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The dielectric constant and electrical conductivity of ordinary Portland cement (OPC) with 
water-cement ratios (w/c) of 0.30, 0.35 and 0.40 were measured for the first 30 h hydration, 
using a microwave technique in the frequency range 8.2-12.4 GHz. It was found that both the 
dielectric constant and electrical conductivity of the cement paste are sensitive to the 
water-cement ratio, the higher the w/c value, the greater the dielectric constant and 
electrical conductivity, and the longer the hydration time. We also found that the higher the 
frequency the greater the electrical conductivity but the smaller the dielectric constant. The 
dielectric constant and electrical conductivity of high- and low-slag cement with water-solid 
ratio (w/s) of 0.40 were measured in the first 30 h after mixing. The changes in dielectric 
constant and electrical conductivity of low-slag cement with time are similar to that of OPC, 
but the high-slag cement shows very different dielectric and electrical properties compared 
with OPC and low-slag cement. The relationship between the dielectric and electrical 
properties of cement paste and cement hydration was also discussed. 

1. Introduction 
Cement is a principal ingredient of construction ma- 
terials such as concrete. Investigating the different 
mechanisms involved in cement hydration in plain 
cement paste and in concrete, especially in the early 
cement hydration period, is still a challenging problem 
because the early cement hydration involves very 
complicated chemical and physical processes. The 
principal techniques used to study this problem are 
X-ray diffraction, electron microscopy, thermal analy- 
sis and conduction calorimetry. X-ray diffraction is 
used for identifying hydration products in cement 
paste [-1,2]. Electron microscopy is used to monitor 
the development of microstructures in cement paste 
[3-5] and on the cement aggregate interface [-6-8]. 
Thermal analysis [-9, 10] is mainly useful for following 
the phase changes in relatively young cement paste. 
All these three methods are non-continuous methods 
and are not suitable for investigating the cement hy- 
dration in situ. Conduction calorimetry [,11] is a con- 
tinuous method, and it is most widely used for the 
study of cement hydration in situ. However, it only 
relates the processes which involve changes in heat, so 
it provides little information during the induction 
period of cement hydration, which only involves slight 
heat changes. Since the late 1970s, there has been 
increased interest in using electrical methods to study 
the early stage of cement hydration [,12-28], because 
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electrical methods are also continuous methods and 
can be used to study the cement hydration in situ. 

Cement paste is the hydration product of unhyd- 
rated cement and water. During cement hydration the 
water molecule in cement paste changes from free 
water to water bound in various states of hydration or 
crystallization. This will change the ionic conduction 
of cement paste and will also affect the dielectric 
relaxation of cement paste. Moreover, as the water 
molecule changes from one bonding state to another, 
its ability to orient in an applied electric field changes. 
Thus the changes in the dielectric constant and electri- 
cal conductivity during hydration will reflect the cha- 
nges of the bonding state of cement paste, and hence 
be related to the change of hydration products. The 
sensitivity of the dielectric constant and electrical con- 
ductivity to water content and the microstructure of 
cement paste suggests that the dielectric and electrical 
parameters could be used to monitor the hydration 
process in cement paste. 

Most measurements of the dielectric and electrical 
parameters of cement paste have been performed us- 
ing a parallel plate capacitor, i.e. the cement paste (as 
dielectric medium) is placed between two electrodes to 
form a capacitor. The change in capacitance of this 
"cement capacitor" is monitored during hydration. 
The dielectric constant and electrical conductivity (or 
resistivity) of cement paste are then obtained from the 
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capacitance measurement. It is reported [29] that 
using this method a simple conductance is in series 
with large lossy capacitance due to very thin dipole 
double layers formed at the electrodes. Although the 
dielectric constant of the interfacial layer at the elec- 
trodes may be small, the capacitance can be large due 
to the very small thickness of the layer. This unknown 
"electrode polarization" effect often causes difficulty in 
interpreting the conductance measurements. The 
problems can be minimized by substituting low-fre- 
quency a.c. measurements for d.c. measurements or by 
using four-probe techniques. 

Another alternative is to use the microwave tech- 
nique, as microwave measurements do not need elec- 
trodes and microwaves are sensitive to the water con- 
tent. Reboul [30] has measured the complex dielectric 
constant of C3S (Ca3SiOs) pastes by microwave 
measurements at 3 GHz for the first 30 h hydration. 
They have reported that the changes in dielectric be- 
haviour lead to the discrimination of the reaction into 
three phases, which might correspond to three sub- 
sequent mechanisms. Wittman and Schlude [31] car- 
ried out measurements in the X-band (8.5-12.3 GHz). 
They found a monotonic decrease with time of both 
the real and imaginary parts of the dielectric constant. 
Using the transmission wave-guide technique, Gorur 
et al. [-13] measured the changes in complex dielectric 
constant of cement paste with different water-cement 
ratios (w/c) in the first 48 h hydration at a frequency of 
9 GHz. They related the changes in dielectric proper- 
ties of hydrating cement to its free-water content. 
Moukwa et al. [..26] measured the dielectric constant 
and electrical conductivity of three types of cement 
during the first 24 h hydration at 10 GHz using an 
infinite sample method. The correlation between the 
electrical parameters and the chemical processes were 
discussed. Although many works have been performed 
on ordinary Portland cement (OP'C), the study of 
dielectric and electrical properties of slag cement is 
rare [-22]. 

In this paper we report the results of the microwave 
measurement of the dielectric constant and electrical 
conductivity of ordinary Portland cement and slag 
cements during the first 30 h hydration. 

2. Dielectric measurements and sample 
preparation 

Investigations of the dielectric property of materials at 
microwave frequencies are typically conducted by fill- 
ing a rectangular wave-guide section with a sample of 
the material and then determining the complex dielec- 
tric constant from measurements of the reflection 
and/or transmission coefficients of the dominant wave 
guide mode [32, 33]. The equipment used in this work 
consists of a microwave vector network analyser 
(HP8719C) with a coax-to-waveguide adapter (HP- 
X281 C) and a sample holder consisting of a section of 
the standard WR-90 wave guide. An IBM-compatible 
personal computer (PC486) is set up to receive data 
over an IEEE-488 bus and to then perform sub- 
sequent numerical analysis. A materials measurement 
software is used for all necessary network analyser 
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control, calculation, and data presentation. The soft- 
ware controls the network analyser in the measure- 
ment of the complex reflection coefficients St1 and 
S~2, and transmission coefficients S~2 and $2~ of the 
sample in the wave,guide sample holder. It then calcu- 
lates the complex dielectric constant of cement paste 
using these four S parameters for the whole frequency 
range. The transmission wave-guide method is used 
for measuring the dielectric properties of cement paste 
in the frequency range 8.2-12.4 GHz: A schematic 
diagram of the experimental apparatus is shown in 
Fig. 1. The sample is placed into a wave guide which is 
connected between the two measurement planes, with 
one end of the sampl e hard against the PTFE plug. 
The insertion of a PTFE plug is to avoid leakage of 
water and cement paste from the sample holder as the 
wave-guide structure is set up vertically (this allow 
measurement of high-water-cement ratio cement paste). 
We calibrated the measuring system at reference planes 
A and B so the effect of the PTFE plug is removed. 

Ordinary portland cement (OPC) and low- and 
high-slag cements were used in this work. The com- 
positions of these cements are given in Table I. De- 
ionized water was used. The water-cement ratios (w/c) 
of 0.30, 0.35 and 0:40 were used for OPC and 
a water-solid ratio (w/s) of 0.40 was used for slag 
cements. The cement paste was carefully compacted 
into a rectangular wave guide with a size of 
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Figure 1 A schematic diagram of the experimental apparatus. 

TABLE 1 Component oxides (wt %) in OPC and slag cements 
used 

Opc Low-slag cement High-slag cement 

SiO z 21.3 23.9 28.5 
A120 3 5.2 7.8 10.7 
Fe20  3 2.8 2.3 1.8 
CaO 62.6 56~8 48.6 
MgO 1.8 2.8 5.7 
SO 3 2.0 2.9 2.2 
N a 2 0  0.27 0.09 0.18 
K 2 0  0.53 1.18 0.48 
Free CaO 1.60 1.19 0.51 
Loss on ignition 1.6 1.4 0.1 



22.86 x 10.16 x I0 m m  a. The first measurement was 
made at about  5 min after mixing with water. Further  
measurements were made at intervals of 5-10 min 
during the first 5 h and then at intervals of 0.5-2 h 
over the next 25 h. All measurements were made at 
23 _+ 2 ~ 

3 .  R e s u l t s  
3.1.  H y d r a t i o n  o f  O P C  
Our measurement technique can give the complex 
dielectric: constant directly. Its real part, a', is a relative 
dielectric constant (in this paper we use the notation 
dielectric constant, e, to represent the real part  of 
relative dielectric constant, ~'). Its imaginary part, ~", is 
related to electrical conductivity, cy, via the formula 

= eoe"co, where ~0 is the dielectric constant in vac- 
uum and co is angular frequency. Fig. 2 shows the 
changes in dielectric constant a of O P C  with a w/c of 
0.40 corresponding to the different measuring frequen- 
cies. In the first hour, ~ decreases rapidly and e drops 
by about  2% of its initial values. In the period 1-4 h, 

continues to decrease but at a slow rate of 
- 0.2 h -  ~. Then ~ starts to decrease rapidly at about  

4 h. In the period 6-18 h, a decreases at the fastest rate 
of about  - 0.6 h-~.  After 18-19 h mixing with water, 
the decrease of ~ slows down and in the period 
20-30 h, ~ decreases almost linearly at a rate of about  
- 0 . 1 6  h -~. The frequency effect on dielectric con- 

stant is also shown in Fig. 1. It  is found that the Shape 
of ~ curves with different frequencies are similar, but the 
values of ~ are dependent on the frequency. The higher 
the frequency, the smaller is the dielectric constant. 

Fig. 3 shows the changes in electricaI conductivity, 
or, of  O P C  with a w/e of  0.40 corresponding to the 
different measuring frequencies. We found that  in the 
first hour of hydration, ~ changes in the opposite way 
to ~. ~ increases with time in the first hour of hy- 
dration, At about  1 h it reaches its highest value and 
then starts to decrease. In the period 1-4 h, cy de- 
creases at slower rate and this period is supposed to 
correspond to the induction period. Similar to the 
changes in dielectric constant, the electrical conductiv- 
ity, cr, starts to decrease rapidly after 4 h mixing with 
water, and it decreases at the fastest rate in the period 
6-18 h. At 18-19 h, the changes in cr stow down, and 
in the period 20-30 h the rate of decrease of cy is much 
smaller than that in the period 6-18 h. A very obvious 
frequency effect on the electrical conductivity was 
found. The higher the frequency, the greater was the 
electrical conductivity. The change in the electrical 
conductivity is very much dependent on the frequency. 
For  example, in the period 6-18 h, the electrical con- 
ductivity measured at 12.0 G H z  decreases much faster 
( - 0.24(~m)- ~ h -  1) than that measured at 8.5 G H z  
( -  0.15(f~m)-~h-1). But in the period 20-30h this 
difference becomes smaller. 

Figs. 4 and 5 show the changes in dielectric constant 
and electrical conductivity of O P C  with different w/c 
values at 9.5 GHz.  Both the dielectric constant and 
electrical conductivity are found to be sensitive to 
water-cement ratio. The higher the w/c value, the greater 
the dielectric constant and electrical conductivity. For  
example, the values of a and cy of O P C  with w/c = 0.35 
are, respectively, about  8% and 11% greater than the 
values of ~ and (y at w/c = 0.30. The values of ~ and 
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Figure 2 Variation of dielectric constant, ~, with time for OPC with 
w/c = 0.40 measured at frequencies of(@) 8.5, (ll) 9.5 and (A) 12.0 
GHz. 
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Figure 3 Variation of electrical conductivity, cy, with time for OPC 
with w/c= 0.40 measured at frequencies of(@) 8.5, (BI) 9.5 and (A) 
12.0 GHz, 
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Figure 5 Variation of electrical condJ~tivity, or, with time for OPC 
with w/c values <of (Q) 0.30, (11) 0.35 and (A) 0.40 measured at 
a frequency of 9.5 GHz. 

cr at w/c = 0,40.are, respectively, about 7% and 10% 
greater than the values of ~ and ~:at w/c = 0.35. It is 
also found that with higher w/c values, the curves 
of dielectric constant and electrical conductivity 
shift to longer time. This is because the increase in 

water-cement ratio decelerates cement hydration. The 
induction period, which corresponds to the slow ,cha- 
nges in the ~ and cr curves in the period 1-3 h, is found 
to last longer as w/c increases. For  all three w/c values, 
the indt~ction period starts at about 1 h and ends at 
about 3, 3.5 and 4 h for respective w/c values of 0.30, 
0.35 and 0.40. The last slow hydration period also 
starts later with increasing w/c values. 

In order to see clearly the effect of w/c value on the 
dielectric constant, ~', and electrical conductivity, ~, 
percentage changes in dielectric constant e(t)/e(to) and 
percentage changes in electrical conductivity ~(t)/ 
cr(to) are shown in Figs 6 and 7, where ~(t,~) and 
cr(t0) are the initial values of dielectric constant, e, 
and electrical conductivity, ~, respectively, at time 
to = 5 min. It is :seen that after 7 h hydration, the O P C  
with higher w/c value ,~I1 take a longer time to reach 
a particular a(t)/e(to) or ~(t) /~(to)  value compared 
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Figure 6 Variation of percentage changes in dielectric constant e(t)/e 
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with that with Iower w/c value. This indicates that the 
higher the w/c value the slower is the cement hy- 
dration. It  is also observed that the changes in electri- 
cal conductivity are faster than that of the dielectric 
constant, especially in the case of low w/c values. For  
example, at 15 h, ~ of O P C  with w/c = 0.30 drops by 
about  32% while c~ drops by  about  43%. We note that 
g and ~ curves have different shapes (see Figs 2-5) and 
their rates of change are also different (see Figs 6 and 
7). These differences show that the measurement of  
dielectric constant and electrical conductivity may 
provide different information about  cement hydration. 

3.2. Hydration of slag cement  
Fig. 8 shows the changes in dielectric constant, g, of 
low-slag cement with time corresponding to different 
frequencies at a water-solid ratio (w/s) of 0.40. These 
curves are similar to those of O P C  (see Figs 2 and 3) as 
their chemical compositions are not very different. 
There are some differences in the a curves compared 
with those of OPCI The, initial ~ value of low-slag 
cement is less than that  of OPC.  In the first 20 min, the 

drops rapidly while for O P C  this rapid drop period 
will last about  1 h. After 20 min mixing, ~ drops lin- 
early at a slow rate of - 0 . 2 6  h -a until about  5 h. 
Then e decreases quickly a t  a rate of about  - 0.7 h -a 
until about  16 h. At 16 h the changes in dielectric 
constant, ~, start to slow down. The  frequency effect is 
also investigated. We find that the higher the fre- 
quency, the smaller are the ~ values. We also note that 
the changes in a at higher frequency are less than those 
at lower frequency. 

The changes in electrical conductivity, or; of low- 
slag cement with time corresponding to different fre- 
quencies at a water-solid ratio (w/s) of 0A0 is shown in 
Fig. 9, which are quite different from that of OPC at 
w/c = 0A0 (see Fig, 3). ~ drops in the first 20 rain and 
then increases until it reaches a peak at about  3-3.5 h. 
After 5 h mixing, ~ decreases rapidly up to 10 h, and 
then it decreases slowly. The frequency effect on c~ is 
the opposite to that  for ~, i.e: the h~ghe~' the frequency 
the higher is the ~ value, and the. changes in o- at higher 
frequency are greater" than those at lower frequency. 

Fig, 10 shows the changes in ~ of high-slag cement 
with time at w/s = 0A0. I t  is observed that the cha- 
nges in a of  high-slag: cement are different from those 
of OPC.. ~ drops 3% in t h e ~  hour and then decreases 
slowly a t  the rate  o f  - 0..~ h -  ~ in the period 1-5 h. 
After 5 h mixing witth w atier, e decreases rapidly up to 
about  11 h but its rate  o f d ~ r e a s e  is less than that of 
low-slag cement. In the period 11-30 h, ~ decreases 
almost linearly at  the ra te  of - 0.33 h - ~, which is 
faster than that o f  10w-slag cement in the period 
20-30 h. There is a small bump in the a curves in the 
period 8-10 h which is not  observed in OPC.  The bump 
may be an indicaticm o f  the reaction of stag because 
slag reacts much more slowly compared with OPC. 

Fig. 11 shows the changes in cy of high-slag cement 
with time at w/s = 0.40. Again we observe that 
changes in cy in high-slag cement are different from 
those of  OPC. c~ drops  first then it increases slowly 
until it reache~ a peak  at about  3M h. After this time, 

decreases at a slow rate upto 7 h, then it starts to 
drop rapidly. At 10 h, ~ is found to increase slightly, 
which may correspond to the reaction of slag: This 
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Figure 8 Variation of dielectric constant, ~; with time for low- 
slag cement with w/s = 0.40 measured at frequencies of (0) 8:5., (11) 
9.5 and (A) 12.0 GHz. 
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Figure 10 Variation of dielectric COnstant , a, with time for high.slag 
cement with w/s = 0.40 measured at frequencies of (O) 8.5, ( I )  9.5 
and (A) 12.0 GHz. 

32 

30 

28 

2,6 
t -  
O 

I -  
-~ 24 
{D 
-$ 
~5 

22 

20 

18 

0 5 10 15 20 25 30 

Time (h) 

Figure 12 Comparison of dielectric constant, ~, between (I)  low- 
and (O) high-slag cement with w/s = 0.40 measured at a frequency 
of 9.5 GHz. 
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Figure 11 Variation of electrical conductivity, ~, with time for high 
slag cement with w/s = 0.40 measured at frequencies of(Q) 8.5, (11) 
9.5 and (A) 12.0 GHz. 

small increment results in a hump in the o- curves in 
the period 10-13 h. After 13 h mixing with water, 
cy decreases at a slower rate compared with that of 
low-slag cement. The frequency effect of high-slag 
cement is similar to that of low-slag cement, i.e. the 
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Figure 13 Comparison of electrical conductivity, or, between (I)  
low- and (O) high-slag cement with w/s = 0.40 measured at a fre~ 
quency of 9.5 GHz. 

higher the frequency, the higher is the ~ value but 
lower the a value. 

A comparison of high-slag and low-slag was made 
(see Figs 12 and 13). The a and c~ curves of low-slag 
cement are more like those of OPC (see Figs 2 and 3) 



but are different in the first 5 h. The high-slag cement 
shows large differences from low-slag cement. The 

values of high-slag cement are smaller than that of 
10w-slag cement, and the ~ values are smaller in the 
first 15 h and greater in the period 15-30 h than those 
of low-slag cement. Note that like low-slag cement 
and OPC, there is no rapidly dropping portion in the 

and ~ curves for high-slag cement in the period 
5-15 h. But small humps are observed in both e and 
c~ curves in the same period. It seems that there is no 
significant continuous change in e and ~ curves for 
high-slag cement, which may attribute to the slow 
reaction of slag. 

4. Discussion 
A number of factors in cement hydration will affect the 
dielectric constant and electrical conductivity of the 
cement paste. Examples of such factors are the cha- 
nges in the physical state of water and ionic concentra- 
tions within the water, the ease with which dipoles and 
polar molecules can move within the cement paste, the 
degree of association of charges with the cement grain 
surface, and the temperature of the cement system. All 
these factors change with differences in the cement 
hydration process and hence the dielectric constant 
and electrical conductivity change with the cement 
hydration process. When OPC is mixed with water, 
a series of chemical reactions takes place. The reac- 
tions of cement with water proceed at different rates 
for the various mineral phases and involve both hy- 
drolysis and hydration processes. The chemical pro- 
cesses of cement hydration can be categorized into 
four stages [34, 35]. 

1. Stage I. This stage is the first cement hydration 
period and it Will last for about 15 min hydration. 
When water comes into contact with cement, the ions 
(primary Ca z+ and OH-)  rapidly leach from trical- 
cium silicate, C3S (CaaSiO~), and tricalcium alumi- 
nate, C3A (Ca3AI206), grain surface (they are two of 
the main components of cement). This causes the 
increase in ion concentration. In stage I, most ions are 
unbound charges in the aqueous phase. These un- 
bound charges polarize and move easily in the electri- 
cal field, resulting in a large dielectric constant and 
a large electrical conductivity. Thus, in this stage, the 
dielectric constant and electrical conductivity of ce- 
ment paste have large values as shown in Figs 2 and 3. 

2. Stage II. Ions (primarily Ca 2+ and OH-)  are 
rapidly leached from the cement grain surfaces leaving 
behind a surface layer rich in hydrosilicate ions on the 
C3S and C3A phase, giving the cement grain a net 
negative charge. Within a few minutes, an amorphous, 
semi-permeable gel membrane of calcium 'silicate hy- 
drate, C-S-H, forms outside the surface layer. This 
surface layer, together with the grain and C-S-H, 
form an electrical double layer, resulting in a physical 
barrier separating the silica-rich surface layer and the 
diffuse electrical double layer. It is this electrical 
double layer which hinders the rapid dissolution of 
unhydrated cement grains, leading to the slow hy- 
dration rate in stage IL Thus, stage II is called the 

induction period;.,and it will last from 1- 3 h depending 
on cement composition and w/c value. 

During the induction period; Si 4+ i o n  concentra- 
tion decreases; Ca 2 + ion concentration increases and 
reaches a supersaturation level. Early hydration prod- 
ucts, calcium hydroxide, CH (Ca(OH)z), and C-S-H 
nuclei, begin to form. The formation of these early 
hydration products causes the continuous increase in 
viscosity of the cement paste. This results in the diffi- 
culty of polarization and movement of the charged 
ions, leading to a decrease in the dielectric constant 
and electrical conductivity of cement paste. It has been 
reported that in this stage the dielectric constant and 
electrical conductivity decrease at a slow rate. Our 
results (see Figs 2 and 3) are also in agreement with 
these results. 

3. Stage III. The rupturing of the electrical double 
layer allows water to reach the cement grains, leading 
to accelerated dissolution of the grain. This stage 
starts at about 3-4 h and ends at about 15-17 h after 
mixing with water (the time is dependent on the com- 
position of the cement and the w/c value). While Ca 2 + 
ions are removed from solution, hydration products 
C-S-H and CH are rapidly formed in this stage. As 
the hydration products build up on the cement grains 
and the C-S-H extends to form a fibrous rigid struc- 
ture, the cement i~aste begins to stiffen (initial setting) 
and its porosity increases. The polar molecules and 
ions in the cement paste locked in the pores have 
difficultly contributing to the polarization, because 
polar molecules and ions become irrotationally 
bound, hence decreasing the polarizability of the ce- 
ment paste. Rapid formation of the C-S-H and in- 
crease in porosity also cause the ions in the free water 
to have to follow a more tortuous path to drift 
through the pores, resulting in a decrease of electrical 
conductivity. The formation of hydration products 
proceeds at an accelerated rate, resulting in ~a sharp 
decrease in dielectric constant and electrical conduct- 
ivity, as shown in Figs 2 and 3. 

4. Stage IV. This is the last stage and it starts at 
about 15-17 h after mixing with water, and it can last 
for about 1 year. During this stage, the slow diffusion- 
controlled formation of C-S-H and CH takes place. 
Recrystallization of ettringite to monosulphate (they 
are also cement hydration products) and some polym- 
erization of silicates are possible. In this period, the 
heat evolution and porosity; decrease. Formation of 
particle-to-particle and paste-to-aggregate bonds 
takes place. Corresponding to the slow changes in the 
cement paste the dielectric constant and electrical con- 
ductivity continuously decrease but at a slow rate 
compared to that in stage III. 

Compared with the hydration of OPC, slag cement 
has a slow hydration process. For low-slag cement, the 

and cy curves are more or less similar to that of OPC 
as their composition is not very different. But for 
high-slag cements (which have about 55% slag) the 
composition is very different from that of OPC, there- 
fore the ~ and cr curves are also very different from that 
of OPC, as expected. Compared with OPC, the main 
features of the ~ and cr curves of high-slag cement are 

1351 



the slow changes in s and cy curves, because slag is not 
as reactive as OPC cement. As far as we are aware, the 
only conductivity measurement of slag cement was 
reported by Perez-Pena et al. [22]. They measured the 
electrical conductivity of MC500 slag cement. It was 
reported that cy increases slightly in the first 2 h and 
then a relatively sharper decrease in cy occurs in the 
period 2--4 h. Compared with MC500 slag cement, 
cy of our slag cements shows a slow decrease. This 
difference could be attributed to the relatively higher 
surface area of MC500 slag cement (8000 cmZg- 1 for 
MC500 against 3400 cmag- 1 for our slag cements), as 
the hydration of slag cement is distinctly enhanced by 
an increase in the fineness of the slag cement [36]. In 
the c~ curve of MC500 slag cement, a very small peak 
was observed about 5 h after mixing. We also ob- 
served a small peak in the cy curve at about 10 h after 
mixing. The time difference may be attributed to the 
slow hydration in our slag cement as MC500 slag 
cement is much finer than ours. 

As our microwave techniques do not require the use 
of electrodes, the unknown "electrode polarization" 
caused by the electrodes is avoided. This makes our 
measurement more reliable and more accurate. The 
main measurement error in our experiment comes 
from the control of the thickness of the sample, as 
cement paste shrinks when it dries. We estimate our 
measurement error to be less than 5 %. As for the high 
accuracy of our experimental method and sensitive- 
ness of the microwave to water, our measuring system 
can easily distinguish a w/c difference of less than 
0.025, as shown in Figs 4 and 5. It appears that our 
microwave technique can be used as a quick and 
reliable method to determine the w/c value in cement 
paste. 

5. Conclusion 
We have measured the dielectric constant and electri- 
cal conductivity of OPC with w/c values of 0.30, 0.35, 
and 0.40 in the frequency range 8.2-12.4 GHz  in the 
first 30 h hydration. We found that both dielectric 
constant and electrical conductivity are sensitive to 
the water-cement ratio (w/c). The higher the w/c 
value, the greater were the values of dielectric constant 
and electrical conductivity, and the longer was the 
hydration time. The frequency effect on dielectric con- 
stant and electrical conductivity was also studied. We 
found that the higher the frequency, the greater was 
the electrical conductivity but the smaller was the 
dielectric constant. We also found that the responses 
of the dielectric constant and electrical conductivity of 
OPC to cement hydration are similar; but not the 
same, indicating that they may provide different in- 
formation about cement hydration. 

We have also measured the dielectric constant and 
electrical conductivity of low- and high-slag cements 
with a water-solid value of 0.40 in the frequency range 
8.2M2.4 GHz  in the first 30 h. It was found that the 
changes in s and c~ curves of low-slag cement are 
similar to that of OPC. But for high-slag cement, the 
s and ~ curves have very different shapes compared 
with those of OPC and low-slag cement. 
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We found that our microwave technique is sensitive 
enough to detect a w/c difference of less than 0.025. It 
appears that the microwave technique can be used as 
a quick and reliable method to determine the w/c 
value in cement paste. 
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