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Abstract

With the increase of modular integrated construction (MiC) projects, the planning of
tower crane layout (TCLP) becomes vitally essential to achieve a balance among multiple
goals, such as efficiency, economy, and safety. However, existing TCLP studies are
usually formed as single-objective optimization based on total lifting time for
conventional construction sites. There should be trade-offs among multiple goals,
especially safety. In addition, the heavier components of MiC, requiring cranes with
larger lifting capacity, pose a challenge in terms of cost. Therefore, it is necessary to
propose a more general and reasonable model to assist managers in making better
decisions for TCLP. This study aims to develop a multi-objective optimization model
with efficiency, cost, and lifting safety considerations for MiC projects. Firstly, based on
literature research and accident statistics, the total transportation time, total cost of tower
cranes, and total lifting moment are chosen as the three optimization objectives. Then,
the improved three-objective optimization model, considering module positioning time
and separate movement features of tower cranes, is proposed. To solve the proposed
multi-objective problem, the evolutionary algorithm NSGA-I11 is used for solutions. The
proposed model can provide a series of trade-off solutions for efficiency, cost, and safety,
representing different combinations of crane location, supply point location, and
orientation. A MiC project in Hong Kong is studied as a case to verify the feasibility and
effectiveness of the proposed model. The results show that the proposed model can
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determine the optimized layout plan with minimum time, cost, and lifting moment by
locating the tower crane point, supply point, and supply point orientation. Disregarding
the orientation of the supply point would result in an additional 18.2% transportation
time, leading to increased costs. Compared to the original layout scheme, the developed
model can save up to 41.7% in transportation time and improve safety by 27.4%.

1 Introduction

In Sep 2022, a fatal work accident occurred at a construction site in Hong Kong. A tower crane
collapsed and struck a nearby office, resulting in the death of three employees and injuries to six
employees (Labour Department Hong Kong 2022). The seriousness and danger of tower crane accidents
are highlighted. Tower cranes, as one of the main vertical transportation equipment on construction
sites, play a vital role in building construction, especially high-rise ones. However, it is estimated that
tower crane-related accidents have occurred regularly in Hong Kong in the last 10 years, and more than
100 accidents occur globally each year. Construction crane safety has become one major concern of the
Labour Department of HKSAR (Chen et al. 2022; Tam and Fung 2011). Accidents involving tower
cranes not only threaten the lives of construction workers but also bring significant economic losses
and schedule delays to construction projects. Therefore, strengthening the safety management of tower
cranes and preventing and reducing accidents have become important remedies for the construction
industry.

Modular integrated construction (MiC) has emerged as a cutting-edge and transformative
technology in the construction industry in recent years (Darko et al. 2020). This innovative approach
offers several distinct advantages over traditional construction methods. Firstly, MiC has the potential
to reduce construction time by up to 30% (Tsz Wai et al. 2023). Secondly, the controlled factory
environment and standardized manufacturing processes inherent in MiC ensure enhanced construction
quality and precision. Thirdly, MiC greatly improves the working conditions and safety of construction
sites. Furthermore, MiC aligns with the principles of sustainable development by promoting energy
efficiency and reducing emissions.

The adoption of MiC in Hong Kong has been on the rise, with its application extending to various
projects such as public housing, schools, and dormitories. Despite its growing popularity, MiC
technology is still in its nascent stages, presenting much room for further improvement and refinement.
The cornerstone of on-site operations in MiC projects, particularly in high-rise buildings, lies in the
installation of heavy-duty modules using tower cranes. Consequently, meticulous planning and
optimization of tower cranes are paramount to ensure the smooth execution and success of MiC projects.

Tower crane layout planning (TCLP) is a key issue in construction site layout planning, aiming at
determining the optimal tower crane layout scheme based on specific objectives and constraints in a
complex construction environment. Optimal tower crane layout planning is of utmost importance for
both conventional and modular construction projects. However, the inherent characteristics of MiC
projects necessitate the development of a more general and reasonable model. The unique requirements
of MiC, such as the need for precise module installation, the handling of heavy-duty components, and
crane movement patterns, demand a tailored approach to tower crane planning. Specific challenges
posed by modular construction should be taken into account, ensuring that the tower crane layouts are
optimized to maximize efficiency, minimize costs, and guarantee the safe execution of the project.

Zhang et al. (1999) established the hook travel model for tower cranes, which laid the foundation
for evaluating the travel time of tower cranes. Genetic algorithm and mixed-integer linear programming
(MILP) were used to optimize the tower crane location in most later studies (Huang et al. 2011; Huang
and Wong 2018; Tam et al. 2001). Zhang and Pan (2021) established the criteria considering high-rise
MiC features and developed a two-step framework using a fuzzy-AHP-TOPSIS approach to optimize
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the tower crane layout. Unlike most studies that adopt the optimization-based approach, agent-based
simulation (Younes and Marzouk 2018) was used to minimize operation time considering conflicts.
BIM and VR-prototyping were used for planning interaction, avoiding clashes, and facilitating the
decision-making process (Wang et al. 2015; Zhang and Pan 2021). The emergence of the GAN-based
deep learning method using image-to-image translation greatly simplifies the decision-making process
of TCLP (Li et al. 2023). However, existing TCLP studies are mostly about single-objective
optimization based on total lifting time for conventional construction sites. Improving the existing
models to meet the demand of MiC should be considered. The heavier components of the MiC require
cranes with larger lifting capacity, safety, and cost should be put more emphasis on in addition to
efficiency.

To fill the gaps in the current research and to address the realities in MiC, this paper develops a
multi-objective optimization model with proper safety considerations for MiC projects and assists
managers in making better decisions for TCLP. This study aims to provide the main contractors of MiC
projects with a range of alternative tower crane layout plans. These plans offer multiple solutions that
address the trade-offs among efficiency, cost, and safety. By presenting a variety of options, project
managers can make informed decisions and select the optimal layout plan based on their specific project
requirements and priorities.

2 Method
List of symbols

N Total number of modules to be lifted

1 Total number of potential tower crane locations

J Total number of potential supply points

K Total number of demand points

n ID of module n € N

i ID of tower crane locations n € N

Ni ID of potential supply points j € |

k ID of demand points k € K

a Coordination degree of trolleying and jib slewing

8 Coordination degree of hook movements in vertical and horizontal

planes
y Safety factor to ensure a safety redundancy (e.g., 0.9)
wy Weight of nth module (t)
Xci, Yei, Zci) Coordinate of ith tower crane location

(Xsj, Ysj, Zsj)  Coordinate of jth supply point
(Xpr, Ypr, Zpx) ~ Coordinate of kth demand point

Vy Hoisting velocity of hook (m/min)

V, Slewing velocity of jib (rad/min)

V. Radial velocity of trolley (m/min)

.V”’ Rotation velocity of hook for positioning a module (rad/min)
T(f? (k) Time for tangential movement of jib
Ty Time for radial movement of trolley
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T} (k) Total horizontal movement time
Ty(j Total vertical movement time

Troiiio Time for positioning a module
T ki Total hook travel time

2.1 Problem Statement and Assumptions

The TCLP problem is formulated as a multi-objective problem with the aim to maximize efficiency,
minimize costs, and maximize lifting safety. For information on a given construction site, the site is
first simplified into a drawing with pre-determined demand, supply, and candidate tower crane
locations. The data provided will be input into the optimization model developed. The model is then
solved using a genetic algorithm.

In the model, the type of tower crane is given, with known crane configurations such as load charts
and velocities. Available locations to set up the tower crane and areas for storing modules were pre-
determined, and information on module requests, such as positions and weights, was provided. The
model was proposed based on the following assumptions:

(1) The module is provided in one supply location, and the orientation of the supply location
represents that of the module.

(2) The available areas for the module supply point and tower crane are pre-defined based on site
conditions.

(3) Only one tower crane is considered, which can be assigned to any of the available tower crane
locations.

2.2 Proposed mathematical model

Time and cost are the single objectives selected for optimization in most of the current literature, so
they are selected in this paper as the first two optimization objectives. The total cost of a tower crane is
assumed to be the sum of the fixed and operation costs for that crane model. In addition, the lifting
moment is adopted as an indicator of safety based on literature research, accident reports, and expert
interviews. The establishment of each goal will be discussed specifically below:

(1) Total transportation time and total cost

Transportation time has been consistently adopted as a primary optimization objective in crane
layout optimization studies. This metric represents the total operation time required to complete all
element transportation tasks from supply point(s) to demand point(s), indicating crane transport
productivity. Zhang's model for calculating hook travel time has been extensively utilized. This model
takes into consideration the tower crane's three degree-of-freedom motion pattern (radial, horizontal,
and vertical), as shown in Figure 1.
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Figure 1: Mathematical model of tower crane radial, horizontal, and vertical movements

For modular construction, since the modules need to be transported precisely to their final location
and installed, the orientation of the modules needs to be rotationally aligned before the final lift-off, as
shown in Figure 2. The final positioning angle of the module can be obtained from the orientation of
the supply point, the angle of the module at the demand point, and the horizontal rotation angle of the
tower crane, as shown in Eq. (6). TCLP should fully simulate the features of MiC, such as crane

movement pattern (move the trolley first and then rotate the jib (or vice versa)) and rotation for the
module positioning.

position —] s
y/iez Hook self-rotation

Module .
Store Area Building

Figure 2: Tower crane module positioning for modular construction

In this study, the time consumed for the module positioning module is appended in Zhang's model
to more accurately characterize lifting in MiC. When the lifting of a module starts, the operators often
move the trolley first and then rotate the jib (or vice versa) in MiC. As a result, the coordination degree
a and B equal to 1.0 for modular element lifting. The traveling time for a module can be obtained using
Eq. (7).

|y = Lie]

Gk = T @)
T = — 0.
w(k) = Vw .drccos w(j k) (2)
[0 < arccos (8) < 1]
|Zs; — Zpu|
Logio == ©)
Tagiao = Max(Tiay Tajio) + amin (T, Tog) (4)
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Tsd = max(T,‘;(j‘k), Tv(j,k)) + Bmin (T}L;(j‘k), Tv(j,k)) (5)
. 1 .
Trlo(j,k) = m |6pi — Os — Gi)(j,k)| (6)
T},k,i =Tsq + T (7)
Thus, the objective function of minimizing total transportation time is shown in Eq. (8).
J
minTT = min Z Tiki (8)

J
After obtaining the total transportation time, the cost can be calculated. For a given type of tower

crane, the cost can be simplified into two parts: operation costs and fixed costs. The operation cost
equals the total transportation time TT multiplied by unit time cost C. The fixed cost Crincorporates the
delivery, assembly, maintenance, and disassembly fee of the tower crane. Thus, the objective function
of minimizing total cost is shown in Eq. (9).

J
minTC = minz Tigi-C+Cr 9
j
(2) Total lifting moment

The lifting moment of a crane is an essential safety consideration for enhanced operation safety
(others include working conditions and crane stability). Project managers often choose the lifting
moment and the lifting capacity to select the tower crane configurations. This ensures the safety of using
the tower crane while controlling the rental costs. However, the lifting moment can either raise or lower
the support reaction of the tower crane base, so it is inseparably linked to the safety of tower crane
operation.

The high weight and size of the modular components impose higher requirements on the safety of
the tower crane for module lifting. This is to prevent the tower crane from overturning and to ensure
the safety of module lifting. The lifting moment equals the product of the module weight and the tower
crane's working radius. It induces the force of rotation around the axis of a tower crane. Structural
failure and collapse may occur if the selected crane capacity does not satisfy the maximum lifting
moment. Hebiba et al. (2022) used total lifting moments and total hook travel time as two optimization
objectives to select an optimal crane location and supply locations, and the effectiveness of the proposed
methodology is validated by a case study. As a result, the lifting moment LM is chosen to represent
safety in this study. The lifting moment LM is calculated by Eq. (10), based on a single crane location
associated with supply and demand locations. The lifting supply moments and lifting demand moments
can be obtained from Eq. (11). Thus, the objective function of minimizing the total lifting moment is
shown in Eq. (12).

LMjpi = My sy + My (10)
My (g = Wo-lig = Woor| Xk — Xe)? + (Yor — Yei)?

My jy = Wyl ; = Wn-\/(XSj —Xci)? + (Y5 — Yei)?

11)

J
minTLM = min Z LM; (12)
j

(3) Constraints
1. Given a tower crane location, the supply point and demand point of the module should be within
the coverage of the tower crane.

Remin < iy = \/(Xs;' = Xci)? + (Ysj — Yei)® < Remax (13)
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Remin < lik = v Xpk — Xci)® + (Yok — Yei)? < Remax (14)

2. For each module, the weight at the supply point and demand point should be within the loading
capacity of the tower crane.

W, < 7.LC( J Xj — Xe)? + (V) — Ye)?)
Wy <¥.LC(J Xpk — Xci)? + (Yor — Ye)?)
LC(x) = ;— b (16)

(15)

3. For each module, the lifting moment at the supply point and demand point should be within the
maximum lifting moment of the tower crane. The safety factor y (0.9 here) is introduced to ensure
a safety redundancy.

My jy = Wn'\[(XSj = Xci)?+ (Ysj = Yei)? < V. Mppay

My = Wiorf KXok = Xc)? + (Vo — Ye)2 < V. Mgy

a7

2.3 Muti-objective optimization evolutionary algorithms

Since the study in this paper can be regarded as a combinatorial optimization problem, evolutionary
algorithms NSGA-I111 (Deb 2011; Deb and Jain 2014) are utilized to solve the three-objectives problem.
The NSGA-II1 algorithm (as shown in Figure 3) is a relatively mature branch of the genetic algorithm
and has great advantages in solving multi-objective combinatorial optimization problems. Compared
with the exact solution method, NSGA-II1 can save computational cost. As the complexity of the project
increases, the time taken for the exact solution will show a significant increase while the solution time
of the evolutionary algorithm is still within acceptable limits. The basic operations of NSGA-I1I include
Select, Crossover, Mutation, and Elitist Strategy, simulating the natural evolutionary process. NSGA-
11 is simple and efficient in achieving the Pareto front. With the introduction of a reference point
mechanism, the selection process is guided to maintain the diversity of solutions when solving three or
more optimization objective problems.

2.4 Case study using a MiC project

The selected project is a 28-storey subsidized sale house in Hong Kong, of which 25 floors are
modular buildings, as shown in Figure 4. The house provides 300 room units in total using over 1200
concrete modules, ranging from 2.8 tons to 21.7 tons. Each floor was constructed using 49 modules
around in-situ components. The modules required for the building are serviced by one tower crane.
Detailed modular information is provided in Table 1. Therefore, an independent tower crane, POTAIN
MCTB805, is assigned, which has a maximum lifting weight of 25 t and coverage of 35 m. After a site
investigation, the possible supply area and tower crane area were determined, and 11 potential tower
crane locations and 34 supply points were selected, as shown in Figure 4. The locations of the demand
points are the 49 locations where modules need to be installed. The goal is to determine the optimal
supply point location, supply point orientation, and tower crane location for trade-offs among efficiency,
cost, and safety.
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Figure 3: The exterior view of the construction site and site layout scheme

Module  Length  Width  Height Module position

Weight (t) Degree
IDs (mm) (mm)  (mm) X y (rg 0
M1 3410 2400 3000 9.8 58071 38787 0
M2 4860 2400 3000 15.57 57346 36387 0
M3 6800 2750 3000 21.7 57256 33812 0
M48 5920 2400 3000 18.33 49607 13317 1.57
M49 3410 2400 3000 9.8 52007 12062 1.57

Table 1: Module information

3 Results and discussions

After the multi-objective optimization process, three non-dominated solutions to the Pareto frontier
exist. This shows that the three solutions strictly outperform all other solutions in all three objective
functions. In order to demonstrate the diversity of the Pareto frontiers and the selectivity of the results,
we added the solution set of the second frontier as well, and the final results are shown in Figure 5. A
total of 20 solution points were obtained. The three solutions to the Pareto frontier (P1, P2, and P3) and
P4, P5, P6 from the other frontier are shown in Table 1 for comparison. Also, the original project's
layout is listed. It is noted that a set of solutions are on the Pareto frontier that seeks an optimal balance
between multiple goals. Afterwards, multiple criteria decision analysis (MCDA) methods such as
weighted sum model (WSM), technique for order preference by similarity to ideal solution (TOPSIS),
and analytic hierarchy process (AHP) can be used for weighting the three objectives based on specific
project requirements and designer priorities.
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Figure 4: The obtained Pareto fronts
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The original layout scheme is shown in Figure 6, where T8 and S3 are selected as the tower crane
location and supply location, and the default setting of supply point orientation is 0 degrees. All three
solutions to the Pareto frontier choose T11 for locating the tower crane. The optimal layout calculated
from our model is shown in Figures 7 and 8. Figure 7 shows the layout with minimum time and cost,
where T11 and S11 are selected as the tower crane location and supply location, and the supply point
orientation is 40 degrees. As for the layout with minimum lifting moment, T11, S13, and 40 degrees

are determined.

: Tower Supply Supply T TC TLM
Points crane . point .

location point orientation (min) (HKD) (tm)
P1 T11 S11 40° 148.4 51,484 15,130
P2 T11 S12 30° 151.2 51,512 14,899
P3 T11 S13 40° 155.4 51,554 14,792
P4 T9 S4 50° 143.0 51,433 18,575
P5 T10 S10 60° 157.2 51,572 17,329
P6 T10 S8 60° 162.0 51,628 17,443
The original T8 s6 0° 210.3 52,103 18,854

scheme

Table 2: Solutions from Pareto fronts and original project scheme
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Figure 5: The original site layout scheme (685 = 0°)

e wg [wie

| e 41 - iz
i W33 | 3a | M35 s | M52 M43 | g a7 M
o f wia
ol 1
- X

-

Figure 7: Layout with minimum lifting moment (65 = 40°)

The time consumed by the positioning of the module is considered in the model, and the orientation
of the module is thus optimized to minimize the time. Under the case P1, the total transportation time
is 148.4 mins when the orientation is 40°. However, the total transportation time would be 181 mins if
the orientation of the module is not considered, an 18.2% increase over the former. This means that it
is essential to properly plan the orientation of the module to minimize total operation time and cost. It
is worth noting that the time taken to position a module depends on the velocity of rotation. Faster
rotation velocity will reduce the time and increase the risk of operations such as dropping modules (the
rotation velocity is 0.5 rad/min in this paper). In terms of lifting safety, the total lifting moment of the
original arrangement is 18,854 t.m, while the minimum total lifting moment of the P3 case is 14,792
t.m, a reduction of 27.4%, and the operating safety of the tower crane is further improved. Compared
to the original layout scheme, the developed model can save up to 41.7% in transportation time and
improve safety by 27.4%.

4 Conclusions

This study proposes a three-objective optimization model considering efficiency, cost, and lifting
safety, which is applicable to MiC and traditional site conditions. The features and crane movement
pattern of MIC are considered in the efficiency objective function, including the module rotation

507



Multi-Objective Optimization of TCLP in MiC F. Z. Li et al.

positioning and separate operation of tower crane motion. Besides, the lifting moment is selected as one
of the objectives, representing the safety of the tower crane operation. The genetic algorithm NSGA-I11
is adopted to solve the proposed multi-objective problem. A case study using a MiC project in Hong
Kong is conducted to verify the proposed model. Planners can choose from the solutions in the Pareto
frontier based on the project needs and preferences for better decision-making. Based on the case study
results, our model can determine the optimized layout plan with minimum time, cost, and lifting
moment by locating the tower crane point, supply point, and supply point orientation. Disregarding the
orientation of the supply point would result in an additional 18.2% transportation time, leading to
increased costs. Compared to the original layout scheme, the developed model can save up to 41.7% in
transportation time and improve safety by 27.4%.
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