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As the total mileage of roads with asphalt concrete pavement is increasing rapidly, using ground-penetrating radar (GPR) to
estimate the dimension of internal distresses of the asphalt pavement is of great significance for pavement maintenance. However,
the relationship between the dimension of road distress and the characteristics of road distress’s radar echo has not been quantified.
Therefore, in this paper, a GPR forward modeling toward base cracks and interlayer voids is conducted to investigate the
relationship, and a model test is conducted to verify the forward modeling. The results indicate that it is feasible to use a GPR
image to estimate the dimension of interlayer voids and base cracks. For vertical dimension estimation, the vertical dimension of
the distressed area has a positive relationship with the difference in the return time of radar echoes from the top and bottom of the
distressed area. However, the area’s vertical dimension must be at least a quarter of the length of the electromagnetic wave used in
the GPR to be correctly identified. Otherwise, it is not easy to distinguish the overlapping echoes from each other. For horizontal
dimension estimation, the base crack’s horizontal dimension has a quadratic correlation with the echo’s amplitude, and the
horizontal dimension of an interlayer void is approximately equal to the length of its echo’s flat segment.

1. Introduction

It is well known that crack is a common distress of asphalt
pavement, mainly divided into fatigue crack and base crack.
Base cracks usually develop from bottom to top in the pave-
ment structure, so they are not easy to detect or estimate in the
early time of development [1–3]. Once the base crack invades
the surface course, the water seeping into the road surface will
gather in the crack and destroy the connection between the
base and the surface, leading to layer debonding and forming
a void between the two layers [4]. Even if the position of
distresses has been obtained by ground-penetrating radar
(GPR), both base cracks and interlayer voids are challenging
to be treated at a proper time that considers both economy
and safety. Therefore, a method of estimating the dimension
of subsurface distresses is in demand.

Some scholars have investigated the feasibility of nonde-
structive detection of the road distresses using GPR. Solla
et al. [5, 6] verified the applicability of GPR and infrared

thermal imaging in detecting cracks in the asphalt pavement
and believe that these two techniques can estimate the depth
of cracks, detect the presence of filler material, and initially
identify the source and dimension of the cracks. Krysinski
and Sudyka [7] carried out long-term monitoring of three
roads in operation by GPR and summarized the features of
cracks in GPR images. Torbaghan et al. [8] proposed a
method to detect cracks automatically using GPR and deter-
mined that the minimum size of detectable cracks is about
1.1–1.3mm.

The research mentioned above is based on the prototype
or model tests, which are limited by the diversity of pave-
ment distresses and the control of experimental variables.
For this reason, GPR forward modeling, a kind of numerical
analysis unlimited in the experimental conditions, is used for
forming a comprehensive theory to explain the complex and
variable phenomena in practical engineering.

The forward modeling of GPR toward asphalt pavement
distress was investigated in the several areas, such as vertical
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crack identification, water-filled or air-filled void identifica-
tion, and distinguishing between reflection cracks and fatigue
cracks [9–13]. These researches fully demonstrate the feasi-
bility of using forward modeling results to guide the analysis
and interpretation of GPR data [14, 15].

In this paper, using GprMax, a GPR forward modeling
toward base cracks and interlayer voids was conducted to
investigate the relationship between the dimension of the
two distresses and the features of their radar images for
providing a theoretical and technical basis for the quantita-
tive estimation of the dimension of typical asphalt pavement
distresses by GPR. Moreover, a model test was conducted to
verify the result of forward modeling.

2. Basic Model of Forward Modeling

The principal parameters of the model are the number,
dimensions, and electrical properties of the pavement struc-
ture layers.

In this paper, the basic model structure refers to the
typical second-class highway pavement structure in Jiangsu,
China [16]. Considering that the material inside the surface
course is similar, the entire surface course is assumed to be
the same homogeneous medium. Same for the base course
and subgrade. The sittings of the model layers are as follows:
the surface course is 9 cm thick asphalt concrete with a rela-
tive permittivity of 6; the base course is 40 cm thick cement
stabilized macadam with a relative permittivity of 8; the sub-
grade is soil with a relative permittivity of 10 [17]. The sche-
matic diagram of the model is shown in Figure 1.

Pavement materials are generally dry, so they can be
regarded as an ideal medium whose conductivity is close to
zero. The materials are also nonferromagnetic, so their rela-
tive permeability is close to one [18]. The value of related
parameters of the model is shown in Table 1. Besides, the
model is based on the following assumptions: the materials
of the medium in the model are isotropic; the electrical
properties of the materials are invariant under the changes
in frequency; the Z direction is a continuous extension in
space without boundaries.

As the material of each layer is assumed to be homoge-
neous and the reflection of the electromagnetic wave will
only happen where the permittivity changes, the echo should
appear at the border of each layer. The result of forward

modeling toward the basic model is shown in Figure 2.
Two reflected waves appear at 3 and 11 ns, respectively.
That is the same as expected and proves that using GprMax
to simulate the process of scanning pavement structures with
GPR is feasible.

3. Forward Modeling toward a Base Crack

3.1. Features of Base Cracks in GPR Image. In order to obtain
the features of base cracks in the GPR image, add base cracks
to the basic model. Figure 3 shows a model consisting of the
basic model and a 20 cm high and 1 cm wide crack. Figure 4
shows the result of forward modeling toward the model. It
can be noticed that the echo of the crack in the GPR image is
a clear hyperbola with a small amplitude (compared with the
echo of the junction of the surface course and base course).
Besides, there are a few noises near the echo due to the
diffraction of electromagnetic waves.

3.2. Influence of the Crack’s Horizontal Dimension on Its
Radar Echo. A series of models with a single crack of differ-
ent horizontal dimensions is created to investigate the influ-
ence of the changes of the crack’s horizontal dimension on its
radar echo. As the horizontal dimension of a base crack is
generally between 0.1 and 2 cm [19, 20], the horizontal

Asphalt concrete (thickness = 9 cm, r = 6)

Cement stabilized macadam
(thickness = 40 cm, r = 8)

Soil
(thickness = 40 cm, r = 10)

FIGURE 1: The diagram of the basic model.

TABLE 1: Parameters of GPR forward modelling.

Parameters Value

Model size (m) 1× 0.6
Space grid step size (m) 0.002× 0.002
Time window (ns) 20
Initial transmitting antenna coordinate (m) (0.02, 0.58)
Initial receiving antenna coordinate (m) (0.17, 0.58)
Antenna step length (m) 0.01
Incentive source type Ricker
Excitation source frequency (MHz) 900
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FIGURE 2: The result of GPR forward modeling toward the basic
model.
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dimension of cracks in those models is set to 0.5, 1, 1.5, 2, 2.5,
and 3 cm, respectively.

Figure 5 shows the series of models with a single crack of
different horizontal dimensions (combined into one image
for comparison), and Figure 6 shows the results of forward
modeling toward these models.

The shape of the crack’s echo is almost invariant under the
change of horizontal dimension. However, the echo ampli-
tude has a pretty clear relationship with the crack’s horizontal
dimension. More specifically, the larger the crack’s horizontal
dimension, the larger the echo amplitude. The result of fitting

the echo amplitude and the crack’s horizontal dimension is
shown in Figure 7 and Equation (1).

A¼ 2:715w2 þ 4:397wþ 3:532 R2 ¼ 0:997ð Þ; ð1Þ

where A is the maximum value of the echo amplitude, which
is normalized, of the crack’s top surface and w is the hori-
zontal dimension of the crack.

Obviously, there is a clear quantitative relationship
between the crack’s horizontal dimension and the echo

Pavement surface, r = 6

Pavement base, r = 8

Subgrade, r = 10

Crack

FIGURE 3: The diagram of the model with a base crack.

20 40 60 80 100
Trace number

0

5

10

15

20

Ti
m

e (
ns

)

–150

–100

–50

0

50

100

150

El
ec

tr
ic

 fi
el

d 
in

te
ns

ity
 (V

/m
)

FIGURE 4: The result of GPR forward modeling toward the model with a crack.

Pavement surface, r = 6

Pavement base, r = 8

Subgrade, r = 10

Cracks with different horizontal dimensions

FIGURE 5: Models with a crack of different horizontal dimensions.
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FIGURE 6: Results of forward modelling toward models with a crack of different horizontal dimensions (a–f ).
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amplitude based on Equation (1). However, the coefficients
in Equation (1) are not constant. It will be affected by
changes in the relative permittivity of the detection object
[21]. In other words, the relationship shown in Equation (1)
should be redetermined once the road material changes.

3.3. Influence of the Crack’s Vertical Dimension on Its Radar
Echo. A series of models with a single crack of different
vertical dimensions is created to investigate the influence
of the changes of the crack’s vertical dimension on its radar
echo. The vertical dimension of the crack in those models is
set at 10, 20, 30, 40, and 49 cm, respectively. Figure 8 shows
the series of models with a crack of different vertical dimen-
sions, and Figure 9 shows the results of forward modeling
toward these models.

According to the results shown in Figure 9, the time dis-
tance of the two echoes belonging to the top and bottom
surfaces of the crack is positively correlated with the crack’s
vertical dimension. The relationship between the time dis-
tance and the crack’s vertical dimension is shown in Figure 10.

The quantitative relationship between the time distance
and the crack’s vertical dimension can be derived as follows:

If the base crack is inside the base course,

T ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εrb 4 hþ dð Þ2 þ b2½ �

c2

r
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εrb 4 hþ d − Lð Þ2 þ b2½ �

c2

r
:

ð2Þ

If the base crack has invaded the surface course (across
the whole pavement),

T¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εrb 4h2 þ b2ð Þ

c2

r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εrs 4d2 þ b2ð Þ

c2

r

−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εrs 4 hþ d − Lð Þ2 þ b2½ �

c2

r
;

ð3Þ

where T is the time distance of two echoes belonging to the
top and bottom surfaces of the crack; L is the crack’s vertical
dimension; εrb and εrs are the relative permittivity of base
course and surface course, respectively; h and d are the thick-
ness of the surface course and base course, respectively; b is
the distance between transmit and receive antennas; c is the
speed of light which is 0.3m/ns constantly.

Equations (2) and (3) can be used for estimating the
vertical dimension of base cracks after obtaining the time
distance by GPR in the actual project.

4. Forward Modeling toward an Interlayer Void

4.1. Features of Interlayer Voids in GPR Image. A model
consists of the basic model, a crack through the whole pave-
ment, and a void derived from the crack is shown in Figure 11.
The void is 20 cm wide, 2 cm height, and filled with air.
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Pavement surface, r = 6
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Subgrade, r = 10 Cracks with different vertical dimensions

FIGURE 8: Models with a crack of different vertical dimensions.
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FIGURE 9: Results of forward modeling toward models with a crack of different vertical dimensions (a–e).
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FIGURE 11: The diagram of the model with an interlayer void.
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FIGURE 12: The result of GPR forward modeling toward the model with an interlayer void.

Pavement surface, r = 6
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FIGURE 13: Models with a void of different horizontal dimensions.
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FIGURE 14: Results of forward modeling toward models with a void of different horizontal dimensions (a–e).
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Figure 12 shows the result of forward modeling toward the
model.

The GPR echo of an interlayer void consists of a flat wave
in the middle and some noises on the sides. The flat wave
comes from the reflection of the interlayer void, and the
noises come from the diffraction of the void edge.

4.2. Influence of the Void’s Horizontal Dimension on Its
Radar Echo. A series of models with a void of different
horizontal dimensions, which is set at 10, 15, 20, 25, and
30 cm, respectively, is created to investigate the influence
of the changes of the void’s horizontal dimension on its
radar echo. The range of the void’s horizontal dimension
depends on the phenomenon that the interlayer void gen-
erally does not excessively exceed the area where the tire
touches the ground [22], which is about 20 cm long and
20 cm wide. Figure 13 shows the models, and Figure 14
shows the results of forward modeling toward these
models.

It can be noticed that there is a clear positive correlation
between the length of the echo’s flat segment and the void’s
horizontal dimension. Considering that the trace number is
generally replaced by the coordinates of the sampling points
in the actual project, the length of the flat segment is approx-
imately equal to the horizontal dimension of the void. This
conclusion can be used for estimating the horizontal dimen-
sion of an interlayer void.

4.3. Influence of the Void’s Vertical Dimension on Its Radar
Echo. A series of models with a void of different vertical
dimensions, which is set at 2, 4, 6, 8, and 10 cm, respectively,
is created to investigate the influence of the changes of the
void’s vertical dimension on its radar echo. Figure 15 shows
these models, and Figure 16 shows the results of forward
modeling toward these models.

Limited by the vertical resolution of GPR, the echoes
belonging to the top and bottom surfaces of the void will
overlap if the void’s vertical dimension is too small. More
specifically, the two echoes will be challenging to distinguish
from each other if the void’s vertical dimension is less than a
quarter of the wavelength of the electromagnetic wave used
in GPR [23].

5. Model Test for GPR Forward Modeling

In order to verify the results of GPR forward modeling
toward the two pavement distresses, a series of models con-
taining distresses of different dimensions are built.

5.1. Model Design. For GPR, the difference between different
materials is essentially the difference in permittivity, which
mainly affects the amplitude and speed of the electromag-
netic wave. In other words, the shape of the echo is mainly
related to the distress’s spatial structure, not the type of
material. Besides, this paper mainly aims to estimate the
dimension of road distresses. Therefore, the asphalt pave-
ment, cement stabilized macadam, and distress area are
replaced by a marble slab, sandy soil, and solid acrylic plate,
respectively, in the models to carry out the test more
conveniently.

Figure 17 shows the structure of the model. A box, which
is 1.2m long, 0.5m wide, 0.5m height, and made of acrylic
board, is used as a container for models. Fill the box with
40 cm thick sandy soil, and put a 9 cm thick marble slab on
the sandy soil. Use SIR-4000 with 900MHz antenna to scan
the model.

5.2. Result of Model Test. Build a series of models according
to the structures shown in Figures 5, 8, and 13, and scan
those models by GPR. Through the analysis of the data,
the following conclusions are drawn:

(i) There has a good quadratic relationship between the
crack’s horizontal dimension and the echo ampli-
tude. Therefore, the method of estimating a crack’s
horizontal dimension with its echo amplitude is reli-
able. Figure 18 and Equation (4) show the relation-
ship between the crack’s horizontal dimension and
the normalized echo amplitude determined by the
model test.

A¼ 3:2357w2
− 0:9593wþ 40:21 R2 ¼ 0:896ð Þ; ð4Þ

where the definitions of A and w have been described in
Equation (1).

Pavement surface, r = 6

Pavement base, r = 8

Subgrade, r = 10 Interlayer void with vertical dimensions

FIGURE 15: Models with a void of different vertical dimensions.
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(ii) The time distance increases linearly with increasing
vertical dimension in the model test. Furthermore,
the time distance from the model test is lower than
that from the theoretical calculation under a same
vertical dimension. However, the relative error of

the time distance obtained by the two methods is
less than 12%, and it decreases with the increase of
the crack’s vertical dimension. Figure 19 shows the
relationship among the crack’s vertical dimension,
the time distance of echoes determined by the
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FIGURE 16: Results of forward modeling toward models with a void of different vertical dimensions (a–e).
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ðaÞ ðbÞ ðcÞ
FIGURE 17: The model and its scanning scene: (a) A solid acrylic plate to simulate the disease area; (b) appearance of the entire model; and (c)
GPR scanning scene.
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TABLE 2: The length of echo’s flat segment obtained by GPR.

Void’s horizontal dimension (cm) 10 15 20 25 30

The length of the echo’s flat segment (cm) 10.15 15.25 20.36 25.51 30.55
Relative error (%) 1.50 1.67 1.80 2.04 1.83
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model test, and the time distance determined by
Equation (2).

(iii) The length of the echo’s flat segment shown in
Table 2 is approximately equal to the void’s horizon-
tal dimension, with a maximum error of 2.04% and
an average error of 1.77%, which is consistent with
the rule obtained from the forward modeling.

6. Conclusions

(i) The echo of the base crack is a clear hyperbola, and
the echo of an interlayer void consists of a flat wave
in the middle and some noises on the sides.

(ii) A quadratic relationship exists between the horizontal
dimension of the base crack and the echo amplitude. A
linear relationship exists between the vertical dimen-
sion of the base crack and the time distance of the two
echoes from the top and bottom surfaces of the crack.
Those two rules can be used for estimating the dimen-
sion of base cracks.

(iii) The horizontal dimension of an interlayer void is
approximately equal to the flat segment length of
the echo of its top surface. This rule can be used
for estimating the dimension of an interlayer void.
However, it needs the void’s vertical dimension to be
more than a quarter of the wavelength of the elec-
tromagnetic wave used in GPR.

(iv) The same rules are obtained from forward modeling
and model test, which means that the echo features
of base cracks and interlayer voids obtained by for-
ward modeling are reliable.

(v) The actual structure of pavement distress is far more
complex than the model in this paper. In further
research, the structure of the model should be fur-
ther refined according to the actual distress to
improve the reliability and practicability of the for-
ward modeling results.
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