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Abstract -

The use of drones in the construction industry has
been dramatically growing in different areas such as
building inspection, site mapping, and safety
monitoring. The increasing deployment of drones in
construction leads to more collaboration and
interaction between human workers and drones. This
raises novel occupational safety issues, especially for
those workers who already work in a hazardous
environment. While there is significant research
about the benefits of drones for specific construction
applications, there is a knowledge gap about the
safety risks of integrating such technology into
construction sites. This study uses 4D simulation to
mimic and visualize virtual construction sites
populated with drones to detect safety risks of their
presence under different working conditions. The
validated 4D simulation can provide a valuable source
for safety risk identification and assessment of drone
integration on construction sites.
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1 Introduction

The application of drones or Unmanned Aerial
Vehicles (UAVs) in the construction industry is
continuously increasing in recent years. In 2018, the use
of drones in construction rapidly increased by more than
200% compared to the previous year [1]. In 2021, despite
the pandemic influence on the global economy, 88% of
the present drone adopters in the construction industry
were willing to increase or maintain their investment in
drone technology [2]. Drones are popular in construction
because they can perform tasks more efficiently with less
cost, especially in dangerous or inaccessible spaces for
human workers. Additionally, drones can carry different
sensors, conveniently collecting data and providing
comprehensive documentation for site records. Drones in
construction have a wide range of application areas,
including building inspection, damage assessment, site
surveying and mapping, progress monitoring, and safety
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inspection [3]. As the application of drones expands in
construction, a significant increase in interactions
between drones and human workers is expected. Drones
are flying robots that share a workspace with humans,
equipment, structures, and other objects on construction
sites [4]. Therefore, there is always a potential for
collision incidents that pose serious safety risks to human
workers collaborating with or working around drones.
While there are substantial research studies about the
application and benefits of drones in construction, limited
research has been conducted to analyze the safety
challenges of drones on construction sites. For example,
Xu et al. [5], Jeelani & Gheisari [4], and Khalid et al. [6]
conducted preliminary studies and categorized the safety
concerns related to drone applications in construction.
Despite these exploratory efforts, there is a dearth of
research examining the specific safety risks resulting
from varied working conditions based on different drone
applications in construction.

2 Background & Motivation

2.1 Construction Safety

Construction is a massive, dynamic, and complicated
industry that provides millions of job opportunities
worldwide. At the same time, construction work comes
with disproportionately higher safety risks and causes
more fatal accidents than other sectors [7]. In 2019, there
were 1,038 fatal occupational injuries in the construction
industry in the United States, accounting for almost 20%
of total incidents in all the sectors [8]. According to
statistics data from CPWR (The Center for Construction
Research and Training), 34.7% of fatal injuries were
caused by falls and slips. 22.6% of fatal injuries were
caused by contact with objects and equipment, 17.1%
were transportation incidents, and 13.4% were caused by
exposure to harmful substances or environments [9]. The
statistics indicate that workers who work in dangerous
locations (such as on heights) and are exposed to
automation  hazards, including equipment and
transportation, are more likely to be exposed to safety
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risks. Besides fatal injuries, the rate of non-fatal injuries
in the construction industry also remained consistently
high. There are over 200,000 injuries reported from
construction [4]. Non-fatal injuries can result in severe
disabilities, income loss, chronic pain, and ongoing
medical expenses, resulting in lower quality of life for the
workers. Even less-serious injuries can lead to work time
lost, productivity reduction, and increased medical costs
[10].
2.2 Drone Application and Safety Challenges
in Construction

Drones are unmanned aerial vehicles operated under
remote control without a pilot [11]. The increasing uses
of drones in the construction industry include aiding with
construction structure inspection, mapping and surveying,
3D modeling, progress monitoring, material delivery,
and safety inspection [12]. Undoubtedly, drones can
provide a more efficient way to perform construction
tasks at a lower cost [13]. They can access high-attitude
and dangerous working zones, which are difficult to
reach by human workers, and provide comprehensive
data about construction sites through delicate sensors and
processors. However, with more such aerial robots flying
on construction sites, the interactions between drones and
human workers or other objects (e.g., structures,
equipment, materials, and vehicles) will dramatically
increase. Furthermore, with the integration of drones in
existing construction workplaces, more safety risks are
expected for those who already work in high-risk
environments. According to fatal injury reports, contact
with objects and equipment is one of the top reasons that
cause occupational injuries in construction [9].
Integrating drones in construction sites will increase the
possibilities of such contact risks. Direct contact with
drones includes being struck by flying drones, hit by
falling drones, and caught in by drones' moving parts.
Indirect accidents include continuous collisions caused
by drones contacting other objects and dust and
particulate emissions brought by the drones [4].

2.3 Simulation Approaches and Techniques

Simulation can be defined as the art and science of
creating a representation of a process or system for
experimentation and evaluation [14]. A simulation model
is a set of variables and a mechanism for changing those
variables dynamically over time [15]. At a systems level,
this helps in stimulating the interactions between
different modules or objects that constitute a system. As
construction activities are dynamic and involve
complicated behavior, uncertainties, and dependencies,
simulation approaches are beneficial to replicate reality
and process information iteratively on construction
activities [16], and for quantitative analysis of operations
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and processes [17]. In construction, a 4D simulation can
link a three-dimensional (3D) model of the building or
facility to the dynamic construction activities, allowing
the construction process to be visualized over time [18].
One of the goals of simulation approaches is the
observation of processes, interactions, and outcomes of
those interactions in varying conditions, which help in
gaining a better understanding of the situation studied
[19]. Drone simulation systems have been used in
different fields. For example, an interactive drone flight
control system for agriculture sowing is composed of
virtual drone models and virtual scenes, and the motor
speed was used to change drone altitude and position
during simulation [20]. A VR training system for bridge
inspectors with an assistant drone used parameters
including mass and load, speed, battery capacity, and
movement types [21]. Al-Mousa et al. brought up a
framework for the drone traffic integration simulation,
including aircraft type, dimensions, weight, speed,
location, battery charge, and sensing range [22]. In
construction, Gilles et al. used a VR-based flight training
simulator for drone-mediated building inspections [23].

In this study, a game engine (Unity3D®) is employed
to help this task by creating a replica of a scenario that
mimics construction sites populated with drones while
preserving the physical, dynamic, and organizational
aspects. Unity3D® is a professional game engine with
strong rendering capabilities and convenient interactivity,
an attractive platform for dynamic visualization and
simulations processing [24]. In Unity3D®, a virtual
environment can be developed to simulate a construction
site with virtual construction workers, structures,
equipment, and other construction entities with their
actions and interactions [25].

3 Research Objective

This study aims to develop a 4D simulation of a
construction site populated with workers and drones
performing different construction-related tasks. This
immersive virtual environment will mimic and visualize
interactions between drones, workers, and other
construction entities and ultimately identify safety risks
associated with drone integration in construction under
different working conditions. Studying these interactions
under varying conditions in the real world is not only
dangerous but also impossible on a large scale. Using 4D
simulations allowed us to vary multiple conditions and
investigate the outcomes of critical situations without any
risk.

4  Research Methodology

As illustrated in Figure 1, this study was completed in
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two phases: (1) Scenario Development: (1-a)
identification of simulation scenario characteristics and
(1-b) simulation conceptualization. (2) Simulation
Development: (2-a) simulation parameter determination
and (2-b) simulation demonstration and validation.

i Phase 1: Scenario Development

Identification of

Simulation Scenario
Characteristics

Simulation
Conceptualization

S asssssEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

Phase 2: Simulation Development

Simulation Parameter
Determination

Simulation Demonstration
and Validation

Figure 1. Research Methodology

5 Scenario Development

5.1 Identification of Simulation Scenario

Characteristics

The objective of this step was to identify different
physical and dynamic characteristics of high-risk
scenarios that needed to be mimicked in the simulations.
Working with drones is likely to introduce new risks for
construction workers, especially those who work on
heights. These workers are already at the highest risk of
fatalities and are most likely to be affected by drones
flying at heights. Therefore, past injury reports were
thoroughly analyzed to find common characteristics that
provided a base for defining the simulation scenario
content.
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The CPWR’s fatality maps [9] and OSHA’s
Integrated Management Information System (IMIS)
database [26] were explored to analyze the height-related
accidents in the last 5 years to identify the frequent
construction tasks that resulted in fatalities. The details
provided in the investigation reports were used to identify
the key characteristics associated with each accident. The
analysis indicated that “roof” is one of the primary
factors leading to fatal falls in construction. Further
investigation of filtered reports of “falls from roof”
accidents provided information about workers' tasks,
working locations, and material or equipment. After
filtering the data, 337 incidents involving falling or
physical contact related to the keyword "roof” were
analyzed. The most frequent words related to
construction accidents and the most frequent falling
height were identified by analyzing narrative descriptions
in OSHA reports (Table 1.). In the filtered 337 “roof”
incidents caused by falling or physical contact, the most
frequent tasks for the workers who fall from the roof are
installing panels or trusses, and the most frequent falling
height is 20 feet.

Table 1. Injury Reports (2015-2018) Analysis Results
[]

No. Word related to “roof” accidents from Count
injury reports
1 roof 433
2 fell 414
3 concrete 66
4 floor 54
5 metal 44
6 Scaffold 36
7 installing 36
8 residential 33
9 ladder 29
10 skylight 25
11 struck 24
12 lift 22
13 platform 21
14 panels 21
15 trusses 20
The most frequent fall height
20 ft
Hence, the common characteristics obtained from this
step were

(1) The working location should be on the roof.
(2) The building height needs to be 20 feet.
(3) The workers’ task should be installing panels.

5.2

The objective of this step was to design dynamic

Simulation Conceptualization
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simulation scenarios. This included (1) the design of
static 3D virtual scenarios as the simulation environment
and (2) the design of different virtual workers and drones
performing their designated tasks within this
environment. The common scenario characteristics
identified in the previous step formed the basis for
designing the 4D simulations in this step. Finally, the
drone tasks and flight paths were also incorporated into
the identified high-risk scenarios (Figure 2). The area of
this virtual construction site is approximately 3,000
square meters (32,000 square feet).

3

Dron= 1:

performing  an
inspection task and it flies
towards ssveral waypomts,
following polylines over ths
roof to thes other side, back
and forth.

Dronz 2: dalivering material
from the =ast zround to the
wast sidz of the roof overthe
craw, flying back and forth

Crans: naar the building and Lorry: lnearly moving
rotating,  rotating  path along the south side of tha
overlappad with both drons building

flight path

Roofing craw: thers ar= § workers, working on
a two-stories building roof to install panals.
The roof heizht s 20 f=at. Thare ar= zome
materials onthe roof.

Figure 2. “Roof” Scenario for 4D simulation
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6 Simulation Development

6.1 Simulation Parameter Determination

The objective of this step was to identify different
simulation parameters necessary to vary the simulation
conditions and determine their values to evaluate the
physical risks of drones under multiple conditions.
Based on previous studies (see section 2.3), speed,
altitude, and failure rate are selected as three parameters
to mimic different flight conditions for each simulation
(Figure 3.). Varying speed helped study the impact of the
drone’s dynamic movement through the virtual
environment on its likelihood of colliding with other
entities. Varying altitude can evaluate the impact of
relative position between the drone and other virtual
objects. Finally, the failure rate was a collective
parameter for several characteristics which influence the
drone’s flight stability but are difficult to quantify. These
include operator error, program error, hardware error,
and weather conditions.

Flight Path

Flight Speed

1 Flight Altitude

Figure 3. The Flight Parameters of Virtual drones

The flight parameters of virtual drones in Unity3D
scenarios need to be designed based on actual drone
flight characteristics in the real construction sites while
performing specific tasks to mimic realistic construction
sites and drone integration scenarios. According to the
regulation for small unmanned systems issued by the
Federal Aviation Administration [27] and the
memorandum for the use of Unmanned Aircraft Systems
in Inspections by the Occupational Safety and Health
Administration [28], the drone must not be operated
higher than 400 feet above the ground, except when
within 400 feet of a structure; the flight speed of drone
must not exceed 100 mph. More literature was reviewed
to determine the range of flight parameters of virtual
drones used in physical contact risks simulation scenarios.

Speed

Usually, the flight speed is fixed for visual data
capture when drones are used for monitoring and
inspection-related tasks. For example, Ibrahim and
Golparvar-Fard [29] set the drone speed to 11 mph (5m/s)
to optimize 3D flight templates and generate an algorithm
that maximized visual quality and minimized flight
execution duration. Similarly, a drone flight speed of

Drone Failure Rate
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3m/s was used to accomplish surveying applications to a
medium-sized building [30]. In a safety monitoring and
inspection application case study for a four-story
building, the drone performed a task at 3m/s speed
outside the boundary of the construction site [31]. In a
study analyzing drone photogrammetry's potential
application, the drone flight speed was fixed at 2.5m/s to
capture visual information in three-dimension and over
different epochs for a building zone [32]. In a mapping
application experiment study, conducted on a university
campus and a residential construction site, the drone
speed was suggested to be 4m/s based on the software
developer's recommendation [33]. DroneDeploy, a
commercial drone flight planning platform, usually sets
the flight speed to 13mph (5.8m/s) for construction
inspection [34]. Considering the previous literature, a
flight speed range of 2-6m/s was selected for this
simulation.

Altitude

The Drone flight altitude varies with different
construction types and applications. The flight altitude in
the context of this study is defined based on the distance
from the drone to the surface or boundary of the building.
When a drone is performing inspection or monitoring
tasks, the distance needs to be such that it ensures that the
drone can capture visual information with good quality
while avoiding collision with the structure. A study of
quality assessment for the drone applications on visual
inspection for structure damages indicated that usually
under suitable environmental conditions, the detailed
image could be captured from 5m to 25m to provide
detailed information on structures [35]. In a study for
building 3D model reconstruction, the drone was set to
keep a distance of 5-meters from the building and 25-
meters from the objects to capture clear and sharp images
with the required quality [36]. In another study, a
distance of 12m away from the building surface was
applied to capture images [37]. In a field test for an
automatic point cloud registration method for the drone,
a two-story building was selected for method validation,
and a commercial drone path planner designed the flight
height of the drone as 20m (around 10m-14m distance
from the roof) [38]. According to the literature review,
the distance of the drone from the building surface can
range between 5m to 25m. Therefore, the altitude of
virtual drones in simulation scenarios should be the
height of the building surface, adding 5m to 25m.
According to the scenario content developed in the
previous step, the virtual building roof's height is 20 feet
(6m). Therefore, the altitude range of the virtual drone,
which is performing inspection tasks in simulation,
should be 11m to 31m.
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Failure Rate

Various factors decide the failure rate of the drone.
Intrinsic reliability, which stands for system vulnerability
is one of the essential factors that cause drone failures.
The hierarchy of the intrinsic reliability assessment
shows that critical factors are located in different
subsystems: ground control system, mainframe, power
system, navigation system, electric system, and payload
[39]. Human error is another critical factor that causes
drone accidents. Human factor issues are related to flight
system operation, incorporated automation, and user
interfaces [40]. Analysis based on military UAV mishap
statistics suggests that most mishaps are caused by unsafe
actors of the operators [41]. The top errors related to the
operator’s behavior are skill-based, decision-making, and
cognitive factors. Research also suggests that higher
mental demands cause more errors during drone flight
operations performed by simulators [42]. The external
environment can also lead to drone failures. For example,
a bird strike is a potential factor for drone accidents,
especially during takeoff and landing [43]. Adverse
weather conditions will also impact the success of drone
flight and task performance [44].

The failure rate applied in simulation needs to be a
combined parameter from several characteristics,
including intrinsic reliability, human errors, and external
environments, to mimic realistically done failures
comprehensively. This study assumes the failure rate of
virtual drones ranges from 10% to 50% due to potential
internal or external influential factors. Based on the
failure rate value, the drones were programmed to
suddenly fall while performing tasks in their flight path.
The probability of this happening was the same as the
failure rate value set for that simulation run.

6.2 Simulation Demonstration and Validation

The objective of this step was to run the simulation
with varying simulation parameters and observe drone
interaction in these varying conditions. Three levels were
set for each parameter in the 4D simulation, representing
low, medium, and high levels of value, to mimic different
flight conditions in the realistic construction site (Table
2.). Two virtual drones were used in the simulation with
drone 1 representing a drone that has close interactions
with workers (such as material delivery) and drone 2
simulating an inspection type of drone that does not come
close to workers. For each simulation run, the parameter
value was randomly made to fall in one of the selected
levels. Having 3 parameters with each of the three levels,
there were 27 different combinations of parameter levels.
For each type of combination, 10 simulations were run
resulting in a total of 270 rounds of the simulation
conducted in Unity3D.
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Table 2. Different levels of parameters

Level of Parameter

Parameter Low Medium High
Type
Speed (m/s)  1.5-2.5 3.5-4.5 5.5-6.5
Altitude 15-17 20-22 25-27
(meter)
Failure Rate 0-0.1 0.2-0.3 0.4-0.5

In Unity3D, the Rigidbody Component is used to
provide the object's gravity and could mimic the falling
incidents of the drones. The Collider Component is used
to detect the collisions between virtual drones and other
virtual objects, including workers, equipment, building,
and ground, and would collide with other objects. The
real drone's rotors may continue working even if it fell
but would stop after hitting something. This was
mimicked in simulations by adding a delay of 2 seconds
after the virtual drone collides with other objects before
it ultimately stops working. The number of collisions
between each drone with the worker, building, equipment,
ground, and another drone was counted.

Table 3 shows the results of 270 simulation runs of
this demonstration. The total collisions of drones 1 and 2
with other objects are used to detect drone-related
potential safety risks for the system in the virtual scenario.

Table 3. Collisions Counted in Simulation Validation

Collision Type Count
Total Collisions 773
Collisions Between drones and Building 45
Collisions Between drones and Workers 58
Collisions Between drones and 17

Equipment
Collisions Between drones and Ground 653
Collisions Between drones 0

7 Conclusion and Future Work

This study provides a 4D simulation development
framework that provides a methodology to mimic and
simulate realistic drone-integration construction sites.
Such simulations are used to study the safety challenges
of workers working with or around drones on
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construction sites. First, simulation scenario content was
developed based on the analysis of past construction
injury reports, which identified the most frequent factors
that caused fatal injuries. Furthermore, drone tasks and
flight paths are designed to incorporate virtual workers as
supplementary scenario content. Second, speed, altitude,
and failure rate were selected to mimic different flight
conditions of drones in the 4D simulation. These three
parameters, which designate how the integrated drones
perform their tasks, were defined based on realistic
parameter ranges. Finally, this simulation was run
multiple times with varying parameters to observe and
evaluate the likelihood of drone contact risks under these
varying conditions. The 4D simulation detected potential
collisions between drones and human workers or other
objects. The validated 4D simulation can provide a
valuable source for future comprehensive safety risk
identification and assessment of drone integration in
construction.

Since the interactions with drones and the dynamic
construction activities depend highly on the scenario
content, the quantitative result from this study can only
provide insights for a specific type of drone integrated
construction scenario. However, the identified risks and
the relationship between different drone parameters and
the number of incidents can provide valuable information
that applies to other scenarios. Future research should
include more scenarios within the 4D simulation to cover
more realistic construction site conditions and include
more complicated object movements and interactions.
For example, the workers might sometimes randomly
move in the working area, communicating with each
other and exchanging their positions. These need to be
captured in future simulations. Besides, other high-risk
scenarios such as working on a ladder, or scaffolding,
which are also prone to risks posed by drones, should be
included in the simulations. Finally, there can be more
types of drone flight paths according to their performing
tasks and flight scenarios. Comprehensive safety risk
assessment of drone integration in construction sites can
be conducted through more complicated simulation
development based on the preliminary work produced by
the current study.
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