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ABSTRACT

As an increasing number of building components are modularised and prefabricated,
cranes are required to lift larger and heavier loads in onsite assembly. The increasing
volume and weight of lifted loads could raise the risks of crane failure and escalate the
severity of crane accidents. In this circumstance, traditional approaches that deal with
accidents reactively become inadequate and ineffective, and proactive control over

crane operational hazards is in imperative demand.

Prevention through Design (PtD) is a novel safety management concept that
aims at reducing risks of hazards early in the life cycle of construction projects. This
study embraced this concept and proposed a proactive safety management (i.e., PtD)
method for crane operational hazards, leveraging two cutting-edge technologies:
pathfinding algorithms and building information modelling (BIM). These two
technologies were selected through a critical literature review that investigated
decision-making processes for crane lift planning, state-of-the-art technologies for
planning automation/optimisation, and safety/practicality considerations integrated

into automated or optimised crane lift planning processes.

Following the literature review, a novel pathfinding algorithm (i.e., PSRRT*) was
proposed to automatically plan paths for crane lift operations. PSRRT* automatically
generates collision-free paths compliant with crane load capacity limits to design out
overloading and collisions with static obstacles. Furthermore, PSRRT* systematically
integrated safety and practicality considerations in manual path planning practices into
its pathfinding mechanism. As a result, path planned using PSRRT* were more

realistic and easier to follow for human crane operators compared with those from
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other pathfinding algorithms, which, in turn, provided detailed path information of crane

operations at the construction planning stage.

In addition to collisions and overloading, other crane operational hazards, such
as caught-in-between by crane parts, hit by falling loads, and struck by failed crane
booms or masts, endanger on-site workers as well. These hazards are particularly
widespread on construction sites with tower cranes. Tower cranes, which have
extensive coverages, are possible to swing over or collide with almost all workspaces
on open surfaces. Thus, a BIM-based hazard estimation method was created to
assess the distribution and intensity of tower crane operational (TCO) hazards. The
BIM-based hazard estimation method imports 4D building/site information from BIM
models and lift paths from PSRRT* to predict the site-level hazard exposure (HE) with
a generic energy-based hazard quantification model. Heatmaps are generated as 3D

BIM models and 2D drawings to communicate the hazard information.

By tailoring the number of input paths, spatial-temporal analyses of TCO
hazards can be performed at different granularities (i.e., per single lift, per day or per
installation cycle), and the outcomes of which are anticipated to advance various
planning activities and safety management tasks. Three application scenarios were
investigated in depth using a case study, including managing critical lifts, improving
daily hazard communication on site, and contextualising scheduling/planning tasks
with hazard information. The case study utilised a real-world building project and
presented various hazard prevention techniques to control TCO risks proactively in

each scenario.



A discussion ensued to highlight the contributions and analyse the input
requirements, sources of errors, limitations, and prerequisites to implementation for
each component of the PtD method for crane operational hazards (i.e., PSRRT*, BIM-
based hazard estimation method and their integration). The scalability of this study
was discussed, which shed light on future research directions. In conclusion, the
development and integration of PSRRT* and the BIM-based hazard estimation method
enabled systematic and proactive management of crane operational hazards through

planning, scheduling, and coordinating crane lift operations and other on-site activities.



PUBLICATIONS DURING ENROLMENT

The following journal articles and conference papers were published during
candidature. Journal article 1 is included in Chapter 2. Journal article 2 is included in

Chapter 3.

Journal articles:

1. Hu, S, Fang, Y. and Bai, Y., 2021. Automation and optimization in crane lift
planning: A critical review. Advanced Engineering Informatics, 49, p.101346.

2. Hu, S., Fang, Y. and Guo, H., 2021. A practicality and safety-oriented approach
for path planning in crane lifts. Automation in Construction, 127, p.103695.

3. Rao, A.S., Radanovic, M., Liu, Y., Hu, S., Fang, Y., Khoshelham, K.,
Palaniswami, M. and Ngo, T., 2022. Real-time monitoring of construction sites:
Sensors, methods, and applications. Automation in Construction, 136, p.104099.

Conference papers:

1. Goh, J., Hu, S., and Fang, Y., 2019. Human-in-the-loop simulation for crane lift
planning in modular construction on-site assembly. In Computing in Civil
Engineering 2019: Visualization, Information Modeling, and Simulation (pp. 71-
78). Reston, VA: American Society of Civil Engineers.

2. Hu, S., Fang, Y. and Moehler, R.C., 2020. BIM-based lift planning workflow for
on-site assembly in modular construction projects. In International Conference
on Construction Engineering and Project Management 2020 (pp. 63-74).
ICCEPM2020 Organizing Committee.

3. Hu, S. and Fang, Y., 2020. Automating Crane Lift Path through Integration of

BIM and Path Finding Algorithm. In ISARC. Proceedings of the International
6



Symposium on Automation and Robotics in Construction (Vol. 37, pp. 522-529).
IAARC Publications.

Hu, S., Fang, Y. and Moehler, R., 2021. Estimating Hazard Exposure in Tower
Crane Lift Operations Using BIM and Path Planning Algorithm. In ISARC.
Proceedings of the International Symposium on Automation and Robotics in

Construction (Vol. 38, pp. 576-582). IAARC Publications.



THESIS INCLUDING PUBLISHED WORKS DECLARATION

| hereby declare that this thesis contains no material which has been accepted for the
award of any other degree or diploma at any university or equivalent institution and
that, to the best of my knowledge and belief, this thesis contains no material previously
published or written by another person, except where due reference is made in the

text of the thesis.

This thesis includes 2 original papers published in peer reviewed journals. The
core theme of the thesis is preventing crane operational hazards proactively. The
ideas, development and writing up of all the papers in the thesis were the principal
responsibility of myself, Songbo Hu, working within the Department of Engineering

under the supervision of Dr. Yihai Fang.

The inclusion of co-authors reflects the fact that the work came from active
collaboration between researchers and acknowledges input into team-based
research. In the case of Chapter 2 and 3, my contribution to the work involved the

following:



Co-author Co-
. name(s) Nature  author(s),
0,
Thesis Publication Title Status Nature and % of student and % of Co- Monash
aut hor 6 s student
contribution* Y/N*

Chapter contribution

75%, planned the paper,
surveyed the literature,

Automation and processed/analysed the

optimization in 20% Fang, Y.,

2 . — Published data, wrote and edited the . N
crane lift planning: . and 5% Bai, Y.
o . manuscript, responded to
A critical review .
reviewers
75%, planned the paper,
A practicality and surveyed the literature,
safety-oriented designed experiments, o
3 approach for path Published processed/analysed the 20% Fang, Y., N
A . and 5% Guo, H.
planning in crane data, wrote and edited the
lifts manuscript, responded to
reviewers

| have not renumbered sections of published papers in order to generate a consistent

presentation within the thesis.

Student signature: Date: 08/25/2022

The undersigned hereby certify that the above declaration correctly reflects the nature
and extent of tctraeu tshtaurdsetnt dsn tarnidbut i ons
where | am not the responsible author | have consulted with the responsible author to

agree on the respective contributions of the authors.

Main Supervisor signature: Date: 08/25/2022



ACKNOWLEDGEMENTS

First and foremost, | would like to express my sincere gratitude and respect to my main
supervisor, Dr. Yihai Fang. This endeavour would not have been possible without his
support, guidance and professionalism in PhD supervision. It is my honour to
undertake research work under your supervision. | would also like to express my
sincere appreciation to my co-supervisor, Dr. Robert Christian Moehler, for his
invaluable support, motivation, and advice. | feel so lucky to have the opportunity to

work with such talented and generous individuals.

| would like to extend my sincere thanks to all the members of my milestone
review committees: Assoc. Prof. Ye Lu, Assoc. Prof. Qianbing Zhang, and Dr. Nan
Zheng, for their insightful comments and encouragement. | would also like to thank my
collaborators, Prof. Hongling Guo at Tsinghua University, China and Prof. Yu Bai at
Monash University, who provided excellent research opportunities and collegiality

throughout this PhD journey.

My PhD scholarship was fully supported by the Department of Civil
Engineering, Monash University. | would like to pay my sincere gratitude to the
department and its staff for their unfailing support and assistance. Special thanks to
Dr. Lilian Khaw for her support in developing my academic writing skills. To my fellow
researchers at the department who provided support and collegiality, especially the

members of the ICON Lab, thanks!

Lastly, | am deeply indebted to my family. To my parents, thank you for your

love, support, and unwavering belief in me. Without you, | would not be the person |

10



am today. To my beloved wife, Siyao, | could not have undertaken this journey without
your love and support. Thanks for coming to Melbourne and accompanying me
through the tough time during the pandemic. Thanks for the inspiration and the mental,

motivational support you brought to me. Best wishes for pursuing your PhD in Sydney.

11



TABLE OF CONTENTS

AB ST RA CT < i 3
PUBLICATIONS DURING ENROLMENT ....coitiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeeeeeeeeee e 6
THESIS INCLUDING PUBLISHED WORKS DECLARATION .....coooeviiiiiiieieeeeeeeeee, 8
ACKNOWLEDGEMENTS ... 10
CHAPTER 1 INTRODUGCTION ... .uuttutuuuututuueuttseesrsenessnnesnnnnsnesssnnssssnsssnnnsnnn... 15
00 R | 11 To 18 o {0 o L 15
1.2  Research background .............oiiiiiii i 18
1.2.1  Occupational injuries and fatalities involving cranes...............cccccuvvvnnn. 18
1.2.2 Classifications of crane-related hazards on the construction site ......... 19
1.2.3 Prevention through Design (PtD): theories and methods ..................... 23
1.2.4 Conventional methods for proactive prevention of crane-related hazards
26

1.2.5 Technologies for proactive prevention of crane-related hazards .......... 27
1.2.6  POINt Of dEPANUIE ....uviiieei e 30

1.3 Research aim and ODJECHIVES .........ccoiiiiiiiiiiii e 31
1.4 Research design and thesis StrUCIUre ..........coooeeeiiiiiiiiiiiie e, 32
1.4.1 Research framMeWOrK ...............uuuuuuuiuuiuiiiiiiiiiiiiiiiiieiieeieeeereeee. 32
1.4.2  TRESIS SIIUCKUIE ... et e e e e e e e e e e e anaenn e e e e e 34

1.5 Contributions of the WOIK ..........cooiiiiiiiii e 36

I G o= (=] (= o = 37

CHAPTER 2 INVESTIGATING AUTOMATED AND OPTIMISED CRANE LIFT

PLANNING METHODS .....cooiiiiiiiiiiieeeeeeeeeeeeeeeeee ettt 47
2.1 INTTOAUCTION ..o 47
2.2 Automation and optimization in crane lift planning: a critical review............ 49
2.3 SUIMIMEAIY ettt et e e e e e e e et e e e e e e e e e e e e e nnnnaas 66
2.4 REIBIEINCES ... 69

CHAPTER 3 DEVELOPING A PRACTICALITY AND SAFETY-ORIENTED
ALGORITHM FOR LIFT PATH PLANNING .....ooviiiiiiicee e 71

12



G 200 R |11 0T [V Tox 1 o] o PP 71
3.2 A practicality and safety-oriented approach for path planning in crane lifts. 73

3.3  Adapting PSRRT* fOr tOWEr CraneS.........cccovvviiiiiiiiieeeeeeeeeiie e 86
3.3.1 Differences between mobile cranes and tower cranes ...............ccceeee. 86
3.3.2 Impacts of crane type 0N C-SPACES ......cccevveeiriiiiiieeeeeeeeeiiiie e e e e eeeaanns 87
3.3.3  Modifications of PSRRT* .....ccooiiiiiiii 89

B4 SUIMIMEAIY ettt ettt e e e ettt e e e e e e e e e et ea e e e e e e e e eesnnnannas 91

G T (=3 (=7 =T 100 PSR 93

CHAPTER 4 DEVELOPING A BIM-BASED HAZARD ESTIMATION METHOD....... 96

g R 1 1 (oo 3 Tox 1 o o PP 96

4.2 LILEIAtUIE MBVIBW....cceiiiiiiiiee ettt e e et e e e e e e e esaaaan s 98
4.2.1 Efforts to quantify site-level HE from TCO hazards .............ccccoeeeeeeenn. 98
4.2.2 Integration of BIM and crane safety management................ccceevvvvvnnnnn. 99

4.3 An energy-based model for quantifying site-level HE from TCO hazards . 102

4.3.1  ASSUMPLIONS ..ceiiiiiiiiiiiieeeeee ettt 103
4.3.2  Struck by moving load ... 103
4.3.3 Contact with powerlines Via Crane ............ccoevvvviiiiiiiiiiiiiiiiiiiiieeeeeeeeee 105
4.3.4 Struck by a falling load............ooviiiiiii 106
4.3.5 Struck by the failed bOOM ............oiiiiiii 107
4.3.6  Struck by collapsed crane mast..........ccccceveviiiiii i 108
4.4 A BIM-based hazard estimation method ............cccccccevvviiiiiiie 109
4.4.1 Architecture of the method...........ccccoviiiiiii 109
4.4.2 Data export MOAUIE ..........coovviiiiiiiiiiiiiii e 110
4.4.3 Path planning Module ... 112
4.4.4 HE estimation MOAUIE............uuiiiiiieiiiiieie e 114
4.45 HE visualisation MOAUIE ..........ccooviiiiiiiiiiie e 116
A5 SUMIMIAIY ..ttt e ettt e e e e e e e e e e e e e e e e e e e e nnnnas 117
A6 REIBIEINCES. ...t 120

13



CHAPTER 5 APPLYING HAZARD ESTIMATION IN PRE-CONSTRUCTION

ACTIVITIES ...ttt ettt e e e e e e et et e e e e e e e s s nnsbreeeeeeaeeaeannns 124
00 R [ 11 {0 U Tod 1 o] o HUS U PTRURPRPPPPPPIN 124
5.2 Traditional safety management methods in analysed scenarios............... 127

5.2.1 Planning critical liftS ..........ccouiiiiiiii e 127
5.2.2 Holding daily toolboX talkS ............uiiiiiiiiiiieii e 129
5.2.3 Engineering controls and scheduling.............cccoooiiiiiiiiiiiiiiiiiie e, 131
5.3 Advanced hazard controlling methods ............cccccceeiiii i, 133
5.3.1 Overview of the construction project in case studies..................oe...... 133
5.3.2  Visualising hazardous zones for critical liftS............ccccevvvviciiiiiieninnnnn, 134
5.3.3  Supporting daily toolbox talks ..o 137
5.3.4 Avoiding safety risks via scheduling .............ceeiiiiiiiiiiiiiiiiie e 140
5.4 DISCUSSION ....utuiieee e e ettt e e e ettt e e e e e e e et e e aaaa e e e e e e e eeeeesbasa e e e eeeeeaeenes 143
5.4.1 Impacts of path @XeCULiON.............oviiiiiiiiii e 143
5.4.2 Impacts of user-defined parameters...........ccccceeieeeeeiiiieiiiiciii e, 144
5.4.3 Impacts of building design and construction planning ........................ 145
5.5 SUMMAAIY ..ottt e e e e e e e e e e e e e eeeenns 146
5.6 REIBIENCES.....uiii et e e e e e e aaaan 148

CHAPTER 6 DISCUSSION AND CONCLUSIONS ......ccooiiiiiiiiiiieee e 150
6.1 Advancements in crane safety management ..o, 150
6.2 Early engagement of precise and consistent hazard information.............. 152
6.3 Limitations and directions for future WOrks ...........cccoooeeiiiiiiiiiiiiiiniee e, 156
6.4 CONCIUSIONS. ... 157
8.5  REIBIENCES ..o 160

14



CHAPTER 1 INTRODUCTION

1.1 Introduction

Although construction safety has received intensive attention, the construction
industry still suffers an ongoing prevalence of safety accidents and accounts for a large
proportion of work-related fatalities in all industry sectors (Behm, 2005). With the
increasing adoption of prefabrication and modular construction in recent decades,
cranes are regularly tasked to lift larger and heavier loads (e.g., prefabricated
superstructures), which escalates safety concerns of cranes as their operations pose

more frequent and severer threats to construction sites (Chen et al., 2022).

In essence, accidents can be described as undesired exchanges of energy
between the source of damaging energies and potential victims in a particular
environment (Gilbson, 1961). In the field of crane safety management, researchers
have attempted to separate potential victims from energy outputs by monitoring crane
positions with sensing technologies, such as GPS (Li et al., 2013), UWB (Zhang et al.,
2012), and LIiDAR (Fang et al., 2016). Although useful in detecting collisions with static
obstacles (Fang and Cho, 2017), these technologies cannot identify every single
hazard in time. Moreover, there is substantial evidence showing that the ability to
influence safety deteriorates exponentially as projects progress from design and
planning phases to construction phases (Tymvios et al., 2020). Thus, preventing
workspace hazards in pre-construction activities (e.g., planning, scheduling and
coordination of on-site activities) is acknowledged as the most cost-effective method

to minimize safety risks (Zhang et al., 2015a).
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Early prevention of crane operation-related hazards can be achieved by two
means: planning lift paths for crane operations and performing spatial-temporal
analyses to evaluate the safety impacts of crane operations. Path planning aims to
eliminate crane collisions and overloading during lift operations. In recent decades,
pathfinding algorithms have been widely adopted to automate path planning practices
(Hu et al., 2021). Spatial-temporal analyses, on the other side, are one of the most
common and effective tools for safety management in the construction industry, which
estimates the distribution and intensity of risks on site (i.e., the site-level hazard
exposure, HE) during different construction phases (Choe and Leite, 2017). With the
rapid development of Building Information Modelling (BIM), BIM-enabled spatial-
temporal analyses are emerging. Thanks to the rich and accurate design information
in BIM models, BIM-enabled spatial-temporal analyses are widely used in the
construction sector to assess and resolve hazards before problematic situations arise

(Zhang et al., 2013).

However, neither of the two methods is thoroughly implemented in current
planning practices. Path planning is merely performed for a small number of critical
lifts where the weight of lifted loads approaches the load capacity limit of cranes (Cai
etal,2017). Assessing sitesd hazard exposure onl
the site layout and locate sensitive and permanent on-site facilities (e.g., site offices)
(EI-Rayes and Khalafallah, 2005). Ot her vul nerable facilitdi

workspaces, are usually located unconscious of their hazard exposure.

This situation is attributed to the lack of effective and efficient tools for lift path

planning. While manual methods for lift path planning are time-consuming, automated
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methods (i.e., pathfinding algorithms) are often criticised impractical and ineffective,

as human factors in lift path execution such as path execution complexity, crane

operatorso skill s, and operatorsoé6 sp@ui

et al., 2021). As a result, practical paths for crane operations cannot be acquired
efficiently in the construction planning stage, leading to unrealistic assumptions of
crane movements in current hazard estimation methods (Ji and Leite, 2018). These
assumptions hindered accurate hazard estimation at a finer spatial-temporal
granularity (for one or multiple crane operations) (Yeoh et al., 2016), which, in turn,

disabled hazard exposure assessments of temporary facilities.

Therefore, this study aims to review the state-of-the-art in automated lift path
planning and proactive crane hazard evaluation, advance lift path planning algorithms
and crane operational hazard estimation methods, and integrate both efforts to reduce
onsi te wor ker s 0 eeperationsalhazads systematicalynand proactively.
Before delving into details of the PtD method, this section (Section 1) provides
background information to contextualise this study, including a statistic summary of
crane-related injuries and fatalities, classifications of crane-related hazards, an
introduction to PtD theories and methodologies, conventional practices and emerging
technologies for managing crane operational hazards. The aim, objectives, and the

research design of this study are elaborated on later, with contributions to the body of

knowledge highlighted.
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1.2 Research background

1.2.1 Occupational injuries and fatalities involving cranes

The construction industry is one of the most dangerous industry sectors. 9% of the
Australian workforce worked in this industry in 2012-2014, which reported 12% work-
related fatalities in Australia and received 12600 compensation claims for injuries and
diseases involving one or more weeks off work (Worksafe Australia, 2013). With the
increasing complexity of modern construction projects, heavy machinery has become
essential and pivotal in many construction activities. Their presence at construction
sites, however, potentially leads to increased risks of severe accidents (Lin et al.,

2014).

Among all types of machinery, the crane is one of the most valuable and
indispensable assets on the construction site (Al-Hussein et al., 2006). Unfortunately,
it is also a major contributor to occupational injuries and fatalities in the construction
industry. As the US Bureau of Labour Statistics and the Department of Labour
summarised, crane-related accidents caused 297 crane-related deaths from 2011 to
2022 and 377 injuries over the last four years in the US (OSHA, 2022; US BLS, 2019).
In Australia, 47 workers were killed in crane-related incidents between 2003 and 2015,
and 240 workers were seriously injured annually when operating or working
with/around cranes (Lingard et al., 2021). Statistically, crane-related accidents are one
of the most significant contributing factors to construction fatalities (Shao et al., 2019).
Crane-related accidents accounted for 8.5% of all fatalities in the construction industry
in Australia from 2004 to 2013 (Gharaie et al., 2015), 8.7% in China from 2011 to 2015

(Choi et al., 2019), and 18.6% in Hong Kong from 2011 to 2020 (Chen et al., 2022).
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Over the past decade, the prevalence of prefabrication and modular
construction could make crane operations even more dangerous. Prefabrication and
modular construction shift a large number of construction activities away from
construction sites to manufacturing plants (Bertram et al., 2019). As a result, cranes
are tasked to lift larger and heavier loads on a regular basis (Fard et al., 2017), and
crane operations have become a major threat to both crane crew and surrounding
workers on sites of modular construction projects (Mohandes et al., 2022). Effective

management of crane-related hazards is increasingly important in this context.

1.2.2 Classifications of crane-related hazards on the construction site

Hazards related to cranes have been extensively studied regarding their extent,
causes, or patterns by investigating the empirical data of crane accidents. The
empirical investigation is an important research method in the construction safety
domain, which examines accident reports statistically and reveals insights into
accident causations. In one of the earliest empirical studies, Shepherd et al. explored
the forms of damaging energy and organized 525 crane fatalities between 1985 and
1995 into three categories: electrical energy, gravitational energy, and motion energy
(Shepherd et al., 2000). This categorisation provided an energy-based framework to
analyse accidents proactively. Classifying hazards based on their damaging energy is
a powerful tool for PtD, as every accident can be attributed to one or multiple types of
damaging energy (Albert et al., 2014). However, further verification is needed as the

data was collected before the advent of many safety management technologies.

More recently, Beaver et al. analysed 125 fatalities between 1997 and 2003

and proposed seven types of hazards according to immediate causes (i.e., struck by
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load, electrocution, crushed during assembly/disassembly, failure of boom/cable,
crane tip over, struck by cab/counterweight, and falls) and specified the direct
contributing factors for each type (e.g., rigging failure and unbalanced load) (Beavers
et al., 2006). In addition, Milazzo et al. investigated 937 mobile crane and tower crane
incidents (e.g., damages and near misses) from 2011 to 2015 and categorized them
into twelve types, among which two unique hazard types were mentioned, namely

Aimen struckadbyanbdodnm/lllo a (Milazzd etialr, 2017 x pl osi ono

With a specific focus on tower cranes, Tam and Fung summarised four types
of hazards based on accident statistics between 1998 to 2005 in Hong Kong, including
fall-from-height, struck by moving objects, struck by falling objects, and trapped by
collapsed objects (Tam and Fung, 2011). Raviv et al. further discussed the differences
between mobile cranes and tower cranes and constructed a more detailed taxonomy
of tower crane accidents, which on top of
drops, part of load fell, electrocution, collisions between cranes, the collapse of cranes,
parts of a crane fell, crane tip over, loss of load control, load caught in static point, and

falls of el emen(Raviadtél.e20li7)ed by | oado

These papers categorised crane accident data from various perspectives,
causing terminological confusion and hindering the development of a holistic
understanding of crane-related accidents. To serve the purpose of this study, an
energy-based taxonomy was used to organise crane-related hazards based on their
damaging energies (Table 1-1). Hazards happening in crane assembly/disassembly
and maintenance phases or those not directly involving crane operations (i.e., non-

operational hazards) are asterisked. This energy-based taxonomy was used to
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determine the scope of this study (i.e., what hazards to be controlled) and to facilitate

the methodology development (i.e., how to control the hazards) in later sections.
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Table 1-1. An energy-based taxonomy for crane-related hazards

Energy

Hazards References
sources
H1.1: [?|rect human contact with (Shepherd et al., 2000)
powerlines*
) H1.2: Human contacts with (Shepherd et al., 2000) (Milazzo
Electricit powerlines through load handling et al., 2017)
y H1.3: Human contacts with (Shepherd et al., 2000)(Beavers
powerlines through crane parts et al., 2006) (Milazzo et al., 2017)
H1.4: Human attempting rescue (Shepherd et al., 2000)
electrocuted*
. . . (Milazzo et al., 2017)(Tam and
H2.1: Struck by moving objects Fung, 2011)(Raviv et al., 2017)
(2) . . (Shepherd et al., 2000) (Raviv et
Motion H2.2: Caught in between al., 2017)
H2.3: Falls of elements hit by (Tam and Fung, 2011)(Raviv et
moving load al., 2017)
H2.4: Collision between cranes (Raviv et al., 2017)
H3.1: Falls of suspended load (Shepherd et al. .2000)(Beavers
without boom failure et al., 2006)(Milazzo et al.,
2017)(Raviv et al., 2017)
Eluikzli:nc;;?lirzogrn::able failure (Beavers et al., 2006)(Milazzo et
ingrtadur al., 2017)(Raviv et al., 2017)
during operation
3) (Shepherd et al., 2000) (Tam and
H 3.3: Oth f fell .
Gravity 3.3: Other parts of a crane fe Fung, 2011)(Raviv et al., 2017)
(Shepherd et al., 2000)(Beavers
H 3.4: Crane tip-over et al, 2006)(Milazzo et al.,
2017)(Raviv et al., 2017)
H 3.5: Il [
3.5 Crang collapse during (Beavers et al., 2006)
assembly/disassembly *
H3.6:H fall f heigh .
3.6 uman all from height (Milazzo et al., 2017)
during maintenance *
4) . . -
Chemical H 4.1: Explosion or fire (Tam and Fung, 2011)

* Hazards happening in crane assembly/disassembly/maintenance phases or not
directly involving crane operations (non-operational hazards)
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1.2.3 Prevention through Design (PtD): theories and methods

Prevention through design (PtD), also known as Design for Safety (DfS), is a widely
adopted concept in many industry sectors. PtD was firstly introduced by the National
Institute for Occupational Safety and Health (NIOSH) in 2007, referring to the efforts
to fNestimate and <control hethads. andl soperations,
processes, equipment, tools, products, new technologies, and the organisation of

work" (CDC, 2020).

This concept is developed upon the basis of the Hierarchy of Control and the
Time-safety Influence Curve (see Fig. 1-1) (Yuan et al., 2019). The Hierarchy of
Control is a risk controlling system, which ranks safety management methods to six
levels based on method effectiveness. From the highest effectiveness to the lowest,
the six levels are (1) elimination, (2) substitution, (3) isolation, (4) engineering controls,
(5) administrative controls, and (6) personal protective equipment (PPE) (CDC, 2015).
The time-safety curve is a validated safety management theory that argues the ability
to alleviate construction safety risk decreases along the project lifecycle (Karakhan et
al., 2018). Combining these two theories, PtD in the construction industry promotes
the incorporation of risk control methods in pre-construction activities, such as

planning and scheduling.

A wide variety of PtD tools has been invented to inform designers, engineers,
and planners of the safety hazards embedded in their designs or plans.
Conventionally, PtD tools are mainly guidelines or checklists that enumerate hazards
in the construction, maintenance and operation stages for manual hazard detection

(Zhou et al., 2012). For example, the Construction Hazard Assessment Implication

23

wor ker



Review (CHAIR) system, proposed in Australia, organises a multidisciplinary team to
review building conceptual designs and detailed engineering designs to identify
hazards in construction, facility operation, and demolishing phases (Hardison and
Hallowell, 2019). However, such manual practices are found tedious and time-

consuming, which could discourage users from adopting these PtD tools within their

organisation.

T
@
>

Elimination

»
»

Most

effective
A Conceptual |

Substitution

Detailed
engineering

Isolation

Procurement ‘

Engineering controls | c - ‘
onstruction

PPE Low

Least Start Project Schedule End
effective

Ability to Influence Safety

Administrative
controls

v

Fig. 1-1 The hierarchy of control (left) and Time-safety influence curve, adapted
based on (CDC, 2015) and (Karakhan et al., 2018)

Therefore, more efficient methods are needed. With the rapid development of
information technologies, abundant automated hazard identification and evaluation
methods have been proposed, such as knowledge base systems, rule-based
checking, and hazard visualisation. Knowledge base systems aim to reduce the
reliance on the tacit knowledge of safety experts in traditional PtD systems, by
acquiring explicit and domain knowledge (e.g., risk types and control measures) from
regulations and databases (Choe and Leite, 2017; Yuan et al., 2019; Zhou et al.,

2019). To manage the variability of knowledge from different sources, ontological
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approaches are often used to offer a unified semantic representation of risks (Chi et

al., 2014; Ding et al., 2016; Zhang et al., 2015a).

Rule-based checking methods automate the time-consuming and error-prone
model reviewing tasks with the aid of plugins for model authoring software and model
reviewing software (e.g., Autodesk Revit Plugins, Solibri Model Checker, and
BIMServer) (Qi et al., 2014; Yuan et al., 2019). Specific hazardous scenarios defined
in regulations and codes can be identified proactively in the detailed designs to
allocate safety systems (e.g., guardrails) automatically, including uncovered openings
(Zhang et al., 2015b, 2013), unprotected load dropping zones beneath scaffolding

(Kim et al., 2018), and unsupported load bearing structures (Hu et al., 2008).

Another cluster of PtD methods is hazard visualisation, which identifies and
demonstrates job hazard areas (JHA) with 4D simulation (Farghaly et al., 2021). JHA
analysis is an important safety planning activity, and it is usually performed in a team
meeting by imagining construction processes with 2D drawings and schedules in
conventional practices (Guo et al., 2017). The advent of 4D simulation greatly
advanced JHA analysis as spatial demands of construction activities can be visualised
intuitively and dynamically (Malekitabar et al., 2016). As a result, spatial-temporal
conflicts between different on-site entities, suchason-si t e wor ker gMoorwor k s p
et al., 2014), trucks (Zhang and Hu, 2011) and cranes (Hasan et al., 2012), can be

observed and avoided before construction commences.

It is worth mentioning that, in these PtD methods, BIM played a critical role.
BIM, known as an object-based virtual representation of physical and functional

characteristics of buildings and sites, provides up-to-date geometric and semantic

25



information and boosts a shared vision and collaborations among participants through
visualization (Enshassi et al., 2016). Building, site, and hazard information flow in a bi-
directional manner between BIM models and other systems. For example, BIM models
provided detailed building designs for rule-based checking algorithms to detect
hazardous scenarios (Kim et al., 2018; Zhang et al., 2015b, 2013), and visualised
anticipated hazardous zones (e.g., JHA) to designers/planners (Hasan et al., 2012;

Moon et al., 2014; Zhang and Hu, 2011).

1.2.4 Conventional methods for proactive prevention of crane-related
hazards

The regulatory, government and industry organisations in the construction industry
have well-perceived the importance of crane safety management so that standards,
regulations and guidelines have been released or updated in the past decades. For
example, in 2010, Occupational Safety and Health Administration (OSHA) in the US
updated crane-related standards for the first time since 1970, which aim at managing
crane-related hazards by mandating crane inspections, tightening the licensing of
crane operators, promoting training for crane crews (Cho et al., 2017). In 2015,
Safework Australia, which is an Australian government statutory agency for
occupational health and safety (OHS), issued a general guide for managing crane-
related hazards in workplaces (Safe Work Australia, 2015). Standards Australia
gradually amended the standards for the use of tower cranes (AS 2550.4) in 2004, the
use of mobile cranes (AS 2550.5) in 2016, and crane design, manufacturing, testing

and commissioning (AS 1418) in 2021 (SAI Global, 2022).

The standards, regulations, and guidelines specified several proactive methods

for managing crane-related hazards in conventional safety management practices.
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Administrative and engineering controls constitute a major portion of these
conventional methods. For example, the general guide for cranes from Worksafe
Australia requires registration and inspections before the use of cranes, and compels
the installation of protective devices for crane operators, such as falling objects
protective structures (FOPS) and crane roll-over protective structures (ROPS) (Safe
Work Australia, 2015). Training is another focused area of regulations, as effective
training programmes could help riggers, signal persons, and crane operators better
recognise hazards in their daily work (Guo et al., 2017). For example, OSHA standard
1926.1427 requires employers to provide training and skill evaluations before
employees operating the equipment (US Department of Labor, 2022). However, the
effectiveness of traditional training methods (e.g., presentations) is often compromised
due to the lack of engagement (Sadeghi et al., 2021), and using innovative methods
(e.g., VR-enabled immersive training) is not a standard operation in every construction

company.

1.2.5 Technologies for proactive prevention of crane-related hazards

Thus, researchers have been exploring novel safety planning methods that could
eliminate or alleviate crane-related hazards in pre-construction activities. Two

promising technologies have been identified: robotics pathfinding algorithms and BIM.

Robotics Pathfinding Algorithms

Robotics pathfinding algorithms have been used to automate manual practices for lift
path planning, which are typically time-consuming, error-prone and performed for
heavy lifts only (Taghaddos et al., 2018). In addition to a dramatically increased

planning speed, pathfinding algorithms also outperform human planners in the quality
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of path planning, such as avoiding collisions, complying with the load chart and
pursuing the shortest path length. Thus, extensive research interest has been

attracted.

Pathfinding algorithms were invented for robotics systems to find a collision-
free path within their ranges and payload capacities. They search paths from start
points to end points in a representation of the physical 3D environment with the
presence of obstacles (LaValle, 2006). The representation, also known as
configuration space (C-space), is determined by the kinematic features of the moving
object, such as the degree of freedom (DoF) and the range of movement (Ghrist, 2009).
Thus, the C-spaces of cranes have at least three dimensions (i.e., swing, luffing and
hoisting) (Reddy and Varghese, 2002), which could be increased to seven to include

the boom extension, load sway, load rotation, and crane walking (Lin et al., 2016).

Based on pathfinding mechanisms, these algorithms can be classified as
deterministic algorithms (Reddy and Varghese, 2002; Sivakumar et al.,, 2003;
Smoczek et al., 2013; Soltani et al., 2002) and stochastic algorithms (Duong et al.,
2012; Ferguson et al., 2006; Wang et al., 2011), trading result optimality (l.e., lift path

length) off against algorithm search efficiency (i.e., algorithm computing time).

Although pathfinding algorithms are able to efficiently generate paths for crane
operations, the algorithm-planned paths may not be executable for crane operators
due to their complexity (i.e., the difficult coordination of crane motions, blind lifts, and
abrupt redirection of moving loads) (Hu et al., 2021). Thus, further research is needed

to investigate the practicality of algorithm-planned paths.
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BIM

Over the past few years, BIM has been extensively adopted in crane safety
management. Containing accurate and up-to-date design information of
buildings/construction sites, BIM models are often used to assist human planners by
visualising geometric information of cranes (Tian et al., 2021), the spatial requirement
of crane operations (Yeoh et al., 2016), and the affected area of a particular type of
crane operational hazard (e.g., crane collapse) (Kiviniemi et al.,, 2011) in the
construction planning stage. By reviewing crane information in real-world settings,
human planners can effectively identify potential hazards and estimate safety

performances of different plans (Yeoh et al., 2016).

Meanwhile, the design information in BIM models is highly structured and
compatible with automated safety planning systems. For example, BIM models
provided project schedules and site ground conditions to an automatic structural
analysis system to examine the stability of crane foundations in different construction
phases (Hasan et al., 2012). BIM models were also used to support a rule-based
checking algorithm for crane-related spatial conflicts (Ji and Leite, 2018) and to
construct the lift environment (i.e., C-space) for crane pathfinding algorithms (Lin et

al., 2020).
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1.2.6 Point of departure

Conventionally, early prevention of crane operational hazards relies on mandated
crane inspections and workforce training. These conventional methods are unable to
provide detailed information of crane operational hazards, such as the locations of
crane collisions and the risk of crane load dropping for on-site workspaces. The
missing information hinders the development of more effective controls over crane
operational hazards. The integration of robotics pathfinding algorithms and BIM-
enabled spatial-temporal analyses provides opportunities to efficiently acquire detailed
information of crane operational hazards in the construction planning phase and,
based on that, to create a series of PtD methods that comprehensively manage crane
operational hazards. Such opportunity has not been seized in previous studies, leaving

a knowledge gap to be filled.
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1.3 Research aim and objectives

This research project aims at preventing crane operational hazards systematically,
proactively and automatically. Four specific research objectives were defined to

achieve the research aim:

- Toreview the state-of-the-art in automated lift path planning and proactive crane
hazard evaluation, with knowledge gaps within each research area identified;

- To propose a path planning algorithm that generates collision-free and load
capacity-compliant lift paths that are executable for human crane operators;

- To precisely estimate the site-level exposure to the crane operational hazards
based on BIM models, crane configurations, and algorithm-generated paths;

- To produce hazard heatmaps at different spatial-temporal scales and proactively

control on-si t e wor ker so exposur e t o crane

construction activities;
- To implement the proposed path planning algorithm, hazard estimation method,
and proactive hazard control measures virtually with the settings of a real-world

construction project.
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1.4 Research design and thesis structure

1.4.1 Research framework

To achieve the research objectives, a five-step research framework was employed.

- In the first step, a comprehensive investigation of crane lift planning research

was conducted with a tight focus on optimised and automated planning methods.

- Secondly, a practicality and safety-oriented algorithm for lift path planning was
proposed, which provided executable paths for human crane operators by
integrating practicality considerations in traditional path planning practices into

the algorithmdés pathfinding mechani sms.

- Thirdly, a mathematical model was developed to assess the damaging energies
and likelihood of five types of crane operational hazards; and the model takes lift
paths as inputs and evaluates the safety impacts of individual waypoints on the

paths.

- Fourthly, a BIM-based hazard estimation method was developed on the basis of
the mathematical model, which automatically retrieves BIM information and
algorithm-planned paths, calculates site-level HE, and visualises the HE with 3D

and 2D heatmaps on BIM.

- Finally, heatmaps at different spatial-temporal granularities (e.g., for a single lift,
for multiple lifts on a working day, and for multiple lifts within an installation cycle)
were generated and integrated into several safety planning activities for
improved hazard awareness and reduced hazard exposure of the construction
site.
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Collectively, the five-step research framework managed crane operational hazards
systematically, proactively and automatically. Crane collisions (i.e., H1.2, H2.3 in
Table 1) and overloading (related to H3.2 and H3.4) were designed out by the
proposed pathfinding algorithm; while other hazards were estimated, visualised and
controlled via safety planning, including struck by the moving load (i.e., H2.1, H2.2);
contacting with power lines via the crane (i.e., H1.3); struck by the falling load (i.e.,
H3.1), struck by the failed boom (i.e., H3.2, H3.3), struck by the collapsed crane mast

(i.e., H3.4).

It is worth noting that, to tighten the focus of this study, non-operational hazards (i.e.,
H1.1, H1.4, H3.5, H3.6, and H4.1) are out of the scope of this study. Meanwhile,
collisions between cranes (i.e., H2.4) were assumed to be managed in real-time by
upgrading c¢crane operatorso6 skills and
collision radar), which is not addressed either. Fig. 1-2 illustrates the research

framework, with crane-related hazards addressed by each step mapped out.

It is also worth noting that the pathfinding algorithm (outcome of Step 2) was initially
designed for mobile cranes and then adapted to tower cranes. The mathematical
model and BIM-based hazard estimation method (outcomes of Steps 3 to 5) were
tailored for tower cranes, since tower cranes have more extensive coverages and
complex interactions with other on-site activities. The differences between mobile

cranes and tower cranes were further discussed in detail in Section 3.3.
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Fig. 1-2 Research framework

1.4.2 Thesis structure

The thesis structure is illustrated in Fig. 1-3. The thesis has seven chapters, among
which Chapter 2 to 5 describe the five steps of hazard controlling framework,
separately. Chapter 6 highlights the contributions of this study to crane safety
management, discusses its limitations, suggests future research directions, and

Chapter 7 concludes this study.
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1.5 Contributions of the work

This research made five major contributions to crane safety management, including:

- A comprehensive understanding of automation and optimisation in crane lift
planning;

- A novel pathfinding algorithm that generates safe and practical paths for both
mobile cranes and tower cranes;

- A damaging energy-based mathematical model to assess the safety impacts of
tower crane operations on the construction site;

- A 4D simulation of site-level exposure to tower crane operational (TCO) hazards
in the construction planning phase;

- Avariety of proactive hazard prevention methods enabled by the 4D simulation.
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CHAPTER 2 INVESTIGATING AUTOMATED AND OPTIMISED
CRANE LIFT PLANNING METHODS

2.1 Introduction

Meticulous planning of crane operations is vital to the productivity and safety performances
of construction projects. A typical lift planning process involves a series of complex
decisions. The process starts with the determination of the crane type, model and quantity
(Hu et al., 2020). The decision is made by the builder and crane hire company collaboratively
based on basic project information (e.g., site layout, project duration, critical lift demands)
(Marzouk and Abubakr, 2016). Next, lift engineers, given the specification of selected
crane s , determine the | ocations for the cr
satisfy all lifting tasks while minimising spatial conflicts with other on-site activities (Wu et
al., 2020). Finally, the lift path for an individual lift job is planned to find a collision-free,
capacity-compliant and short path from the supply point to the demand point (Kang et al.,
2009). These decisions are complex, but the planning techniques are neither effective nor
efficient, which are usually conducted manually and in a trial-and-error manner (Lin et al.,
2016). As a result, crane lift planning usually requires a group of experienced lift experts to

spend weeks (Tantisevi and Akinci, 2008).

Many research works attempted to automate and optimise decision-making in the
crane lift planning process. Researchers have leveraged a range of advanced planning
techniques, such as Analytic Hierarchy Process (AHP) (Shapira et al., 2009), simulation
(Kayhani et al., 2018), Linear Programming (LP) (Huang et al., 2011), and heuristic methods
(Wang et al.,, 2011), to automate the lift planning process and optimize the planning
outcome. Thus, the objective of this research task (i.e., Step 1 of the five-step research
framework) is to conduct a critical review on automated and optimised crane lift planning

methods and represent the state-of-the-art explicitly.
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A journal article is included in this chapter, titted A Aut omati on and opti mi z

pl anni ng: a .tThisarticie exaaustivelg searobed three literature databases (i.e.,
Scopus, Web of Science, and IEEE Xplor), manually filtered out publications that study
irrelevant objects or have inadequate scopes, and found 134 literature works in this area.
The works were reviewed and analysed using a unified analysis framework that

systematically evaluated the proposed lift planning techniques from two perspectives:

(1) Problem formulating 7 how is a crane lift planning decision (e.g., model selection,
location planning, and path planning) abstracted as a mathematical model or a
simulation model? What are the objective functions, decision variables, decision

constraints, and assumptions in these abstracted models?

(2) Problem solving 7 what are the mechanisms for selecting a decision variable (e.g.,
crane model, location, or lift path)? How automated is the process and how optimal is

the outcome?

Invalid assumptions and missing constraints for problem formulation were identified,
including the over-simplified assumptions on lift paths in crane location planning and the
lack of blind lift avoidance mechanisms in lift path planning. Meanwhile, the interoperability
issue in these planning techniques was highlighted. Future research directions were

recommended accordingly.

Paper included in this chapter:

Automation and optimization in crane lift planning: A critical review

By Hu, S., Fang, Y. and Bai, Y., published on Advanced Engineering Informatics in 2021
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ARTICLE INFO ABSTRACT

Keywords: Safe and efficient crane operations play a significant role in successful delivery of construction projects, and thus
Crane lift planning meticulous planning of crane lifts becomes increasingly critical. Crane lift planning involves a series of complex
Automation

decisions to be made, while satisfying a wide range of criteria and constraints. Conventionally, making these
decisions is time-consuming and to a large extent relies on the planner’s experience. To make more informed and
optimized planning decisions, past research works investigated various automated planning techniques and
optimization algorithms. However, most studies focus on an individual planning decision or a particular lifting
scenario, which makes the findings hard to be generalized. Thus, the knowledge in lift planning is rather frag-
mented and the state-of-the-art in lift planning is not explicitly presented. This study, therefore, aims to conduct a
critical review and assessment on the literature on crane lift planning automation and optimization and to
establish a solid foundation to inform future research. It first presents an overview of the literature in crane lift
planning with respect to the planning decision and the type of cranes the studies focus on. Secondly, for each lift
planning decision, the assumptions, objectives, decision variables, and constraints are formulated based on the
literature and analyzed from the perspectives of problem formulation coherence. Furthermore, each problem-
solving method is evaluated with regard to a tri-axial evaluation diagram to allow an in-depth discussion on
the efficacy and practicality of planning results. Finally, based on the discussion and existing literature, a BIM-
based lift planning framework is presented and future research directions are recommended to further improve
the effectiveness and efficiency of lift planning practice.

Optimization
Building information modeling

1. Introduction of cranes, and avert crane-related risks [7]. A successful lift plan de-

termines the crane model, specifies crane location, and details the lift

With the increasing complexity of modern construction projects,
heavy machinery is becoming an essential and pivotal component in
many construction activities. Their presence at construction sites,
however, has the potential to lead to an increased risk of severe acci-
dents [1]. Among all types of construction machinery, cranes are one of
the most valuable and indispensable assets [2], being used as a reliable
indicator of the prosperity of the industry [3]. Therefore, an appropriate
arrangement of cranes is vital to boosting productivity and reducing
construction costs [4]. Meanwhile, crane operations also have a signif-
icant influence on construction safety. It has been reported that in
Australia alone, 22 out of 258 death in the construction sector were
related to the use of cranes from 2000 to 2008 [5]. Statistics indicated
that in the US construction industry, on average 18 crane-related fatal
injuries happened annually from 2010 to 2017 [6].

Meticulous planning of crane operations was regarded as an essential
means to increase the utilization of cranes, avoid unnecessary relocation
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paths and associated risks for critical lifts [8]. A typical lift planning
process starts with the determination of the crane type, model and
quantity [9]. This decision is collaboratively made by the builder and
crane hire company based on basic project information (e.g., site layout,
project duration, critical lift demands) [10]. Next, lift engineers, given
the specification of selected cranes, determine the locations for the crane
to be erected so that the cranes’ capacity and the reach satisfy all lift jobs
while minimizing spatial conflicts with other on-site activities [11].
Finally, the lift path for an individual lift job is planned with the aim to
find a collision-free and short path from the supply point to the demand
point [12]. These decisions are complex, requiring the coordination of
multiple stakeholders based on a variety of information and data at
different project stages [13]. Typically, planning practices are con-
ducted in a trial-and-error manner, while trade-offs are made across
different planning decisions [14]. This makes the traditional crane lift
planning approach labor-intensive and time-consuming [15], requiring
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a group of experienced lift experts to spend weeks on 2D layout drawings
and crane specifications [16].

Recently, emerging technologies have provided crane stakeholders
with an opportunity to advance their practices in crane lift planning.
Commercially, software such as 3D Lift Plan aids the planning by
providing a graphical representation of the lift operations; however, it
still expects and relies on significant human inputs [17]. In pursuit of
higher efficiency and improved safety, researchers have attempted to
leverage a range of planning techniques (e.g., Analytic Hierarchy Pro-
cess (AHP) [18], simulation [19], Linear Programming (LP) [20], and
Heuristic Methods [21]) to automate the lift planning process and
optimize the planning outcome. Nevertheless, most of these studies
focused on an isolated planning decision and only investigated and
compared a handful of planning and optimization techniques [22].

A few recent literature review studies have attempted to analyze
these fragmented research works and formulate a comprehensive un-
derstanding of the topics and methods in the field of lift planning.
Hussein and Zayed adopted a mixed scientometric and systematic re-
view approach to identify existing and potential research issues in crane
operation and planning, with a particular focus on modular integrated
construction [23]. Zhang and Pan conducted a critical review on lift
planning and optimization (LPO) issues in all types of building con-
struction and discussed the correspondence between research issues and
methods [22]. Furthermore, Wang et al. focused on one of the planning
decisions, crane model selection, specifically, and investigated the se-
lection constraints, criteria and selecting methods [24]. These research
studies either mapped the crane-related research topics and methods for
each topic to explore the research trend (e.g., [22,23]) or scrutinized an
individual research topic of crane lift planning to investigate how the
decision is formulated and solved (e.g., [24]). However, these review
papers did not address the influence and interdependency between
different crane lift planning decisions and lack a systematic evaluation
of the improvements with regard to the extent of automation and opti-
mization achieved by the proposed methods.

Therefore, the aim of this study is to conduct a literature review and
assessment of scholarly works with a focus on applying planning tech-
niques to automate the planning process and optimize the planning
outcome for crane lifts. The rest of the paper is organized as follows.
Section 2 delineates the review methodology in detail, including the
methods adopted for literature search and literature analysis. Section 3
presents the review results with respect to each individual lift planning
decision as well as the integrated approaches. Section 4 discusses the
knowledge gaps identified and recommends future research directions
towards automated and optimized crane lift planning. The final section
summarizes the review work and highlights its contributions.

2. Research methodology

To gain a comprehensive understanding of automation and optimi-
zation in crane lift planning, the authors undertook a critical review of
the literature, which comprises of literature search and literature anal-
ysis. The following sections explain the searching method of the relevant
literature and elaborate on the analysis framework applied to the liter-
ature identified.

2.1. Literature search

This study adopts a three-step literature search approach. Firstly,
Scopus, Web of Science, and IEEE Xplore Digital Library were selected as
the literature databases for their extensive coverage of journals in the
field of engineering and computing as well as other closely relevant
interdisciplinary research fields. The keywords used in the search were
“crane planning” in the “engineering” field. A publication period from
1990 to 2021 was specified to reflect a representative research trend in
crane lift planning. In the second step, the search results were refined to
screen the publications outside the context of construction. For example,
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studies concerning irrelevant objects (e.g., crane bird and stacker/
gantry/bridge/overhead cranes in industrial plants) or specifically
designed for non-construction scenarios (e.g., manufacturing, railroad,
shipbuilding, marine platform, ports, and quay) were excluded. In the
final step, the search results went through a manual selection procedure
to filter out publications that have an inadequate scope, such as studies
focusing on general site layout planning, sensing technologies in the
construction stage, or stability and mechanical failures of cranes). It is
worth noting that this literature search did not include monitoring and
warning techniques used during the actual crane lifts, such as real-time
collision monitoring among multiple cranes. That is, this critical review
focuses on an in-depth review and assessment of the advancement of
crane lift planning techniques that rely on pre-construction information
in the planning stage.

2.2. Literature analysis

In this review, lift planning techniques refer to the methods that
abstract a real-world planning decision into a mathematical model (or
simulation model) and based on which compute and select one of the
alternatives as a solution. Adopting these planning techniques requires
two steps: problem formulation that defines the mathematical model
and problem-solving that finds the solution. The mathematical model
defined in problem formulation comprises of assumptions, objective
functions, decision variables, and constraints [25]. In a mathematical
model, the assumptions describe the situations where the mathematical
model should apply to [25]. Objective functions numerically describe
one single objective (e.g., total crane operating time) or multiple ob-
jectives that are weighted and summed (e.g., crane rental cost and
environmental impact) [7]. Decision variables represent the alternatives
that decision makers have control with (e.g., candidate locations for
crane), while constraints represent physical and managerial rules that
can’t be violated (e.g., free of collisions). Once a valid mathematical
model is formulated, the problem-solving step computes and determines
an appropriate alternative as the solution, with the aim to maximize the
objective function while satisfying all constraints. Fig. 1 summarized the
problem formulation and problem-solving procedures for the planning
techniques.

Using this two-step framework, the analysis of each research work
starts with an inspection of the key elements in the mathematical model
used to abstract each planning decision, by describing the assumptions,
objectives, decision variables, and constraints. Then, techniques
implemented for problem solving are evaluated using a tri-axial evalu-
ation diagram: 1) evaluation accuracy, 2) level of automation, and 3)
solution optimality. The accuracy describes the methodology for eval-
uating the decision-making criteria, which is categorized as qualitative
evaluation and quantitative evaluation. Qualitative evaluations assess
the objectives and constraints in an inductive way based on implicit
knowledge using a binary or Likert-scale survey instrument [26], while
quantitative evaluations are based on explicit and quantifiable mea-
surements such as data derived from design documentations or land
surveying. The level of automation describes the level of intervention
required from a human in a lift planning method. This study adopts the
first four levels of automation defined in the Sheridan and Verplanck’s
taxonomy [27] (see Fig. 2 for the full description of the automation
levels). Solution optimality describes the quality of the generated solu-
tion, which is classified into feasible, near-optimal (i.e., solutions that
converge to but never reach the global optimum [28]), and optimal (i.e.,
global optimum). The details of these three axes are illustrated in Fig. 2.

Since the problem formulation and problem-solving mechanisms
vary for different crane lift planning decisions, the identified literature is
categorized into “crane model selection”, “crane location planning”, “lift
path planning” and “multiple planning decisions” that combines two or
three planning decisions in a single planning process. This taxonomy is
consistent with the conventional crane lift planning process, which is
widely used in related research works [8,22,23] and verified by crane
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lift practitioners [9]. To map the identified research works to the tri-
axial evaluation diagram, a thorough review was conducted on each
study to scrutinize the methodology and implementation of the lift
planning techniques proposed. More specifically, to determine the
evaluation accuracy, the authors examine the inputs required for the
proposed planning technique. Requiring explicit numerical inputs, such
as geometry and weight, suggests a quantitative evaluation, while
relying on implicit inputs such as subjective rating warrants a qualitative
evaluation. The automation level of each study is determined by
checking outcomes of the proposed planning technique, which could
vary from (1) enumerating all alternatives for manual selection, (2)
presenting filtered alternatives that comply with the constraints, to (3)
automatically recommending the best alternative. Finally, the solution
optimality is rated by examining whether a well-established objective
function exists. If so, the completeness of searching for the objective
function optimum is further investigated to determine whether the
method presents a near-optimal or optimal solution. The analysis result
for each planning decision is presented separately in Section 3, which
leads to a thorough discussion on the knowledge gaps between the
research and construction practices, the alignment of mathematical
models for different planning decisions, and the potential improvement
in model realism and optimality for each decision.

3. Literature analysis results
3.1. Overview of reviewed literature
Following the literature search method, this review identified 134

publications that are closely related to crane lift planning in the con-
struction context. Their distributions in terms of topic (i.e., crane lift
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planning decisions) and years are presented in Fig. 3. It is observed that
the number of publications increased significantly since 2008 and
remained at a high level to date.

Meanwhile, most papers (91%) have a clear research scope targeting
at a specific crane type (i.e., tower cranes or mobile cranes) and specify
the research interest in one or multiple particular lift planning decisions.
The distribution of reviewed literature over crane types and lift planning
decisions are summarized in Fig. 4. Among publications addressing
crane model selection, the focuses on the two crane types are similar.
Whereas, the majority of path planning studies focused on mobile
cranes, mainly to address spatial conflicts and mobility nature such as
“pick-and-carry” jobs. In contrast, the majority of location planning
studies focuses on tower cranes, aiming to find optimal locations that
satisfy productivity requirements and cost constraints. This trend is
consistent with the construction practices where planners for tower
cranes prioritize location planning while users of mobile cranes tend to
pay extra attention to path planning and verification. That is because,
unlike mobile cranes that can be easily set up and relocated, tower
cranes are fixed to the ground during their period of use; it costs more
time, effort and money to erect and dismantle a tower crane [29].
Nevertheless, tower cranes exchange mobility for a larger lift range.
Since the boom/jib, cabin and counterweight are always high above the
site, it’s less likely to collide with the surroundings (except for multi-
crane scenarios) [30]. In mobile crane operations, however, collisions
between the crane parts and structures, powerlines, other equipment
and personnel are of great concern. These unique characteristics lead to
slightly different considerations and objectives in the planning of cranes
of different types. It should also be noted that a small yet increasing
number of studies that explored hybrid or integrated planning ap-
proaches for multiple planning decisions mostly focused on mobile
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cranes. This may attribute to mobile crane operations in the complex
and dynamic site environment in heavy industrial projects [31].

3.2. Problem formulation and solving methods in lift planning decisions

Problem formulation attempts to describe a real-world decision-
making process using a mathematical model. Since the planning goals of
different decisions (i.e., crane selection, location planning, path plan-
ning) vary, the objective function and other key elements (i.e., as-
sumptions, decision variables, and constraints) of the mathematical
models for a certain crane lift planning decision are different. Thus, the
problem formation for each decision will be discussed in Sections
3.2.1-3.2.3, respectively. Once the problem is formulated, the methods
used to solve the problem in different decisions could be similar.
Therefore, this paragraph first provides an overview of the problem-
solving methods investigated by the identified studies. In the reviewed
literature, 6 general classes of methods were explored, including ana-
lytic methods, visualization-based methods, constraint satisfaction al-
gorithms, unoptimized stochastic algorithms, optimized stochastic
algorithms, and deterministic algorithms. The terminology “stochastic™
describes algorithms that employ probabilistic operations to randomly
iterate [32], while “deterministic” describes algorithms that employ the
method of exhaustion and always return the same solution if it exists
[33]. Each class is independent and their union completely covers every
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method proposed by reviewed literature. The individual methods under
each class and the studies proposed them are presented in Table 1.
Based on an analysis of the characteristics of each method, the 6
classes of problem-solving methods are mapped to the evaluation dia-
gram in Fig. 5. For instance, analytic methods require manual evaluation
of selecting criteria and find the alternative with the highest score (i.e.,
qualitative, automation level 1, and optimal solution). Visualization-
based methods visualize cranes and the built environment to facilitate
the manual planning process (e.g., manually propose a lift path and
verify). Thus, such methods are quantitative, at the 1st level of auto-
mation level, and generally find a feasible solution. Constraint satis-
faction algorithms refer to the algorithms that solve constraint
satisfaction problems (CSP) [131]. Such algorithms quantitatively
examine the combinations of decision variables and find those abiding
by all constraints (i.e., quantitative, automation level 3, and feasible
solution). Unoptimized stochastic algorithms, optimized stochastic al-
gorithms and deterministic algorithms are all quantitative methods with
the 4th level of automation, while their solution optimality varies. It is
worth noting that this classification is based on the nature of problem-
solving methods which is not a classification of the planning tech-
niques proposed by reviewed literature. The planning techniques
frequently employ multiple methods (e.g., BIM-based simulation and
firefly algorithm [115]). By integrating two or more problem-solving
methods, the level of automation and optimality for the planning
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Table 1
Classification of problem-solving methods used by the reviewed literature.
Classification Problem-solving methods References
Analytic methods Expert system [34]
Knowledge-based system [35]
fuzzy logic approach [36]
Crane selection matrix [7,371
Visualization-based Combined 2D and 3D [38]

methods

Constraint satisfaction
algorithm

Unoptimized
stochastic
algorithms

Optimized stochastic
algorithm

Deterministic
algorithm

graphic modelling

3D simulation

Post-3D simulation

4D (time) simulation
Combined 3D and discrete
event simulation
Constraint-based discrete
event simulation

BIM modelling

Virtual prototyping
Virtual reality (VR)
Special purpose simulation
(SPS)

Cyber-physical system
Rule-based checking
Generic algorithms for
feasible crane location
Collision detection for lift
path check

Rapid random-exploring
tree (RRT) algorithm
Bidirectional RRT
algorithm

RRT-biased limited greedy
connect algorithm
Probabilistic roadmap
(PRM) algorithm
Incremental coordination
method

Generic lift path finding
algorithm

A* algorithm

Genetic algorithm (GA)
Particle swarm
optimization (PSO)

Tabu search

Simulated annealing
algorithm

Generic heuristic algorithm
RRT*

Heuristic depth search
Agent-based simulation
Hill climbing algorithm
Linear regression

Firefly algorithm (FA)

Ant colony optimization
(ACO)

Auction-based simulation
Integer linear programming
Mixed integer linear
programming

Non-linear programming
Look-ahead planning (LAP)
Polynomial interpolation
branch-and-bound
algorithm

Dijkstra’s algorithm

[47]
[48-52]
[53]

[54]

[55,561
[57,58]
591
[2,60]

[61,62]
[63,64]
[4,65,66)

[67-70]

[71-74]

[75-77]

[78]

[79-82]

[83]

[84]

[85-87]
[88-97,10,98]
[991

[100]
[11,101]

[102-104]
[105,106]
[107]
[108-112]
[87]
[113,114]
[115]
[21]

[116]
[117,118]
[119,120,20,121-124]

[125]
[126]
[127]
[128]

[129,130]

techniques may vary. For example, by combining rule-based checking
algorithms and 3D simulation [66], the infeasible locations are elimi-
nated so that the level of automation increases. In the following sections,
the planning techniques for each decision are mapped to the evaluation
diagram individually to assess the automation and optimality of the
planning technique proposed by previous studies.

3.2.1. Crane model selection
Selecting appropriate crane type and model is critical to the success
of lifting operations, which not only determines the type of crane but the
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actual model and crane operation mode (e.g., operating at a fixed
location or pick-and-carry). This decision involves complex selection
criteria, including two categories: quantifiable criteria such as spatial
and cost constraints, and unquantifiable criteria such as environmental
impacts and safety concerns [132]. In conventional planning practices,
planners struggle to fully consider such a wide range of criteria and
evaluate all possible alternatives. Therefore, researchers described the
model selection decision as a rating process and thus employed analytic
methods to formalize the relative importance of a wide range of criteria
including cost, safety, and schedule [7]. These systems can be formu-
lated as a mathematical model comprising of objective functions and
decision variables only, where the objective function is the sum of the
scores for each selection criterion. For example, to decide the most
appropriate crane type among mobile cranes, tower cranes, and derrick
cranes, Hanna and Lotfallah created a fuzzy logic approach with five
categories of selection objectives (i.e., site condition, building design,
economy, capacity, safety) and 13 objectives [36]. A similar method was
proposed by Shapira and Goldenberg, which listed 27 unquantifiable
objectives validated via interviews with a panel of practitioners [132].
More recently, new planning techniques were developed to simplify the
sophisticated criteria evaluation process. Han et al. proposed a crane
selection matrix to structure complex objectives into a unified ranking
schema [7]. Marzouk and Abubakr consolidated tower crane selection
criteria using the Analytical Hierarchy Process (AHP) and selected the
most appropriate crane type among self-erecting cranes, hammer head
cranes, luffing jib cranes and flat top cranes [10].

Although analytic methods greatly simplify and optimize the multi-
criteria evaluation process, identifying objectives is intuitive and im-
plicit, causing repetitive assessment of certain criteria [10]. For
example, one assumption in AHP is that the criteria are defined to be
independent of each other, which may not always be true in lift planning
[133]. In [10], site topography and crane jib length were considered two
independent factors despite that they are highly interdependent in site
layout planning [134]. Meanwhile, another fundamental assumption for
these systems is that the experts can reasonably score the decision-
making criteria. In reality, individual subjectivity exists in the tedious
manual evaluation process, leading to biased and sub-optimal outcomes.
Thus, computational algorithms have been employed to filter out
infeasible options based on quantitative engineering criteria. For
example, Wu et al. proposed a generic algorithm that automatically
verifies lifting capacity, geometry clearance and ground stability for
mobile crane selection [135]. On the contrary to the analytic methods
that organized all decision-making criteria into objective functions, the
algorithms treat the quantifiable criteria as constraints. Thus, these
computational algorithms are classified as constraint satisfaction
algorithms.

These algorithms were further integrated into some hybrid methods
(i.e., qualitative and quantitative) that first shorten the list of alternative
crane models and then select the most appropriate model manually. For
example, Han et al. proposed an integrated decision support model to
calculate the reachability, load capacity and site geometry for the
feasible crane models [7]. As a result, the evaluation accuracy and the
level of automation partially increase (i.e., quantitative and automation
level 3) compared with planning techniques using a single problem-
solving method. Collectively, both objectives and constraints in the
formulated mathematical models are summarized in Table 2. In addition
to the evolution of decision-making systems, 3D and 4D (i.e., 3D and
time) animation technologies have been developed to assist the manual
selection process by improving the situational awareness of planners
[7,116]. The planning techniques for crane model selection are mapped
to the evaluation diagram in Fig. 6 to assess their evaluation accuracy,
level of automation and solution optimality. The spheres in Fig. 6 denote
different coordinates in the evaluation diagram, while the size of the
sphere roughly indicates the number of planning techniques in the
reviewed literature that fall into that coordinate. In addition, the
reviewed literature at each coordinate can be found in the callout box.
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Fig. 5. Evaluation diagram mapping of six classes of problem-solving methods applied in crane lift planning.

Table 2

Assumptions, objectives, variables and constraints of the mathematical models for crane model selection.

Assumptions Objectives (objective function components)

Cranes to be selected are
available

Life cycle cost (rent, transport, ground preparation,
assembly and disassembly)
Installation/disassembly time and difficulty
Maintenance and depreciation

Additional safety features/technology
Weather condition

Availability of equipment

Space requirements during the life-cycle
Ground conditions

Transportation difficulty

Energy supply

CO2 emission

Noise and dust

Neighbour privacy

Project duration

Lifting schedule

Operator’s visibility

Estimated effort for planning (location and path
planning)

Availability of crane personnel

Building type

Decision Variables Constraints

[7,10,35-37] Crane type [7,10,35,36] Load capacity [7,37]

[7,10,37] Crane model [7,35,37,65] Lifting height [7,37]

[7,37] Crane operation [7,37] Working radius [7,37]
type

[7,36,37] Number of (101 Operating [7,10,371
cranes clearance

[7,37] Ground bearing [7,37]

pressure

[7,37]

[7,10,35-37]

[7,35-37]

[7,10,36,37]

[7,36,37]

[7,37]

[7,35,37]

7,371

[36]

[35,36]

[36]

[36]

[35]

[10]

The same notation is also adopted in Figs. 7 and 8.

3.2.2. Crane location planning

3.2.2.1. Visualization and sin ion. Cranes’ location on site has a
significant impact on construction productivity during the operation. A
well-planned crane location could maximize the crane’s utilization and
reduce the need for bringing in additional cranes. In conventional
practices, planners lack effective tools to comprehensively and accu-
rately analyze the impact of alternatives on productivity and safety. In
response to this demand, multiple studies were dedicated to evaluating
and optimizing crane locations. At an early stage, a few researchers
focused on developing a high-fidelity simulation of job sites and cranes
to support a manual evaluation. These efforts were based on the explicit
representation of geometric information. In addition to presenting the

3D geometry of buildings and equipment [50], advanced visualization
tools are able to integrate the time dimension to create a 4D simulation
to aid project management [103]. This makes visualization a useful tool
to verify the planned locations for cranes. Tantisevi and Akinci con-
ducted a series of studies on the location planning of mobile cranes,
primarily focusing on the spatial requirements for lifting operations
[136]. Their early work aimed at automatically generating a tentative
operation zone for a specific model of mobile cranes, and later they
analyzed the feasible locations by overlapping the reachable areas of
each demand point and supply point, singling out infeasible locations
that violated spatial requirements [16]. The results of these efforts were
ultimately aggregated into a 4D inverse kinematics approach with far
lower time cost than peer CAD systems [137]. In addition to simulation,
the emerging immersive technologies (e.g., virtual prototyping) were
also applied to the crane location planning [58]. These visualization-
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Fig. 6. Evaluation diagram mapping of problem-solving methods applied in the planning techniques for crane model selection.
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Fig. 7. Evaluation diagram mapping of problem-solving methods applied in the planning techniques for crane location planning.

based planning methods do not pursuit optimization, but provide a
useful tool for planners to verify their plans and identify potential safety
hazards, especially spatial conflicts. With the same purpose, multiple
studies on the crane deployment topic automatically enumerate feasible
crane locations by overlapping circles with centers at the load demand
point and radii equal to allowable jib reach for the load [4,16].

3.2.2.2. Mathematical optimization. In most cases, crane location plan-
ning is described as a complex combinatorial optimization problem
[138]. Related studies followed the pattern of mathematical optimiza-
tion, which first formulated the problem as a set of equations and
inequations, and found the optimum of objective functions using linear
programming or metaheuristic algorithms. Since a precise yet concise
mathematical model for crane lifting is essential to the quality of the
planning outcome, these studies often establish the novelty of increasing
the realism of mathematical models, by enriching objective functions,
variables and constraints. Early work by Zhang et al. described a
mathematical model that estimates the hook travel time by decomposing
crane motion into radial, tangent, and vertical movements and dividing
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each travel segment by respective velocities [98]. Since this early model
neglected the variation of velocity, Huang et al. introduced two reduc-
tion parameters into the model, namely the coordination of hook
movement in different planes and the obstruction of the lines of sight
[20]. These models were able to quantify crane operational time
reasonably but they did not reflect the life-cycle cost of crane usage. In
light of this, Lien and Cheng modified the model as a function of mon-
etary cost to include crane assembly and dismantling costs as well as
labor costs [139]. Nadoushani et al. further improved the mathematical
model for crane operating time by adding average hooking/unhooking
time and factoring in the crane ownership/rent cost [140]. Secondly,
researchers made efforts to enrich variables so that the optimization
process became more comprehensive and versatile. In the very begin-
ning, the mathematical models merely have the variable of different
crane locations and assumes that there is no dual-lifting and the supply
area is predetermined [123]. Gradually, variables were added to
incorporate flexible supply area (e.g., the location, capacity [141], and
stored material type of a supply area [123]) and the collaboration of
multiple cranes during the entire project (e.g., the number of cranes,
service period, and the height ranking of cranes [11]). Thirdly, the
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Fig. 8. Evaluation diagram mapping of problem-solving methods applied in the planning techniques for lift path planning.

constraints for the construction site have been increasingly exhaustive,
including the tower crane capacity constraints [11], supply area ca-
pacity constraints [123], spatial constraints regarding crane base [142]
and site boundary [11], and the constraint to avoid collisions between
cranes [109]. With unremitting efforts of researchers, the mathematical
models are adequately enriched and the mathematical models are
increasingly realistic and practical, leading to a reduced number of as-
sumptions. Nevertheless, there still exist several underlying yet unrea-
sonable assumptions. For example, the site conditions and the kinematic
features of cranes were ignored by assuming that the crane lifted along a
linear trajectory at a constant speed [11,20,94,99,109,121,123]. To
acquire a realistic cycle time for location optimization, regression
analysis and neural networks (i.e., RNN and CNN) have been employed
[96,113,114]. However, these methods have an empirical nature and
proneness of overfitting. As a result, assuming straight trajectory is still
dominating in this research area. Table 3 summarizes problem formu-
lation. Since the simulation-based methods involve manual evaluation
of locations, the assumptions and objectives are not clearly defined.
Thus, Table 3 is mainly derived from systems using mathematical
optimization methods.

With the realistic mathematical models, an optimal solution is sought
by both mixed-integer linear programming (MILP) and metaheuristic
algorithms were employed [124]. MILP is able to find the global mini-
mum of the objective function that contains a mix of integers and
continuous variables and linear constraints [143]. The metaheuristic
algorithms ensure to find a solution in a much shorter time than classic
methods while the solution found is not necessarily the global optimal
solution due to their stochastic nature, including Monte Carlo simulation
[138], genetic algorithm (GA) [97], particle swarm algorithm [99],
particle bee algorithm [139], simulated annealing algorithm [11] and
modified A* algorithm [85]. It is reported that using the MILP could
improve the optimality by 7% compared to using a genetic algorithm
[20]. Meanwhile, Allan reported that, for the same planning task, the
transportation cost obtained by using MILP is 23.8% lower than that
obtained by using the simulated annealing algorithm [101]. However, as
the algorithm incorporates more variables and constraints, the compu-
tation complexity significantly increases. In light of this, the use of
heuristic algorithms and MILP would depend on the trade-off between
optimality and computation efficiency. These algorithms, along with the
visualization-based planning techniques, are evaluated using the eval-
uation diagram, as shown in Fig. 7.

The interest of recent research has extended from pursuing realistic
and practical planning outcomes to the interoperability between plan-
ning techniques and information management technologies. For
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example, Wang et al. attempted to automate the entire lift planning
workflow and skipped tedious manual input by automatically retrieving
building information, site information and schedule from BIM models.
Subsequently, BIM was utilized as a visualization tool to fine-tune the
optimized locations [115]. A similar effort was also found in [142],
which exploits BIM not only as a database/visualization platform but an
analytical tool to check spatial and structural constraints.

3.2.3. Lift path planning

In path planning, the primary concern is whether load and crane
parts (e.g., job, counterweight) have a risk of colliding with surrounding
objects and whether the crane motion results in crane overturning. The
risk of collision is significant when a crane operates in close proximity to
surrounding structures, equipment, and powerlines. Crane overturning
could be attributed to overloading beyond the crane’s lift capacity at a
particular configuration. Since the consequence of such incidents is
catastrophic, the risks of collision and overturning have to be adequately
addressed and mitigated in path planning. Thus, the crux of path plan-
ning is to find a collision-free path that an object can be lifted from the
initial point to the endpoint [81]. Early studies explored visualization-
based approaches to help human planners understand spatial conflicts
between the crane and its surroundings. The visualization-based method
aims at demonstrating the geometric relationships between the lifting
paths and the obstacles on-site [12,82] while considering crane speci-
fication, schedule, site geometry [2] and the operational clearance [8].
However, similar to the visualization for location planning, this method
does not fully automate the decision-making process [48].

3.2.3.1. Configuration space. Inspired by the path planning problem in
robotics, later works adapted well-established planning algorithms to
the construction domain to plan crane lift paths [106,144]. These al-
gorithms usually outperform human planners in avoiding collisions,
complying with the load chart and pursuing the shortest path length.
From this viewpoint, path planning is described as a problem of selecting
a sequence of collision-free configurations (i.e., a variable) in a repre-
sentation of the physical 3D environment with the presence of obstacles
[32]. The representation, also known as configuration space (C-space),
is determined by the kinematic features of the moving object, such as the
degree of freedom (DoF) and the range of movement [145]. Cranes can
be abstracted as a robot operating in the C-space of at least three di-
mensions (i.e., swing, luffing and hoisting) [107]. Additional di-
mensions may be introduced to simulate crane operation at a higher
level of detail, such as load sway and crane walking [14]. Additionally, a
crane’s C-space is also affected by engineering constraints and practical
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Table 3
Assumptions, objectives, variables and constraints of the mathematical models for crane location planning.
Assumptions Objectives (objective function components) Decision Variables Constraints
Maximum load, loading and [11,20,91,94,96,109,120,123,142] Fixed cost 111 Number of tower [11] Collision- [11,109]
unloading time are known (installation/ cranes between tower

The vertical distance is the
height difference between
demand point and supply
point without considering
obstacles

Crane operates at a constant
speed

Lifting task executed by one
crane only

Number of cranes is
predetermined

Obstacles can be avoided by
extra vertical movements at
supply/demand points

The coordination of
movements (swing, luff, etc.)
Can be estimated

Supply point is known

Each supply point can serve all
tower cranes with sufficient
capacity and reachability

Only one type of crane serves
the site

Temporary structures are
considered as fixed
rectangular shape areas

[48,51,53-55,58-60,62,63]

[11,20,94,99,109,121,123]

[51,53,55,58-60,62,63]

[123]

[109]

[11,99,109,121,123]

[11,99,123]

[96,123]

[109]

[91]

dismantlement of
tower crane)
Operational cost

Rental cost of crane

Maintenance cost

Personnel cost

Penalty on cranes with
larger boom length
and higher mast
Parameter for obstacle
level

Parameter for
movement
coordination
Co, emission

[51,53,54,55,57,58,59,60,62,63]

[11,121]

[11]

[11,121]

[123]

[109]

[51,53,55,57)

[119]

Crane model/
configuration

Feasible crane
location
Service period

Height ranking

The supply point
location of the
material

Number of cycles

Non-homogeneous
storage capacity

[11,123]

[11,20,92,95,97,110,121,122,124,142]

[11]

[11]

[123]

[91]

[20]

cranes

Tower crane
capacity
constraint

Supply point
capacity
Crane base
spatial
requirement
Boundary of
the site

[9,51,53,57,64]

[99,123]

[91,142]

[11,15]
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