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ARTICLE INFO ABSTRACT

The compaction quality of earth-rock dams is mainly controlled by compaction parameters (the number of
compaction passes, compaction trajectory, vibration frequency, lift thickness, and driving speed) during con-
struction. However, relying on the operator to implement control of the compaction parameters can result in
unrolled, cross-rolling, and repeated-rolling problems between adjacent work faces. Additionally, existing
compaction quality control methods cannot satisfy the requirements of construction operations under all
weather and extreme conditions. This paper presents an unmanned rolling compaction system for rockfill ma-
terials during construction, including an in situ unmanned roller that is based on automatic driving technology, a
real-time kinematic global positioning satellite system, a wireless communication system, and a real-time remote
monitoring centre based on the client/server mode. The control effect and advantages of the proposed system
were proven by a case study on the Qianping Project in China. Consequently, it was demonstrated that the
proposed system is considerably automatic, accurate, efficient, and reliable for avoiding the influence of human
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factors and, ultimately, improving the compaction quality and efficiency of earth-rock dams.

1. Introduction

Compaction is the process by which the volume of rockfill materials
is reduced to increase its density. An effective compaction quality
control is crucial for the safe and stable operation of earth-rock dams
[1,2]. According to existing specifications for earth-rock dam con-
struction, compaction quality mainly depends on the manual control of
compaction parameters (the number of compaction passes, compaction
trajectory, vibration frequency, lift thickness, and driving speed) during
construction and random spot tests after construction [3]. However,
there are problems associated with conventional compaction quality
control methods: 1) the control of compaction parameters is performed
by on-site construction personnel and, thus, is classified under the
empirical control method, which results in more control errors and
quality defects; 2) spot tests with their destructive characteristics are
time-consuming and labourious and, therefore, cannot satisfy the re-
quirements of modern mechanised construction; and 3) the compaction
quality of the entire rolling construction cannot be recorded in real
time, and data traceability is extremely deficient. Thus, conventional
control methods not only fail to effectively control the compaction
quality of the construction area but also cannot satisfy earth-rock dam
construction quality control requirements, which are becoming in-
creasingly stringent.
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Real-time monitoring systems of rolling compaction construction
parameters, including continuous compaction control (CCC) [4,5],
roller-integrated compaction monitoring (RICM) [6,7], and intelligent
compaction (IC) systems [8,9] have been studied in the past to improve
compaction quality and efficiency. The CCC system is a data acquisition
system that was installed on the compaction equipment to continuously
collect real-time information pertaining to the operation and perfor-
mance of the compactor [4,10,11]. Since the introduction of CCC
technology, several studies have been performed to relate roller-mea-
sured values to various location-specific measurements (such as den-
sity, modulus, penetration resistance, and the California bearing ratio),
and thus control the compaction quality of soil [11-18].

Roller-integrated compaction monitoring technology is comprised
of internal sensors that are installed on the roller to monitor vibration
information, such as harmonic frequencies and accelerations, to de-
termine the RICM measurement value (RICMMYV) for characterising the
real-time compaction status of compacted materials (subgrade soils,
granular soils, and asphalt) [7,19-21]. An on-board computer, with a
rugged display screen [22] and a global positioning satellite (GPS)
system to map the spatial location of the roller, are also installed as part
of the monitoring technology [17]. As a compaction quality control tool
for earth materials, the RICM offers tremendous potential for ensuring
investments and construction quality and promoting construction
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progress [7]. Recent efforts in the United States and in Europe have
focused attention on how RICM technologies can be used in road
building [10,23-26], as well as how its parameters can be related to
mechanistic pavement design values [7]. Several manufacturers cur-
rently offer RICM technologies on smooth drum vibratory roller con-
figurations to monitor the compaction quality of granular materials and
asphalt, as well as non-vibratory configurations for monitoring the
compaction quality of cohesive materials. These manufacturers define
different RICMMVs to characterise the real-time compaction quality of
soil, aggregates, and hot mix asphalt (HMA), such as the compaction
metre value (CMV) used by Geodynamic [27,28], ks used by Ammann
[29], machine drive power (MDP) used by Caterpillar [19,22,30], and
OMEGA used by Bomag [31]. To realise these expectations and to ac-
celerate the implementation of RICM, detailed and statistically robust
field studies are needed to improve the understanding of relationships
between machine parameters (i.e., RICMMV) and various in situ com-
paction measurements [27]. Therefore, White et al. [27] conducted a
field study with 30-m test strips using five granular materials to eval-
uate CMV and MDP roller-integrated compaction technologies. In ad-
dition, Zhong et al. [32] utilised RICM technology to realise the precise
automatic online entire-process monitoring of compaction parameters,
including the number of compaction passes, compaction trajectory,
driving speed, vibration status, and lift thickness. This proposed method
provides a new approach for construction quality control of high core
rockfill dams. Based on Zhong's research and the RICM technology, Liu
et al. [2] collected the real-time field operation data of the driving
speed, the number of compaction passes, vibration status, and lift
thickness of gravel-mixed cohesive soil at the core wall zone of an
earth-rock dam, as well as the corresponding moisture content and
gradation of dam materials to control compaction quality during
earth-rock dam construction. To overcome the deficiencies of CV
(proposed by Liu et al. [20]) and CMV [27,28] in characterising the
compaction quality of rockfill materials, Zhang et al. [33] first proposed
the roller-integrated acoustic wave detection technique to determine
the compaction quality of rockfill materials.

When the RICM system provides automatic feedback control for
vibration amplitude/vibration frequency, or driving speed, it is referred
to as intelligent compaction (IC) technology [7]. The IC technology has
been implemented in Europe and in Japan for years and was introduced
to the USA in the late 2000s [29,34,35]. Currently, IC technology is
used mainly for quality control and quality assurance of road materials,
including HMA [36-45], soils [46-49], and aggregates [48,49]. Si-
multaneously, intelligent construction systems based on the IC tech-
nology have been studied in the past to improve efficiency and safety,
including intelligent navigation strategies [50], autonomous systems
with artificial intelligence approaches [51], and instrumented roller
compactor system monitoring vibration behaviour [52]. Other in-
telligent systems that have been studied for the asphalt paving industry
include those that use neural network modelling [36,53] and an on-
board density reading system [36,45].

However, because the earth-rock dam construction technology and
its quality control standards differ from those of road construction, the
technologies mentioned above are not appropriate for controlling the
compaction quality of earth-rock dams. Even though several scholars
have attempted to apply the abovementioned techniques to earth-rock
dams, evident problems have remained unresolved: 1) manual driving
will lead to control error, and the operator will significantly influence
the control effect of compaction parameters, thus resulting in inferior
compaction uniformity; 2) during the rolling construction of the con-
nection strip between two adjacent sections, there are unrolled, cross-
rolling and repeated-rolling problems; 3) the abovementioned tech-
nologies cannot satisfy the ever-increasing demands for compaction
quality and efficiency in dangerous areas, all weather, and extreme
conditions; 4) the compaction efficiency of the earth-rock dam is cri-
tically affected by human factors. To solve the foregoing problems, as
well as deficiencies in traditional compaction quality control methods,
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some researchers have attempted to utilise automatic driving tech-
nology (ADT) to achieve rolling operations. With the advent of auto-
matic navigation and driving technology, the above problems and de-
ficiencies are expected to be resolved. In agriculture, Luo et al. [54]
developed an automatic navigation and control system based on the
real-time kinematic (RTK)-GPS technology, which has been used to
solve the farmland bottleneck problem of crooked sowing. In addition,
Wei et al. [55] developed an automatic navigation and steering system
for transplanters to have automatic alignment and head steering func-
tions. However, automatic navigation and driving techniques have not
yet been applied to earth-rock dam construction. Therefore, by refer-
encing previous research, this paper proposes an unmanned rolling
compaction (URC) method and system for rockfill materials in earth—
rock dam construction. The developed system can effectively control
compaction parameters and significantly improve deficiencies of ex-
isting compaction quality control methods, avoid compaction defects,
and subsequently improve compaction quality and efficiency.

2. Related works

In recent years, researchers have actively adopted real-time mon-
itoring systems of rolling compaction construction parameters in
monitoring compaction parameters. As the basis of these systems, the
accuracy of GPS measurement is directly related to the monitoring ef-
fect of the compaction parameters, and the compaction parameters are
closely related to the compaction quality of the filling materials [3].
Therefore, GPS has been widely used in the monitoring of compaction
parameters and construction quality. Liu et al. [20] utilised RICM
technology based on RTK-GPS to monitor the number of compaction
passes, compaction trajectory, driving speed, and vibration status in
earth-rock dam construction. Xu and Chang [38] evaluated the effec-
tiveness of IC technology based on RTK-GPS for asphalt compaction,
and the results show that the IC roller equipped with the RTK-GPS
system can maintain a continuous record of the number of compaction
passes, locations of the roller, driving speed and vibration frequency.
Kassem et al. [56] developed a compaction monitoring system based on
the latest GPS technologies to monitor the compaction of asphalt pa-
vement, and the colour-coded maps based on the GPS reflected the
number of passes, the location of the compaction roller, and other in-
dexes. Anderegg et al. [57] used CCC technology based on the differ-
ential GPS system to provide the roller operator with a simple visual aid
to show him the compaction that was attained, the number of com-
paction passes and other data of the construction site.

In addition, GPS-combined interpolation and grid partition has been
used in several research studies to determine lift thickness. A fairly
simple approach involved obtaining the elevation (Z-value) measure-
ments from the RTK-GPS on a CCC compactor for one lift and com-
paring those values to the elevation measurements from the previous
lift, thereby determining the lift thickness by the difference between
two elevation measurements at the same location [58]. The CCC
equipment never records data at the same two locations in space (the
same X and Y coordinates) from lift to lift. To bypass this problem, a
fixed-position (X, Y) coordinate grid and the RTK-GPS measured ele-
vation values for a given lift, as well as geospatial interpolation
methods, were utilised to predict the corresponding elevations at each
of the grid points, and then when the elevation at each of the gird points
has been determined for the two neighbouring lifts, the lift thickness at
each grid point location can be calculated by taking the difference in
elevation from the successive layer [59]. In addition, the ordinary
Kriging method is used for the spatial interpolation of roller measured
values (MV) of elevation to predict unknown values on a uniform grid
for each lift of the constructed embankment and to determine lift
thickness [60]. An alternative interpolation approach for predicting
elevation values at each of the grid point locations is the inverse dis-
tance weighting (IDW) method, and the final compacted thickness of
each soil lift can be determined by comparing the interpolated elevation
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value at each grid point location with the interpolated value at the same
grid point location for the underlying lift [60,61].

Some roller manufacturers and third-party companies, such as
Ammann [57], Geodynamik [28], Caterpillar [62], Bomag [8], and
Trimble [6], have also developed corresponding CCC/RICM/IC devices
that are integrated with GPS to monitor the compaction parameters
during construction. GPS-based compaction equipment manufactured
by Ammann was used to monitor the number of compaction passes, and
a combined DGPS/laser system was capable of achieving height preci-
sion in millimetres, thereby determining the lift thickness in combina-
tion with three-dimensional digital coordinate grid technology [63]. IC
equipment with an RTK-GPS system made by Caterpillar was provided,
and it was utilised to monitor the thickness of compacted soil lifts
during the construction of a roadway embankment, and both simple
and sophisticated spatial analysis techniques were used to interpolate
measured field elevation data onto a uniform grid for a lift thickness
assessment [60,64]. The Trimble intelligent compaction system with
on-board high-precision GPS was used to continuously monitor the
number of compaction passes, the compaction trajectory and lift
thickness of the railway subgrade [65]. Our previous work [33,66,67]
realised a RTK-GPS based, real-time compaction quality detection and
automatic driving utilised in earth-rock dam construction. The above-
mentioned studies served as the backdrop for the research described in
this paper to adopt RTK-GPS and uniform grid technologies, as well as a
number of supporting technologies, to monitor the compaction para-
meters (driving speed, the number of compaction passes, vibration
status, and compaction trajectory) and to determine the lift thickness.

3. Unmanned rolling compaction system

In previous studies [66,67], the authors proposed a concept of ADT
for hydraulic engineering and developed an automatic driving vibratory
roller. In this study, the authors further developed the URC system to
control the compaction quality of rockfill materials in earth-rock dams.
The framework of the URC system is shown in Fig. 1. The system
consists of the unmanned roller, the RTK-GPS system, the wireless
communication system, and the remote monitoring centre. The un-
manned roller collects its own status information in real time, feeds it
back to the remote monitoring centre, receives the navigation line sent
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by the centre to achieve automatic navigation and driving, and receives
control commands to achieve remote control driving. The remote
monitoring centre formulates the navigation line, receives various
status information and emergency request information fed back by the
unmanned roller in real time, and sends real-time control instructions
to the unmanned roller. Moreover, the remote monitoring centre can
achieve comprehensive monitoring of the compaction parameters. The
RTK-GPS system includes an RTK-GPS base station and moving station,
which were used to obtain the current position coordinates of the vi-
bratory roller. Specifically, the base station receives GPS satellite sig-
nals and determines the phase difference of the transmitted carrier in
real time, and the moving station determines the high precision position
of the vibratory roller based on the GPS signals it received, and phase
difference signals of the carrier were transmitted by the base station.
The wireless communication system provides service not only for
communication between slow-moving construction equipment but also
for the transmission of remote control and on-site monitoring in-
formation.

The proposed URC system has several advantages. First, it realises
the unmanned operation of the rolling process based on ADT and ac-
curately controls the compaction parameters (the number of compac-
tion passes, driving speed, vibration frequency, compaction trajectory,
and lift thickness), thereby effectively improving the compaction
quality of earth-rock dam materials during the rolling process. Second,
the system continuously monitors the entire rolling process and enables
timely feedback for quality control. Third, it frees people from com-
plicated operations and reduces the impact of human factors on the
compaction quality. Fourth, it can satisfy the requirements of on-site
all-weather and high-strength filling construction. Fifth, it can effec-
tively solve the unrolled, cross-rolling, and repeated-rolling problems
that exist between adjacent work faces. Finally, the abovementioned
advantages improve the compaction quality and efficiency of rockfill
materials in earth-rock dams, which can enhance the overall project
performance.

3.1. Unmanned roller

The unmanned roller mainly includes on-board navigation con-
troller with a built-in navigation control program (NCP), GPS receiver
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Fig. 1. Framework of the URC system.
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and antennas, wireless access point (AP), wireless AP omnidirectional,
inter-vehicle communicator, ground speed radar, collision avoidance
radar, control motor, electric power steering wheel, and piezoelectric
sensor (Fig. 1). As the key to an embedded system, the NCP is re-
sponsible for receiving and sending control information, as well as re-
ceiving commands and inputting target amount sent by the remote
monitoring centre in real time. In addition, it receives RTK-GPS position
data, ground speed radar data, ranging radar data, and steering angle
sensor data in real time.

The NCP first executes a remotely controlled instruction for pow-
ering, starting, or shutting-off the vibratory roller. Thereafter, the NCP
calls the steering control subroutine, compares the deviation of the
navigation target input amount and the positioning data, and de-
termines the desired steering angle; NCP compares the difference be-
tween the desired steering angle and the actual steering angle of the
wheel and automatically controls the steering wheel according to the
output current of the PID algorithm. As a result, the vibratory roller is
rotated in a predetermined direction. In addition, the NCP also calls the
automatic acceleration subroutine to compare the expected travel speed
input values, ground speed radar measurement speed, and automatic
brake operating conditions; and to control the automatic throttle ac-
tuator through the output current control of the PID algorithm ac-
cording to the status of nearby vehicles, thereby driving the vibratory
roller at the desired speed.

Additionally, the NCP also invokes an automatic brake subroutine to
compare the degree of range-variations of obstacles in the ranging
radar, to determine the movement of other nearby vehicles through
inter-vehicle communication, and to control the brake pedal based on
the output current control of the PID algorithm, thereby slowing down
or stopping the vibratory roller. Thereafter, the NCP sends information,
such as vibration status, position information, driving speed, automatic
control status, and environmental video to the remote monitoring
centre in real time. Additionally, the on-board navigation controller
actively detects the distance between nearby vehicles and properly
adjusts the throttle and brake based on a pre-defined safe distance and
speed. As a result, it achieves an automatic driving function that has
been adapted to the surrounding conditions.

3.1.1. On-board automatic control system

The flowchart of the on-board automatic control system is shown in
Fig. 2. After the on-board navigation controller is started, the NCP first
performs an initialisation process. Thereafter, the NCP establishes a
connection with the remote control device through wireless commu-
nication, establishes the RTK-GPS connection, and initialises the navi-
gation control cycle, PID parameters, and other related state para-
meters. Afterwards, the NCP starts to detect the working status of each
sensor and actuator of the entire automatic control system. If any
component fails to work properly, then the NCP will record its status
parameters and send relevant information to the remote monitoring
centre, where it will wait for related problems to be handled; otherwise,
the NCP will not perform automatic navigation operations. If the NCP
passes the self-test of the system, then it will enter the automatic na-
vigation operation, which is divided into a series of automatic naviga-
tion processes according to the navigation control cycle. For each
process, there are three sub-processes: automatic steering control, au-
tomatic speed regulation, and automatic brake.

a. The automatic steering control sub-process first reads the navigation
target value and navigation direction, and, thereafter, reads the la-
titude and longitude coordinates of its current position and converts
it into plane coordinates. Second, automatic steering control calcu-
lates the distance between the current position and navigation di-
rection, which is the horizontal deviation value and converts the
lateral deviation value into the desired automatic steering expecta-
tion angle in the current control cycle according to the current
speed. Third, automatic steering control reads the current steering
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Fig. 2. Flowchart of on-board automatic control system.

angle of the steering wheel angle sensor and determines whether the
current steering angle has reached the limit that was set by the
system or is less than the desired automatic steering angle. It is only
when the current steering angle is less than the limit value that the
steering PID control subroutine is invoked. After the PID control
subroutine compares the current steering angle with the expected
automatic steering angle, the PID adjustment is performed for the
rotation angle deviation. Thereafter, the control current signal is
calculated and transmitted to the electric steering wheel to realise
the automatic steering of the roller, thereby completing one cycle of
the automatic steering control process.

b. The automatic speed regulation sub-process first reads the expected
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input value of the navigation speed and collision avoidance radar
signal. It then reads the ground speed radar measurement value of
the roller to ascertain whether the driving speed reaches the speed
limit value that was set by the system. If the driving speed is less
than the limit, then the PID control subroutine for speed adjustment
is invoked. After comparing the current speed value and the ex-
pected input speed value, the PID control subroutine adjusts the
speed deviation, calculates the control current signal to the electric
throttle device, and adjusts the driving speed of the vibratory roller,
thereby completing the automatic speed regulation process in one
cycle.

c. The automatic brake sub-process is classified into three types of
brake situations: parking, work, and emergency. For the parking
situation at the end of the navigation work, the sub-process first
reads the coordinates of the navigation target position. Then, it
reads the position coordinate data that were obtained by the RTK-
GPS. After it compares the navigation target position with the cur-
rent position, according to whether the position deviation is within
the system error range, it determines whether the current brake
signal is to be transmitted to the electric brake device to achieve
brake and parking tasks. For acceleration and deceleration work
brake conditions, when the throttle device is in the closed-valve
state, the PID brake subroutine is called according to the distance-
shortening change speed difference between the roller and the ob-
stacle. The PID program adjusts and controls the brake current
signal and transmits it to the electric brake device, thereby
achieving the purpose of the driving speed adjustment. For an
emergency brake situation, when a stop signal is unexpectedly re-
ceived, the maximum current signal is directly output to the brake
device to achieve a rapid stop, thereby completing a cycle of the
automatic driving brake process.

3.1.2. Three-dimensional navigation map

In path planning and navigation, a reasonable data model first needs
to be established. The model uses the object-oriented concept and
method to abstract spatial points and roads into node and unit classes to
master the whole process of the model and manage each class sepa-
rately.

The design principles of the three-dimensional (3D) navigation map
data model should satisfy a simple graphical structure, small re-
dundancy, simple topological relationship, fast spatial information
query, and open data interface. The flowchart of the data model is
shown in Fig. 3 below:

a. Read in the map file. The map file must satisfy certain format re-
quirements, including the output optimal path filename, road net-
work model type, domain type, number of nodes, number of units,
number of sections, space coordinates of each node, node number
contained in each unit, and section information.

. Create a road network model. According to the read map file, the
domain, node, unit, and section information are saved in corre-
sponding classes, such as the Domain class, DofManager class,
Element class, and CrossSection class.

c. Form an overall stiffness matrix. According to the node and element
information in the road network model, a one-dimensional overall
stiffness matrix with variable bandwidth storage can be formed to
provide a basis for path planning.

. Solve the optimal path. According to the node connection in-
formation provided in the one-dimensional global stiffness matrix
with variable bandwidth storage, the Dijkstra algorithm is used to

Read in Create a road

network model
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solve the shortest path problem in directed graphs; the A* algorithm
is used to solve the shortest path in a static road network, and the D*
algorithm is used to solve the shortest path in a dynamic environ-
ment, which can determine the optimal path for both overall and
local path planning for obstacle avoidance.

3.1.3. Overall path planning

The algorithms Dijkstra, A*, and D* can each be used for overall
path planning. Of the three, Dijkstra is extremely classical but is not
heuristic and requires a large amount of calculation. However, A* and
D* have better intelligence and can quickly identify the optimal path.
Moreover, D* is a dynamic algorithm that can re-plan the optimal path
when road conditions change.

To determine the more appropriate algorithm for overall path
planning, this study adopts the same type of complex road network
model (path.in) to verify the accuracy and computational efficiency of
Dijkstra, A*, and D*. The road network model (path.in) has a total of
2500 nodes and 9702 cells. Each internal node is connected to 8 nodes
surrounding it, and the interval between the horizontal and vertical
nodes is 1. Based on the road network model (path.in), this study uti-
lises the three algorithms to calculate optimal distances of paths that
have various starting and ending points, namely, 1-2500, 2-2500,
50-2451, and 100-2451. The results from obtaining these optimal
paths and the elapsed time used to solve them are summarised in
Table 1. Based on the list in Table 1, A* and D* significantly improved
the computational efficiency compared to that of Dijkstra. Moreover,
because D* has the advantage of being able to re-plan the path if road
conditions change, this study ultimately selects the D* algorithm to
realise the overall path planning for the URC system.

3.1.4. Obstacle avoidance in local path planning

Section 3.1.3 indicates that the D* algorithm has more advantages
in the overall path planning. When the roller encounters obstacles
during the movement process, the D* algorithm utilises the last planned
information to search for the route again, avoids duplicate calculation
of the same data, and improves the efficiency of secondary planning.
However, the D* algorithm also has a few drawbacks. Because the roller
will inevitably be involved in cornering as it moves, D* searches in four
or eight directions around the current position each time it turns a
corner. Moreover, being a length-first algorithm, the resulting path will
have several unnecessary turns. When the D* algorithm searches for a
path, it first locates obstacles before re-searching for other adjacent
shortest feasible paths. Consequently, the generated path will stick with
the obstacle and may even encounter two adjacent obstacles. In view of
the above problems and based on previous research [67,68], this study
has selected the improved D* algorithm based on the CA model as the
obstacle avoidance local path planning algorithm to ensure that the
roller will move in an effective path, with no collision, at a low cost.

3.2. RTK-GPS system

The RTK-GPS system is a position and navigation system that is
based on real-time kinematic technology and can achieve a centimetre-
level positioning accuracy. This system has been used in several studies
for real-time data acquisition, real-time construction machinery posi-
tioning, and navigation at the construction site. Su et al. [69] proposed
an enhanced boundary condition method to control the accuracy of the
construction location system integrated with the RTK-GPS system and
RFID. Robert et al. [70] utilised the RTK-GPS technology to aid con-
struction plants in dynamic control and autonomous guidance. Liu et al.

Form overall Solve the

stiffness matrix

the map file

optimal path

Fig. 3. Flowchart of the 3D navigation map data model.
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Table 1
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Time utilised by the three algorithms for the path.in model and the optimal path calculation.

Algorithm Time (s) Optimal path (m)
1-2500 2-2500 50-2451 100-2451 1-2500 2-2500 50-2451 100-2451
Dijkstra 0.257 0.247 0.257 0.245 69.30 68.88 69.30 68.88
A* 0.087 0.091 0.088 0.090 69.30 68.88 69.30 68.88
D* 0.090 0.093 0.085 0.089 69.30 68.88 69.30 68.88
A network, autonomous navigation can be performed by using the ADT.
y The core of the automatic driving navigation is to use the coordinate

Fig. 4. Schematic of the vehicle body composition.

[20] used it to achieve real-time spatial viewing of CVs and compaction
quality, as well as to visually indicate locations of quality defects. In
addition, our previous research [33] proposed using the roller-in-
tegrated acoustic wave detection technique for rockfill materials based
on RTK-GPS technology. According to the abovementioned studies, this
study has selected RTK-GPS technology to realise the high-precision
positioning and navigation functions of the URC system.

The RTK principle is that the GPS mobile station not only receives
information from the base station but also receives information that is
transmitted by satellite. Thereafter, it performs differential processing
on two types of coordinate information to obtain high-precision data.
After obtaining the optimal path between two points on the road

information that was provided by the RTK-GPS to calculate the distance
deviation, e;, and angular deviation, e,, between the vehicle body and
the optimal path in real time to calculate the steering angle and achieve
automatic driving. The specific processes of navigation are as follows:

(1) Convert the GPS latitude and longitude information into construc-
tion coordinates by coordinate conversion;

(2) Calculate the rear body azimuth, ay, based on the left and right GPS
coordinates;

(3) Use the controller area network communication to obtain the actual
steering angle, ay, of the steering wheel, and thereby acquire the
azimuth, a, (ag = ax + ay), of the front body;

(4) Calculate the coordinates (x4, y4) of the front or rear wheel centre in
combination with the GPS and azimuth;

(5) Calculate the distance deviation, e;, and angular deviation, e, be-
tween the vehicle body and the navigation route;

(6) Calculate the steering angle, ta, based on deviations e; and e,, and
thereby achieve automatic driving navigation.

3.2.1. Coordinate transformation

By setting the GPS mobile station through the TestSerial software,
data that include only the GPGGA statement can be transmitted every
0.1s. After parsing the longitude and latitude information in the
GPGGA, the geodetic coordinates can be obtained by Gaussian projec-
tion. Thereafter, four-parameter (xo, Yo, R1, R») transformation can
convert the geodetic coordinates into local coordinates through the
following conversion formula:

HE RS "

where x and y are coordinates of the target coordinate system, x and y’

Display layer Business logic layer Data layer
Request Request | p
. — | Application atabase | Database
Client access
server server
Response R . gateway |«
] eques &
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Monitoring Controlled
agent object

Remote control layer

Fig. 5. Schematic diagram of remote monitoring centre.
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Fig. 6. Schematic of the real-time video surveillance
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Fig. 7. Flowchart of the remote monitoring system for the roller.

are coordinates of the source coordinate system, x, and y, are trans-
lation parameters, and R; and R, are rotation parameters.

3.2.2. Vehicle body azimuth

The rear body azimuth, ap, can be calculated according to the co-
ordinates of the left and right sides of the GPS rover; the calculation
formula is shown in Eq. (2). The front body azimuth can be calculated
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from the rear body azimuth, as well as the actual steering angle of the
steering wheel using Eq. (3).

|X1 - xrl

V@ —x)* + 0 —3)?

oy, = arcsin

(2)
3

where (x1,y1,21) and (x;,y,, 2,) are coordinates of the left and right sides
of the GPS rover, respectively.

ag = ap + ar

3.2.3. Elevation correction formula

Because the actual road has a certain slope, the left and right sides
of the GPS rover also have specifically high tolerances, which will have
particular influence on the coordinates of the centre point between the
left and right sides of the GPS rover projected to the horizontal plane.
Hence, the elevation should be corrected using the following formulae:

EC = (4 —x,)? + (0 +3) )
X + X 2 —Zr .
X="—"———"—h——5sina
2 EC " 5)
Nty 21— Zr
=T+ h=—cosq,
Y 2 EC " (6)

where EC is the elevation correction, (x1,y1,21) and (x;,y,2,) are co-
ordinates of the left and right sides of the GPS rover, respectively; h is
the height of the vehicle body; and (x,y) are coordinates of the centre
point between the left and right sides of the GPS rover.

3.2.4. Front and rear wheel coordinate formulae

The body composition of the roller is shown in Fig. 4. By obtaining a
(the horizontal distance from the centre of the front wheel to the in-
termediate hinge), b (the horizontal distance from the centre of the rear
wheel to the intermediate hinge), and c (the horizontal distance from
the centre of the rear wheel to the coordinates of the centre point be-
tween the left and right sides of the GPS rover), the coordinates (xzg, yz,)
of the front wheel centre or the rear wheel centre can be derived. The
front wheel coordinates can be calculated by Egs. (7) and (8), and the
rear wheel coordinates (x,q,yr4) can be calculated by Egs. (9) and (10).

Xy = x + (b + c)cosay, + acosay ()
Vg =Y+ (b + ¢)sinay, + asinay (8)
Xrq = X + cocosay ©)
Vg =Y+ Cosinay (10)

3.2.5. Deviation and steering angle

According to the coordinates of the front wheel centre or rear wheel
centre, the distance deviation, e;, and the angular deviation, e,, of the
vehicle body from the navigation route can be calculated. Moreover,
the steering angle, tay, can be calculated in accordance with the actual
steering angle, a; and deviations e; and e, of the steering wheel.
Furthermore, the steering wheel is controlled in real time because of tay
consequently, the roller travels based on a predetermined trajectory.
Consequently, automatic driving is fully realised.
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Fig. 8. Photograph of the URC system testing at the rockfill zone.

Table 2
Test scheme for the URC system at the rockfill zone located downstream.
Area Range Date Number of layers Pile number Number of compaction passes
A 0 + 200-0 + 400 m 7/11/2017-25/11/ 9 A/B/C/D/E/F/G/H/1 2/8
B 0 + 400-0 + 680 m 23/9/2?)2;324/11/ 14 a/b/c/d/e/f/g/h/i/j1/j2/k/1/m/n/o/p/q/t/s/t/u/v/w/X/y/z/aa/ 2/8
2017 bb/cc/dd
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Fig. 9. User interface of the unmanned rolling compaction system for Qianping project.
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Fig. 10. Qualified rate of the number of compaction passes for area A.
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3.3. Wireless communication system

Communication between the remote monitoring centre and the
unmanned roller is mainly realised by the wireless communication
system; the communication method is a full-duplex serial mode. The
wireless communication system (see Fig. 1) consists mainly of the AP
located on the roller, the communication transit station, and AP located
on the remote monitoring centre. The AP located on the roller is re-
sponsible for sending information on compaction parameters (the
number of compaction passes, compaction trajectory, vibration fre-
quency, elevation information, and driving speed) during construction,
the working environment video image information and status

Automation in Construction 100 (2019) 103-117

information (the distance between the roller and obstacle, and the
steering angle of the steering wheel) of the roller to the remote mon-
itoring centre. The communication transit station functions to relay the
communicated information to achieve long-distance communication.
On the other hand, the AP that is located on the remote monitoring
centre sends control commands (ignition, switch on, throttle, brake,
and flameout), navigation line data, and remote-control commands
during emergencies or special situations to the unmanned roller.

3.4. Remote monitoring centre

The remote monitoring centre includes the real-time video surveil-
lance (VS) system of the construction site, the remote monitoring
system for the roller, and the visualised management system for com-
paction quality information. Based on the client/server mode, the re-
mote monitoring centre utilises a four-layer architecture for data
communication with controlled objects. The remote monitoring centre
structure includes the display layer, business logic layer, data layer, and
remote-control layer, as shown in Fig. 5. The user accesses the appli-
cation server through the self-developed monitoring platform client.
Because the business logic processing is on the server side and data
processing is completed by the database server, the long-distance and
local data access can be performed through the wireless network.

3.4.1. Real-time video surveillance system

The real-time video surveillance system of the construction site
mainly realises the monitoring of working conditions, such as the ma-
terial truck, roller, and bulldozer in the entire filling and rolling con-
struction area, as well as the overall condition monitoring of the con-
struction site. This system (see Fig. 6) is mainly composed of the server,
industrial computer, camera, and wireless transmission station. The
server, with the industrial computer and camera, utilises wireless
communication to transmit data. The camera transmits the live real-
time image to the server, and the industrial computer feeds information
about the working condition, such as the material truck, roller, and

Fig. 11. Qualified rate of the number of compaction passes for area B.
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Fig. 12. Compaction parameter monitoring diagram of area A on 15 November 2017: (a) Compaction trajectory; (b) the number of compaction passes.

Table 3
Test results of RTK-GPS equipment accuracy.

Coordinate axis Minimum absolute error/ Maximum absolute error/ Average absolute Minimum relative Maximum relative error/  Average relative error/

cm cm error/cm error/% % %

X 5.34E-08 0.42 0.20 6.65E-8 0.52 0.23

y 7.64E-09 1.94 0.65 2E-8 3.11 1.25

z 1.26 2.97 2.32 3.75 8.91 6.92
bulldozer, to the server in real time. construction project, construction schedule program, and navigation

planning program. The monitoring program can simultaneously com-
mand and control multiple rollers for rolling operations. The flowchart
of the remote monitoring system for the roller is shown in Fig. 7. As
shown in the figure, after the remote monitoring system for the roller is
started, the monitoring program is first initialised to display the status

3.4.2. Remote monitoring system for the roller

The remote monitoring system for the roller mainly includes the
control computer and wireless communication antenna. The control
computer stores a monitoring program, a 3D digital model of the
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Fig. 13. Relative error of the test results obtained from RTK-GPS and conventional methods.

of the monitoring equipment system and the monitored information
status of the rollers; second, the monitoring program successively sends
a power-on command remotely according to the order number of the
roller; third, the monitoring program establishes a wireless commu-
nication connection with the on-board automatic control system of the
rollers; fourth, the remote monitoring system receives and displays the
video sent by the on-board automatic control system, the spatial posi-
tion information obtained by RTK-GPS technology, the information on
various sensors, as well as the emergency processing request in a spe-
cific display frame; fifth, according to the real-time condition of the
rollers, the monitoring program remotely sends the ignition and start
commands of the rollers; finally, the monitoring program enters the
remote 3D digital model navigation control or human-computer inter-
action remote subroutine.

3.4.3. Visualised management system for compaction quality information

Using AutoCAD, LabView, and other software, this study established
a 3D digital model of the earth-rock dam, and then developed a com-
paction quality information management system based on the client/
server mode. In addition, this study introduced the 3D model into the
server database, established the data table information based on the
rolling time and compaction quality information, realised the com-
paction quality visualisation of the rockfill materials and the sub-
sequent evaluation function, and then realised the dynamic update of
the compaction quality information based on the database file.

4. Case study
4.1. Testing site and materials

The earth-rock dam of Qianping reservoir, with a clay core, is in
Henan Province, China. This dam, with a height of 90.3 m, includes six
construction zones and four different types of dam filling materials; its
gross filling capacity of earthwork is 1.3 x 10”7 m®. This research fo-
cused on rockfill materials at major rockfill areas located at the
downstream dam body. The rockfill materials at major rockfill areas
have a maximum particle size of 1000 mm, based on a conservative
estimate, and the proportion of particles less than 5 mm is controlled to
within 15%; the average moisture content is 4.8% (based on the
average results from 114 groups of tests). For the rockfill materials, the
designed standard for the number of compaction is eight.
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4.2. Testing program

To analyse the actual effect of the unmanned rolling compaction
system that was proposed in this paper, several sets of on-site experi-
ments were implemented. In this study, areas A and B were selected as
analysis objects of system operation results. Fig. 8 shows a photograph
of the unmanned rolling compaction system test at the downstream
rockfill zone, and the experiment scheme is summarised in Table 2. As
shown in Fig. 8, areas A and B are located in the rockfill zone at a
certain distance from the right dam abutment; several unmanned rollers
participated in the entire test plan, such as unmanned rollers 1, 2, and
3.

Vibratory rollers used in this field test consisted of the smooth drum
for the rockfill material compaction. According to design requirements,
this study conducted 10 compaction operations, which included two
static and eight vibration compaction operations (see Table 2) on
rockfill materials. During the entire test period, area A was filled with 9
layers, and area B was filled with 14 layers. Because the unmanned
rolling compaction system with its corresponding device was employed
at the Qianping project, the compaction parameters, frequency of use,
and the fault rate of the unmanned roller during the compacting process
could be acquired for this project. Fig. 9 shows the user interface of the
URC system of this project. We retrieved a set of field-sampling data,
including the compaction parameters (the number of compaction
passes, compaction trajectory, vibration frequency, lift thickness, and
driving speed), use frequency of the unmanned roller, fault rate of the
unmanned roller, and the elevation of compacted layers that are used
for the actual effect analysis of the unmanned rolling compaction
system proposed in this paper.

5. Result analysis
5.1. Result analysis of the compaction parameters

According to the test plan summarised in Table 2, this section pre-
sents the statistically analysed results of the compaction trajectory and
the number of compaction passes of the filling construction areas A and
B. Fig. 10 shows the qualified rate of the number of compaction passes
for area A from 7 November 2017 to 25 November 2017, and Fig. 11
shows that for area B from 23 September 2017 to 24 November 2017.
Statistical results indicated that when the URC system is used to fill
each layer of the two areas, the qualified rates of the number of com-
paction passes for the filling area having different pile numbers are all
above 95%, and most exceeded 98%; the control accuracy of the



Q. Zhang et al.

Width of pile number (m)

-90 -100 -110

-120

-130

Automation in Construction 100 (2019) 103-117

- 346.75
- 346.735
- 346.72
-346.705
- 346.69
- 346.675
- 346.66
- 346.645
- 346.63
-346.615
- 346.6

-140 -150 -160 -170 -180 -190

Off centre distance (m)

'1:1}- W [

Ll

Width of pile number (m)

-100 -110

-120

-140 -150 -160 -170

-130
Off centre distance (m)

Fig. 14. Elevation information of the work surface after completion of the rolling operations: (a) area A and layer 4; (b) area B and layer 12.

Table 4

Lift thickness and the uncertainty of layer 12 in area E.
Number of grids Designed thickness/cm Maximum lift thickness/cm Minimum lift thickness/cm Average lift thickness/cm Uncertainty/cm
3360 80.0 81.0 66.0 75.6 0.04

compaction trajectory is within 5 cm; the control accuracy of vibration
frequency and the driving speed are 0.5 Hz and 0.05 m/s, respectively;
and the amplitude of the modified roller is consistent with the para-
meters of the original roller, and can be considered as a constant. The
number of compaction passes in some areas may have not satisfied the
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standard, because several unmanned rollers are overloaded during the
initial operation of the URC system. As a result, any of the following
may happen: failure to maintain work schedules, the on-site manage-
ment of the unmanned rolling area is not in place, a lack of coordina-
tion between the management personnel of the remote monitoring
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centre and those on site, wireless communication affected by bad
weather, or other non-human or non-system factors arise on site.

According to specifications of existing earth-rock dam construction
[3], compaction parameters have a significant impact on the compac-
tion quality of earth-rock dams. To visually reflect the control effect of
the URC system on the compaction quality, this study selected the
compaction parameter monitoring diagram for area A on 15 November
2017 as an example, as shown in Fig. 12. As can be observed from
Figs. 10, 11, and 12, the URC system that was proposed in this paper
has evident advantages over manual driving. That is, the URC system
can accurately control the compaction trajectory, thereby solving the
unrolled, cross-rolling, and repeated-rolling problems to effectively
ensure the qualified rate of the number of compaction passes; the URC
system can accurately control the compaction trajectory, vibration
frequency and driving speed, as well as effectively reduce the human
influence of the driver on the compaction quality of the rockfill mate-
rials; the URC system can achieve real-time visualisation of compaction
parameters to realise the whole process under all weather conditions
with timely monitoring of the rolling compaction quality; the URC
system with the unmanned rolling characteristic is extremely suitable
for rolling construction under dangerous conditions, night-time condi-
tions, or extreme conditions (such as in the plateau area). Based on the
above analysis, the URC system can effectively control the compaction
quality of rockfill materials.

5.2. Statistics and analysis of the use frequency of unmanned rollers

This section describes the use frequency of unmanned and manned
rollers during the filling construction of areas A and B, respectively.
Statistical results indicate that unmanned rollers are used at a sig-
nificantly higher frequency than are manned rollers. During the entire
test process, unmanned rollers are mainly responsible for the rolling
task in the main construction area (see Fig. 12), whereas manned rollers
are responsible for the rolling task at the corner and seam (see Fig. 12).
Compared with the manned roller, the URC system based on unmanned
rollers can perform a crucial function in the filling process of rockfill
materials located downstream of the earth-rock dam. Based on the
above analysis, the URC system can liberate roller drivers from com-
plicated work, thereby greatly reducing the influence of human factors
on compaction quality, and significantly improving the efficiency of
filling construction.

5.3. Statistics and analysis of the fault condition of unmanned rollers

This section counted and analysed the fault conditions of unmanned
rollers during the rolling construction of areas A and B. Statistical re-
sults show that the number of faults of unmanned rollers is significantly
less than that of the total, and the result reflects the high reliability of
unmanned rollers. Based on statistical analysis, the fault rate of un-
manned rollers in areas A and B during construction are approximately
8.8 and 7.9%, respectively. The statistical results indicate that the URC
system based on unmanned rollers has characteristics of a stable op-
eration, strong adaptability, convenient maintenance, and remarkable
safety.

5.4. Statistics and analysis of lift thickness of compacted layer

5.4.1. Discussion regarding the accuracy of RTK-GPS equipment

Since the construction site is relatively wide and the GPS base sta-
tion is located on the open platform at the top of the left bank abutment
not far from the construction site (see Fig. 8), the communication be-
tween the base station and the construction site is not affected by oc-
clusion and trees. This paper selects a set of location points at the test
site and verifies the accuracy of the RTK-GPS equipment by comparing
it with static GPS and levelling instrument measurement results. A total
of 32 sets of test points were used for the accuracy analysis of the RTK-
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GPS equipment. Table 3 shows the test results of RTK-GPS equipment
accuracy, and the relative error of the test results obtained from RTK-
GPS and conventional methods is shown in Fig. 13. From the table,
RTK-GPS equipment has a higher accuracy in the plane (x, y) than in
elevation (z). The average absolute error of the plane is less than 1 cm,
and the average absolute error of the elevation is less than 2.5 cm. As
shown in Fig. 13, the average relative error gradually increases from the
x direction to the y direction and then to the z direction. The average
relative error of the plane is less than 1.5%, and the average relative
error of the elevation is less than 7%. Based on the above analysis,
through multiple sets of comparison experiments, the measurement
accuracy of the RTK-GPS equipment used in this paper can meet the
actual needs of the URC system and in situ construction.

5.4.2. Statistics and analysis of the elevation of the compacted layer

Area A has 9 layers of rockfill materials that were filled from 7
November 2017 to 25 November 2017, whereas area B has 14 layers
that were filled from 23 September 2017 to 24 November 2017. Using
the monitoring data of areas A and B that were obtained by the URC
system, this section reports an evaluation of the elevation data of
compacted layers. The results show that the URC system can control the
difference between elevations at each position of the compacted layer
to within 15 cm (the design standard for the filling layer thickness is
80 cm). The monitoring data of areas A and B on 12 November 2017 are
selected as an illustration to better reflect the control effect of elevation,
as shown in Fig. 14. Statistical results and Fig. 14 indicate that the URC
system can maintain uniform settlement of the compacted layers,
thereby controlling the compaction quality of earth-rock dams through
the control of lift thickness.

5.4.3. Uncertainty in the computed average lift thickness

To reflect the uncertainty in the computed average lift thickness,
area E in Fig. 14 is selected as the calculated test region. Area E is
divided into 3360 uniform grids according to a grid size of 2m by 1 m.
After using the URC system for rolling operations according to the
specified number of compaction passes, this section statistically ana-
lyses the lift thickness data of these grid points. The calculation of the
lift thickness, Hy, in grid k is shown through Eq. (11) to Eq. (12) [71].
The lift thickness hy . in grid k at time t is compacted using Eq. (11).

hiy =20 — Zio 11

hence, the lift thickness in the kth gird can be calculated using Eq. (12).

Hy = hit} = Zk1 — Z)

k mlaX{ .t} k.1 k,0 a2
2, is the elevation at time t; Z, o is the initial elevation of grid k; and

Zy, o is in accordance with the design thickness of the filling layer. The

elevation of the gird after compaction is captured in Eq. (13).

Zk.l = m[aﬁx{zl [ (x[’yp) € Gk} 13)
(x;,¥0) € G, means that in the tth time interval, the trajectory point
(X, Yo is in the kth gird Gy.

Based on the above formula and type A evaluation method of
standard uncertainty, the required lift thickness, maximum lift thick-
ness, minimum lift thickness, average lift thickness, and uncertainty in
the computed average lift thickness for the filling layer of area E are
presented in Table 4. From Table 4, it can be seen that the measurement
results are of high quality, and the lift thickness can be effectively
monitored during construction.

6. Conclusion and prospect

The following conclusions were drawn based on the outcomes and
findings of this study.

e Based on ADT, RTK-GPS, AP, 3D visualisation, and VS technologies,
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an URC method for rockfill materials is proposed. The method with
the characteristics of adaptive real-time planning path according to
job scene change, two-way high-speed communication, data storage
and application separation, automation feedback control, high-pre-
cision positioning and navigation, on-board and remote dual control
mode, three-dimensional visualisation of the construction process,
and monitoring of the whole construction process converts the mode
of manned rolling compaction into that of unmanned rolling com-
paction.

A real-time URC system for earth-rock dams is developed, and the
construction process of the earth-rock dam in the Qianping reservoir
project is used as a case study. These data from the monitored
construction areas show that the one-time qualified rate of the
number of compaction passes is greater than 95%, and most ex-
ceeded 98%; the control accuracy of the compaction trajectory is
within 5cm, the control accuracy of the vibration frequency is
0.5 Hz, and the control accuracy of the driving speed is 0.05 m/s. In
addition, the statistical results indicate that the URC system can
maintain the uniform settlement of compacted layers, thereby ef-
fectively controlling the lift thickness. In a word, the compaction
parameters are up to standard.

The field application of this system demonstrated the effectiveness
and efficiency of this system. It was found that this system can ac-
curately control compaction parameters; fundamentally solve the
unrolled, cross-rolling, and repeated-rolling problems between ad-
jacent work faces; successfully free the operators form tedious work;
effectively avoid human errors or extensive management interven-
tion, fully meet the needs of all-weather construction under high-
intensity conditions; and continuously monitor the whole process of
construction in 3D visualisation. Based on the above conclusions,
this system can effectively control the construction process, thereby
improving the compaction quality and efficiency of the earth-rock
dam, which can effectively improve the performance of the overall
project.

Future research will be conducted in three aspects. First, the control
accuracy of the compaction parameters needs to be improved by the
optimisation of the software and hardware of the system as well as
the control process, an improvement of the system integration, and
an in-depth training of the system administrators. Second, the
clustering and collaborative operation of multiple unmanned rollers
need further study. Third, the URC system can be further extended
to RCC dams, railways, highways, airports and dikes, and the related
application studies needs to be followed up.
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