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The three-dimensional ground-penetrating radar system is an effective method to detect
road void disease. Ground penetrating radar image interpretation has the characteristics of
multi-solution, long interpretation period, and high professional requirements of
processors. In recent years, researchers have put forward solutions for automatic
interpretation of ground-penetrating radar images, including automatic detection
algorithm for subgrade diseases based on support vector machines, etc., but there
are still some shortcomings such as training models with a large amount of data or setting
parameters. In this article, a three-dimensional ground-penetrating radar void signal
recognition algorithm based on the digital image is proposed, and the algorithm uses
digital images to characterize radar signals. With the help of digital image processing
methods, the images are processed by binarization, corrosion, expansion, connected area
inspection, fine length index inspection, and three-dimensional matching inspection, so as
to identify and determine the void signals and extract the void area volume index. The
algorithm has been verified by laboratory tests and engineering projects, and the results
show that the void identification algorithm can accurately identify the void area position; the
error level between the measured values and the measured values of length, width, buried
depth, and area is between 2.2 and 17.3%, and the error is generally within the engineering
acceptance range. The volume index calculated by the algorithm has a certain engineering
application value; compared with the support vector machine, the regressive convolution
neural network, and other recognition methods, it has the advantage of not needing a large
amount of data to train or modify parameters.
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1 PREFACE

Internal void of the road structure refers to the void formed in the structural layer due to erosion of
subgrade backfill soil or base course and sinking of the substructure layer. Under the continuous
action of formation conditions, voids that are not detected and treated in time may develop and
expand further, causing pavement subsidence or collapse accidents and threatening driving safety
(Syaifuddin, 2014; Liu et al., 2021; Zou et al., 2021). For roads or areas with void risk, it is necessary to
carry out void investigation and detection, give early warning, and treat void diseases. Ground-
penetrating radar (GPR) detection technology is one of the representative technologies of road
nondestructive testing technology. It mainly obtains the relevant information of the detected objects
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by analyzing the propagation of electromagnetic waves inside the
detected objects, including the information of road internal
diseases such as voids. Compared with the traditional core
drilling technology, it has the advantages of rapidity and
nondestructiveness (Yan et al., 2011; Liu et al., 2014; Klotzsche
et al., 2019; Wang et al., 2020a).

Among the ground-penetrating radars with various
mechanisms, the two-dimensional ground-penetrating radar
can only collect one vertical section data at a time when
detecting pavement engineering diseases, which can only make
qualitative analysis of diseases and is easy to misjudge and miss
diseases. Three-dimensional ground-penetrating radar adopts
multi-antenna setting and multi-section data combination
judgment, which has the advantages of full coverage, high
accuracy of disease judgment, and quantitative analysis of
diseases (Allroggen and Tronicke, 2020; Domenzain et al.,
2020; Tosti and Ferrante, 2020). In this article, 3D GPR
images are used to carry out automatic recognition of void
images.

Because GPR image interpretation has multiple solutions, it is
impossible to infer the internal conditions of the road structure
only according to radar images, and it is necessary to exclude
some interpretations by combining radar theoretical basis,
engineering experience, and other related knowledge and
experience, so as to obtain correct interpretation of radar
images (Fenning et al., 2003; Leng and Al-Qadi, 2014; Huai
et al., 2019; Kumlu, 2021). The manual interpretation process
has long-period, low-efficiency, and high-professional
requirements of processing personnel. At present, radar image
interpretation is a difficult point in the application of GPR disease
detection, and it is also one of the reasons that limit the
development of GPR application (Song and Larkin, 2016; Cha
et al., 2017).

In recent years, with the rapid development of automatic
signal-processing algorithms, researchers have proposed many
radar signal-processing algorithms to reduce the difficulty of
image interpretation, and even achieve the purpose of
automatic recognition. Zhou et al. (2013) proposed an
automatic detection algorithm for subgrade diseases based on
support vector machine (SVM). The algorithm uses objective
information such as the thickness of expressway subgrade, and
the amplitude of the reflected signal at the layer interface will
change. Combined with GPR clutter suppression, layer interface
detection and smoothing, region of interest (ROI) extraction,
feature extraction, and pattern recognition technology, the
detection results of this algorithm are compared with the
ground truth database constructed by combining expert
experience and drilling coring samples, and the coincidence
degree is as high as 92.7%.

Sha A used the ground-penetrating radar profile to train the
neural network based on cascade convolution (Sha et al., 2018),.
The cascade convolution neural network system is composed of
two convolution neural networks, which are used to identify low-
resolution and high-resolution GPR images. After training the
model with 46,080 images, the author uses the model to process
3,840 test data and detects vertical cracks, uneven settlement, and
interlayer voids, with an accuracy rate of 94.5%.

A vision measurement system was developed to track the full
field deformation of the specimen, and a four eye vision system
was constructed to determine the deformation of the concrete
column. The deformation was compared with the deformation
measured by laser using image and point cloud stitching
algorithm. The results showed that the hysteretic curves of all
specimens were non-extrusion hysteretic curves, the ductility
coefficient was large, and the equivalent viscous damping
coefficient was between 0.462 and 0.975 (Tang et al., 2022). In
order to obtain the target information of bud cutting robot
operation, an improved deep learning algorithm was adopted
to quickly and accurately identify banana fruit, inflorescence axis,
and flower bud. Therefore, the edge detection algorithm and
geometric calculation were used to determine the cutting point on
the inflorescence axis. A modified YOLOv3 model based on
clustering optimization was proposed, and the model
illustrated the influence of the headlamp and backlight on the
model (Wu et al., 2021). A noncontact 3D deformation
measurement method based on binocular vision was proposed.
The method was applied to the deformation and strain test of a
concrete-filled steel tubular column. Based on the proposed
image processing algorithm and the principle of three-
dimensional deformation measurement, a circle-fitting
algorithm based on the least square method was proposed and
applied to the binocular vision system for static and dynamic
acquisition of three-dimensional deformation data of concrete-
filled steel tubular columns (Tang et al., 2018).

At present, the accuracy of radar signal-processing algorithms
is over 90%; however, the deficiency is that the support vector
machine (SVM) algorithm needs a lot of data to calculate and set
up the SVM mapping, and the algorithm based on the cascade
convolution neural network needs a lot of data to train the model
under the same working condition. The generalization ability of
the two algorithms is insufficient, so it is necessary to re-carry out
relevant experiments to correct the model when solving the
problems under different working conditions. In this article, a
void recognition algorithm based on digital image processing
method is proposed. The algorithm uses digital images to
characterize radar signals. With the help of digital image
processing methods, the images are processed by binarization,
corrosion, expansion, connected area inspection, thin length
index inspection, and three-dimensional matching inspection,
so as to identify void diseases and determine void area volume
index. The model does not need a lot of data training or
parameter correction.

2 PRINCIPLE OF VOID DETECTION OF 3D
GROUND-PENETRATING RADAR

The basic detection principle of three-dimensional ground-
penetrating radar is to send high-frequency electromagnetic
waves in the form of pulses to the ground. During the
propagation of electromagnetic waves in underground media,
when they encounter underground targets with electrical
differences, the electromagnetic waves will be reflected
(Saarenketo et al., 2014; Solla et al., 2014; Tong et al., 2017).
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The reflection coefficient and the reflected signal level can
generally be calculated by the following formula:

Γ1,2 �
���
εr1

√ − ���
εr2

√
���
εr1

√ + ���
εr2

√ ; (1)
Er1 � EiΓ1,2, (2)

where Γ1,2 is the interface reflection coefficients, εr1 is the relative
dielectric constant of the electromagnetic wave incident side, εr2
is the relative dielectric constant of the electromagnetic wave exit
side, Er1 is the reflected signal level, and Ei is the incident signal
level. It can be seen from the formula that the positive and
negative reflection coefficients and their magnitude are
determined by the relative dielectric constants of substances
on both sides of the void interface. The greater the difference
of the relative dielectric constant between the two sides of the
interface, the greater the reflection coefficient and the stronger the
reflected signal.

There are obvious differences in relative dielectric constants
between void fillers and road building materials. The interior of
the void is generally air with a relative dielectric constant of 1, and
the relative dielectric constant of road materials was generally
between 3 and 10. The electromagnetic wave emitted by 3D GPR
will be reflected at the interface between the void and road
material (Sarkar et al., 2019; Wang et al., 2020b).

After receiving the reflected electromagnetic wave signal, GPR
draws a radar gray image according to the propagation time and
amplitude of the signal. Manual identification of void signals is
mainly based on the existence of a strong solid line signal with
black sides (side lobe) and white middle (main lobe) on the radar
longitudinal section map, and the existence of the white highlight
area block signal differs from the surrounding area on the radar
plan map at the corresponding position (Giertzuch et al., 2020).

3 VOID RECOGNITION ALGORITHM BASED
ON THE DIGITAL IMAGE PROCESSING
METHOD
The steps of void recognition algorithm based on the digital
image processing method are shown in the following Figure 1.

3.1 3D Radar Data Preprocessing
In this article, a three-dimensional ground-penetrating radar
system consisting of GeoScope™ MKIV radar host and DXG
series multichannel ground-coupled antenna array is used. The
antenna emits electromagnetic waves in a stepped frequency
mode, with a frequency range of 200MHz–3 GHz and a width
of 1.5 m. There are 11 transmitting antennas and 10 receiving
antennas, and 20 pairs of antennas are formed by pairing and
combining.

Sampling parameters are set as follows: the sampling interval is
2.5 cm, the time window is set to 50ns, and the standing wave
time is set to 3 µs Under these parameters, the lateral spacing of
the collected data matrix is 0.071 m, the driving direction spacing
is 0.025 m, and the vertical spacing is about 0.0055 m (related to
the dielectric characteristics, the time interval is 0.122 ns). Radar

raw data are processed by 3dr-Examiner software, and the
original data are frequency-domain data. The processing
software converts frequency domain data into time domain
data d(t) by inverse discrete Fourier transform (IDFT), and
the formula is as follows:

d(t) � IDFT{D(f)} � ΓB sin c(B(t − τ))e(j2πfc(t−τ)), (3)
where Γ is the reflection coefficient, B is the antenna bandwidth,
fc is the signal frequency, and τ is the delay caused by
propagation in the medium.

FIGURE 1 | Steps of void recognition algorithm based on the digital
image processing method.
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Conventional data processing steps such as noise suppression,
background removal, and automatic gain are needed for the data.
The principle and detailed analysis of each step can be consulted
in the article by Tang (2020). After the data are processed, a
regular three-dimensional data lattice is formed.

In the process of data processing, three-dimensional data
lattice can intercept two-dimensional lattice data by horizontal
section, longitudinal section, and cross section and map radar
signal data into 256 (0–255) intervals by using the image data
method and assign an integer value to each interval, which
corresponds to 256 Gy levels from white to black and draw a
radar gray image. At the same time, in order to avoid the
amplitude of individual radar signals being too large or too
small, which leads to the overall black or white image
representation and unrepresentativeness, 5% quantile value
and 95% quantile value are selected as the upper and lower
limits of mapping, and the conversion formula is shown in the
following formula.

f(x, y) �
⎧⎪⎨
⎪⎩

255 λ95% ≤ λ
�(λ − λ95%)/(λ5% − λ95%) × 255� λ5% < λ< λ95%
0 λ≤ λ5%

,

(4)
where λ is the amplitude of the radar-received signal, λ5% is the
amplitude of the radar-received signal that is arranged from small
to large, and the fifth% quantile value, and λ95% is the amplitude
of the radar-received signal that is arranged from small to large,
and the 95th percentile value.

The radar longitudinal section obtained by data mapping is
shown in Figure 2.

3.2 Determination of the Suspected Void
Area
The longitudinal section gray image drawn by radar signal
amplitude is processed by the digital image processing method
to determine the suspected void area. The processing steps are as
follows:

The first step is to binary the longitudinal section diagram. The
binarization method is to set the fifth% quantile of radar signal

amplitude λ5% as the threshold, and when the radar signal is
greater than λ5%, it was made to "1″ and displayed as white; when
the radar signal is less than λ5%, it was made to “0″ and displayed
in black. Themain purpose of binarization is to get a binary image
which is easy to process and extract features and get a radar image
as shown in the following Figure 3.

Step 2. : Etching the binary image. The etching treatment method
is to etch the binary image A by using set B and a "1" matrix of 3 ×
3. The corrosion process is made on A, and the process is as
follows:

1) scanning each pixel of an image A with a structural element B;
2) make "AND" operation with structural elements and binary

images covered by them;
3) if both are 1, the pixel of the resulting image is 1. Otherwise,

it is 0.

Corrosion processing is a binary numerical image processing
method, which can eliminate noise and weak connections in
digital images, segment independent image elements, and find
out obvious maximum areas in images. The main function of the
binary longitudinal section diagram of corrosion treatment is to
connect the whole area based on the empty internal air. Its
reflection is strong, which can generally form a connected
high-intensity reflected signal area and is not easy to be
eliminated by corrosion treatment. The random noise, which
is easy to be eliminated, and the interference signal with weak
reflection intensity in the corrosion treatment image are adopted,
and the processed image is shown in the following Figure 4.

Step 3. : Dilate the binary image. Expansion treatment is the
inverse process of corrosion treatment. Similar to corrosion
treatment, expansion treatment uses set B and a "1″ matrix of
3 × 3 to process the binary image A after corrosion treatment. The
process is as follows:

1) scanning each pixel of an image A with a structural element B;

FIGURE 2 | Longitudinal section of three-dimensional ground-
penetrating radar.

FIGURE 3 | Binarization image (black corresponds to "0," and white
corresponds to "1").
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2) using structural elements and their binary images to do "OR"
operation;

3) if both are "0″, the pixel of the resulting image is "0".
Otherwise, it is "1".

The main function of the binary longitudinal section image of
expansion processing is to restore the corroded part of the image,
so that the subsequent area statistics are accurate. The expansion
processing also adopts the “1″matrix of 3 × 3, and the processed
image is shown in Figure 5.
Step 4: Check and process the connected area.

Region connectivity is an extended concept based on the
concept of pixel adjacency. There are two criteria for judging
pixel adjacency, one is 4-adjacency, and the other is 8-
adjacency. A collection of pixels adjacent to each other is
called a region. Connectivity means that there is at least one
sequence of points P, A1, A2,..., An, Q, in any two pixels in the
same area, and any of Ai,Ai+1(i � 1, 2, ..., n − 1) are adjacent
points to form a continuous path. A connected region refers to
a set of pixels connected with each other. This algorithm uses
“4-adjacency” to count connected regions. The general
calculation method of the connected area is to calculate

according to the number of pixels, and the calculation
method is shown in:

A � Ndxdz, (5)
where A is the area of the region,N is the number of pixels in the
region, dx is the horizontal spacing of pixels, that is, 0.025 m, and
dz is the depth spacing of pixels, that is, 0.004 m.

Considering that the connected region with a smaller area is
more likely to be an interference signal, and the void region with a
smaller area is less harmful. When checking the void area, the
connected area is required to be larger than 0.005 ㎡, and the
connected area with too small area is discarded. The obtained
image is as follows (Figure 6):
Step 5: Calculate the thin length of the area and screen the
suspected void area. The slender length is calculated using the
distance ratio represented by the largest pixel of the horizontal
projection and vertical projection of the region, as shown in .

β � phmaxdx

pvmaxdy
, (6)

where phmax is the maximum value of regional vertical projection
pixels, pvmax is the maximum value of regional horizontal
projection pixels, dx is the horizontal spacing of pixels, and dy
is the width spacing of pixels. The vertical projection ph and
horizontal projection distribution of the region pv are calculated
according to Equations 7, 8.

ph,j � ∑
n

i�1
f(i, j); (7)

pv,i � ∑
m

j�1
f(i, j), (8)

where f(i, j) is the pixel value at the coordinate (i, j), ph,j is the
vertical projection of the pixel in the row j, and pv,i is the
horizontal projection of the pixel in the column i. According
to the statistical calculation of the aforementioned formula, the
maximum length of the binary image area is 2.3.

Due to the stress characteristics of the void area, such as the
slender void area in the road, it is easy to sink under the combined

FIGURE 4 | Binary image after etching treatment.

FIGURE 5 | Binary image after dilation processing.

FIGURE 6 |Binary image after connected region area check processing.
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action of the soil load above and the traffic load on the road
surface, thus filling the void area. If the thin length is small, the
soil stability on both sides of the void area is poor, and it is easy to
scatter and fill the void area. The thin length of the stable void
area should be between 0.5 and 50, and the area that passes the
area thin length test is a suspected void area. The suspected void
area determined by the binary image is shown in Figure 7.

3.3 Three-Dimensional Matching Test
The lateral distance between adjacent channels of the 3D GPR
antenna is 0.075 m. Considering the structural stability, the road
structure changes slowly in a natural state. Under the distance of
0.075 m, the change range of adjacent longitudinal sections in the
void area is small, and there is a certain overlapping area in the

image. In the three-dimensional matching test of the void region,
it is required that there is a certain proportion of suspected void
region signals at the same position of adjacent longitudinal
sections before judging the region as void signal. The
inspection steps are as follows:

1) separate independently connected suspected void areas;
2) extract the same coordinate areas of adjacent longitudinal

sections and check the proportion of suspected void areas in
the extracted areas;

3) if the proportion of void areas in adjacent longitudinal section
extraction areas is greater than 50%, it will pass the inspection;
otherwise, it will not pass the inspection.

Check the void area of the adjacent longitudinal section map
of 3D ground-penetrating radar data, and the test results are
shown in Figure 8.

After the three-dimensional matching test, it is confirmed that
the main void area in the detection area is a large flat void at a
depth of 2 m, with a length of 7 m, a width of 0.225 m, a height of
0.12 m, and a volume of about 0.189 m. Sporadic voids with small
volume are distributed around the void area.

4 DESIGN AND ALGORITHM TEST OF VOID
TEST ROAD

In order to verify the accuracy of the feasibility of the void
recognition algorithm, a test site was selected, and a
polystyrene void module was placed inside the test site to
simulate the void environment inside the road. The three-
dimensional ground-penetrating radar was used to scan the

FIGURE 7 | Binary image after fine length check processing of the
connected region.

FIGURE 8 | Determination of the suspected void area in the adjacent longitudinal section diagram.
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test field area, and the void recognition algorithm was used to
process the scanned data and identify the void modules.
According to the recognition results and the actual conditions
inside the test area, the detection accuracy was compared. The
embedding position and depth measurement site of the emptied
module were shown in Figure 9.

In this test, river sand with a certain humidity was used as the
filling material, and three parts of the 1 kg river sand in the
excavated pit were taken. The water content of the river sand was
determined to be 9.5% by the drying method test.

Polystyrene foam was a material that simulated the void area
inside the roadbed. The empirical formula for the density and
dielectric constant of polystyrene materials is shown in the
following formula (Nag, 1994):

ε � (0.3475ρ + 1)3, (9)
where ε is the dielectric constant, and ρ is the material density,
unit: g/cm3.

The density of the polystyrene material is 0.025, and the
calculated dielectric constant is 1.026, which is very close to
the dielectric constant 1 of the air inside the void. Therefore,
polystyrene is an ideal material for simulating the void inside the
road. The dielectric constant of the wet sand that simulates the
propagation medium is calibrated according to its height and the
double-layer travel time of the radar signal. The calibration
formula is shown as follows:

εr � c2(t2 − t1)2
4h20

, (10)

where h0 is the thickness of the straight track, c is the speed of
light, εr is the calibrated (relative) permittivity, t1 is the
propagation time of the electromagnetic wave reflected at the

air–surface interface at the core, and t2 is the propagation time of
the electromagnetic wave reflected at the bottom interface of the
straight track.

The thickness of the straight track, the propagation time of the
electromagnetic wave reflected at the air–surface interface, and
the propagation time of the electromagnetic wave reflected at the
bottom interface of the straight track measured at pits one to five
are summarized as shown in Table 1.

The dielectric constant of fine sand was calibrated by the layer
thickness method, and the dielectric constant of fine sand was
between 11.7–12.29, with an average value of 11.8, which was
comparable to ordinary road construction materials (cement
concrete, cement stabilized gravel, sand, etc.). Similarly, the
constant was between 5 and 20.

In order to simulate the internal voids of roads of different
sizes, five polystyrene cubes of different sizes were buried
underground, numbered 1–5, and the side lengths were
10 cm*10 cm*10 cm (#1), 20 cm*20 cm *20 cm (#2),
30 cm*30 cm*10 cm (#3), 30 cm*30 cm*30 cm (#4), and
60 cm*60 cm*30 cm (#5). In order to avoid overlapping and
mutual interference of the reflected signals between the cubes,
the spacing between the polystyrene cubes was set to 200 cm, and
the top surface of the polyvinyl chloride was covered with 50 cm
of clay.

A three-dimensional radar antenna was used to scan the
polystyrene block along the center line of the scanning area. The
effective scanning width was 150 cm, and one scan could cover
all the polystyrene blocks. The collected radar images were
preprocessed according to the method in Section 3, the
suspected void area was determined, and the three-
dimensional matching was checked. The recognition result of
the longitudinal section of the polystyrene cube with the largest
area is shown in Figure 10.

FIGURE 9 | Embedding and scanning of polystyrene cubes in the test section.
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The area determined by the void area recognition algorithm
was compared with the polystyrene cube site embedding
position to confirm that the position was the same, and
there was no false alarm area. In order to further verify the
recognition accuracy of the algorithm on the volume index, the
volume index recognition results of cubes with different side
lengths were compared with the actual index, and the
recognition error was analyzed. The result is shown in
Figure 11.

The results of error analysis between the detected
volume of the polystyrene block and the actual value
showed that:

1) The length detection value was generally smaller than the
actual value. The detection value was on average 10.7%
smaller than the actual value, and the error was between 7
and 15.5%. The weaker part of the main signal area link was
cleared, causing the edge area to be cleared as a non-empty
area. According to the test results, since there was no obvious
correlation between the size of the error and the size of the
actual value, in the subsequent algorithm application, the
detection value was linearly corrected, and the correction
coefficient was 1.12 (1/0.893).

2) The width detection value was also generally smaller than the
actual value. The detection value was 4.0% smaller than the

TABLE 1 | Calibrated dielectric constant calculation table.

Detection location
detection parameter

Pit 1 Pit 2 Pit 3 Pit 4 Pit 5

Thickness/m 1.25 1.25 1.23 1.22 1.15
Air–surface interface reflected electromagnetic wave two-way travel time/ns 0.69 0.69 0.69 0.69 0.69
Two-way travel time of the electromagnetic wave reflected at the bottom interface of straight track/ns 29.91 29.3 28.7 28.5 26.91
Calibrated dielectric constant 12.29 11.79 11.67 11.69 11.7
Mean 11.8

FIGURE 10 | Void area recognition algorithm to identify the maximum area signal profile of the polystyrene block. (A) 10-cm-long polystyrene block (#1) recognition
result. (B) Recognition result of the 20-cm polystyrene block (#2). (C) Recognition result of the 30-cm-long polystyrene block (#3). (D) Recognition result of the 30-cm-
long polystyrene block. (#4) (E) Recognition result of the 60-cm-long polystyrene block (#5).
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actual value on average, and the error was between 2 and 6.5%.
The analysis reason was that the edge area signal was relatively
weak, which was cleared as a non-vacant area. In the
subsequent algorithm application, the detection value was
corrected, and the correction coefficient was 1.04 (1/0.96).

3) The height detection value was between 5.8 and 7.6 cm, which
had a large deviation from the actual value, and the error was
between 42 and 77.7%. The error increases with the increase of
the height of the cuboid. The reason for the analysis was that

the signal reflected from the bottom of the cuboid needed to be
reflected bymultiple interfaces such as the vacant top interface
and the air–road interface to be received by the radar receiver.
After reaching the receiver, the intensity was weak, and it was
interfered by signals such as multiple reflection waves. It was
difficult to identify, and the original signal of #5 cuboid is
shown in the following figure. Therefore, the height detection
value was actually the height of the reflected signal from the
top surface and could not reflect the actual height of the cube.

FIGURE 11 | Comparison and analysis of polystyrene block volume index test results and actual values. (A) Comparison of the length of the polystyrene block with
the actual value. (B) Comparison of the detection result of polystyrene block width with the actual value. (C) Comparison of the detection result of the height of the
polystyrene block with the actual value. (D) Comparison of the detection result of the polystyrene block area with the actual value. (E) Comparison of the detection result
of the polystyrene block volume with the actual value.
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4) The area detection value was calculated based on the length
and width. The law of deviation between the detected value
and the actual value was consistent with the law of length and
width, which needed to be corrected in the subsequent
algorithm application, and the correction coefficient
was 1.17.

5) The volume detection value was calculated based on the
length, width, and height. Since the height index could not
reflect the actual height of the cube, the volume detection
value could not reflect the actual volume index of the cube.

5 ENGINEERING PROJECT TEST AND
VERIFICATION

In order to verify the application effect of void recognition
algorithm in solid engineering, based on the test and
verification of the test section, it was applied to the void
collapse detection project of Huanshi Road (Nan’an
Road)–Zhongshan Avenue (to Keyun Road), the main road in
Guangzhou. In this project, three-dimensional ground-
penetrating radar full-section coverage scanning is used to
collect radar data, and void identification algorithm is used to
identify void signals of radar data, and the detection results of
void disease distribution in roads are obtained. According to the
test results, the borehole verification work is carried out, and the
identification results are compared with the actual situation
inside the road obtained by borehole verification, so as to
verify the application effect of void identification algorithm in
solid engineering.

The detection area of the physical engineering project starts
fromHuanshiWest Road (Xichang Interchange intersection) and
ends at Zhongshan AvenueWest (Keyun Road intersection), with
a total length of about 15.35 km and six to fourteen lanes in both
directions. The geographical location and structural layer
combination are shown in Figure 12.

The three-dimensional ground-penetrating radar system
used for detection has a single detection width of 1.5 m per
detection. The three-dimensional ground-penetrating radar
field detection method is to divide the field road surface into
several 1.5-m-wide detection lanes, which are detected in
turn, and the detection sequence was recorded. After the
detection is completed, the radar images of each lane are
spliced according to the detection sequence to form a
complete radar plan of the whole road surface. The void
identification algorithm was used to process radar data, and
four void diseases were identified. The field detection of
physical engineering and the detection trajectory and radar
image of void disease of physical engineering are shown in
Figure 13.

According to the identification results, No.1 void disease is
located in the soil foundation (depth is greater than 74 cm), No.2
~ No.3 void disease is located at the bottom of the cement
concrete slab (depth is about 46 cm), and No.4 void is located
at the bottom of the asphalt layer. In order to verify the accuracy
of the detection results, according to the identification results and
disease location, core drilling is carried out in the center of the
disease point, and the field operation diagram is shown in
Figure 13. At the same time, in order to confirm the internal
condition of the void cavity, after drilling the hole, the internal
condition map of the hole is photographed by endoscope.

After drilling verification and endoscope confirmation, all the
four positions identified by the algorithm have voids, which
shows that the void recognition algorithm can accurately
identify the void points in radar data. The laser rangefinder is
used to measure the length and width of the inner cavity of the
void, and the ruler is used to measure the buried depth of the top
surface of the void, which is compared with the length, width, and
area of the identified void signal. The results are arranged as
shown in Table 2.

As can be seen from the aforementioned table, the
maximum error between the measured values and the
measured values of the indexes such as length, width,
buried depth, and area is 17.3%, and the error of most
indexes is within 10%. There are still some errors in the
length and width of the void area after linear correction.
The reason is that the reflected signal at the link between
the edge of the void area and the main area is unstable, and it is
eliminated as a non-void area and retained as a void area, and
the proportion of the eliminated part in the total is not a stable
value, which leads to a certain deviation between the detected
value and the measured value after the correction coefficient is
adjusted. However, the deviation is less than 10% in general
and larger in some cases, but it is still within the acceptable
range of the engineering error, which shows that the volume
index calculated by using void identification algorithm to
process radar data has certain engineering value.

FIGURE 12 | Pavement structure layer combination in the physical
engineering inspection area.
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6 CONCLUSION

The void recognition algorithm can identify void areas by
processing radar data according to a specific process and
obtain radar gray images by data preprocessing; binary
processing, corrosion processing, expansion processing,
connected area inspection, and fine length inspection can get
the suspected void area with radar image characteristics of void
area; the three-dimensional matching test starts from the
matching between adjacent tracks and current tracks and
rechecks and confirms the identification results of void areas.

Polystyrene foam material, which is very close to the air, is
used to simulate the air in the void area and the void environment
of subgrade. The void recognition algorithm is used to identify the
foam signal, and the recognition result is compared with the
actual position and size of the buried cube. The void identification
algorithm was applied to engineering projects, and four void
diseases were found. The core was drilled in the center of the
identified disease points, the internal conditions of the holes were
photographed using an endoscope, and the length, width, and
buried depth of the void internal cavity were measured. The

measured results were compared with the algorithm
identification results, and the results showed that:

1. Verified by the test section, the recognition result of void
recognition algorithm is consistent with the buried
position of polystyrene cube, and there is no error in
the area. The recognition error of length is between 7
and 15%, the recognition error of width is between 2 and
6.5%, and the recognition error of area is between 8.9
and 21%;

2. Verified by the engineering project, the void identification
algorithm can accurately identify the void points in radar
data. The maximum error between the detected values of
length, width, buried depth, and area and the measured
values is 17.3%, and the error of most indexes is within
10%. The error is generally within the scope of engineering
acceptance, which shows that the volume index obtained by
void identification algorithm has an engineering
application value.

3. In the process of project verification and test section
verification, void recognition algorithm does not adjust the

FIGURE 13 | Identification and verification results of the physical engineering detection trajectory and void area.

TABLE 2 | Comparison between the detected volume index and measured value of the voided internal cavity.

Sequence
no.

Buried depth/cm Error
(%)

Length/cm Error
(%)

Width/cm Error
(%)

Area/cm2 Error
(%)Detection

value
Measured

value
Detection

value
Measured

value
Detection

value
Measured

value
Detection

value
Measured

value

1 43 41 4.9 163 169 3.6% 84 98 14.3% 13692 16562 17.3%
2 43 39 10.3 75 71 5.6% 382 365 4.7% 28650 25915 10.6%
3 33 34 2.9 77 81 4.9% 137 134 2.2% 10549 10854 2.8%
4 22 24 9.1 161 154 4.5% 106 109 2.8% 17066 16786 1.7%
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algorithm structure and related parameters, and the
recognition results of the algorithm are consistent with the
void position, which shows that the algorithm has good
generalization performance. Compared with SVM,
regression convolution neural network, and other
recognition methods, it has the advantage of realizing void
data recognition without a large amount of data training or
parameter correction.

7WHAT TOBESTUDIED IN THENEXTSTEP

Because the reflected signal from the bottom of the void needs to
be reflected by multiple interfaces such as the top interface of the
void and the air–road interface to be received by the radar
receiver, the intensity is weak after reaching the receiver, and
it is difficult to identify because of the interference of multiple
reflected waves and other signals. At present, the void recognition
algorithm cannot complete the task of void bottom interface
recognition. In the next stage, we can improve the quality of the
radar image by optimizing radar signal processing and further
summarize the image characteristics of the void bottom signal
and express it by the digital image processing method to realize
automatic recognition.
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