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.e establishment of a dielectric model of the asphalt pavement surface material is the premise and key to applying the
electromagnetic wave technology to asphalt pavement nondestructive testing. Asphalt pavement can be made of different
materials, including various types of asphalt mixtures..erefore, in order to study and analyze the dielectric properties of different
types of asphalt mixtures and establish a dielectric model of the asphalt pavement surface material, this paper studies four types of
asphalt mixtures commonly used in the asphalt pavement surface course. Based on the comparative analysis of three classical
models, the complex refractive index method (CRIM), Brown, and Looyenga; based on the L-R model, the linear regression
analysis was conducted on the test data. .e dielectric models which are suitable for the interpretation of four types of asphalt
mixtures were established, and the dielectric model database of asphalt pavement surface materials was extended, which provides
theoretical and technical support for nondestructive testing of the asphalt pavement.

1. Introduction

.e composite dielectric model of asphalt mixtures de-
scribes the relationships between the dielectric constant of
an asphalt mixture and its components, as well as the
volume ratio [1]. .e asphalt mixture is a commonly used
pavement material. An asphalt mixture can be regarded as a
mixed multiphase medium composed of air, asphalt, ag-
gregate, and other three-phase media [2]. .e establish-
ment of the composite dielectric model of asphalt mixtures
is the premise and key for nondestructive testing of the
asphalt mixture by applying electromagnetic wave tech-
nology [3].

On the one hand, the dielectric properties of an asphalt
mixture and the main factors that affect the dielectric
properties of a mixedmedium are analyzed in detail by using
the dielectric models [4–11]. On the other hand, the volume
ratio of each component of the asphalt mixture can be

calculated using the measured dielectric constant of the
asphalt mixture and further used for qualitative and
quantitative analyses of density, porosity, and other pa-
rameters [12–17]. .e establishment of a dielectric model of
an asphalt mixture can provide the theoretical basis for
nondestructive testing of the asphalt pavement [18, 19] and
expand the application scope of electromagnetic testing
technology significantly.

Some early scholars studied the dielectric behavior of
composite materials and proposed different classic models,
such as the Rayleigh model, Maxwell Garnett model,
Böttcher model, and Clausius–Mossotti model [20–23].
.ese models are established on different assumptions, so
they have their own limitation and certain application range.
.us, the main objective of this study is to improve the L-R
model by using linear regression method and create a di-
electric model suitable for explaining four specific types of
asphalt mixture.
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2. Materials and Methods

In order to study the dielectric characteristics of the asphalt
pavement surface materials, a dielectric model library of
asphalt pavement surface materials was constructed. Two
types of AC mixtures and two types of SMA mixtures were
selected as research objects. As for AC mixtures, AC-13 and
AC-16 were selected, and as for SMAmixtures, SMA-13 and
SMA-16 were selected. .e mineral aggregate grading of
asphalt concrete mixtures is given in Table 1. .e dielectric
characteristics of the four types of asphalt mixtures were
experimentally studied.

In this work, No. 70, No. 90, SBS-modified asphalt, and
limestone were used to make the AC mixtures, and No. 70,
SBS-modified asphalt, and basalt were used to make the
SMAmixtures. .e test materials are shown in Figure 1, and
the basic physics of the single-phase media was in accor-
dance with the specification requirements. .e parameters
were measured, and the measurement results showed that
the material could meet the usage requirements.

A network analyzer was used to measure the dielectric
constant of the single-phase medium using a coaxial probe
method, as shown in Figure 2. .e test frequency range of
the single-phase dielectric material was 1.7GHz–2.4GHz.

.e four types of asphalt mixtures’ oil-stone ratios were
3.9%, 4.0%, 4.1%, 4.9%, 5.0%, 5.1%, 5.9%, 6.0%, and 6.1%. First,
a rut plate test piece was made according to the specifications.
.en, a cutting machine was used to cut the rut plate test piece.
.ere were 18 test pieces for each AC mixture, which was a
total of 36 AC test pieces, and 18 test pieces for each SMA
mixture, so there were a total of 36 SMA mixture test pieces.

.e network analyzer was used to measure the dielectric
constant of the asphalt mixture test pieces using the
waveguide method, as shown in Figure 3. .e asphalt
mixture test frequency range was also 1.6GHz–2.4GHz.

After the dielectric-characteristic test of the asphalt
mixture specimens was completed, the apparent density of
each specimen was measured, and the volume ratio of each
specimen component was calculated.

3. Results

3.1. Single-Phase Media. .e coaxial probe method was used
to measure the dielectric constant of the single-phase ma-
terials [8]. .e measurement results are shown in Figure 4.
Since the dielectric model in this paper does not consider the
dielectric loss, only the real values of the dielectric constant
are displayed in Figure 5. As shown in Figure 5, in the test
frequency range, the dielectric constant of the single-phase
medium was independent of the frequency. .erefore, the
dielectric constant of the single-phase medium was the av-
erage value in the test frequency range, as shown in Table 2.

3.2.AsphaltMixture. .ewaveguide method was adopted to
measure the dielectric constant of the asphalt mixture
specimens [24]. However, the frequency affected the di-
electric properties of the asphalt mixtures. Due to the limited
space, a set of test results is given Figure 4. Within the test

frequency range, the dielectric constant of asphalt mixtures
decreased with the increase in the test frequency.

Considering the limited space, this paper selects the
2.0GHz test frequency as the representative and takes the
dielectric constant of the asphalt mixture under this test
frequency as the research object. .e test results are shown
in Figure 6. But the established model is also applicable to
other test frequencies in the conclusions.

4. L-R Model

L-R model was proposed by Lichtenecker and Rother [25].
.e relationship between the dielectric properties of a mixed
multiphase medium and the dielectric properties of a single-
phase media can be described by the L-R model, and it is
given by

εeff( 
α

� 
n

i�1
fi εi( 

α
, (1)

where the parameter denotes the fitting parameter of the
relationship between the dielectric geometry and the di-
electric constant, the value of α is in the range of (–1, 1), εeff
denotes the dielectric constant of the medium, εi is the
dielectric constant of a phase i of the medium, and fi is the
volume ratio of a phase i of the medium. .e L-R model has
been proven by theoretical analysis to be applicable to the
interpretation of dielectric properties of a multiphase me-
dium [21, 26–29] and has been expanded and applied in the
field [30, 31]. At α � 1, α � 1/2, and α � 1/3, the L-R model
becomes the Brown [32], CRIM [33, 34], or Looyenga model
[35], respectively. .e expressions of the Brown, CRIM, and
Looyenga models are, respectively, given by
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Table 1: Mineral aggregate grading of asphalt concrete mixtures
(square sieve).

Sieve hole (mm)
Sieving rate (%)

AC-13 AC-16 SMA-13 SMA-16
0.075 100 100 100 100
0.15 100 95.0 100 95.0
0.3 95.0 84.0 95.0 75.0
0.6 76.5 70.0 62.5 55.0
1.18 53.0 48.0 27.0 26.0
2.36 37.0 34.0 20.5 19.5
4.75 26.5 24.5 19.0 18.0
9.5 19.0 17.5 16.0 15.0
13.2 13.5 12.5 13.0 12.5
16 10.0 9.5 12.0 11.5
19 6.0 6.0 10.0 10.0
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In the above model, the meaning of each symbol is the
same as in equation (1).

.ese models are widely used in soil physics, geophysics,
oil logging, and other fields [30, 36–39]. However, these
models experience some limitations in the application

process [21, 22], especially in the description of dielectric
properties of an asphalt mixture [14, 40–42].

.e above three models are commonly used for the
theoretical calculation of dielectric parameters of an asphalt
mixture. Dielectric parameters of three single-phase mate-
rials are given in Table 2; the porosity of the asphalt mixture
is set as 4%, and the oil-stone ratio of the asphalt mixture is
between 3% and 8%.

.e dielectric constants of the asphalt mixture were
theoretically calculated using the Brown, CRIM, and
Looyenga dielectric models, and the obtained results are
shown in Figure 7.

Figure 7 shows that the results of the three models are
different. .e calculation result of the Brown model is the
largest, while that of the Looyenga model is the smallest. All
the three results decrease with the increase in the oil-stone
ratio. .e oil-stone ratio has an important effect on the
dielectric properties of an asphalt mixture. .e difference
between the three results gradually increases with the in-
crease in the oil-stone ratio. .erefore, it is needed to verify
whether the three classic dielectric models can explain the
dielectric properties of different types of asphalt mixtures.

(a) (b) (c)

Figure 1: Test asphalts. (a) 70# asphalt. (b) 90# asphalt. (c) SBS-modified asphalt.

(a) (b)

Figure 2: Single-phase material measurement process.

Figure 3: Dielectric constant measurement of the asphalt mixture
test pieces.
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5. Discussion

.is paper studies four types of asphalt mixtures, in-
cluding two types of asphalt concrete mixtures (ACs) and
two types of asphalt mastic macadam mixtures (SMAs).
By using the L-R model, on the basis of the research and
analysis of the applicability of three classic dielectric
models, the test data are linearly returned. Based on the
regression analysis, a dielectric model is established to

explain the dielectric properties of four types of asphalt
mixtures, forming the dielectric model database of asphalt
pavement surface materials, which provides data support
for the establishment of the dielectric model database of
the pavement material and important theoretical support
for the inversion of the asphalt mixture multiphase vol-
ume fraction.

5.1. Applicability Analysis of the Classical Dielectric Model.
.ree classic dielectric models, namely, Brown, CRIM, and
Looyenga, were used to analyze the test results, and the
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Figure 4: Dielectric constant of the asphalt mixtures.

Table 2: Average value of the dielectric constant of the single-phase
materials.
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Figure 5: .e dielectric constant of the single-phase materials.
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Figure 6: Dielectric constant of the asphalt mixtures at the test
frequency of 2.0GHz.
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calculated values were compared with the test values. .e
error was calculated by

η �
E − A

E/100
,

θ � 
n

i�1

ηi

n
,

(3)

where η denoted the calculation error, A denoted the the-
oretical value, E denoted the actual measured value, and θ
denoted the average error.

.e obtained analysis results are shown in Figures 8–10.

.e aggregate had a higher dielectric constant and the
largest volume ratio. .erefore, the aggregate had the largest
influence on the dielectric constant of the asphalt mixture,
and the aggregate particle size was large. For the CRIM
model, the model particle size was smaller than that the
wavelength could meet. .e Brown and Looyenga models
have been often used to explain the dielectric properties of
two-phase media, such as soil. .erefore, under the current
value of c, the dielectric constant error of the asphalt mixture
calculated using the three classic dielectric models was large,
so these three dielectric models were not applicable. .us, in
order to explain the dielectric characteristics of the above-
mentioned asphalt mixtures, it is necessary to establish
dielectric models for different types of asphalt mixtures,
namely, different dielectric models should be used to explain
the dielectric characteristics of different types of asphalt
mixtures.

5.2. Establishment and Verification of the Dielectric Model of
the Common Asphalt Mixture. .e applicability of a di-
electric model is the key to the nondestructive testing of an
asphalt mixture using the ground-penetrating radar. .e
above results show that three classic dielectric models are not
suitable for explaining the dielectric characteristics of an
asphalt mixture. .erefore, based on the L-R formula, using
the binary linear regression analysis method, the dielectric
properties’ test results of different types of asphalt mixture
are analyzed, and the C value of different types of asphalt
mixture corresponding to the L-R equation is obtained..e
binary linear regression analysis is carried out on the L-R
model under each C value, and the F test is carried out on
the regression analysis results to check whether the binary
linear regression results are correct. .e square sum of
error (e2 � (εm − εx)2) between the theoretical value and
the experimental value of the dielectric constant of the
asphalt mixture under the current model is calculated. .e
analysis results of AC-13, AC-16, SMA-13, and SMA-16 are
shown in Table 3.

Based on the above analysis results, the c value
corresponding to the minimum square sum of the error
between the theoretical value calculated by the dielectric
model and the experimental value of the dielectric
properties of the asphalt mixture is the best dielectric
model of this kind of asphalt mixture, and they are given
by
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Figure 8: Applicability analysis of the Brown model.
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Figure 10: Applicability analysis of the Looyenga model.
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Figure 11 shows the average error of the four classical
models and the established models. As can be seen from the
figure, the new model has the highest accuracy. .e
established models were used to verify the test results. .e

calculation results are shown in Figure 12. .e results show
that the overall calculation accuracy is within 3%, which
meets the usage requirements.

In this work, the dielectric properties of the common
asphalt mixture for the asphalt pavement surface were
studied. .e Brown, CRIM, and Looyenga dielectric models
were used to explain the dielectric properties of the four
types of asphalt mixtures. .e comprehensive test and
calculation results show that Brown, CRIM, and Looyenga
dielectric models are not suitable to explain the dielectric
properties of the four types of asphalt mixtures.

Table 3: Linear regression statistical data of four asphalt concrete types.

AC-13 AC-16 SMA-13 SMA-16
c F e2 c F e2 c F e2 C F e2

−1 25.60 2.95 −1 26.46 1.57 −1 15.09 14.01 −1 15.22 9.91
−0.9 27.22 1.44 0.9 31.16 0.53 −0.9 15.12 10.86 −0.9 15.29 7.30
−0.8 33.07 0.50 0.8 95.87 0.05 −0.8 15.16 8.22 −0.8 15.41 5.18
−0.7 98.91 0.06 −0.7 76.96 0.07 −0.7 15.22 6.05 −0.7 15.59 3.50
−0.6 110.43 0.05 −0.6 30.88 0.51 −0.6 15.30 4.30 −0.6 15.91 2.21
−0.5 34.17 0.41 −0.5 26.59 1.30 −0.5 15.44 2.92 −0.5 16.54 1.26
−0.4 27.73 1.06 −0.4 25.36 2.39 −0.4 15.66 1.87 −0.4 18.03 0.62
−0.3 25.93 1.96 −0.3 24.84 3.70 −0.3 16.08 1.10 −0.3 22.90 0.23
−0.2 25.19 3.05 −0.2 24.58 5.18 −0.2 17.01 0.57 −0.2 48.07 0.05
−0.1 24.81 4.28 −0.1 24.42 6.80 −0.1 19.51 0.24 −0.1 44.47 0.06
0.1 24.45 7.03 0.1 24.25 10.25 0.1 28.83 0.07 0.1 18.07 0.48
0.2 24.35 8.48 0.2 24.21 12.02 0.2 10.18 0.17 0.2 16.63 0.84
0.3 24.28 9.94 0.3 24.17 13.80 0.3 17.23 0.36 0.3 16.01 1.28
0.4 24.23 11.42 0.4 24.14 15.57 0.4 16.17 0.63 0.4 15.68 1.78
0.5 24.20 12.88 0.5 24.12 17.31 0.5 15.70 0.96 0.5 15.49 2.32
0.6 24.17 14.31 0.6 24.11 19.00 0.6 15.46 1.33 0.6 15.36 2.90
0.7 24.14 15.72 0.7 24.09 20.66 0.7 15.32 1.74 0.7 15.28 3.49
0.8 24.13 17.09 0.8 24.08 22.26 0.8 15.22 2.17 0.8 15.22 4.09
0.9 24.11 18.42 0.9 24.07 23.80 0.9 15.16 2.62 0.9 15.18 4.71
1 24.10 19.70 1 24.07 25.29 1 15.12 3.08 1 15.15 5.32
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6. Conclusions

In this study, based on the linear regression analysis of the
L-R equation and test data, the author establishes four di-
electric models of asphalt mixtures. Based on the results of
this study, the following conclusions can be drawn:

(1) Compared with the calculation results of the classic
L-R model, it is obvious that the four models
established have higher calculation accuracy and are
more in line with the actual measurement results

(2) According to the established dielectric model, the
error in the result of calculating the volume ratio of
each component by measuring the dielectric con-
stant of the asphalt mixture can be made smaller

(3) .e establishedmodel has been verified to be suitable
for explaining the dielectric properties of asphalt
mixtures, enriching the dielectric model database of
asphalt pavement surface materials

(4) .e constructed four dielectric models of asphalt
mixtures can guide the nondestructive testing of the
asphalt pavement surface and provide support for
the nondestructive testing and maintenance of the
asphalt pavement

(5) Based on the examination of the rationality of the
existing classic dielectric models to explain the di-
electric properties of asphalt mixtures, this paper
establishes four dielectric models for commonly used
asphalt mixtures, which provides data for the es-
tablishment of a pavement material dielectric model
library stand by.
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