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Abstract. BIM provides a visualization of the construction design that allows a construction manager to review the 
construction process and the information that is associated with the progress. BIM is usually applied to modeling struc-
tural objects with parametric geometry where the sequence of process can be predefined. However, BIM technology can 
also be applied to objects with irregular shape where parametric modeling is not possible such as earthwork topography 
based on TIN (Triangular Irregular Network).The objective of this research is to develop a 3D earthwork BIM method-
ology and provide a graphic simulation that is capable of assisting construction equipment operators during excavation 
work. The 3D earthwork BIM presents a modeling technique that involves integrating hardware and software technolo-
gies. This combination of technologies is used to represent the actual excavator configuration in a 3D virtual environ-
ment. When it is applied to actual excavation work, it was proved that the 3D earthwork BIM could synchronize the 
virtual excavator configuration with the actual excavator configuration during excavation work in real time.
Keywords: BIM, earthwork operation, construction equipment, geographical modeling, excavator, graphic simulation.

Introduction 

Building Information Modeling (BIM) is a 3D graphic 
simulation of a construction design.  BIM provides a vis-
ualization that allows a construction manager to review 
the construction process and the information associated 
with the progress. Azhar (2011) stated that this technol-
ogy offers a digitally constructed environment that can 
be applied in the design and construction stages. BIM 
stores the attributes of the dimension, volume, material 
type, and duration of its structural components in a da-
tabase. During the design stage, these attributes are used 
to establish budgets and estimate construction durations. 
During the construction stage, these attributes are updated 
to indicate the progress of the construction operation.

A construction manager can utilize the informa-
tion from BIM to communicate with the owner and the 
contractor during the construction process. Kim and Lee 
(2014) argued that the construction manager could store 
information on the life cycle of the construction project 
and reuse the information in future projects. From this 
perspective, a 3D graphic simulation provides valuable 
information for construction planning prior to actual con-
struction (Bedrick, Davis 2012), and stores actual data 
during construction. These functional benefits allow BIM 
to be used as a management tool throughout the construc-

tion life cycle of structural facilities, such as buildings, 
bridges and industry infrastructures.

Although BIM offers many benefits, the technology 
is usually applied to modeling definite structural objects 
with parametric geometry where the sequence of process 
can be predefined. After the sequence is fixed, the flow of 
installing structural components can be easily identified 
and integrated into a 3D graphic simulation. The ease of 
modeling based on parametric geometry  has limited the 
application of BIM to structural facilities (Moon 2015). 
However, BIM technology can also be applied to objects 
with irregular shape where parametric modeling is not 
possible such as earthwork topography based on TIN 
(Triangular Irregular Network) (Lee et al. 2014). This 
application is challenging because the earthwork BIM 
has to simulate unstructured processes and object data 
(Jo et al. 2012). For example, the sequence of excava-
tion is very difficult to be predefined because the task is 
dependent on the varying site conditions and the equip-
ment operators’ heuristic decisions. In this study, BIM is 
extended to include non-parametric and irregular-shape 
objects that are encountered during earthwork operations.

Machine guidance and/or control technology has 
been developed to enhance the performance of construc-
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tion equipment, such as excavator (Leica Geosystems 
2016; Prolec Ltd. 2016; Topcon 2016). Such technology 
requires models for earthwork equipment and earthwork 
design (finalized shape of earth after earthwork construc-
tion) as well as the original topography before construc-
tion. Autonomous control of earthwork equipment re-
quires same kind of models to guide the equipment for 
the completion of the required job (Seo et al. 2011). The 
real-time tracking and modeling of equipment configura-
tion is also required for machine guidance and autono-
mous control of earthwork equipment. Yamamoto et al. 
(2009) developed an autonomous machine control so that 
an excavator could execute digging and loading grounds 
under limited conditions. In this approach, the equip-
ment configuration was estimated using potentiometers 
installed on the hinges of the excavator sections of the 
boom, arm, and bucket, while the position of the machine 
was determined using the Global Positioning System 
(GPS). Azar et al. (2015) applied computer-vision tech-
nology for estimating the excavator configuration using 
low-cost markers installed on the sides of the excavator 
sections. This approach required a camera to be set up to 
monitor the movement and to measure the angles of the 
excavator sections. However, the camera could lose sight 
of the excavator because the construction equipment was 
constantly moving to dig and load excavated soil onto a 
dump truck.

This study is unique in that it presents functional 
and data requirement for establishing a 3D earthwork 
BIM technique that offers a flexible visualization of the 
earthwork operation in action. That is, this approach re-
lates the movement of an excavator in relation with a 3D 
digital map to generate visual and numerical information 
for the operation of the equipment. The concept of BIM 
can enhance data management and functionality to assist 
equipment operators during an earthwork operation. This 
agrees with the perspective of Jo et al. (2012) who argued 
that the earthwork BIM approach provided a life cycle 
management tool through a 3D information modeling of 
cutting and embanking in the earthwork operation.

The objective of this research is to develop 3D 
earthwork BIM technology by applying the concept of 
BIM to excavation work at a construction site. This study 
presents a 3D graphic simulation environment to describe 
the movement of construction equipment and changes in 
the geographical terrain in a 3D digital space during ex-
cavation work. In this study, the 3D earthwork BIM pre-
sents a modeling technique that integrates geographical 
modeling and equipment modeling. This combined ef-
fort represents the actual excavator configuration in a 3D 
graphic simulation environment. In the field experiment 
using actual excavation work, the 3D earthwork BIM 
demonstrated its capability of synchronizing a virtual ex-
cavator configuration with an actual excavator configura-
tion in real-time.

The study is executed in three parts. First, digi-
tal maps are defined to show the original and planned 

ground surfaces of the construction site. These digital 
maps are constantly updated to show the deformation on 
the ground surface during excavation work. Second, 3D 
graphic models are defined to show the equipment con-
figuration of an excavator. Sensory devices are used to 
understand the configuration of the excavator. GPS-RTK 
(Real Time Kinematic) devices are used to keep track 
of the position and orientation of the construction equip-
ment. Third, the 3D earthwork BIM is tested in real ex-
cavation work to evaluate its applicability.

1. Overview of a 3D earthwork BIM

The 3D earthwork BIM is defined as a digital environ-
ment where the movements of construction equipment 
are simulated in a 3D digital space. This 3D earthwork 
BIM synchronizes the movement of actual construction 
equipment with that of graphical construction equipment. 
The uniqueness in this approach is that the 3D modeling 
technique in the BIM technology is utilized for represent-
ing: 1) the movement of construction equipment and 2) 
changes in the geographical terrain in a 3D digital space 
during excavation work. First, the 3D model of construc-
tion equipment can be viewed in a higher flexibility than 
the conventional machine guidance and/or control tech-
nology. For example, the construction equipment can be 
shown in different viewpoints of 3D as well as X, Y, and 
Z sections. Second, the geographical ground condition 
can be viewed in a more realistic condition. For exam-
ple, the surface of ground surface changes as excavation 
work progresses to show actual ground conditions after 
digging.

2. Preparation of digital maps

The 3D earthwork BIM shows the graphic simulation 
of construction equipment on a ground surface at a con-
struction site. Therefore, the ground surface should be 
simulated to show the deformation of the ground sur-
face while the excavator is digging. In the 3D earthwork 
BIM environment, a digital map represents the original 
and the planned ground surfaces in the earthwork opera-
tion. Therefore, in the graphic simulation, the digital map 
should be prepared as both original and planned maps 
for the specific construction site. These maps can be up-
loaded onto the 3D earthwork BIM and updated to show 
the deformation of the ground surface.

2.1. Original digital map
An original digital map is a representation of geographi-
cal spatial data in discrete points on the ground surface 
using a digital format. Digital maps can be acquired 
by using laser scanners, drones, or any other compat-
ible surveying methods (Seo et al. 2015). Or they can 
be downloaded from government organizations, such as 
the United States Geological Survey (USGS) or the Na-
tional Geographic Information Institute (NGII) in Korea. 
Two types of digital maps were reviewed for selection in 
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this study: triangular irregular network (TIN) and digi-
tal elevation model (DEM) (Burrough et al. 2015). TIN 
method represents the elevation of a geographical surface 
and the characteristics of complex geographical terrains 
using the corners of irregular triangles. This method uses 
small digital data. Since the triangle has different lengths, 
a steep surface is shown with small triangles, while a 
plane surface is shown with large triangles.

DEM method represents the elevation of a ground 
surface using the corners of regular rectangles. This 
method is less suitable to show the characteristics of 
complex geographical terrains compared with the TIN 
method. However, the regular rectangles allow for a data 
structure that is simpler than that of the TIN method. This 
simplicity provides ease in analyzing and manipulating 
geographical data; it is frequently used in developing 
engineering solutions in civil engineering (Sharma et al. 
2010; WMO 2012).

In a 3D earthwork BIM, DEM method was used to 
represent the deformation of the ground surface at a con-
struction site. When DEM method is applied, the distance 
of the rectangles can be adjusted to suit the requirement 
in any application. Due to these strong benefits, this study 
employed DEM method in developing the 3D earthwork 
BIM. In this study, the distance of the rectangles was set 
up in an interval of 10 cm.

2.2. Planned digital map 
An original digital map shows the original status of the 
ground surface before excavation at the construction site 
and provides 3D geographical information on the current 
status of the construction site. Prior to actual implemen-
tation in the 3D earthwork BIM, a planned digital map 
should be prepared to show the area and depth to exca-
vate at the construction site. 

Figure 1 shows a digital map of original and planned 
ground surfaces. The planned digital map is represented 

by TIN. In Figure 1, the original ground that is not af-
fected by construction operation is represented along with 
the planned digital map as 3D contour lines.

In the 3D earthwork BIM, the digital map is also 
used to indicate the planned ground surface compared 
with the actual ground surface. The actual ground surface 
shows the deformation in real time during an excavation. 
Showing the deformation requires a constant update of 
the digital map. Three types of digital maps are used in 
the simulation: the original, the planned, and the actual. 
The original digital map shows the natural ground surface 
before the excavation. The planned digital map shows 
the target depth of the excavation. The actual digital map 
shows the as-is depth of excavation on the ground sur-
face.

3. Modeling of equipment configuration

Vehicle configuration modeling involves software and 
hardware development. Software development involves 
drawing equipment section images in a 3D digital space 
and building an object hierarchy. Hardware development 
involves using inertial measurement unit (IMU) sensors 
and position data from a GPS-RTK device. The kinemat-
ic equation is used to estimate equipment configurations. 
This section discusses the details of the key components 
used in vehicle configuration modeling for the 3D earth-
work BIM.

3.1. Equipment section images 
The excavator consists of five sections: a lower body, an 
upper body, a boom, an arm, and a bucket. Each section 
is graphically modeled to show the vehicle configuration. 
Figure 2(a) shows the 3D models of the excavator sec-
tions. These sections are graphically built to scale. The 
sections are modeled individually and then combined to 
show the equipment configuration (Fig. 2(b)). These sec-
tions are manipulated to show the equipment configura-
tion during the graphic simulation of the earthwork op-
eration. 

The excavator sections are stored in a library as 
a block, and can be withdrawn for graphic simulation. 
The simulation of equipment configuration includes the 
articulation of the boom, arm, and bucket. During the 
graphic simulation, the equipment configuration constant-
ly changes to show the excavator digging at the ground 
surface. The simulation also includes rotation of the up-
per body and movement of the lower body around the 
excavation area.

3.2. Object hierarchy for equipment sections 
The 3D graphic simulation is executed in a hierarchy of 
objects. Each object has values for position, rotation, and 
scale. A hierarchy can be built and controlled using the 
parent–child relationship. Table 1 shows the objects that 
are built for the 3D earthwork BIM. The excavator is di-
vided into five sections: lower body, upper body, boom, Fig. 1. Digital map of original and planned ground surfaces
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arm, and bucket. The lower and upper bodies are in the 
same level of the hierarchy so that they can rotate in-
dependently in the graphic simulation. The upper body 
is given the parent relationship to the boom, arm, and 
bucket so that these components can move together as 
the upper body rotates.

3.3. Equipment configuration
Kinematic calculations are required to constantly simu-
late the configuration of an excavator during excavation 
work. This equation estimates the end tip position of ar-
ticulated equipment (Groover 1986). For example, the 
kinematic calculation is used to estimate the coordinate 
position of a bucket tip. The basis point in the calcula-
tion is the hinge of the boom that is attached to the body 
of the excavator; it is given a xyz coordinate value of 
(0,0,0). The calculation requires the lengths of the boom, 
arm, and bucket, and the angular values between any two 
excavator sections (Fig. 3). In Figure 3, L1, L2, and L3 
indicate the lengths of the boom, arm, and bucket, re-
spectively, while θ1, θ2, and θ3 indicate the angles of the 
boom, arm, and bucket, respectively. 

The angular values are obtained using the sensory 
data from the IMU sensors developed in this study. The 
IMU sensors use three types of sensory devices: gyro-
scope, accelerometer, and gravity meter. Figure 3 shows 
the positions of these sensors. The IMU sensors generate 
the angles between any two excavator sections. In this 
study, the IMU sensors were attached to the surface of 
the excavator components that were parallel to the line 
of the two hinges. The kinematic calculation uses the 
straight line from the center of the hinge to the center 
of another hinge. Note that the sensory angular value for 
bucket is different from the actual angular value (Azar 
et al. 2015). In this study, this difference is compensated 

Fig. 2. a) 3D models of the excavator sections; b) equipment 
configuration

a)

b)

Table 1. A hierarchy of objects for the 3D model components
Object level 3D object Description Remarks 

0 Backho Whole excavator body, including the boom, arm, and bucket

1 Bottom_ Lower excavator body

1 Body_ Upper excavator body

2 Arm01_ Boom

3 Arm02_ Arm

4 Arm03_ Bucket

Fig. 3. Installation of IMU sensors on the excavator sections
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using an offset function in the program module of the 
kinematic calculation.

This study assumed that the ground surface was flat 
and level to the sea surface. That is, this study assumed 
that the excavator was positioned on a leveled surface. 
Actually, when doing excavation work, an excavator op-
erator usually flattens the ground surface on which the 
excavator is positioned. This assumption makes the sim-
ulation simpler and more practical. Otherwise, the kin-
ematic calculation involves more rigorous efforts to cal-
culate the exact position of the excavator sections.

3.4. Vehicle position and orientation
The GPS-RTK technology is used for locating the exca-
vator. The GPS-RTK technology increases the precision 
of the GPS position data. In this position identification 
system, the base station receives encoded signals of GPS 
data from at least four satellites in the Global Naviga-
tion Satellite System (GNSS). Base station is installed on 
the reference point which is created in Transverse Mer-
cator coordinate system. Base station converts real-time 
GPS coordinates into TM to be compared with reference 
point coordinate for error calculation, and the informa-
tion is sent to GPS controller for calibration of accurate 
position of the excavator. In this study, two antennas are 
installed on the body of an excavator to identify the real-
time equipment position. The two antennas are for ob-
taining azimuth by calculating the horizontal angle from 
the north direction. The calculated azimuth is linked with 
position information (roll, pitch, yaw) for each axis of 
the excavator obtained from gyro sensor in order to cal-
culate precise orientation and position information of the 
excavator in real-time. The orientation and position in-
formation together with IMU sensor information (Fig. 3) 

are sent to the machine guidance terminal for calculating 
final bucket position through excavator TM coordinate 
converting and relative bucket position calculation modules.

In this study, the position information and the azi-
muth data in the GPS-RTK are generated in the form of 
National Marine Electronics Association (NMEA) data 
(NGII 2015). The excavator position information uses 
GGA protocol and the azimuth data uses HDT protocol. 
Since the original and planned digital maps are in the 
DEM format, the NMEA data is converted into xyz posi-
tion (TM) data in the DEM format. This converted local 
position data is used to track an excavator moving around 
an earthwork operation.

4. Prototyping a 3D earthwork BIM environment

The digital map and equipment configuration are com-
bined to prototype a 3D earthwork BIM environment. 
The digital map provides information about the ground 
surface, while the equipment configuration provides in-
formation about the vehicle operation and position. Com-
bining the information requires an integration of hard-
ware and software, and produces a 3D graphic simulation 
to match the actual equipment configuration while per-
forming excavation work. This integration makes the 3D 
earthwork BIM different from the general BIMs that are 
applied to predefined structures. This section discusses 
the system structure of the 3D earthwork BIM and its 
application to actual excavation work.

4.1. System structure
The 3D earthwork BIM consists of four modules: graphic 
simulation, an IMU sensor, a database, and data commu-
nication (Fig. 4). First, a graphic simulation module is 
built using a game tool. This module provides a flexible 

Fig. 4. System structure
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manipulation of the ground surface and the equipment 
configuration. Second, the IMU sensor module measures 
the angles of the equipment sections. The sensory data 
are used in the kinematic equation. Third, the database 
module stores the original and planned digital maps. The 
xyz coordinate data in these digital maps are used to in-
dicate the equipment’s position, as well as the elevation 
of the ground surface. The digital maps are constantly 
updated to show the deformation of the ground surface 
during excavation. Finally, the communication module 
transmits the sensory data to the script control using the 
Bluetooth 4.0 standard. This Bluetooth technology con-
sumes low energy and assures continuous connection for 
data communication (Bluetooth SIG Inc. 2016).

The script in the game tool controls the angular posi-
tions of the excavator sections (boom, arm, and bucket). 
The 3D model images of the equipment sections are used 
to show equipment configuration and movement. The fi-
nal output of the 3D earthwork BIM is displayed on a 
computer screen during excavation. The computer screen 
can also show the graphic simulation of an excavator dig-
ging the ground surface and loading the excavated soil 
onto a dump truck.

4.2. Matching actual and virtual configurations
In this study, the prototype of a 3D earthwork BIM was 
applied to real excavation work. The goal of this field ex-
periment was to determine if the virtual equipment con-
figuration of a 3D earthwork BIM could be synchronized 
with the actual equipment configuration of an excavator 
during excavation work. Figure 5(a) shows the equipment 
configuration at an actual site during excavation work, 
while Figure 5(b) shows a graphical image in the 3D 
earthwork BIM. As the actual excavator digs the ground 
surface, the 3D earthwork BIM represents the equipment 
configuration of the actual excavator in a 3D space. The 
deformed ground surface is shown in Figures 5(c) and 
5(d). The views of the deformation of the ground surface 
provide information to the equipment operator about the 
current depth and the planned depth of the excavation.

Figures 5(c) and 5(d) show the front and side views 
of the deformed ground surface during the actual excava-
tion work in this study. The indented area in these figures 
shows the cross-section of the excavated area. In Fig-
ure 5(c), the cross-section shows the depth and the width 
of excavation. In Figure 5(d), the cross-section shows the 
depth and the length of excavation. The difference be-
tween the depth in the actual excavation and in the virtual 
3D graphic simulation serves as a yardstick for measuring 
whether the 3D graphic simulation is accurately describ-
ing the actual deformation of ground surfaces during ex-
cavation work.

4.3. Measurement differences in actual and virtual 
configurations
The virtual equipment configuration of a 3D earthwork 
BIM should match the actual equipment configuration 

a)

b)

c)

d)

Fig. 5. a) The equipment configuration at an actual site during 
excavation work; b) graphical image in the 3D earthwork BIM; 
c) and d) front and side views of the deformed ground surface 
during the actual excavation work
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during excavation work to generate visual information 
for equipment operators. In this field experiment of real 
excavation work, the virtual equipment configuration 
was compared with the actual equipment configuration 
to understand the accuracy of the 3D earthwork BIM. 
The overall performance of the 3D earthwork BIM was 
evaluated using the accuracy of the predicted position of 
the bucket tip.

Table 2 shows that the angles are within ±3° in pre-
cision. The difference in the measurement of lengths was 
calculated using a forward kinematic equation. When 
the angles of the boom, arm, and bucket were used in 
the forward kinematic equation for the actual and virtual 
lengths, the distance from the boom hinge was 345.93 cm 
in the x-direction and –18.61 cm in the y-direction in the 
actual angle measurement. The distance from the boom 
hinge was 336 cm in the x-direction and –6 cm in the  
y-direction in the virtual angle measurement. Thus, there 
was 8.93 cm difference in the x-direction and a 12.04 cm 
difference in the y-direction. When the distance was di-
rectly measured, the actual distance in the x direction was 
345 cm, which resulted in a difference of 9 cm from the 
virtual measurement.

This performance evaluation shows that if the an-
gle measurement is improved, the predictability of the 
actual equipment configuration can also be significantly 
improved. Considering that the specification requires that 
the permitted error be 3 cm (Ministry of Environment 
2014), the capability of angle measurement still needs 
improvement for actual practice. Therefore, the angle 
measurement needs further study to gain the level of pre-
cision required in the specification. 

Conclusions 

This study applied a BIM technology to an earthwork op-
eration. This approach was unique in that the BIM tech-
nology was implemented in an undefined process of the 
earthwork operation. The study provided a 3D graphic 
simulation environment where the virtual equipment con-
figuration in the 3D earthwork BIM was synchronized 
with the actual equipment configuration during excava-
tion work. A prototype of the 3D earthwork BIM was 
developed by integrating software and hardware. Digital 

maps represented the current and planned ground surfac-
es. Based on the digital maps, the prototype simulated the 
equipment configuration in a 3D digital space.

The prototype of the 3D earthwork BIM was tested 
during real excavation work. The field experiment dem-
onstrated that the 3D earthwork BIM could synchronize 
the virtual equipment configuration with the actual equip-
ment configuration. Although there is a need to improve 
the accuracy, the field experiment proved that the proto-
type can be further developed for a machine guidance sys-
tem in the earthwork operation. When actually applied to 
the earthwork operation, the views of the deformation of 
the ground surface can provide information to the equip-
ment operator about the current depth and the planned 
depth of the excavation. Then, equipment operators can 
improve the effectiveness of their excavation work utiliz-
ing the information from the 3D earthwork BIM.

This paper presents the first step of the process of 
applying BIM technology to excavation work. When ful-
ly developed, the 3D earthwork BIM can significantly 
improve the excavation work in construction operations. 
Considering that earthwork usually has a high impact on 
the overall construction budget, the use of the 3D earth-
work BIM will greatly help in planning and executing the 
earthwork operations. That is, the information from the 
3D earthwork BIM can be utilized for managerial func-
tions. For example, (1) productivity can be measured for 
individual equipment operator; (2) the number of con-
struction equipment that is needed can be estimated; (3) 
excavation costs can be reduced due to the more organ-
ized approach to planning the work; and (4) a virtual 
environment can be developed for training equipment 
operators. These added values for using the developed 
3D earthwork BIM in the construction process justify its 
development.

In future work, the 3D earthwork BIM technology 
can be further developed as a machine guidance system. 
Such a system can enhance data management and func-
tionality by assisting equipment operators. With improve-
ments in accuracy and functionality, the 3D earthwork 
BIM can be extended to include other construction equip-
ment, such as bulldozers and motor graders. Also, for the 
sake of experimental testing, the 3D earthwork BIM was 
applied to a flat ground surface in the field experiment. 

Table 2. Comparison of actual and measured angles

Evaluation criteria Actual Virtual Difference Remarks 

Bucket tip position from 
the boom hinge (x,y)

(345, –18) (336, –6) (Δ9, Δ12)

Boom angle (°) 31.8 33.8 –2.0

Arm angle (°) –32.8 –32.3 0.5

Bucket angle (°) –115.8 –118.4 –2.6
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The digital map had the same elevation across the exca-
vation site. However, the 3D earthwork BIM needs to be 
tested in differently shaped geographical terrains. There-
fore, future studies should apply and test the 3D earth-
work BIM in more complicated geographical terrains to 
improve its applicability and use in the earthwork opera-
tion.
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