conduction in the frozen cement paste is governed by 
a single activation process 

CSb = A e x p ( - E / k T )  (10) 

where A is a pre-exponential and E is the activation 
energy of a particular conduction process, T the tem- 
perature (K), and k Boltzmann's constant (8.63 
x 10 -SeVK-1) .  The activation energy of 0.31eV 

for the ionic conduction process in the frozen cement 
paste was obtained from the slope of the straight line 
in Fig. 6. 

5. C o n c l u s i o n  
The spectra for the dielectric constant of a fresh ce- 
ment paste/insulated electrode system in the frequency 
range 10 kHz-1 MHz and the temperature range be- 
tween 0 and - 30 ~ showed a Debye-type dispersion 
due to the relaxation of space-charge polarization. 
The dispersion was not observed at room temperature 
and starts to appear and shifts towards lower fre- 
quency with decreasing equilibrium temperature of 
the cement paste, as a result of the decrease in con- 
ductivity due to the decrease in the ionic mobility, as 
anticipated. 

The bulk dielectric constant, 24.02-28.04, and con- 
ductivity, -- 10 -5 f C t m  -1, of fresh cement paste in 
the temperature range between - 1 0  and - 3 0 ~  
were determined from the spectra of the complex 
dielectric constant for an insulated electrode system. 
The values are much lower than those at room tem- 
perature, which is ascribed to the great decrease of 
ionic mobility by freezing of the cement paste at sub- 
zero temperature. 

The activation energy obtained from the Arrhenius 
plot of conductivity was 0.31 eV for the ionic conduc- 
tion process in the frozen fresh cement paste. The 
results indicate that the use of an insulated electrode 
can simplify the interracial process by excluding the 
interracial effect due to Faradaic impedance, and is 
a useful method to determine the bulk dielectric con- 
stant and conductivity of cement paste. 
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