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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. 
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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.   
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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 LiDAR (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 

et al., 2017). Assessing sitesô hazard exposure only happens when planners design 

the site layout and locate sensitive and permanent on-site facilities (e.g., site offices) 

(El-Rayes and Khalafallah, 2005). Other vulnerable facilities, such as workersô 

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 

operatorsô skills, and operatorsô spatial awareness in blind lifts are often ignored (Hu 

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 

on-site workersô exposure to crane operational hazards systematically and 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 

ñmen struck by boom/load and fallò and ñfire explosionò (Milazzo et al., 2017).  

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 Tam and Fungôs taxonomy, added ñload 

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 element affected by loadò (Raviv et al., 2017).  

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 

sources 
Hazards References 

(1) 

Electricity 

 

H1.1: Direct human contact with 

powerlines* 
(Shepherd et al., 2000) 

H1.2: Human contacts with 

powerlines through load handling  

(Shepherd et al., 2000) (Milazzo 

et al., 2017) 

H1.3: Human contacts with 

powerlines through crane parts  

(Shepherd et al., 2000)(Beavers 

et al., 2006) (Milazzo et al., 2017) 

H1.4: Human attempting rescue 

electrocuted* 
(Shepherd et al., 2000) 

(2) 

Motion 

 

H2.1: Struck by moving objects  
(Milazzo et al., 2017)(Tam and 

Fung, 2011)(Raviv et al., 2017) 

H2.2: Caught in between 
(Shepherd et al., 2000) (Raviv et 

al., 2017) 

H2.3: Falls of elements hit by 

moving load  

(Tam and Fung, 2011)(Raviv et 

al., 2017) 

H2.4: Collision between cranes  (Raviv et al., 2017) 

(3) 

Gravity 

 

H3.1: Falls of suspended load 

without boom failure  

(Shepherd et al., 2000)(Beavers 

et al., 2006)(Milazzo et al., 

2017)(Raviv et al., 2017) 

H 3.2: Crane boom 

buckling/failure or cable failure 

during operation 

(Beavers et al., 2006)(Milazzo et 

al., 2017)(Raviv et al., 2017) 

H 3.3: Other parts of a crane fell  
(Shepherd et al., 2000) (Tam and 

Fung, 2011)(Raviv et al., 2017) 

H 3.4: Crane tip-over  

(Shepherd et al., 2000)(Beavers 

et al., 2006)(Milazzo et al., 

2017)(Raviv et al., 2017) 

H 3.5: Crane collapse during 

assembly/disassembly * 
(Beavers et al., 2006) 

H 3.6: Human fall from height 

during maintenance * 
(Milazzo et al., 2017) 

(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 ñestimate and control hazards to workers in work methods and operations, 

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 
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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. 

 

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, such as on-site workersô workspaces (Moon 

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 
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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 (I.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).  

 

 

 

  



30 
 
 

 

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: 

- To review 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-site workersô exposure to crane operational hazards via pre-

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 algorithmôs pathfinding mechanisms.  

- 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 crane operatorsô skills and employing safety technologies (e.g., anti-

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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Fig. 1-3 Thesis structure 
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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; 

- A variety 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 

cranes, determine the locations for the cranes to ensure the cranesô capacity and reach 

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, titled ñAutomation and optimization in crane lift 

planning: a critical reviewò. This article exhaustively searched 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 ï 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 ï 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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2.2 Automation and optimization in crane lift planning: a critical 
review 
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