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ABSTRACT: 
Digitalization of urban roads is an important part of smart city construction. In addition to having a basic understanding of the structure 
of the transportation network, we need to have a preliminary understanding of the information around the road, the current status of 
the road, and the impact that municipal projects may have on the road. At present, the three-dimensional information of the ground 
parts of roads can be obtained efficiently and accurately on a large scale by using three-dimensional scanning technology. However, 
there is a lack of comprehensive and intuitive understanding of the under-ground information and a lack of synergistic consideration 
of the ground and under-ground information. In this paper, a ground and under-ground urban road surveying system based on 3D 
LiDAR and 3D ground penetrating radar (GPR) is presented. The system covers multi-sensor coordinated control, time-space datum 
setup, and post-processing data. Experiments show that the system can realize the integrated ground and under-ground 3D surveying 
for urban roads, generate intuitive three-dimensional point cloud map model of ground and under-ground of urban roads, and provide 
effective technical support for smart city construction. 

1. INTRODUCTION

During the rapid development of cities, road conditions deserve 
attention. In order to facilitate the process of digital cities, 
provide digital documents for municipal projects, and provide 
known urban road status information for autonomous driving 
technologies, a basic understanding of the current condition of 
urban roads is required. Information on urban road conditions is 
both information that can be retained for a long time with few 
changes, including the city's existing urban road plan, road 
surrounding features and underground pipelines, and 
information that will change over time, with particular attention 
to possible ground changes and under-ground cavity diseases 
caused by road use and urban development. In order to 
understand the current status information of urban roads, we 
need to obtain the spatial distribution on the ground of urban 
roads on one hand, and also have a preliminary understanding of 
the situation under-ground on the other hand. In order to achieve 
this goal, we propose a strategy of three-dimensional surveying 
of urban roads integrated ground and under-ground. 

Many studies have been conducted in the past for spatial 3D 
surveying and reconstruction. Ground can be surveying by 
various techniques such as LiDAR, photogrammetry, and 
computer vision. These include using LiDAR for surveying and 
extraction of houses and roads (Rottensteiner et al., 2005), 
building height prediction (Park and Guldmann, 2019), 
completing automated 3D city reconstruction (Garcíamoreno et 
al., 2012), using tilted aerial imagery to give texture information 
to 3D city models (Frueh et al., 2004), using UAV tilt 
photography to complete 3D city modeling (Wang et al., 2015), 
using Google Earth imagery and ground images for 3D city 
modeling (Ding et al., 2007), and using Google Street View for 
3D city modeling (Torii et al., 2009). Underground can be 
surveyed non-destructively by ground-penetrating radar, 
ultrasonic, thermal infrared, and nuclear magnetic resonance 
techniques. These include detecting leaks in water pipelines 
using ground-penetrating radar (Bimpas et al., 2010), 
completing 3D reconstruction of underground defects using 
ultrasound (Zheng and Yao, 2021), determining the area and 
depth of underground defects using thermal infrared (Ma and Ma, 
2011), and detecting groundwater hazards in tunnels and mines 
using nuclear magnetic resonance techniques (Lin et al., 2020). 

Current ground and under-ground studies are mainly conducted 
separately, thus resulting in incoherent between ground and 
under-ground data, which is not conducive to more 
comprehensive and intuitive research and applications. Some 
studies have started to experiment with the combined analysis of 
LiDAR and GPR, for example, Aqeel used LiDAR with GPR 
measure the orientations of hidden subvertical joints in highways 
rock cuts (Aqeel, 2012), Webb combined GPR with LiDAR to 
estimate the spatial distribution of liquid water content in 
seasonal snowpacks (Webb et al., 2018). 

In this paper, an integrated ground and under-ground 3D 
surveying system is proposed for ground and under-ground data 
fusion analysis, including hardware composition, equipment 
coordination, and subsequent processing of data. The system 
mainly consists of a LiDAR surveying system and a GPR 
surveying system, and the related hardware is mounted on a cart. 
We survey the main roads or minor roads in the study area and 
generate a 3D point cloud map model of the roads after data 
processing, thus completing the digitization of ground and 
under-ground urban roads. 

2. SYSTEM COMPOSITION AND WORKING
PRINCIPLE 

The composition of the integrated ground and under-ground 3D 
surveying system is shown in Figure 1.  

Figure 1. Composition of the integrated ground and under-
ground 3D surveying system 
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The hardware of the 3D GPR surveying system includes 
receiving antennas, transmitting antennas, distance measuring 
wheel, GPS timing clock, controller, and power supply. The 3D 
GPR includes six receiving antennas and seven transmitting 
antennas, with the antenna center frequency of 450MHz, using 
three-dimensional array configuration, each receiving antenna is 
connected to two transmitting antennas through coaxial cable, 
and each receiving antenna is also connected to the adjacent 
receiving antenna, forming 12 channels. The detection width of 
the 3D GPR surveying system was 0.9 m. It has a resolution of 
approximately 0.04 m in general soil, at a depth of 5 m. The 
electromagnetic wave signal is sent to the ground through the 
transmitting antenna and is reflected when it meets the ground 
with a large difference in dielectric coefficient, and the reflected 
signal is received by the neighboring receiving antenna. The 
GPR controller coordinates the signals sent and received by the 
antennas, and to perform preliminary signal processing, 
converting the electromagnetic wave signals into digital signals. 
The GPS timing clock is used to time the 3D GPR surveying 
process, so that the data obtained includes UTC time. 

The hardware of 3D LiDAR surveying system contains 3D laser 
scanner, inertial measurement unit (IMU), GNSS receiver, 
microcomputer control unit, and power supply. The 3D LiDAR 
scanner adopts a hybrid solid-state LiDAR approach, which 
collects 32 laser transceiver components. The vertical field of 
view of the system is 31 degrees with a vertical angle resolution 
of 1 degree, the horizontal field of view is 360 degrees with a 
horizontal angle resolution of 0.18 degrees 32 laser transmitter 
components rotate rapidly while emitting high-frequency laser 
beams for continuous scanning of the external environment. The 
inertial measurement unit is used to measure the instantaneous 
acceleration and instantaneous angular velocity of the system in 
xyz three directions during the propulsion process in real time, 
and the initial position and reference direction are used to 
complete the shortcut solution independently to provide the basis 
for subsequent solution positioning. After differential 
positioning, the position of the equipment can be accurately 
positioned. The microcomputer control unit coordinates the 
sensors in the 3D LiDAR to ensure the uniformity of time and 
space reference for data acquisition. 

3. KEY TECHNOLOGIES

In order to complete the integrated ground and under-ground 
three-dimensional surveying, there exists the key problems of 
coordinating the simultaneous measurement of ground and 
under-ground equipment and the stitching of ground and under-
ground data. In this chapter, three key technologies are proposed, 
including the unification of time-space measurement datum of 
3D GPR surveying system and 3D LiDAR surveying system, 3D 
GPR data processing, and 3D GPR coordinate processing. 

3.1 Unification of time and space references 

In order to integrate the ground and under-ground surveying 
system and ensure the consistency and reliability of the modeling 
results of both parties, we set a consistent reference datum for 
3D GPR data and 3D LiDAR data. We use UTC time as the time 
reference for the system to achieve time synchronization control, 
and WGS84 coordinates as the spatial reference for the system 
to achieve unified spatial coordinate system. The data 
connection is shown in Figure 2: 

Figure 2. System data collaboration 

The original GPR data only contains time but does not contain 
position coordinates, and the original LiDAR data only contains 
relative position. In the survey process using the same set of 
GNSS receiving system, after decoding we can get the accurate 
coordinates of the equipment operation process. We use the 
precise coordinates to match the 3D GPR and 3D LiDAR data 
according to the standard time, so that we can get the ground and 
under-ground data with unified time and space reference, which 
is convenient for data stitching in the later stage. 

3.2 3D GPR data processing 

Due to the complexity of the subsurface medium, the signal-to-
noise ratio of the raw under-ground data is much lower than that 
of the ground data. The raw data contain various noises that 
make the effective information may be masked, so some 
methods are needed to suppress the noise, enhance the signal and 
improve the data signal-to-noise ratio. We can extract 
characteristic information such as velocity, amplitude, frequency, 
phase, etc. from the processed data to help the interpreter to 
geologically interpret the data. 3D GPR data processing can be 
divided into three main parts, data editing, noise suppression, 
and data enhancement(Jol, 2008). 

Data editing is mainly aimed at the DC drift contained within the 
data, we need to suppress the DC component, as described in 
Equation (1). Noise suppression is mainly aimed at the 
interference signals with more obvious demarcation from the 
effective signal spectrum distribution, which can be processed 
by the band-pass filtering, as shown in Equation (2). The data 
enhancement is mainly for the gradual decay of the reflected 
wave amplitude in the time axis due to the wavefront diffusion 
and the absorption of the electromagnetic wave by the medium. 
The return wave amplitude 𝐴  can be calculated as Equation 
(3). 
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Where 𝑓 ,𝑓 , 𝑓 , 𝑓  = the cut-off frequency values derived 
from a priori knowledge 
𝐻 𝑓  = the weight of the signal strength 

𝐴 𝐴𝑣𝑡𝑒  (3) 
Where 𝐴  = return wave amplitude 
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𝐴 = the electromagnetic wave amplitude 
α = the absorption coefficient 
t = two-way time of the reflected return wave 
𝑣 = propagation speed of the electromagnetic wave 

in the medium 
With the above processing, 3D GPR images can be generated 
based on the signal intensity, and the relevant interpretation of 
underground conditions can be performed based on the apparent 
differences between the features therein and the background. 

3.3 3D GPR data positioning 

The position information of the GNSS antenna is obtained 
directly by the system, and a series of conversions are required 
to obtain the true coordinates of the 3D GPR data in (Xu and He, 
2019). The position state of equipment while surveying is shown 
in Figure 3. 

Figure 3. The position state of 3D GPR equipment 

Firstly, the GNSS coordinates need to be tilt corrected to 
calculate the corresponding WGS84 coordinates for the sampled 
point data. The Equation (4) of tilt correction is shown as 
follows, pitch and yaw can be derived from the inertial guidance 
measurement unit. 
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(4)

Where 𝜃 = pitch 
𝜑 = yaw 

 𝐿  = distance of GNSS receiver from the ground-
penetrating radar antenna 

𝑥 , 𝑦 , 𝑧  = coordinates received by GNSS antenna 
𝑥,𝑦, 𝑧  = coordinates of the sampling point of the 

equipment 

The coordinates of the sampling points of the multi-channel 3D 
GPR correspond to the data coordinate centers, and the data 
collected at a single location are shown in the Figure 3. The 
world coordinates of the data point can be derived from the 
Equation (5), yaw, pitch, and roll are derived from the IMU. 
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Where 𝜃 = pitch 
𝜑 = yaw 
𝜓 = roll 
𝑥 , 𝑦 , 𝑧  = relative coordinates inside the data 
𝑋,𝑌,𝑍  = world coordinates of the data point 
𝑥,𝑦, 𝑧  = world coordinates of the sampling point of 

the equipment 

Based on the world coordinates and the signal strength value of 
the 3D GPR data, the 3D GPR image can be converted into 3D 
point cloud format. At this time, the 3D GPR data adopts the 
same world coordinate system as the 3D LiDAR point cloud data, 
and both are in point cloud format, which can complete the 
fusion of the two point clouds and generate an integrated ground 
and under-ground3D point cloud map model. 

4. EXPERIMENT AND DISCUSSION

4.1 Experimental equipment and site 

The integrated ground and under-ground surveying equipment is 
shown in Figure 4, the upper part of the main body is a 3D 
LiDAR surveying system, and the lower part of the main body 
is a 3D GPR surveying system. 

Figure 4. the integrated ground and under-ground 3D 
surveying equipment 

The experimental site was chosen as the road around Wuhan 
University Zall Stadium, and Figure 5 shows the satellite image 
of Wuhan University Zall Stadium, with the red line representing 
the surveying path. 
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Figure 5. satellite image of Wuhan University Zall Stadium 

The road around Zall Stadium is about 872 meters long and 6 
meters wide. The area around the stadium is open and 
unobstructed, and high quality of GNSS signal can be obtained, 
which can provide more accurate positioning data for the system. 
There are a certain amount of trees and buildings around, which 
can provide data support for the verification of the 3D LiDAR 
surveying system, and there are pipes and some unevenly 
distributed media areas below the road, which can provide data 
support for the verification of the 3D GPR surveying system. 

4.2 Data acquisition and Processing 

The process of data acquisition using integrated ground and 
under-ground surveying equipment is shown in Figure 6. 

Figure 6. Data acquisition using integrated ground and under-
ground surveying equipment 

The general steps of data acquisition are as follows: 

First, system time synchronization and attitude calibration. 
Before the measurement starts, turn on the power system of the 
equipment in a place with good GNSS signal quality, check the 
GNSS receiver and GPS timing clock satellite signal reception 
to ensure good GNSS signal quality. At this time, the system 
automatically unifies the timing of the 3D LiDAR scanner, 
inertial measurement unit and 3D ground-penetrating radar 

antenna. Then open the 3D LiDAR scanning system control 
software in the control computer, and keep the whole system 
stationary for a period of time after creating a new project. The 
system will calibrate the GNSS receiver and IMU in the 
stationary process for the positional attitude, obtain the corrected 
stable coordinates, correct the automatic change of the 
gyroscope of the inertial unit, and calculate the zero offset error 
of the IMU. 

Second, data acquisition. Set the parameters of each part of the 
measurement on the control computer, push the system trolley 
along the planned route in the detection area, and start the 
integrated ground and under-ground surveying. GPS timing 
clock and GNSS receiver obtain time and positioning 
information, IMU obtains velocity and angle information, 3D 
LiDAR system collects ground ground point cloud data, and 3D 
GPR system collects under-ground media distribution data. As 
the single surveying width of 3D GPR is limited, the linear 
measurement may not completely cover the whole detection area, 
and several round-trip measurements are needed to ensure that 
the whole measurement area is swept. 

Third, static convergence and then end the survey. After the 
LiDAR data and GPR data acquisition is completed, save the 
data and turn off the 3D LiDAR system and 3D GPR system. 
Push the equipment to the area with good GNSS signal to settle 
and converge, and turn off all sensors after convergence to finish 
the data acquisition work. 

After the acquisition work is completed, data processing is 
carried out. Firstly, based on the GNSS/INS tightly coupled 
position solution, get accurate position information of the 
acquisition process, so as to assign coordinate information to the 
obtained 3D ground-penetrating radar data; secondly, 
respectively, 3D LiDAR data and 3D ground-penetrating radar 
data for the corresponding processing and interpretation work; 
finally, the 3D GPR image is converted into point cloud data, 
which will be combined with the processed 3D LiDAR data, and 
then a three-dimensional detection point cloud map of the 
ground and under-ground can be obtained. 

4.3 RESULT 

Figure 7 shows some of the 3D GPR images after data 
processing and interpretation. Figure 7(a)(b) shows the 3D GPR 
images containing pipes, and Figure 7(c)(d) shows the 3D GPR 
images containing shafts. By analyzing the processed 3D 
ground-penetrating radar images, it is obvious to determine the 
type, location, contour and other information of the possible 
underground features. 

Figure 7. 3D GPR images 
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Figure 8 shows part of the 3D LiDAR point cloud map after data 
processing. Figure 8(a) shows the imaging effect of road signs 
on the 3D point cloud, Figure 8(b) shows the imaging effect of 
street trees on the 3D point cloud, and Figure 8(c) shows the 
imaging effect of buildings around the road on the 3D point 
cloud. The 3D point cloud can accurately reconstruct the 
location and outline of the main features around the road, and 
analyzing the 3D point cloud map can provide detailed and 
accurate information about the road condition. 

Figure 8. 3D point cloud map 

Figure 9 shows the full range of ground-penetrating radar 
images of the roads around the Zall Stadium. Due to the large 
amount of data, it is necessary to process the data in chunks. We 
cut the data into 26 chunks as marked in the figure, and then re-
spliced them after processing. 

Figure 9.3D GPR image of the road around the Zall Stadium 

Figure 10 shows the 3D point cloud map obtained from the 3D 
LiDAR data. It has a high positioning match with the GPR data 
and a small stitching error, and can complete the subsequent 
ground and under-ground data fusion stitching work. 

Figure 10. 3D point cloud map of the road around the Zall 
Stadium 

Figure 11 shows the 3D point cloud map after the fusion of 
ground and under-ground data. The ground and under-ground 
data are well spliced and fused without gaps and voids, and the 
quality of the obtained data is high, which proves that the 
technical solution proposed in this paper is effective. By 
analyzing the ground and under-ground information, the road 
condition can be understood accurately, clearly and quickly. If 
there is a problem, it can be quickly located and quickly come 
up with a solution according to the site situation in time. 

Figure 11. Part of the 3D point cloud map after fusion 

Figure 12 shows the profile of the ground and under-ground 3D 
point cloud maps. If there is a situation such as a cavity in the 
road, the profile can be used to quickly and accurately determine 
the state of the road above the cavity and whether there are other 
features that may further cause the road to collapse. Through the 
fusion analysis of ground and under-ground data, a more 
comprehensive and intuitive judgment of road problems can be 
made. 
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Figure 12. 3D point cloud map profile 

In the 3D point cloud map, some under-ground information may 
be obscured. We decode the effective information in it, and 
highlight the three-dimensional contours of pipelines, shafts and 
other features, the display effect is shown in Figure 13. The 
ground and under-ground three-dimensional point cloud map has 
been basically formed, which can provide clear and effective a 
priori information for road maintenance and municipal 
engineering. 

Figure 13. 3D point cloud map with subsurface target 
interpretation 

5. CONCLUSION

This paper introduces an integrated ground and under-ground 3D 
surveying system combining 3D LiDAR technology and 3D 
GPR technology, and introduces the system composition, 

working principle, and key technologies to realize the integrated 
ground and under-ground data collaboration. It can effectively 
complete the ground and under-ground integrated urban road 3D 
detection, realize the ground and under-ground 3D data stitching, 
generate ground and under-ground integrated 3D point cloud 
map, provide effective digital information for the construction of 
digital city, and provide timely and intuitive 3D information for 
municipal road maintenance work. In the future, the use of 
integrated ground and under-ground 3D surveying system can 
play a key role in road quality inspection, digital city 
construction. The ground and under-ground integrated urban 
road three-dimensional detection system, with a wide range of 
application, strong portability, high measurement efficiency, 
post-processing simple and fast, but there are still the following 
two points can be improved: First, the system contains the 
relevant technology, does not include mature automatic feature 
recognition, so it needs to have the knowledge of LiDAR and 
ground-penetrating radar personnel to interpret; Second, limited 
by hardware factors, three-dimensional GPR 's surveying width 
is limited, currently need to let the scanning range cover the 
measurement area, but the 3D LiDAR measurement range is 
wide, in the same road may produce too much redundant data. 
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