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Abstract: Dielectric frequency response measurement is utilized for a microstructure analyses of materials
in various fields. The movements of the positive and the negative charges cause the response, which is so-
called dielectric relaxation, and its measurement enables to clarify the interfacial composition of material.
For example, the dielectric relaxation analysis of the human body cells is popular in the medical area. Gener-
ally speaking, the indices of dielectric relaxation are capacitance, conductance, and susceptance. If the die-
lectric relaxation measurement is applied to the concrete structure, there is a possibility to perform analyses
of the concrete microstructures, because the interfacial compositions of aggregates, cement matrix, or pore
solution dominate the dielectric relaxation responses of concrete theoretically. The correlations between
concrete properties and dielectric relaxation responses are the significant information of concrete internal
microstructures. This paper presents the results of the experimental examinations which were conducted to
grasp the influence of the pore solution composition and the electrode interval on the dielectric relaxation
properties. As a result, it became apparent that the behaviors of conductive electric charge, electric response
charge, and displacement charge explain how sodium chloride and the distance between electrodes affected
not only the magnitude of dielectric relaxation properties but also frequency spectrum.

Keywords: capacitance, conductance, susceptance, dielectric relaxation, charge behavior.

1. Introduction tion measurement [1].
In the area of concrete, Koleva [2-4] consid-
Dielectric relaxation measurement is widely ~ ered the composite microstructure of hydration
used as a nondestructive internal inspection method products as elements of the electrical circuits. There
for composite materials in various areas. Charges in are three types of electrical paths in a concrete
materials move according to the frequencies of the  structure, i.e., Continuous Conductive Paths (CCPs),

electric field applied by an external power supply.  Discontinuous Conductive Paths (DCPs), and Insu-
The charge movements are the electrical phenome-  lator Conductive Paths (ICPs).
na called polarization. The polarizations form ca- Theoretically, current conduction through CCP
pacitors in each interface of materials. Dielectric ~ occurs in the pore solution by ions migration.
and conductive characteristics of the composite ma- ~ Therefore, a resistance Rcce can describe the total
terial dominate the behaviors of these capacitors in impedance of all the CCPs in the mortar statistically.
each frequency. It can be expected for young age concrete or con-
In other words, the dielectric relaxation meas- crete filled with pore solution that Rccp is inversely

urement is an electrochemical technique to clarify proportional to porosity and pore connectivity,
internal structure of composite materials by analysis ~ Whereas Recp is positively proportional to the resis-
of behaviors of micro capacitors. For example, in tivity of the pore solution and the tortuosity (mainly
the medical area, microstructure analyses of human dependent on volume fraction and shape of aggre-

body cells are carried out by the dielectric relaxa-  gate grains) of the transport paths (CCPs). It is also
related to the geometry of the concrete material (e.g.
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At the DP point, the current has to penetrate
through the cement paste layer. However, the ce-
ment paste has high resistivity and is usually
regarded as an insulator, so a DP is hard to be pene-
trated through by charges. However, the DP can
also be treated as a parallel plate capacitor with the
cement paste as its dielectric. Under an alternating
electric field, an “apparent electric current” flows to
this parallel plate capacitor. We applied dielectric
relaxation measurement to cement based materials
and confirmed the existence of micro capacitors of
cement matrices which Koleva mentioned (Fuku-
yama [5, 6]). However, little is known about the
factors which affect the dielectric relaxation proper-
ties of cement-based materials.

The goal of this study is the development of
the concrete pore structure analysis method utiliz-
ing the dielectric relaxation measurement which
clarifies the behavior of electric charges. In this pa-
per, to obtain the fundamental information about the
activity of electric charges associated with frequen-
cy changes (dielectric relaxation), the empirical ex-
amination was performed to examine the influences
of the pore solution composition (sodium chloride),
the admixtures (blast furnace slag and fly ash), and
the electrode interval on the dielectric relaxation
properties.

2. Dielectric relaxation measurement

2.1 Polarization

The knowledge about the polarization of the
material is essential to understand the dielectric re-
laxation measurement. The polarization means the
relative position changes of the positive and nega-
tive charges which are under an electric field. Also,
there is another polarization called the “interface
polarization” which is formed at the interface be-
tween materials. It takes a certain period to reach an
equilibrium of polarization after applying an elec-
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tric field. Because this dielectric relaxation charac-
teristic is a feature peculiar to each material, dielec-
tric relaxation data provide much information about
electrochemical aspects of the material.

In this paper, the dielectric relaxation indices
such as capacitance, conductance, and susceptance
were measured to grasp the dielectric relaxation
properties of the materials. Outlines about these
indices are given in the following sections.

2.2 Dielectric relaxation indices

Figure 1 shows a model of a parallel flat plate
capacitor [7]. Alternating electric field generates the
displacement charge QS on the electrode surface
of the parallel plate capacitor filled with a
conductive dielectric material. Any displacement
charge QS does not flow through the dielectric
material but goes to the electrode plates alternately
via an external circuit. As a result, the movements
of these displacement charge QSs are observed as
electric current I from the outside (Eqg. (1)). The
sensitivity charge PSs of material are excited by
the electric field and move towards the oppositely
charged electrode. The behavior of PS generates
an electric field, and it is perceived as capacitance
increment of the system by the measurement
equipment. The conductive electric charge amount
of material determines conductive current I; .
Moreover, when the conductive electric charge
reaches the electrode, it discharges the displacement
charge QS of the electrode, and the external power
source provides additional @S.

As shown in Eq. (2), the summation of I; and
I is the total current observed in the external cir-
cuit. The real part is the conductive characteristic,
namely conductance, and the imaginary part of the
equation is the electric charge reaction derived from
capacitance.

I¢: Current caused by I
electrostatic sensitivity

polarization
T G

I;: Current
determined by
conducting charge of
substance

Fig. 1 — Model of parallel flat plate capacitor by Hanai [7]
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Where,

I is displacement current of parallel plate ca-
pacitor, in ampere

QS is displacement charge, in coulomb

t istime, in second

C s capacitance, in farad

V  is complex voltage, in volt

I s total current of circuit, in ampere

I; is conductive current linearly with
conductance G, in ampere

G is conductance, in siemens.

Here, Q expresses a complex number, and the
total electricity sent to both electrode plates through

an external circuit is defined as @S. Then, in the Eq.

(3), the time change rate of QS becomes total
current I of the external circuit. In other words, the
real part of time change rate of QS is conductive
current quantity (G), and the imaginary part (B)
means the movement speed of the electric charge.
Also, the real part of QS is the quantity of the

Table 1 — Cement paste mix proportion

displacement charge @S, and the imaginary part
becomes the contribution to the amount of total
electric charge of the conductive electric charge (Eq.

(4)).
_dgs

I=—=jwQS =jw(C'V)=G"V
dt (3)
=GV + jwCV
=GV — jBV
I G*
QS=—=—=CV=CV—-j—V (4
Jw Jw
Where:
QS is complex total electric charge, in cou-
lomb

C* is complex capacitance, in farad
G* is complex conductance, in siemens
B is susceptance, in siemens.

3. Materials

Table 1 shows the mix proportion of the
cement paste specimens, and the properties of
cement, blast furnace slag, and fly ash are given
in Table 3 and Table 4, respectively. In this re-
search, the ion concentration difference between
each material is one of the experimental factors.

. - 3
Series IN W/B U;rlrgc\)ltlja;]tfr Unit mass (kg/m°) L (mm).
(%) (%) (kg/m®) OPC BF or FA Curing [Name of specimen]
OPC - 438 - 30, 3% salt water curing [L30NaCl]
BF 50 40 175 219 219 30, tap water curing [L30]
FA 20 350 88 90, tap water curing [L90]

NOTE: IN - internal percentage based on mass of cement; W — water; B - binder; OPC - Ordinary Portland cement
(density: 3.16 g/cm®); BF - blast furnace slag (density: 2.91 g/cm®); FA - fly ash (density: 2.32 g/cm®), L - length of

cement paste specimen (= distance between electrodes)

Table 2 — Ordinary Portland cement test result

D (g/cm’) | A(cmi/g) | MgO (%) | SO; (%) IL (%) Total alkali (%) CI (%)
JISR 5210 - 2,500 < <5.0 <35 <5.0 <0.75 <0.035
Average 3.16 3,340 2.45 2.95 2.35 0.42 0.022
Maximum - - 2.50 (1.99) 2.45 0.52 0.024
(Minimum)
NOTE: D - density, A - specific surface area, IL - ignition loss
Table 3 — Blast furnace slag test result
Density] A Activity index (%) RF MgO SO, IL CrI
(o/cm®)| (cm?g)| 7 days| 28 days| 91 days| (%) (%) (%) (%) (%)
JISA6206| 2.80<| 3,500<| 55< 75 < 95 < 95< | <10.0| <4.0 <3.0 <0.02
< 5,000
Testresult | 291 | 4,030 73 95 113 102 5.8 0 0.3 0.004

NOTE: gypsum — free; slag basicity 1.84; A - specific surface area; RF - ratio of flow; IL - ignition loss
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Table 4 — Fly ash test result

SiO, Moisture IL Density Fineness RF Methylene
(%) (%) @) | (gem) [P () | A(cmig) Blue[mg/g]
JIS A 6201 45.0 < <10 <5.0 1.95< <40 2500 < 95 < _
Class 2
Test result 64.2 0.08 1.9 2.32 5 4090 104 0.53

NOTE: IL - ignition loss; P - particle retained on 45 micron sieve; A - specific surface area; RF - ratio of flow [%]

Chemical composition [wt%]
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Fig. 2 — Chemical composition example of cement, blast furnace slag and fly ash
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Fig. 3 — Cross section of dielectric measurement configuration
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However, pore solution test was not conducted.
Hence, ion concentration measurement data of pre-
vious researches are utilized as the reference values
to estimate the relative relationship of ion concen-
tration between each series.

Figure 2(a)-(d) shows the chemical
composition example of cement, blast furnace slag,
and fly ash [8-12]. Note that OPC and BF in Fig.
2(a) demonstrate the width values. Hence the
averages were taken to describe the graphs. As
shown in the figures, the chemical compositions of
each material indicate the same tendency in the
relative relationship of component ratio. Fig. 2(e)
provides the ion concentration information about
the cement which is referred in Fig. 2(d). Rough
estimations of ion concentration difference between
each specimen (Fig. 2(f)) were calculated using the
Table 1, Fig. 2(b), (e) and illustrates the effect of
materials on the ion concentrations of pore
solutions.

Figure 3 illustrates the configuration of dielec-
tric relaxation measurement. Specimens were the
@100 * 200 mm cylinders and were cured in water
for two weeks. A wet cutter was used to cut each
cylinder into three parts (30, 30, and 90 mm thick).
Tap water was used to saturate these specimens un-
der a high vacuum state. However, only for “L30
NaCl”, 3% sodium chloride solution was used to
saturate these specimens. Generally speaking, the
unit of a conductivity of tap water is uS/cm, and
the conductivity of the salt water is said to be
around 1,000 times of tap water.

The system of electrochemical measurement
was composed of two electrodes, and the agar gel
was used to reduce the contact resistance between
the cement specimen and copper electrode. Fur-
thermore, the copper electrodes were insulated from
the external environment by the hard rubber boards
and the acrylic glass boards, and the one-kilogram
loading made the contact pressure uniform.

The 10mV alternating electric field was ap-
plied to the specimen at age 35 days under 20 de-
grees Celsius and 60% R.H. for dielectric relaxation
measurement.

4. Results and discussion

4.1 Conductivity

Figures 4 and 5 show how the sodium chloride
and the specimen length (the distance between elec-
trodes), which varies the electric charges amount
between the electrodes, affect conductance of ce-
ment paste specimens. Also, Fig. 6 shows the raw
data of susceptance. Conductance is an integration
of the frequency responses of charges, such as con-
ductive electric charge and electric response charge
PS. Moreover, susceptance represents the quantity
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of displacement charge @S which is supplied from
an external power source depending on the behavior
of the electric response charge PS. The mobility of
charges, and the quantity of electric response charge
PS and the conductive electric charge differ for
each material.

It is a little difficult to compare the absolute
value of each specimen's conductance, because of
their initial charge condition variance. Whereas the
differential value of conductance d(log G) or sus-
ceptance B is a combination amount of the electric
response charge PSs, the conductive electric charg-
es, and the displacement charge @S, which are ac-
tivated at each frequency. Therefore, the initial
charge of the system does not affect these indices.
By the above-mentioned reason, the behaviors of
each specimen's electric charges are interpreted by
Fig. 5 and Fig. 6.

According to Fig. 5(a)-(c), the values of d(log
G) (quantity of electric charge to contribute to con-
ductance) decrease gradually from 10°Hz and keep
advancing with an approximately constant value in
lower frequencies. The d(log G) traces begin to de-
crease again from the 10° Hz neighbor; and the on-
set points of the decrease are in order of L30,
L30NaCl, L90. Conductance is dominated by the
quantity of the electric response charge PSs and the
quantity of conductive electric charges. However,
the electric charges do not arrive at the electrodes
instantly in higher frequency range, and the delays
of charges cause arrival time lag in the lower fre-
guency range. In other words, the result of L90
around 10> Hz shows the arrival time differences.
Due to the above reason, there is no appreciable
arrival time difference between L30 and L30NaCl
(they have the same length) in Fig. 5.

The contribution to the conductance of the
electric response charge PS is said to decrease in
the lower frequency range of Fig. 6. The suscep-
tance of 10° Hz vicinity shows the change that is the
same as the conductance of Fig. 5, and the influence
of the electric response charge PS of this part is
obvious. On the other hand, from 102 Hz to 10° Hz
the susceptance has zero value and does not
contribute to the conductance. Hence, the
conductance of Fig. 5 at 10° Hz to 10° Hz reflects
the conductive electric charge contained in the
materials. Also, from the distribution of susceptance
(reaction amount of electric response charge PS),
L90 is the largest and L30NaCl is the smallest. Be-
cause the electric response charge PSs mirror the
dielectric characteristics of each material, the sus-
ceptance of L30NaCl containing sodium chloride
which is easily ionized is low, and the susceptance
of L90 where there is much electric response charge
PS quantity between the electrodes is high. Also,
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the peak of the frequency distribution expresses the
influence of time lag which results from the dis-
tance between the electrodes.

From the result, the d(log G) frequency distri-
butions of these three specimens draw the almost
same traces under the electric field of 10 mV (the
voltage decides the movement speed of the electric
charge). However, a content ratio of electric re-
sponse charge PS and conductive electric charge
differs depending on material composition, and the
response lag varies with the material amount ratio.
In the lower frequency range, there is enough time
for electric response charge PS to arrive at the
measurement electrodes. Therefore, the effects of
the electrodes interval appear on the conductance.

Also, the effects of admixtures are the electric
charge mobility, which is determined by pore struc-
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ture of the cement hydrate, and the chemical com-
position of pore solution, and appear in susceptance
that represents electric response charge PS.

4.2 Capacity

Figures 7 and 8 show how the sodium chloride
and the specimen length (distance between elec-
trodes) affect the capacitance of cement paste
specimens. Fig. 7 shows the raw data of capacitance
and Fig. 8 shows the differential value of capaci-
tance.

According to Fig. 7(a)-(c) and Fig. 8(a)-(c),
the capacitance frequency distributions of each
specimen show the same shape change basically.
The size of the capacitance is fixed by two follow-
ing factors. 1) A formed electric field by the electric
response charge PS which arrives at the electrodes.
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If the measurement frequency becomes lower,
charges have more time to move to the electrodes.
This electric field is measured as an increase of ca-
pacity and the capacitance of the lower frequency
range grows big. 2) The reduction of displacement
charge QS on the electrode. Discharge of dis-
placement charge QS occurs by conductive electric
charges arriving at the electrode.

Both factors reduce electric field formed by
displacement charge QS. According to Fig. 8, the
values of d(logC) were smallest in the 10 Hz
neighbor. L30NaCl started to increase at the highest
frequency and was followed by L90 and L30, in
order. It can be realized that the increase in capaci-

tance due to the charges of sodium chloride solution
is more obvious than the other specimens.

The influence of admixture was not clear in
capacitance. This is because the discharge of dis-
placement charge QS by the conductive electric
charges reduce electric field formed by displace-
ment charge QSs more efficiently than the for-
mation of the electric field by electric response
charge PSs. In other words, whether the charge is
positive or negative is important, but the kind of the
ion is not so significant even if admixtures changed
the chemical composition of the pore solution.
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Fig. 8 — Differential value of capacitance

5. Conclusions

In this paper, the influences of the sodium
chloride solution and the distance between the
measurement electrodes on the dielectric relaxation
properties were reported. The behaviors of conduc-
tive electric charges, electric response charge PSs,
and displacement charge QSs explain how the so-
dium chloride and the distance between electrodes
affected not only the magnitude of dielectric relaxa-
tion properties but also frequency spectrum.
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