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Abstract: Dielectric characterization of concrete is essential for the wireless structural health
monitoring (SHM) of concrete structures. Guo Biao (GB) concrete refers to the concrete mixed
and cast in accordance with the Chinese standard. Currently, China is the largest producer and
consumer of concrete in the world. However, minimal attention has been paid to the dielectric
properties of GB concrete. This paper presents the results of the dielectric constant of GB concrete,
where three regression models have been used to present the measurement data from 10 MHz to
6 GHz. The objective is to provide a data set of nominal values of the dielectric constant for ordinary
GB concrete. The final goal is to facilitate a compressive strength evaluation via the measured
dielectric constant. Measurements of the dielectric constant and compressive strength for five types
of ordinary concrete have been undertaken, after 28 days of curing. As the main contribution in this
work, the correlation model between the compressive strength and dielectric constant of GB concrete
is realized.

Keywords: dielectric characterization; dielectric constant; Chinese standard concrete; Debye model;
Jonscher model; structural health monitoring (SHM)

1. Introduction

Concrete is a heterogeneous cementitious material and the second most consumed material
in the world. Concrete has long been used for all types of civil structures worldwide. In China,
abundant megaprojects use cement concrete as basic building blocks, or as precast beam components
in civil structures. According to the Chinese National Bureau of Statistics, China’s commodity concrete
production was 1.64 billion cubic meters (BCMs) in 2015, and when compared to the value of 0.74 BCMs
in 2011, it has increased by 222% [1]. This value indicates that China is the largest producer and
consumer of concrete in the world, and its production roughly occupies about 15% of global production.
The concrete which is mixed and cast to conform to the Chinese standard is termed the Guo Biao
(GB) concrete [2,3]. There are many similarities between the Chinese standard concrete (JGJ55) and
the European one (EN206-1). For example, the compressive strengths are both classified as C30, C35,
C40, and so on, indicating that the minimum values of the corresponding compressive strengths are
30 MPa, 35 MPa, 40 MPa, and so on. However, the use of superplasticizer is recommended by the
EN206-1, whereas the Chinese concrete does not strictly require this in JGJ55. The main differences
among the worldwide standards are the physical properties (e.g., density) of the raw materials used,
such as cement, sand, and coarse aggregate.

Ordinary cement concrete behaves like a brittle material, where cracks occur in the course
of its long-term use. Such cracks are inevitable due to a variety of natural or man-made factors,
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and cause the compressive strength to decline, leading to structure deformation, and thus affecting
the performance of structural integrity. Numerous nondestructive testing or evaluation (NDT/E)
methods have been developed for the prediction of compressive strength, development monitoring,
and the evaluation of standard concretes [4–16]. Conventional NDT/E techniques, such as visual
inspection, rebound hammers, the pull-off resistance correlation method [4,5], and the maturity test [6],
etc., often suffer from inaccuracy, being cost-intensive and time-consuming. Recently, state-of-the-art
NDT techniques were developed for the monitoring, prediction, and evaluation of the mechanical
deformation of concrete structures [7–20]. In particular, the piezoceramic-based smart aggregates play
a significant role in concrete structural health monitoring (SHM) [7–10], wherein the determination
of concrete properties was performed by using the travel time of longitudinal waves over a known
distance, between smart aggregates. Electrical resistance and resistivity measurements were employed
as a relation to the microstructure development of concrete mix, such as pore structure, porosity,
and pore-size distribution, etc., and hence, for compressive strength prediction and evaluation [11–15].
Electrical conductance at microwave frequency has also been used in [16], as a function of the
mobility and concentration of the ions in the pore solution of cementitious composites. More recently,
novel methods were proposed, based on the communication of electromagnetic waves at low (stress
wave) [17,18], highly nonlinear solitary wave [19], and high (microwave) [20] frequencies, used for
concrete characterization, concrete surface moisture detection, and strength estimation, respectively.
Their ultimate purpose was to detect damages, evaluate health conditions, alleviate hazards, and extend
the working life of civil structures.

All of the described DNT techniques have their relative pros and cons, and no unique technique
has been identified as perfect in all aspects, including the reduction of the life-cycle cost (LCC) [21].
The LCC comprises the initial cost, maintenance or repair cost, and cost of failure, power efficiency,
and effectiveness. With the increasingly international widespread use of GB concrete, the demand for
novel NDT/E techniques and those combining multiple techniques [22] for concrete-based structures,
in terms of compressive strength prediction, evaluation, and other mechanical properties, is highly
expected. Thus, this topic is of importance in the areas of cross-disciplinary research. One of the
most important physical properties that governs electromagnetic wave propagation, is the relative
dielectric constant (εr

′) of the concrete. Thus far, studies on the dielectric properties of cementitious
materials have received great attention in civil engineering [23–31]. The use of real-time dielectric
constant measurements to evaluate the corresponding variation in the compressive strength of concrete,
is a technique that will be well suited for SHM.

In this paper, the authors present experimental results on the dielectric characterization of standard
concrete. Regression modeling of the measured values and analysis, against the water-to-cement ratio
of the 28-day concrete, will be considered. Figure 1 illustrates a big picture of the dual-disciplinary
experimental work on the dielectric constant and compressive strength of standard concrete.
The objective of this study is to develop a data set of nominal values of the dielectric constant for
the GB concrete, in accordance with the Chinese standard JGJ55-2011 [2]. Correlations between the
dielectric constants and compressive strengths will be considered. Ordinary concrete is a heterogeneous
porous material. When the maximum size of the coarse aggregates (31.5 mm used in this study) are
comparable to the signal’s wavelength, extreme heterogeneous dielectric characteristics may arise.
Therefore, a signal frequency of 10 GHz is the highest frequency of interest in this study.
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Figure 1. A big picture illustrating the cross-disciplinary work for compressive strength evaluation,
using the dielectric constant of 28-day cement concrete.

2. Materials and Methods

2.1. Design and Fabrication of GB Concrete

In order to study the relationship between the compressive strength and respective dielectric
constant of GB concrete, common ordinary GB concrete with a number of different water to cement
(w/c) ratios, was investigated. The aim of this research was to study the dielectric behaviors of
the ordinary concrete that only contained basic raw materials, namely water, cement, sand, coarse
aggregate, and air (in the form of porosity). It is known that the dielectric constant of cementitious
materials is influenced by the addition of chemical admixtures, supplementary cementitious materials,
or fibers [23,24]. Therefore, as a primary study, no other admixtures, such as superplasticizer or
chemical agents, were included in the concrete mix.

Second to water, cement is the crucial, yet non-negligible, constituent for making concrete.
The three major standards of internationally-used Portland cement are the American ASTM C159,
the Chinese GB175, and the European EN197. In this study, the cement used was the ordinary type
of Portland cement P.O. 42.5 that conformed to GB175-2007, and was supplied by Shanshui Cement
Group Ltd. The minimum 28-day compressive strength of P.O. 42.5 is 42.5 MPa, which is equivalent to
CEM 42.5N when considering the EN197. Medium silica sand was used, with mean and maximum
sizes of 1.1 mm and 5.0 mm, respectively, whereas the maximum particle size of the coarse aggregate
was 31.5 mm. In both the compressive strength test and dielectric test, relatively small sizes of concrete
specimens were used, rather than large concrete structures. Throughout the experimental study,
the authors consciously chose the required raw materials, and computed the required quantities
in accordance with the design code of the Chinese standard concrete, JGJ55-2011 [2]. In order to
maintain the flow-ability of the fresh concrete, the selected concrete unit water content was 205 kg/m3

(mw0), as superplasticizer was not used. Accordingly, the GB concrete specimens (C30, C35, C40, C45,
and C50), which had a dimension of 150 mm × 150 mm ×150 mm [3], with respective w/c ratios, were
calculated as summarized in Table 1. The accurate amounts of mix proportions were determined by
using the volume method, as given by [2]:

mc0

ρc
+

mg0

ρg
+

ms0

ρs
+

mw0

ρw
+ 0.01α = 1, (1)

βs =
ms0

mg0 + ms0
× 100%. (2)
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where

mc0—cement content per cubic meter of concrete;
mg0—coarse aggregate content per cubic meter of concrete;
ms0—sand content per cubic meter of concrete;
mw0—water content per cubic meter of concrete;
ρc—density of cement, 3000 kg/m3, the mid-range suggested by [2];
ρg—density of coarse aggregate, 2700 kg/m3;
ρs—density of sand, 2650 kg/m3;
ρw—density of water, 1000 kg/m3;
α—percentage of entrapped air in concrete mix, 1.0;
βs—sand rate, determined in accordance with the Chinese standard (GB) [2].

In addition to the proportions of raw materials (Table 1), both the physical and chemical
properties of the cement affect the dielectric properties of GB concrete. The chemical composition as
a percentage of weight, and the physical properties of the ordinary type of Portland cement P.O. 42.5,
were considered, as listed in Tables 2 and 3, respectively. The slump values recorded for all types of
fresh concrete fell in the range of 75–90 mm, which met the requirements of the standard JGJ55-2011 [2].
It is known that a high percentage of entrapped air will likely reduce the concrete’s physical density,
thus reducing the compressive strength, but increasing the water permeability. Therefore, all of the
cast concrete specimens of each batch were placed onto a vibrating table (Figure 2) for compacting,
until no further air bubbles were noticeable, before natural curing. In this study, four specimens per
GB concrete type were prepared. Three specimens were used for the 28-day compressive strength test,
whereas one specimen was reserved for the purpose of dielectric characterization.

Table 1. Chinese Standard Concrete mix proportions.

GB Concrete Water (kg/m3) Cement (kg/m3) Sand (kg/m3) Coarse Aggregate (kg/m3) w/c

C30 205 342 760.15 1037.51 0.60
C35 205 380 697.05 1067.63 0.54
C40 205 418 638.71 1092.21 0.49
C45 205 456 602.83 1095.29 0.45
C50 205 513 560.21 1087.47 0.40

Table 2. Chemical Composition (wt %) of Portland cement, ordinary type P.O. 42.5.

CaO SiO2 Al2O3 SO3 MgO FeO K2O LOI

61.2 22.4 5.6 3.5 1.9 2.2 0.4 2.8

Table 3. Physical Properties of Portland cement, ordinary type P.O. 42.5, conforms to GB175-2007.

Density
(kg·m−3)

Setting Time Flexural Strength (MPa) Compressive Strength (MPa)

Initial Setting Final Setting 3-day 28-day 3-day 28-day

2900–3100 ≥45 min ≤10 h ≥3.5 ≥6.5 ≥16.0 ≥42.5

Figure 2a shows the removing of concrete from the anchor concrete mixer, ready for pouring into
150-mm cubic molds, whereas Figure 2b displays the vibration table used for uniform vibration, to rid
the specimens of air bubbles. The weight variations of raw materials against the GB concrete type
were examined. Table 1 shows that the amount of cement gradually reduces, whereas the sand usage
increases with increasing w/c. This, in turn, indicates the reasonable cost increment when using the
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GB concrete type. After mixing and casting, all of the specimens were demolded after 24-h of natural
air curing, and were then moved into a standard curing room (RH = 100%, T = 22 ± 2 ◦C) for a moist
curing period of 28 days.
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2.2. Method of Dielectric Constant Measurement

Dielectric properties describe the physical-chemical properties related to the energy storage and
energy dissipation of the concrete materials subjected to an external electric field excitation. A complex
relative permittivity, which consists of real and imaginary parts (εr

′ − jεr
′ ′), is commonly used to

quantitatively and qualitatively define the dielectric characterization of concrete materials [27–31].
The real part of the complex permittivity is also known as the dielectric constant, which indicates the
amount of energy stored inside the concrete element.

In this study, we used the dielectric probe measurement method, wherein an open-ended coaxial
(OEC) probe was used, to determine the dielectric constant of GB concrete after 28 days of curing.
The OEC probe method is one of the most popular techniques for measuring the dielectric properties
of cement-based materials [32–35]. The method has the advantages of being simple, yet maintaining
direct-contact, being nondestructive, and having a wide operating bandwidth in the microwave
frequency regime. Its well-developed theory makes it possible to obtain sufficiently accurate results
for both medium-loss and high-loss media [35,36]. However, the 28-day concrete becomes low-loss
dielectric material, and its loss factor (imaginary part of complex permittivity) is known to be small,
approaching zero. Unfortunately, these loss values could not be accurately determined by using
Keysight’s measurement solutions, particularly at frequencies below 200 MHz [37]. In view of this
obstacle, the research scope of this paper is therefore limited to the investigation of the real part of the
relative complex permittivity. Hereafter, we simply use the term “dielectric constant” to indicate the
real part of the relative complex permittivity (εr

′).
During the measurement, a Keysight vector network analyzer (E5080A) was used to measure the

reflection coefficient. In order to minimize the measurement errors, air, a metallic short-circuit block,
and distilled water were used for the calibration, as shown in Figure 3. A total of 20 randomly selected,
non-overlapping positions on four side surfaces, were measured by using the OEC probe. Namely,
five measurements took place on each surface while discarding the top and bottom faces, in order to
avoid surface roughness. The complex permittivity was automatically computed from the measured
reflection coefficient, via the Keysight materials measurement suite (N1500A). The dielectric constant
was computed and recorded in the computer-based network analyzer E5080A, which connected with
the OEC probe and an electronic calibration-kit through a 1-meter long flexible cable, as illustrated
in Figure 3. Throughout the dielectric measurement, the average value, regarded as the dielectric
constant, along with the standard deviation of each GB concrete specimen, was taken. The measuring
frequency was set in the range of 10 MHz to 6 GHz, which covered the most popular cellular phone
and WiFi communication frequencies.
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3. Experimental Results

In this section, measurement results of the compressive strength and dielectric constants of GB
concrete after 28 days of curing, will be presented and discussed. The real part of the complex relative
permittivity, or the dielectric constant of each type of GB concrete, will be modelled by the Jonscher
model. The aim of this study is to obtain the value at any frequency from 100 MHz, up to a very high
frequency (e.g., 10 GHz). Further, the correlation between the compressive strength and dielectric
constant of each GB concrete can be determined at any frequency up to 10 GHz.

3.1. Compressive Strength after 28-Day Curing

In order to obtain the average strength values, three 150-mm cubes were used for the compressive
strength tests of the GB concrete: C30, C35, C40, C45, and C50. All concrete specimens were moist-cured
in a curing room for 28 days. The compression test was undertaken after the measurements of complex
permittivity had been recorded, wherein all surfaces of the concrete specimens were deliberately dried,
as the surface moisture will sensitively affect the accuracy of the measured permittivity. Figure 4
shows the average strength of each GB concrete type with the corresponding standard deviation,
where the nonlinear relationship between the compressive strength and water-to-cement (w/c) ratio,
was observed. From the strength results, all fabricated GB concretes were verified as fulfilling the
Chinese standard JGJ55-2011 [2]. The average 28-day compressive strengths grow nonlinearly with
decreasing w/c ratios, in a way that follows a 2-term power law, as given by:
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Equation (3) is obtained by the curve fitting of the six measured data, with the essential
goodness-of-fit, as shown in Figure 4. One can estimate the compressive strength of the GB concrete
using Equation (3), as long as the w/c is given in the range of 0.40 to 0.60.

3.2. Measured Dielectric Constants

Through the measurement using the OEC probe, the average values of the dielectric constant
(real-part of relative permittivity) versus the frequency, for all types of GB concrete after 28 days
of moist curing, namely, C30, C35, C40, C45, and C50, were manipulated. The measurement was
performed under laboratory conditions (T = 23 ± 2 ◦C, RH = 50% ± 10%). The measured average
dielectric constant versus the frequency of all GB concrete, is displayed in Figure 5. It is noted that
very interesting and reasonable results were achieved, wherein the average values were obtained in
the order of the GB concrete types.
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Figure 5. Average values of the measured dielectric constant versus frequency.

3.3. Dielectric Constant Modelling

In order to characterize the measured dielectric constants of GB concrete, which have a common
dispersive nature with increasing frequency, three types of mathematical regression models were
considered, and will be discussed in this section.

3.3.1. First-Order Exponential Model

In many natural quantitative problems, the first-order exponential function is recognized to be
well-suited for analysing the quantities of decay, when both the initial (K + C) and final (C) values are
known. The real-part of the dielectric permittivity (relative dielectric constant) can be described as
an exponential function of frequency (f ), as given by:

ε′r( f ) = K exp(−b f ) + C (4)

where b is a time constant in seconds. As f = 1/b, the first term is exponentially decayed by 36.8%.

3.3.2. Debye Model

The 28-day concrete is basically a low-loss heterogeneous dielectric material. Peter J. W. Debye
postulated that dielectric excitation and relaxation responds according to the relaxation mode [38].
The following expressions describe the relaxation phenomenon which occurred in the concrete
dielectics [39]:

ε′r( f ) =
εstatic − ε∞

1 + (2π f τ)2 + ε∞ (5)

ε
′′
r ( f ) =

(εstatic − ε∞)

1 + (2π f τ)2 2π f τ (6)
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where εstatic and ε∞ are limiting values at very low and very high frequencies, respectively; τ is the
relaxation time in seconds.

3.3.3. Jonscher Model

The Jonscher model uses complex electric susceptibility (χe) to describe the sum of various
susceptibilities related to polarizations responding to an applied electric field. A real part of the
relative effective permittivity at the very high frequency (ε∞), was used to describe the limiting low
value of the dielectric constant, whereas the complex permittivity holds a format of εr

′ − jεr
′ ′, as given

by [40,41]:

ε′r( f ) = χr

(
f
fr

)n−1
+ ε∞ (7)

ε
′′
r ( f ) = χr

(
f
fr

)n−1
cot

(nπ

2

)
(8)

where

n is an empirical parameter in the range of 0 to 1 for modelling the dielectric loss;
χr is the real part of χe;
fr is an arbitrarily chosen reference frequency. In this study, we picked fr = 0.1 GHz.

The three dielectric constant regression models all involve three fitting parameters, respectively,
as expressed in Equations (4)–(8). Although the exponential model only gives a real-part description,
its frequency response is found to be very similar to that from the Debye model. Figure 6 shows
curve fitting of the three models, in both the linear- and log-frequency scale. The use of the log-scale
gives a clear insight into the regressions at low frequencies, whereas the linear scale plots provide
the fit conditions at high frequencies, viz., 2 to 6 GHz. While dielectric premittivty models were
only available in the literature up to 1 or 2 GHz, e.g., [29,41], the dielectric dispersion of concrete
at higher frequencies is therefore the focus in this study. This is owing to the current popularity of
wireless communication signals, such as the 4G cellular phone signals and the indoor WiFi signals,
whose penetration abilities through concrete walls very much depend on the dielectric properties.
From Figure 6b, it is observed that, in general, the Jonscher model provides the best fit to the measured
data in all cases, when compared to the other models, whereas the Debye model identifies the same
trends of decay as the exponential model. By comparing expressions (4) and (5), one can express the
relation of the time constant (b) in terms of the relaxtion time (τ), as shown below.Appl. Sci. 2017, 7, 177  9 of 14 

  
(a) (b) 

Figure 6. Dielectric characterization of GB concrete via curve fitting to measured data using the  

first-order exponential model, Debye model, and Jonscher model, expressed in (a) linear scale;  

(b) log-frequency scale. 

An interesting finding has been observed, where the limiting values of the dielectric constant 

increase in order with the GB concrete types. The mathematical relations of the dieletric constant, 

compressive strength, and initiala water contents of GB concrete, will be further examined and 

discussed in the next section. All regression coefficients (with 95% confidence bounds) and goodness-

of-fits of the three models are summarized in Tables 4–6, respectively. The goodness-of-fit was 

obtained by using the curve-fitting tools in MATLAB, which are represented by the sum of squares due 

to error (SSE) and the R-square (R2) [42]. These two indications are interrelated, and are sufficient to 

validate the regression model by using any values between 0 and 1. When R2 = 1 and SSE = 0, the 

proposed regression model is indicated as a perfect fit for the observation data.  

Table 4. First-order Exponential Model: Fitting Coefficients and Goodness of Fit for Equation (4). 

GB Concrete w/c K b C R2 SSE 

C30 0.60 0.967 4.268 3.305 0.938 0.155 

C35 0.54 1.213 8.496 3.597 0.939 0.170 

C40 0.49 1.148 8.017 4.018 0.975 0.063 

C45 0.45 1.466 7.374 4.332 0.956 0.189 

C50 0.40 1.926 6.862 4.973 0.971 0.226 

Table 5. Debye Model: Fitting Coefficients and Goodness of Fit for Equation (5). 

GB Concrete w/c τ εstatic ε∞d R2 SSE 

C30 0.60 0.891 4.177 3.303 0.928 0.181 

C35 0.54 1.798 4.661 3.598 0.927 0.202 

C40 0.49 1.689 5.029 4.018 0.970 0.076 

C45 0.45 1.529 5.621 4.331 0.949 0.222 

C50 0.40 1.481 6.692 4.973 0.967 0.256 

Table 6. Jonscher Model: Fitting Coefficients with fr = 0.1 GHz and Goodness of Fit for Equation (7). 

GB Concrete w/c n χr ε∞j R2 SSE 

C30 0.60 0.622 0.674 3.116 0.987 0.032 

C35 0.54 0.273 0.396 3.559 0.973 0.075 

C40 0.49 0.385 0.446 3.955 0.991 0.022 

C45 0.45 0.422 0.624 4.233 0.990 0.042 

C50 0.40 0.485 0.921 4.797 0.997 0.020 

Based on the values of the goodness-of-fit listed in Tables 4–6, the authors can justifiably state 

that the Jonscher model outperforms the other models for the whole frequency range of 0.1 to 6 GHz. 

0 1 2 3 4 5 6
3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

Frequency (GHz)

D
ie

le
c
tr

ic
 C

o
n
s
ta

n
t

 

 

C50

C45

C40

C35

C30

Exponentail

Debye

Jonscher

10
-2

10
-1

10
0

10
1

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

Frequency (GHz)

D
ie

le
c
tr

ic
 C

o
n
s
ta

n
t

 

 

C50

C45

C40

C35

C30

Exponential

Debye

Jonscher

Figure 6. Dielectric characterization of GB concrete via curve fitting to measured data using the
first-order exponential model, Debye model, and Jonscher model, expressed in (a) linear scale;
(b) log-frequency scale.
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With C equals ε∞ (see Tables 4 and 5):

Ke− f b =
∆ε

1 + (2π f τ)2 , (9)

b ∼=
2
f

ln(2π f τ)− 1
f

ln
(

∆ε

K

)
f or (2π f τ)2 � 1 (10)

Table 4. First-order Exponential Model: Fitting Coefficients and Goodness of Fit for Equation (4).

GB Concrete w/c K b C R2 SSE

C30 0.60 0.967 4.268 3.305 0.938 0.155
C35 0.54 1.213 8.496 3.597 0.939 0.170
C40 0.49 1.148 8.017 4.018 0.975 0.063
C45 0.45 1.466 7.374 4.332 0.956 0.189
C50 0.40 1.926 6.862 4.973 0.971 0.226

Table 5. Debye Model: Fitting Coefficients and Goodness of Fit for Equation (5).

GB Concrete w/c τ εstatic ε∞d R2 SSE

C30 0.60 0.891 4.177 3.303 0.928 0.181
C35 0.54 1.798 4.661 3.598 0.927 0.202
C40 0.49 1.689 5.029 4.018 0.970 0.076
C45 0.45 1.529 5.621 4.331 0.949 0.222
C50 0.40 1.481 6.692 4.973 0.967 0.256

An interesting finding has been observed, where the limiting values of the dielectric constant
increase in order with the GB concrete types. The mathematical relations of the dieletric constant,
compressive strength, and initiala water contents of GB concrete, will be further examined and
discussed in the next section. All regression coefficients (with 95% confidence bounds) and
goodness-of-fits of the three models are summarized in Tables 4–6, respectively. The goodness-of-fit
was obtained by using the curve-fitting tools in MATLAB, which are represented by the sum of squares
due to error (SSE) and the R-square (R2) [42]. These two indications are interrelated, and are sufficient
to validate the regression model by using any values between 0 and 1. When R2 = 1 and SSE = 0,
the proposed regression model is indicated as a perfect fit for the observation data.

Table 6. Jonscher Model: Fitting Coefficients with fr = 0.1 GHz and Goodness of Fit for Equation (7).

GB Concrete w/c n χr ε∞j R2 SSE

C30 0.60 0.622 0.674 3.116 0.987 0.032
C35 0.54 0.273 0.396 3.559 0.973 0.075
C40 0.49 0.385 0.446 3.955 0.991 0.022
C45 0.45 0.422 0.624 4.233 0.990 0.042
C50 0.40 0.485 0.921 4.797 0.997 0.020

Based on the values of the goodness-of-fit listed in Tables 4–6, the authors can justifiably state
that the Jonscher model outperforms the other models for the whole frequency range of 0.1 to 6 GHz.
This corroborates the previous finding reported in [40,41]. Therefore, one can use the dielectric
constant values obtained from the Jonscher model for further correlation with compressive strength
and GB concrete. The ultimate goal is to establish tracking variables for the purpose of civil structural
health monitoring.
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4. Correlation between Compressive Strength and Dielectric Constant

Using the results of the Jonscher model of GB concrete, the dielectric constant values at 0.5 GHz,
2.45 GHz, 5.0 GHz, and 10 GHz were computed and compared, as summarized in Table 7. It is known
that the compressive strength of concrete is a decreasing function of increasing w/c, whereas the
dielectric constant is a function of frequency and the initial values of w/c. Therefore, the computed
dielectric constant at various frequencies can be further described by a double power law, as a function
of w/c and f, given by:

ε′r

(w
c

, f
)
=

(w
c

)p
+ ( f )q (11)

where p and q are the regression coefficients for the w/c and f, respectively.

Table 7. Calculated dielectric constant at 0.5, 2.45, and 5.0 GHz using the Jonscher model, Equation (7).

GB Concrete w/c ε′(0.5) ε′(2.45) ε′(5.0) ε′(10) = ε∞

C30 0.60 3.48 3.32 3.27 3.116
C35 0.54 3.68 3.60 3.58 3.559
C40 0.49 4.12 4.02 4.00 3.955
C45 0.45 4.48 4.33 4.30 4.233
C50 0.40 5.20 4.97 4.92 4.797

Figure 7 shows the regression curves of the computed dielectric constant versus the
water-to-cement ratio, whereas the regression coefficients and the goodness-of-fits are listed in Table 8.
As can be seen, all curves are virtually consistent, presenting decreasing trends with an increasing
w/c ratio. A small dispersion with a frequency increasing beyond 0.5 GHz is observed. It is worth
noting that, apart from the limiting case of 0.5 GHz, the difference between the pair of power curves,
e.g., 2.45 GHz and 5.0 GHz, is sufficiently small, particularly within the standard deviations of the
measured data at 2.45 GHz. Therefore, the frequency dispersion has a minimal effect on the computed
values of the dielectric constant, as shown in Figure 7.
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Table 8. Regression coefficients (with 95% confidence bounds) and goodness-of-fits for Equation (11).

f (GHz) p q R2 SSE

0.50 −1.482 −0.3358 0.9902 0.018
2.45 −1.445 0.1992 0.9976 0.004
5.0 −1.438 0.1010 0.9985 0.002
10 −1.434 0.0428 0.9929 0.012
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By combining Equations (3) and (11), one can establish the correlation between the compressive
strength and the dielectric constant of GB concrete, via the common variable of w/c, as given by:

f ′cs
(
ε′r, f

)
=

(
ε′r
)r

+ A (12)

where r and A are the regression coefficients, whose values and the goodness-of-fits are summarized
in Table 9.

Table 9. Regression coefficients (with 95% confidence bounds) and goodness-of-fits for Equation (12).

f (GHz) r A R2 SSE

0.50 1.943 25.99 0.9996 0.5606
2.45 1.988 26.07 0.9996 0.5970
5.0 1.997 26.12 0.9985 0.5931
10 2.010 26.49 0.9997 0.4922

Figure 8a shows the correlations between the compressive strength and dielectric constant of
GB concrete, at various frequencies. The correlation has been described by the power law function
expressed in (12). By further considering the standard deviations of both of the measured data,
Figure 8b illustrates the correlation at a frequency of 2.45 GHz. It is noteworthy to describe that the
frequency dispersion has a minimal effect on the dielectric constants, where the discrepancies are far
less than the standard deviations from the measurement. The relatively high standard deviation from
the dielectric constant is attributed to the high heterogeneity of the GB concrete, where the maximum
size of the coarse aggregates used in the fabrication was 31.5 mm.
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Figure 8. Compressive strength versus dielectric constant of GB concrete, (a) at various frequencies;
(b) at 2.45 GHz with both the standard deviations from measurement.

5. Conclusions

This paper presents the dielectric characterization of GB concrete, using three permittivity models.
Namely, the first-order exponential model, the Debye model, and the Jonscher model were used to
characterize the measured dielectric constants. The five common types of GB concrete, C30, C35, C40,
C45, and C50, were fabricated in accordance with the Chinese standard JGJ55-2011, whereas their
measured compressive strengths were analyzed against the water-to-cement ratio. The purpose of
this study was to develop an innovative model for the correlation between the compressive strength
and the dielectric constant of the standard GB concrete. The ultimate goal was to establish a model of
dielectric constants for future SHM of concrete structures. The following remarkable findings can be
drawn within the scope of this study:
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1. The measured dielectric constant of 28-day concrete is best regressed and predicted by using the
Jonscher model, rather than the other selected models, whereas the first-order exponential model
and Debye model have a similar and equivalent performance.

2. The modeled dielectric constant of 28-day concrete decreases with increasing w/c. The nonlinear
variation can be described by using a double power-law function.

3. The compressive strength of 28-day concrete increases with an increasing average dielectric
constant in a power-law function. This correlation model shows that the compressive strength
of concrete will decrease, due to the reduction of the dielectric constant of concrete structures.
For instance, cracks occurring inside the concrete structure.

4. The presented results will be very useful for the future design of concrete-embedded
antennas [43,44] and wireless power transfer to embedded sensors [45]. Nevertheless, further
investigation into the imaginary part of complex permittivity, namely the loss factor of concrete,
which has a different initial water content, is one of the immediate research works.
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