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1e rapid detection of asphalt content in asphalt mixture is of great significance to the quality evaluation of asphalt pavement.
Based on the dielectric properties of an asphalt mixture, the prediction model of asphalt content is deduced theoretically using
three types of dielectric models: Lichtenecker-Rother (L-R) model, Rayleighmodel, and Bottcher equation. Under the condition of
laboratory mixing at room temperature (about 20–25°C), a dielectric test of asphalt mixture is conducted to verify the applicability
of the model. 1e test results indicate that the dielectric constant of the asphalt mixture is inversely proportional to the asphalt
content and directly proportional to the aggregate size of the mixture. Among the models, the Rayleigh model has a wide range of
applications and exhibits a high accuracy, with an average relative error of only 1.86%. 1e results provide a theoretical basis for
the nondestructive testing of asphalt pavements using ground-penetrating radar.

1. Introduction

Asphalt pavement is widely used in highway construction
owing to its low noise, high strength, and excellent
smoothness [1, 2]. With the increasing pursuit of pavement
comfort, asphalt pavements have gradually become the main
structural forms of high-grade pavements [3]. 1e early
disease of asphalt pavements is related to the construction
quality, as well as the mixture oil-stone ratio. If the asphalt
content is significantly low, the voidage becomes significantly
high. If the asphalt content is significantly high, the thermal
stability of the mixture decreases, leading to the easy onset of
diseases, such as bulge and rutting. 1erefore, the accurate
determination of asphalt content in asphalt mixtures in the
construction process plays an important role in maintaining
the constructive quality of asphalt pavements [4].

At present, combustion and centrifugal extraction
methods are often used to detect asphalt content [5].

However, these methods have low detective efficiency and
cannot meet the requirements of rapid detection of asphalt
content [6, 7]. As a novel road quality inspection method,
ground-penetrating radar (GPR) has been widely used in the
quality inspection of road structure layers owing to its
continuous, efficient, and nondestructive testing nature [8].
Lyntton first proposed the use of a dielectric constant to
calculate pavement moisture content and compactness [9].
Topp et al. used regression analysis to establish the corre-
lation between soil dielectric constant and soil water content
[10]. In the field of soil water content detection, this model
provides the most widely used empirical formula. Based on
the idea of soil moisture content detection, scholars
worldwide began to conduct related research on the di-
electric properties of the asphalt mixture. Roth used the
Time Domain Reflectometry (TDR) calibration method to
measure the soil volumetric water content and dielectric
constant and determined the model parameters by weighted
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regression, thereby improving the dielectric model proposed
by Dobson et al. [11]. Chang et al. demonstrated the existence
of a good correlation among the density, voidage, and di-
electric constant of asphalt mixtures [12]. Hoegh et al.
established the regression relationship between the permit-
tivity and voidage of asphalt mixtures and used GPR to detect
the compactness of pavement surfaces [13]. Song used GPR to
monitor the change in surface dielectric constant with the
number of vehicle loads, thus providing a theoretical basis for
the real-time analysis of pavement compactness [14]. Hou
used spectrophotometry to determine the asphalt content in
emulsified asphalt mixtures [15], and Kumbargeri used
asphaltene proportion as the performance index to study the
aging of asphalt mixtures [16]. In the above literature, by
studying the relationship between the dielectric constant and
road moisture content, compactness, and other indexes, the
idea has been applied to the study of the voidage correlation in
asphalt mixtures, achieving a good effect. However, in view of
the relationship between the dielectric properties and the
compactness, density, and asphalt content of asphalt mix-
tures, a composite dielectric model to determine the asphalt
content has yet to be reported.

To meet the current demand for the rapid detection of
asphalt content, this study explores the feasibility of
detecting asphalt content through the dielectric properties of
asphalt mixtures. Using the Bottcher model, the Rayleigh
model, and the L-R model, the asphalt content prediction
model for the asphalt mixtures is developed through the-
oretical derivation. In addition, the applicability of the
prediction model is verified through experiments. Fur-
thermore, an asphalt content calculation method based on
the dielectric properties of the asphalt mixtures is proposed,
which provides a theoretical basis for the rapid and non-
destructive testing of asphalt content using GPR.

2. Derivation of Prediction Model of
Asphalt Content

1e dielectric constant is an important parameter that re-
flects the dielectric properties of pavement materials.
1rough the analysis of the dielectric constant of pavement
materials, the relevant indexes of pavement performance can
be obtained [17]. Dielectric properties describe the inter-
action between the medium and the electric field. 1e di-
electric properties of a medium are typically described by
permittivity ε, conductivity σ, and permeability μ [18]. 1e
dielectric constant is one of the most important parameters
for characterizing the dielectric properties of a medium,
reflecting the ability of the medium to store charge in the
electric field. 1e dielectric constant of a composite medium
considers the vacuum dielectric constant ε0 (8.854×10−9 F/
m) as the reference value, and the relative dielectric constant
of the medium is used in the simulation calculation. 1e
ratio of dielectric constant to vacuum dielectric constant is
known as the relative dielectric constant of a medium [19].
1e relative permittivity is calculated as follows:

εr �
ε
ε0

� εr
′ − jεr
″. (1)

It can be seen from the above equation that the relative
permittivity of a medium is a dimensionless complex
number. εr

′ is the real part of the relative dielectric constant
and mainly reflects the storage effect of the medium on the
electromagnetic wave. εr

’′ � σ/ω is the imaginary part of the
relative dielectric constant, which mainly reflects the loss
characteristics of the dielectric to the electromagnetic wave
[20].

1e dielectric constant of multiphase composite media
can be described by the dielectric constant and volume ratio
of each single-phase medium, which is known as the di-
electric constant model of the composite media. 1ere exist
several dielectric constant models that describe the dielectric
properties of multiphase media. 1e classical dielectric
models include the L-R model, Rayleigh model, Bottcher
equation, Bruggeman-Hanai model, and Li Jianhao model
[21]. Owing to the wide application ranges of the L-R model,
Rayleigh model, and Bottcher equation, the prediction ac-
curacy of the composite dielectric constant model is high.
1is paper deduces the proposed model based on these three
models, as described as follows.

2.1. Introduction of L-R Model. 1e L-R model is one of the
most classical dielectric models, which has been widely used
in geophysical exploration and other research fields. It can be
expressed as

εm( 􏼁
c

� 􏽘
n

i�1
fi εi( 􏼁

c
. (2)

In the above equation, the parameter c assumes a value
between −1 and 1. When c is 1, 1/3, or 1/2, the L-R model is
converted into classical dielectric models, namely, the linear
model, cubic root model, and root mean square model,
respectively, as defined in equations (3), (4), and (5):

εm( 􏼁 � 􏽘
n

i�1
fi εi( 􏼁, (3)

εm( 􏼁
(1/3)

� 􏽘
n

i�1
fi εi( 􏼁

(1/3)
, (4)

εm( 􏼁
(1/2)

� 􏽘
n

i�1
fi εi( 􏼁

(1/2)
. (5)

In equations (2)–(5), εm denotes the dielectric constant
of the medium,fi is the volume ratio of the component i to
the mixture, and εi is the dielectric constant of the com-
ponent i.

2.2. Introduction of Rayleigh Model. When the medium is a
two-phase composite, the Rayleigh model can be defined as

εm − 1
εm + 2

� V1
ε1 − 1
ε1 + 2

+ V2
ε2 − 1
ε2 + 2

. (6)

1e model can be extended to n-phase media as
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εm − 1
εm + 2

� 􏽘
n

i�1
vi

εi − 1
εi + 2

. (7)

2.3. Introduction of Bottcher Equation. Equations of sym-
metrical two-phase composites are as follows:

V1
ε1 − εm

ε1 + 2εm

+ V2
ε2 − εm

ε2 + 2εm

� 0. (8)

Dielectric model applied to multiphase composites is as
follows:

􏽘

n

i�1
vi

εi − εm

εi + 2εm

� 0. (9)

According to the above theoretical basis, the linear
model, square root model, root mean square model, Ray-
leigh model, and Bottcher equation are selected to determine
the asphalt content of the asphalt mixture. 1e derivation
process and results are as follows.

2.3.1. Lichtenecker-Rother Model. Based on the L-R model,
the relationship between the dielectric properties and asphalt
content of the asphalt mixture was studied. 1e asphalt
mixture was a multiphase composite medium composed of
single-phase media, such as aggregate, asphalt, and air [22].
1e L-R model of the asphalt mixture can be expressed by
equation (10):

εm( 􏼁
c

� fs εs( 􏼁
c

+ fas εas( 􏼁
c

+ fa εa( 􏼁
c
. (10)

Here, εm denotes the relative dielectric constant of the
asphalt mixture. εs, εas, and εa are the relative dielectric
constants of the aggregate, asphalt, and air in the asphalt
mixture, respectively.fs, fas, and fa are the volume ratios of
the aggregate, asphalt, and air in the asphalt mixture. In the
studied asphalt mixture, assuming fs + fas + fa � 1, the
volume of asphalt can be determined as follows:

fas � 1 − fa − fs. (11)

1e volume composition expression of the derived ag-
gregate is obtained by combining equations (10) and (11):

fas �
km − kas + kas − 1( 􏼁fa

ks − kas

. (12)

In this equation, the expressions of the correlation co-
efficients km, ks, kas, and ka are as follows (13). 1e rep-
resentations of the other parameters in the equation are the
same as those in equation (10).

ki � εi( 􏼁
c
(i � m, s, as, a). (13)

1e dielectric constant of air is 1, that is, εa � 1, and the
volume ratio of air in the asphalt mixture is fa. 1erefore,
the equation for voidage e can be deduced as follows:

e � fa × 100%. (14)

Considering the effect of asphalt volume ratio, the as-
phalt content prediction models are defined as follows:

Pa �
cas(1 − T − e)

cs × T + cas(1 − T − e)
. (15)

In the above equation,
T � (km − kas + (kas − 1) × (e÷ 100%))/(ks − kas).

Using the asphalt content prediction model (15), the
asphalt content can be calculated based on the dielectric
properties of the asphalt mixture, which are described in
detail. 1e value of c in the L-R model of the asphalt mixture
needs to be determined first [23]. In addition, the aggregate,
dielectric constant, and corresponding density of the asphalt
mixture must be determined. Except for the parameter c in
the dielectric model, the remaining parameters can be
measured in the laboratory. 1erefore, the dielectric model
of the asphalt mixture based on the L-R model is established
first, and then the asphalt content is calculated according to
the prediction model.

2.3.2. Rayleigh Model. 1e expression of the Rayleigh model
of the asphalt mixture is as follows:

εm − 1
εm + 2

� Vs

εs − 1
εs + 2

+ Vas

εas − 1
εas + 2

+ Va

εa − 1
εa + 2

,

ki �
εi − 1
εi + 2

, (i � m, s, as, a),

εa � 1, Va

εa − 1
εa + 2

� 0.

(16)

1e Rayleigh model can be expressed as

km � Vsks Vaskas. (17)

1e volume of the asphalt can be deduced from equation
(17):

Vas � 1 − e − Vs. (18)

1e aggregate volume can be defined as

Vs �
km +(e − 1)kas

ks − kas

. (19)

1en, the equation for asphalt content is deduced as

Pa �
ρasVas

ρasVas + ρsVs

�
ρas 1 − e − Vs( 􏼁

ρas 1 − e − Vs( 􏼁 + ρsVs

. (20)

2.3.3. Bottcher Equation. 1e expression for the Bottcher
equation of the asphalt mixture is

Vs

εs − εm

εs + 2εm

+ Vas

εas − εm

εas + 2εm

+ Va

εa − εm

εa + 2εm

� 0,

ki �
εi − εm

εi + 2εm

(i � a, as, a).

(21)
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1en, the Bottcher equation can be expressed as

Vaskas + Vsks + Vaka � 0. (22)

1e asphalt volume can be expressed as

Vas � 1 − e − Vs. (23)

Combining equations (22) and (23), we obtain

1 − e − Vs( 􏼁kas + Vsks + Vaka � 0. (24)

1e aggregate volume can be expressed as

Vs �
(1 − e)kas + Vaka

ks − kas

. (25)

1en, the equation for asphalt content can be deduced as

Pa �
ρas 1 − e − Vs( 􏼁

ρas 1 − e − Vs( 􏼁 + ρsVs

. (26)

3. Test and Method

3.1. Test Materials. Both AC-16 asphalt concrete mixture
and SMA-16 asphalt mastic macadam mixture use 90# as-
phalt to prepare the standard specimens, and limestone was
used as the aggregate and mineral powder. 1e physical
parameters of the two mixtures were measured according to
the requirements of the code. Based on the standard sieve
system (square pore sieve) of the asphalt mixture mineral
aggregate gradation screening test, the mineral aggregate
was divided into k grades with different particle sizes. 1e
size of each sieve hole was recorded as dm,k, and rm,k was
defined as the particle size of all levels of mineral particles.
1e mineral material grades for the test are presented in
Table 1.

3.2. Test Scheme. AC-16 and SMA-16 were selected as the
experimental objects. 1e dielectric constants of the asphalt
and aggregate single-phase medium were tested, and the
dielectric properties of the AC-16 asphalt concrete and
SMA-16 stone matrix asphalt with different oil-stone ratio
were studied experimentally. 1e sample preparation pro-
cess is illustrated in Figure 1, and the test process is depicted
in Figure 2.

(1) According to the specifications, the AC-16 asphalt
concrete mixture and SMA-16 asphalt mastic mac-
adam mixture were prepared [11], by making the
rutting plate specimen compact using a compactor
[24]. 1e oil-stone ratios of six specimens were as
follows: 4.0%, 4.1%, and 4.2% for the first group of
the AC-16 asphalt concrete mixture and 5.9%, 6.0%,
and 6.1% for the second group. For the three stan-
dard specimens of the SMA-16 asphalt macadam
mixture, the oil-stone ratios used were 6.9%, 7.0%,
and 7.1%. 1us, there were nine standard specimens
in total.

(2) A high-temperature coaxial probe method was used
to test the dielectric constant of a single-phase

medium, such as asphalt and aggregate. While
testing, it is necessary to ensure that the plane of the
measured object is dry and in contact with the plane
of the probe. Because the dielectric constant of water
at 25°C is approximately 81 and that of air is ap-
proximately 1, the existence of water and voids
significantly affects the measurement accuracy.

(3) 1e dielectric constants of the asphalt mixture
specimens were measured using the waveguide
cavity method of the network analyzer.

4. Test Results and Discussion

4.1. Main Influencing Factors of Dielectric Constant of
Mixture. Figure 3 depicts the graph of the dielectric con-
stant of asphalt and limestone versus frequency. 1e di-
electric constants of the limestone block and asphalt are less
affected by frequency in the range of 1.7–2.6GHz. 1e
average dielectric constants of limestone and asphalt are
7.343 and 3.002, respectively.

Based on the above test flow, the test results of the di-
electric constant of the asphalt mixture are presented in
Table 2. Although there is a significant difference between
the oil-stone ratios of the two groups of asphalt concrete
specimens (AC-16-1 to AC-16-6), their dielectric constants
are similar because the asphalt concrete is composed of
asphalt, coarse aggregate, fine aggregate, and mineral
powder. From Figure 3, it can be observed that the average
dielectric constants of the asphalt, limestone block, and
mixture are approximately 3, 7, and >5, respectively, which
indicates that the main factors affecting the dielectric con-
stant of the mixture are the coarse and fine aggregates of
limestone. Moreover, when the asphalt content increases,
the dielectric constant of the mixture does not change
significantly.

Although the oil-stone ratio of the asphalt mastic
macadam mixture is large, the overall dielectric constant is
slightly greater than that of the asphalt concrete macadam.
1is is because the mastic macadam mixture is composed of
asphalt, coarse aggregate, mineral powder, and a small
amount of fine aggregate. 1e proportion of coarse aggre-
gates is relatively large corresponding to the larger dielectric
constant of the complete mixture. Most of the calculation
methods of the dielectric model of the mixture consider the
dielectric constant and the proportion of different materials
that compose the mixture and determine the contribution of
each single medium to the overall dielectric constant based
on its volume ratio; thus, the change in the dielectric
constant can be explained.

4.2. Effect of Asphalt Content on Dielectric Constant.
Figure 4 depicts the changing trend of the dielectric constant
of the mixture with the oil-stone ratio. 1e dielectric con-
stants of the three groups of specimens decrease with the
increase in the oil-stone ratio. In the first and second groups,
which are of the same type of asphalt concrete block, the
dielectric constants decrease slightly with increasing asphalt
content, and the degree of decrease follows a linear trend. In
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Table 1: Commonly used standard sieve sizes and corresponding particle sizes of mineral aggregate.

k 1 2 3 4 5 6 7 8 9 10
dm,k (mm) 0.075 0.15 0.3 0.6 1.18 2.36 4.75 9.5 13.2 16
rm,k (mm) 0.038 0.113 0.225 0.45 0.89 1.77 3.56 7.125 11.35 14.6

90# aphalt Limestone gravel of different grades

Rut plate specimen

Bituminous concrete Stone mastic asphalt

Rutting sample forming machine

Figure 1: Production process of asphalt mixture.

Limestone
block

Network
analyzer High-

temperature
probe

Waveguide cavity Asphalt mixture specimen

Temperature
sensor

Asphalt

Figure 2: Measurement of permittivity of single medium and mixture.
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Table 2: Dielectric constant of asphalt mixture specimens.

Specimen number AC-16-1 AC-16-2 AC-16-3 AC-16-4 AC-16-5 AC-16-6 SMA-16-1 SMA-16-2 SMA-16-3
Oil-stone ratio (%) 4.0 4.1 4.2 5.9 6.0 6.1 6.9 7.0 7.1
Dielectric constant 5.243 5.129 4.996 4.865 4.732 4.611 5.684 5.635 5.611
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Figure 4: Variation of dielectric constant with the oil-stone ratio of the mixture.
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the asphalt concrete, the asphalt mortar composed of asphalt
and mineral powder plays the role of bonding the coarse and
fine aggregates, because the mortar requires an appropriate
pigment to binder ratio to achieve the optimal bonding
performance. As the asphalt content increases, the volume
ratio of the coarse and fine aggregates decreases, and the
filling performance of the mortar is deteriorated, resulting in
an increase in voidage and a downward trend in the di-
electric constant of the mixture.

Owing to the lack of a certain proportion of fine ag-
gregates, the third group of the mastic asphalt macadam
mixture contains more mineral powder, coarse aggregate,
and fiber stabilizer than the other two groups, resulting in an
increase in the proportion of mortar. With the increase in
asphalt content, the performance of the mortar gradually
improves, and the ability of the coarse aggregate to bond and
fill voids is enhanced. 1erefore, its dielectric constant is
greater than that of the asphalt concrete block. However,
according to the composite model of the dielectric constant,
the main factor affecting the overall dielectric constant is the
proportion of a single medium with a larger dielectric
constant. As the proportion of aggregate decreases, the
overall dielectric constant of the specimen still exhibits a
downward trend.

4.3. Accuracy Comparison of the Dielectric Model of Asphalt
Content. Assuming that the voidage of the mixture is
known, according to the average density of the aggregate,
dielectric constant, voidage of the mixture, and volume
percentage of asphalt and aggregate, the data are entered into
the models, such as the derived linear, square root, root
mean square, Bottcher, and Rayleighmodels.1e calculation
results are presented in Figure 5.

Figure 6 depicts the relative errors of the prediction
model: the average errors of the linear, cubic root, root
mean square, Rayleigh, and Bottcher models are 175.40%,
85.58%, 108.11%, 1.86%, and 99.63%, respectively.
Composite materials are composed of two or more ma-
terials, and most of them are multiphase bodies composed
of solid, liquid, and gas phases. 1e dielectric constant of
composites is closely related to the component dielectric
constant, volume ratio, geometric structure, electro-
chemical performance, test frequency, and temperature.
Most of the dielectric constant models of composite
materials cannot reflect the overall asphalt content ac-
curately by considering the dielectric constant of the
composition and the volume ratio of each phase, which is
a relatively simple factor.

Although nondestructive testing technology has been
developed for many years, it is still a new technology, and
the research on dielectric properties of road materials is
still at the initial stage, so there is no corresponding
standard. Influenced by material quality, manufacturing
process, mixture manufacturing process, external tem-
perature, and other factors, the average error of dielectric

property test of finished products in laboratory is gen-
erally 3%–5%. To verify the applicability of different
models to asphalt mixture, the model with error less than
10% has certain applicability.

In the L-R model, the value of parameter c determines
the model application range, the root mean square model
is widely used in the fields of soil science and geophysics,
and the cubic root model is suitable for simulating and
calculating the dielectric constant of spherical and ran-
domly distributed elliptical materials. 1us, the material
type of the L-R model is different from that of the asphalt
mixture. 1e application of the Bottcher model to two-
phase symmetrical composites has a good result. 1e
Rayleigh model considers the dielectric properties of
three-phase (or higher) mixed materials, and the ad-
justment coefficient of the parameters is close to reality.
Among the test results of the five types of models, the
calculation result of the Rayleigh model is closest to the
measured data, while the error is the smallest, which
makes it useful as a theoretical basis to conduct the
practical engineering for the detection of asphalt content
in asphalt pavements using GPR.

5. Engineering Example Verification

To verify whether the accuracy and scope of application of
the model established in this study meet the requirements of
engineering testing, samples were taken from the asphalt
pavement of the West Fourth Ring Road in Zhengzhou, as
depicted in Figure 7.

We tested the asphalt content of the samples using the
combustion method and obtained the real asphalt content of
the pavement surface. Using the measured dielectric con-
stant to calculate the three volume ratios of the samples, we
entered the data into the asphalt content prediction model
and compared the calculated results with the measured
values, as illustrated in Figure 8.

It can be observed from Figure 8 that there is a sig-
nificant difference between the measured value and the
calculated theoretical value of asphalt content in the as-
phalt pavement, and the errors of the three samples are
different. 1e relative error and average error of the
calculation are depicted in Figure 9. As can be seen from
Figures 8 and 9, the relative errors of samples 1, 2, and 3
are 8.80%, 14.19%, and 5.64%, respectively, and the av-
erage error of the samples is 9.47%, which is considerably
higher than the accuracy of the model verified by the
sample. Because the proportion of the electrical constant
and volume in the asphalt mixture is minimal, using the
theoretical asphalt content and dielectric constant as
known conditions to calculate the three-term volume
ratio of the asphalt mixture causes a large error. In ad-
dition, there is a significant difference between the asphalt
mixture in the laboratory and the samples taken from the
actual pavement. 1us, the main factors that must be
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considered are internal factors, such as compactness,
voidage, ultraviolet radiation, temperature, humidity, and
other external factors. In summary, the above-mentioned
factors are the reason for the large error.

6. Conclusions

In this study, three types of dielectric models suitable for
asphalt mixtures were selected from various dielectric model
libraries. 1e correlation formula between asphalt content
and dielectric constant was derived, and its accuracy was
verified through experiments. 1e results indicate the
following:

(1) In asphalt mixtures with the same gradation and
mineral aggregate, as the dielectric constant of the
mixture increases, the asphalt content decreases,
indicating that the asphalt content is inversely
proportional to the dielectric constant of the asphalt
mixture.

(2) 1ere exists a relationship between the dielectric
constant of the asphalt mixture and the particle size of
the aggregate. Owing to the large dielectric constant
due to the large particle size of the aggregate, the di-
electric constant of the mixture increases with an in-
crease in the aggregate size of the same type of asphalt.

(3) According to the dielectric model of the composite,
the proportion of the single medium in the mixture
determines the dielectric constant of the mixture,
and the single medium with a large dielectric con-
stant is the main factor affecting the dielectric
constant of the mixture. 1is is supported by the fact
that the proportion of coarse aggregates in the as-
phalt mastic mixture is relatively large, and the di-
electric constant of the asphalt mastic mixture is
greater than that of the asphalt concrete of the same
grade.

(4) Among the established models, the calculation re-
sults of the Rayleigh model for the asphalt concrete
block and asphalt mastic macadam mixture are
closer to the test value, exhibiting higher accuracy.

Figure 7: On-site sampling of asphalt pavement.
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Figure 8: Comparison between the measured value and the cal-
culated value of pavement sampling.
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Figure 9: Relative error between measured and calculated values of
sampling.
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1e minimum error is 0.18%, the maximum error is
3.38%, and the average error is 1.86%. 1e Rayleigh
model exhibits the best effect in terms of both the
scope of application and accuracy rate. As an im-
portant theoretical basis for road GPR detection of
the asphalt content in asphalt pavements, this study
lays the foundation for follow-up work.
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