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This paper deals with an investigation of the dielectric properties of concretes that includes rice husk ash using a planar coaxial probe. The
planar coaxial probe has a planar structure with a microstrip and coaxial features. The measurement was performed over the frequency
range of 0.5-3.5 GHz, and concrete specimens with different percentages of rice husk ash were tested. The results indicated that the
dielectric constant of the concretes was inversely proportional to the frequency, while the conductivity was proportional to the frequency.
The dielectric constant decreased with the increasing age of the concrete at the frequency of 1 GHz. The conductivity of the concrete
decreased with the increasing age of the concrete at the frequency of 3.2 GHz. In addition, the dielectric constant and the conductivity
decreased when the compressive strength increased. It was also shown that the obtained dielectric properties of the concrete could be used
to investigate the relationship between the compressive strength and age of the concrete. Moreover, there is an opportunity to apply the
proposed probe to determine the dielectric properties of other materials.
Keywords: Planar coaxial probe, dielectric properties, rice husk ash, dielectric constant, conductivity.

1. INTRODUCTION

Besides focusing on the physical properties of concrete,
the dielectric properties of concrete are important properties
of concern because concrete is classified as a lossy dielectric
material. The dielectric properties, such as complex relative
permittivity, dielectric constant, dielectric loss factor,
conductivity, reflection coefficient, and transmission
coefficient, etc., are the electrical properties of the dielectric
materials [11]. There are many methods to investigate the
dielectric properties of materials [12]-[13]. However, the
method that plays the most important role in the inspection
of the dielectric properties is the microwave non-destructive
testing (MNDT) method. The principle of MNDT is that an
electromagnetic wave (EM) in the microwave frequency
range is sent through the material under test (MUT), then the
signal is reflected from and transmitted through the MUT,
and it is collected and used to calculate the dielectric
properties [14]. This method is used for determining the
dielectric properties of many materials, for example,
solutions, agricultural products, and biological materials,
etc. [15]-[22]. Many studies have been conducted using
MNDT to determine the dielectric properties of concretes

In agricultural countries, rice husk or rice hull is one of the
major agricultural residues generated from the rice milling
process. Rice husk is mostly reused as fuel in the milling
plants, and the burnt rice husk is converted into ash, and
called rice husk ash (RHA) [1]. Burning rice husk with a
suitable combustion temperature provides ash that has up to
90 % silica content [2]. RHA is a silica rich raw material
that is considered to be a super pozzolan [3]. The chemical
reaction analysis of RHA in concrete can be found in [4].
Fine ground RHA is widely used as a cement admixture in
concrete to enhance the performance of the concrete, reuse
the waste products, and reduce the environmental pollution
and the cost of construction [4]. Many researchers have
studied concrete with rice husk ash with respect to different
aspects, i.e., the effect of the percentage variation, grinding
time, surface area or particle size of RHA, the advantages
and disadvantages of using RHA in concrete, the chloride
content, and the effect of RHA on the physical properties
(such as compressive strength) [5]-[10].
_________________
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100 mm and strip length of 51.4 mm. The ground plane was
converted to the coaxial feature with ε r 2 = 1, a = 3 mm, and
b = 6.9 mm. The outer diameter of the outer conductor at the
ground plane was 100 mm. The central conductor was
connected to the strip by a via-hole with a diameter of
2.8 mm. The via-hole was filled with lead. A SMA
connector was used to connect the proposed probe to a
vector network analyzer (VNA).

with different mix proportions and ages to find the
relationship between the dielectric constant, dielectric loss
factor, and measuring frequencies, etc. In addition, there
have been some research studies on the relationship between
the dielectric properties and compressive strength [5], [23][25].
Although the dielectric properties of some materials and
concretes have been studied, there have not been many
studies related to other materials, such as concretes that use
RHA as a supplementary cement material [2]-[5]. Moreover,
few researchers have reported the relationship between the
compressive strength and the dielectric properties of
concrete [24]-[25].
In this paper, the dielectric properties of concretes with
percentage variations in the RHA and different ages were
investigated using a planar coaxial probe. The samples were
measured for the reflection coefficients over the frequency
range of 0.5–3.5 GHz, and then the dielectric properties of
the samples were calculated to determine the relationship
with the compressive strengths of the concretes. In addition,
the dielectric properties of the samples were calculated to
determine the relationship with the age of the concretes.

Fig.2. Structure of coaxial line.

The characteristic impedance of both designed structures
was close to 50 Ω. This meant that the characteristic
impedance of the probe was matched with the characteristic
impedance of the SMA connector and the Vector Network
Analyzer (VNA), which also had the 50 Ω characteristic
impedance. In addition, concrete has been recognized as
a dielectric material [11]. Therefore, the proposed probe can
be used to measure the reflection coefficient, which can be
used to calculate the dielectric properties of the concrete.

2. PROBE DESIGN, PROBE CALIBRATION & CALCULATION OF
DIELECTRIC PROPERTIES
A. Probe design
In this section, a microstrip transmission line and a coaxial
structure were designed for the proposed planar coaxial
probe.
The microstrip represents a transmission line fabricated on
a printed circuit board (PCB). The microstrip consisted of
two main conductive elements: strip (upper conductor) and
ground plane (lower conductor), and a dielectric material:
substrate, which was placed between the strip and ground
plane as shown in Fig.1.

a)

b)

Fig.3. a) Strip side and b) ground plane side of proposed planar
coaxial probe (unit: mm).

Fig.1. Structure of microstrip.

B. Probe calibration
properties

The coaxial structure consisted of two conductive parts:
inner conductor and outer conductor, and a dielectric
material that was put between both conductors, as presented
in Fig.2.
The design of the proposed probe, in Fig.3., was based on
the basic parameters of the AD260A PCB: Z0 = 50 Ω, h =
1 mm, and ε r1 = 2.6. The required characteristic impedance
of both designed structures was 50 Ω.
The microstrip and coaxial structures can be calculated
using the formulas presented previously in [26]. The
calculated effective dielectric permittivity and the strip
width were 2.148 and 2.8 mm, respectively. In addition, the
shape of the designed probe was a square with sides of

and

calculation

of

dielectric

The dielectric properties of any materials can be
determined by placing the ground plane of the probe on the
MUT. A microwave signal from the VNA is sent through
the MUT and then a signal is reflected from the MUT. The
signal is collected and used to calculate the dielectric
properties in terms of a complex relative permittivity.
The complex relative permittivity ( ε r ) was focused as one
of the dielectric properties. The complex relative
permittivity is shown in (1), [27]-[28]:

ε r = ε r − jε r
'
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the specimens were ∅10x20 cm. The main ingredients of
the specimens were cement, RHA, water, sand, and gravel.
Ordinary Portland cement type I (OPC type I), produced
under Thailand Industrial Standard (TIS. 80-2517), was used
in this test. The replacement of the OPC by the RHA was at
0, 10, 20, and 30 % by weight with the same water-binder
(W/B) ratio of 0.45. Both the compressive strength test and
the MNDT test using the proposed planar coaxial probe
were conducted at concrete ages of 7, 28, and 90 days. All
specimens were measured at room temperature (25°C). The
specimens were measured for the reflection coefficients six
times at random positions. The specimens were cured in
water and then brought out of the water and kept under room
conditions for 24 hours before testing. The mix proportions
and compressive strengths of the concretes are illustrated in
Table 2. and Table 3., respectively.

where ε r is the real part of the complex relative permittivity
'

and ε r is its imaginary part. The real part, called the
dielectric constant, is a factor that informs about the stored
energy in a material. The imaginary part, called the
dielectric loss factor, indicates the loss of energy in the
material.
The conductivity of materials can be given in terms of the
imaginary part of the complex relative permittivity as
follows [25]:
"

σ = ε 0ε r ω = ε 0ε r 2πf
"

"

(2)

where σ is the conductivity (S/m), ε 0 is the permittivity of
free space (8.854 × 10-12 F/m), ω is the angular frequency of
the EM wave (rad/s), and f is the frequency (Hz).
The reflection coefficients of reference and unknown
materials are expressed in terms of the known complex
relative permittivity of the reference materials, which were
obtained from previous studies [27], [29]-[31], and
calculation for the complex relative permittivity of the
unknown material can be defined as in (3), [29], [32]:

(ε S − ε A )(ε B − ε C ) = (ΓS − ΓA )(ΓB − ΓC )
(ε S − ε B )(ε C − ε A ) (ΓS − ΓB )(ΓC − ΓA )

Table 1. Cole-Cole parameters of reference materials.

1 + ( jωτ )

1−α

Ethanol [29]
Distilled water [30]
Methanol [31]
Air [27]

3.91
4.22
4.45

21.4
78.6
33.7

980.39
8.8
49.5
ε =1

0.03
0.013
0.036

Table 2. Mix proportions of concretes.

Replacement

permittivities of three reference materials, ε S is the
complex relative permittivity of an unknown material, and
ΓA, ΓB, ΓC, and ΓS are the reflection coefficients of those
three references and unknown materials, respectively.
The probe was calibrated by measuring the reflection
coefficients of the reference materials at room temperature
(25°C). In this calibration, the reference materials were
ethanol, distilled water, methanol, and air, for which their
complex relative permittivities were expressed by the ColeCole equation as indicated in (4), [33]-[34]:

εS − ε∞

ε∞

Cole-Cole parameters
α
εS
τ (ps)

(3)

where ε A , ε B , and ε C are the known complex relative

εr = ε∞ +

Reference materials

0%
10%
20%
30%

Mix proportion (kg/m3)
Cement RHA Water Sand Gravel
450
0
157.5
874
1,080
315
35
157.5
874
1,080
280
70
157.5
874
1,080
245
105
157.5
874
1,080

Table 3. Compressive strengths of concretes.

Replacement
0%
10%
20%
30%

(4)

Compressive strength (kg/cm2)
7 days
28 days
90 days
372.62
424.84
503.19
203.82
282.80
321.87
174.10
203.82
243.31
129.51
163.06
194.48

B. Measurement setup

where ε ∞ is the relative permittivity at an infinite

The MNDT system to measure the dielectric properties of
the concrete specimens consisted of a planar coaxial probe,
an Agilent E5071B ENA series network analyzer, a support
stand, and a computer. The measurement setup is illustrated
in Fig.4. The fabricated probe is presented in Fig.5. and
Fig.6.
The experiment was conducted at room temperature
(25°C). The probe was held by the stand. Its front side was
placed on a cross section area of a specimen. The EM wave
from the network analyzer was sent toward the specimen
and then the reflection coefficient ( Γ ) reflected from
the specimen was collected. Air, distilled water, and
methanol were used as the standard materials for calibration,

frequency, ε S is the relative permittivity at a static
frequency, ω is the angular frequency (rad/s), τ is the
relaxation time, and α is the distribution parameter of the
relaxation time. The Cole-Cole parameters of the references
are illustrated in Table 1.
3. CONCRETE SPECIMENS & MEASUREMENT SETUP
A. Concrete specimens
In the experiment, a standard from the American Concrete
Institute (ACI) was used as the reference in the concrete mix
design of the cylindrical test specimens. The dimensions of
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and the reflection coefficients of those materials were
measured. The measured reflection coefficients were used
for calculating the dielectric properties in terms of
a complex relative permittivity. A dielectric constant was
obtained from the real part of the complex relative
permittivity, and the conductivity was calculated from the
imaginary part of the complex relative permittivity using
(2). After that, the calculated dielectric constants and
conductivities were analyzed to find the correlations with
the compressive strengths of the concrete specimens.

4. EXPERIMENTAL RESULTS
In this section, the experiment was performed by
following the measurement setup in section 3. There were
12 sets of cylindrical samples, as listed in Table 2. and
Table 3. The test was performed over the same frequency
range of 0.5–3.5 GHz. The measured reflection coefficients
were collected and the dielectric properties were calculated.
The results are illustrated according to the complex relative
permittivities and the conductivities while varying the
measurement frequencies and the relationship between the
concrete age, compressive strength, and dielectric
properties.
The results from the measurements of the concrete with
different percentages of RHA at the ages of 7, 28, and 90
days indicated that the obtained complex relative
permittivities and the conductivities varied with changing
frequency. At the age of 90 days, all obtained dielectric
constants decreased with increasing frequency, while the
conductivities increased as shown in Fig.7. and Fig.8.
In addition, the concrete with RHA at 30 and 0 % by
weight provided the highest and lowest dielectric properties,
respectively.

Fig.4. Measurement setup for investigating dielectric properties of
concrete specimens.

Fig.7. Results of complex relative permittivities of concrete with
different percentages of RHA at age of 90 days versus frequencies.

Fig.5. Back view of fabricated probe.

Fig.8. Results of conductivities of concrete with different
percentages of RHA at age of 90 days versus frequencies.

Fig.9. shows the results of the dielectric constants versus
the concrete age at different percentages of RHA at the
frequency of 1 GHz, and Fig.10. illustrates the concrete
conductivities versus age at the frequency of 3.2 GHz. The
results indicated that the dielectric constants and

Fig.6. Front view of fabricated probe.
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conductivities decreased with increasing age of the concrete.
These variations were caused by the hydration and
evaporation in the concrete. A concrete usually contains
water as one of the main ingredients, and the dielectric
constant of water is higher than the other ingredients of the
concrete. When the age of the concrete increased, the
hydration and evaporation caused a reduction of the free
water in the concrete. This caused a decrease in the
dielectric constant and the conductivity.

D10% = 6.6563A-0.224,

R² = 0.9073

(6)

D20% = 7.7575A-0.23,

R² = 0.9183

(7)

D30% = 8.3018A-0.208,

R² = 0.9544

(8)

C0% = 0.3543A-0.328,

R² = 0.9993

(9)

C20% = 0.3549A-0.249,

R² = 0.9995

(11)

C30% = 0.3928A-0.229,

R² = 0.9391

(12)

Fig.12. Relationship between compressive strengths and
conductivities of concrete with different percentages of RHA at
frequency of 3.2 GHz.

In a simple regression analysis, it was found that the
dielectric constants at the frequency of 1 GHz and the
conductivities at the frequency of 3.2 GHz had power-law
relationships with the concrete age. The power-law
relationships and correlation coefficients of the data plotted
in Fig.9. and Fig.10. can be defined as follows:
(5)

(10)

Fig.11. Relationship between compressive strengths and dielectric
constants of concrete with different percentages of RHA at
frequency of 1 GHz.

Fig.10. Conductivities of concrete with different percentages of
RHA at frequency of 3.2 GHz versus concrete age.

R² = 0.9989

R² = 0.9756

where D is the averaged dielectric constant, C is the
averaged conductivity, A is the age of the concrete, and R is
the correlation coefficient. The subscripts following D and C
refer to the percentages of RHA at 0, 10, 20, and 30 % by
weight.

Fig.9. Dielectric constants of concrete with different percentages
of RHA at frequency of 1 GHz versus concrete age.

D0% = 6.8099A-0.252,

C10% = 0.3475A-0.29,

The compressive strengths of the specimens were
compared to the obtained dielectric constants and
conductivities of the concrete with the different percentages
of RHA in Table 3. The relationships between the
compressive strengths and the dielectric constants at the
frequency of 1 GHz are illustrated in Fig.11., and the
relationships between the compressive strengths and the
conductivities at the frequency of 3.2 GHz are shown in
Fig.12. As seen in Table 3., the compressive strengths
increased with the concrete age. Moreover, the compressive
strengths of the concrete with RHA at 0 and 30 % were the
highest and lowest, respectively. From Fig.11. and Fig.12.,
the results showed that the dielectric constants and
conductivities of the concrete were inversely proportional to
the compressive strengths.
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SD0% = 717.91D-0.466,

R² = 0.992

(13)

SD10% = 686.92D-0.816,

R² = 0.997

(14)

SD20% = 419.62D-0.551,

R² = 0.9801

(15)

conductivity had power-law relationships with the
compressive strength of the concrete.
The results indicated that the proposed probe could be
used to measure the dielectric properties of concrete, and the
obtained dielectric properties could be used to determine the
relationship with the compressive strength and age of the
concrete. Therefore, it is feasible to develop the planar
coaxial probe for the measurement of the dielectric
properties, and to apply this proposed system to inspect the
relationship with the compressive strength and age of the
concrete in other mix proportions or to investigate the
dielectric properties of other interesting materials.

SD30% = 465.79D-0.735,

R² = 0.9477

(16)
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The dielectric constants at the frequency of 1 GHz and
conductivities at the frequency of 3.2 GHz had power-law
relationships with the compressive strengths of the concrete.
The power-law relationships and correlation coefficients of
the data plotted in Fig.11. and Fig.12. are expressed as
follows:

where S is the averaged compressive strength of the
concrete, D is the measured dielectric constant, C is the
measured conductivity, and R is the correlation coefficient.
The subscripts following S refer to the percentages of RHA
at 0, 10, 20, and 30 % by weight.
The results indicated that the compressive strength of the
concrete can be evaluated by using the dielectric properties
measured using the planar coaxial probe. This supports the
feasibility of using the planar coaxial probe as a MNDT tool
for testing the compressive strength.
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