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Abstract: As the scale of construction expanded and the number of prefabricated buildings increased,
a single tower crane could no longer meet the construction requirements, necessitating the simultane-
ous operation of more tower cranes to improve construction efficiency. To optimize the efficiency and
cost of lifting prefabricated concrete components and address the selection and layout optimization of
dual tower cranes, this paper proposed a double tower crane selection and positioning optimization
model that integrated feasible layout area solving and optimization based on different objectives.
By analyzing the mathematical relationship between the layout positions of the tower cranes and
the positions of the prefabricated component storage yard and installation sites, a mathematical
model for the feasible layout area of double tower cranes was established and solved using a genetic
algorithm. On this basis, optimization models were established with the objectives of minimizing
cost, achieving the shortest total lifting time, and achieving the maximum value coefficient, and
they were solved using a genetic algorithm. The model was verified and analyzed through a case
study. The research results indicated that the double tower crane selection scheme could achieve
more than twice the lifting efficiency of the same model single tower crane. When the total lifting
time was similar, choosing based on the principles of value engineering could yield the optimal
solution with lower costs. These research findings provided a reference for the selection of tower
crane schemes and the cost reduction and efficiency improvement of on-site prefabricated concrete
component lifting construction.

Keywords: tower crane; selection; layout; positioning optimization; value engineering

1. Introduction

Prefabricated construction, which utilizes factory-made components, modular design,
and on-site assembly, is a construction method that offers numerous advantages compared
to traditional construction methods, including fast construction speed, quality control,
resource conservation, and pollution reduction. Consequently, many countries and re-
gions have enacted policies to encourage and support the development of prefabricated
construction [1]. The production of the main components in prefabricated construction is
typically completed in factories, and they are then transported to the site for installation.
The lifting of prefabricated components is a critical process throughout the construction
process of prefabricated buildings. Prefabricated buildings often require a large number
of prefabricated components and modules for on-site assembly, and the lifting of these
components and modules typically requires large lifting equipment. Tower cranes, as a
type of lifting equipment, possess advantages such as tall lifting height, high lifting capacity,
and operational flexibility. These attributes enable them to efficiently undertake various
lifting tasks, making them essential equipment in prefabricated construction sites [2]. The
selection of tower cranes and tower crane layout planning (TCLP) can have a significant
impact on costs and construction schedules. Multi-tower crane layout planning (MTCLP),
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which involves the selection of tower crane types, quantities, and positions, as well as
material storage locations, is crucial for balancing material transportation efficiency and
overall costs. However, determining the optimal layout scheme with appropriate tower
cranes and tower crane positions remains a significant challenge: many construction man-
agers primarily rely on their own experience to make decisions regarding tower crane
type selection, quantity, and on-site layout, lacking quantitative analysis of factors such
as site conditions, prefabricated component quality, tower crane performance, and oper-
ating costs [3]. Currently, scholars are applying mathematical methods to determine the
optimal positions of tower cranes. These methods systematically consider different site
conditions and constraints to address the challenges of TCLP, further assisting the empirical
decision-making process.

In previous studies, researchers have commonly considered minimizing the shortest
lifting time or the overall cost as the primary objectives in tower crane layout planning.
They constructed mathematical models to find optimal or approximate optimal solutions
under a series of constraints. Early research laid the foundation for determining tower crane
positions. As research progressed, the construction of models became more comprehensive,
considering additional constraints and optimization objectives. To solve the problem, schol-
ars have employed various optimization methods, ranging from exact solution methods
such as branch and bound [4] to metaheuristic algorithms such as genetic algorithms [5],
particle swarm optimization [6], etc., to address tower crane layout optimization problems.
Additionally, some studies have utilized hybrid metaheuristic algorithms, combining mul-
tiple heuristic strategies to more effectively solve specific problems [7]. These algorithms
can effectively improve the speed of finding suboptimal solutions. However, with the
increasing scale of prefabricated construction and the acceleration of construction progress,
situations often arise where a single tower crane cannot meet the construction needs. It
becomes necessary to increase the number of tower cranes to complete the lifting work,
and factors such as the prefabricated component yard, quality, and installation positions all
influence the selection and layout of tower cranes. Therefore, how to optimize the selection
and positioning of two tower cranes working simultaneously at the construction site is an
urgent problem that needs to be addressed.

Despite some research progress, existing studies still have certain limitations. For in-
stance, there is relatively limited research in the field of double tower crane layout planning,
and there is a lack of in-depth optimization studies specifically tailored to prefabricated
construction. Therefore, this paper aims to establish a mathematical model for double tower
crane layout planning based on the principles of value engineering, combined with the
mathematical relationship between tower crane placement and prefabricated component
yard positioning. Corresponding optimization algorithms were proposed. The effectiveness
of the model was validated through case studies, and the potential applications in practical
engineering were explored.

2. Literature Review
2.1. Selection and Layout Planning of Tower Cranes

Based on the different numbers of research objects, studies related to tower crane
selection and positioning problems can be divided into research on single tower crane
selection and positioning and research on multi-tower crane selection and positioning.

The layout problem of a single tower crane is the basis of research on tower crane
layout optimization. Choi and Harris [8] were the first to conduct optimization research
on the optimal placement positions of single tower cranes, with the optimization objective
being the minimization of total costs. Building on the work of Choi and Harris, Nadoushani
et al. [9] employed the idea of mixed integer programming and set the minimization of
leasing costs as the optimization objective, constructing an optimization model and dis-
cussing the optimal tower crane model and position under this objective. Zhang et al. [10]
established an optimization mathematical model based on minimizing the hook running
time by studying the constraint relationships between supply points, demand points, and
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crane positions. Subsequently, to improve the optimization results of single tower crane
operations, Huang et al. [11] considered the yard to be a variable and proposed a mixed
integer linear model based on Zhang’s model, which determined not only the optimal
tower crane positions but also the optimal yard positions. Building on previous research,
Huang and Wong [12] constructed a mixed integer programming model for tower crane
movement, achieving more accurate results compared to past studies. However, a limi-
tation of their research is the lack of consideration of safety factors and other constraints
related to tower crane operations.

As the volume and scale of construction projects continue to increase, a single crane
often struggles to handle all lifting tasks. In such cases, multiple cranes need to be used
simultaneously to meet construction deadlines, prompting researchers to focus on the
optimization of crane groups. Mathematical models in tower crane layout planning studies
are used to find optimal solutions or strategies under a set of defined constraints, with the
aim of maximizing or minimizing specific objective functions. Zhang’s model [13] laid
the foundation for determining the positions of tower crane groups. This model includes
criteria such as balancing workload, minimizing path conflicts, and maximizing efficiency
in time and cost. Many subsequent studies on tower crane layout planning have refer-
enced this model and its assumptions, incorporating mixed integer programming (MIP),
mixed integer linear programming (MILP), and binary mixed integer linear programming
(BMILP) models to formulate tower crane layout planning problems with constraints and
objectives, aiming to minimize transportation time or costs. Abubakr and Marzouk [14]
further refined the optimization model based on Zhang’s research, resulting in a more
accurate decision-making process for determining the number of cranes used in construc-
tion. Dienstknecht [14] developed an exact branch-and-bound approach that overcomes
the limitations encountered when using CPLEX to handle mixed-integer programming.
Briskorn [15] constrained the Tower Crane Selection and Placement Problem to a set of
discrete candidate locations, simplifying it to a Weighted Set Cover Problem without losing
optimality. As the number of cranes deployed in construction increases, scholars have
found that the efficiency of work teams is also a key factor affecting lifting efficiency. Peng
et al. [16] constructed an optimization model to explore the impact of the number of work
teams on the time and cost of lifting using multiple cranes, using mobile cranes as the
research object and basing the model on the shortest construction period and the lowest
cost. Ji [17] optimized the positioning of multiple cranes and yards, considering the collabo-
rative capabilities within the overlapping working ranges of cranes during the optimization
process. As research progresses, the composition of constraints, influencing factors, and
optimization objectives has become more comprehensive.

2.2. Optimization Problem

Studies related to tower crane layout planning typically aim to minimize hoisting time
or transportation costs. Li [18] optimized for achieving the shortest hoisting time as the
objective function, while Nadoushani [9], Briskorn [19], and others aimed to minimize total
costs. Unlike many studies that aimed to minimize the operation time of individual tasks,
Khodabandelu [20] developed an agent-based modeling simulation tool to investigate the
impact of dynamic supply selection on crane efficiency. Ji [17] considered a combination of
the above research objectives, aiming to study tower crane layout planning that minimizes
overall time and costs. In addition, metrics such as minimizing path conflicts and ensuring
safety are also common research objectives in tower crane layout planning.

Optimization algorithms are used to find the optimal or approximately optimal so-
lutions within given mathematical model constraints to meet specific goals, such as cost
minimization, maximizing efficiency, or optimizing workload distribution. The branch and
bound method is a precise solving method that gradually converges to the optimal solution
by continuously decomposing and searching, ensuring that the best tower crane layout
planning solution is found. To shorten the computation time, metaheuristic algorithms
are used to find approximately optimal tower crane layout solutions within a reasonable
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time. Marzouk [5] applied the genetic algorithm (GA) to determine tower crane layout,
achieving the different objectives of minimizing conflicts and minimizing time and costs.
Yang [6] used particle swarm optimization (PSO), while Wu [21] used simulated anneal-
ing (SA) to determine tower crane layout with the objective of minimizing overall costs.
The firefly algorithm (FA) has also been used in related research. Compared to single
metaheuristic algorithms, hybrid metaheuristic algorithms combine multiple heuristic
strategies, leveraging the advantages of different algorithms more effectively, and they may
be more efficient in solving specific problems. The particle bee algorithm (PBA), combining
bees (bee algorithm, BA) and birds (particle swarm optimization, PSO), was introduced to
minimize crane operating costs by determining tower crane positions [7].

Some auxiliary tools are used in tower crane layout planning. Building Information
Modeling (BIM) can provide mathematical inputs for tower crane layout planning mathe-
matical models and perform conflict detection on the resulting optimal tower crane layout
plans. Riga [22] retrieved site conditions and building elements through BIM and approx-
imated complex shapes using convex hulls. Dasovic [23] proposed an active Building
Information Modeling (BIM) approach that integrates intelligent algorithms and automa-
tion tools, transforming BIM models from mere information storage and display platforms
to dynamic optimization and decision support systems. A virtual reality (VR) tool devel-
oped by Zhang [24] can generate tower crane layouts through real-time feasibility checks,
select layouts through multi-criteria performance evaluations, and simulate interactive
tower crane lifting and lowering. Li [18] employed a generative adversarial network (GAN)
called Crane GAN and proposed an automatic TCLP system that generates tower crane
layouts based on blueprint inputs without manual information extraction.

Table 1 lists some previous studies, indicating whether they focused on single or
multiple tower cranes, their research objectives, and the optimization algorithms used.

In summary, the studies by the aforementioned scholars lack the comprehensive explo-
ration of feasible layout areas for twin tower cranes in construction. Specific mathematical
models for feasible areas were not proposed, despite factors such as the prefabricated com-
ponent yard, its quality, and installation positions all influencing the selection and layout
of tower cranes. Studies on optimizing tower crane layouts in prefabricated construction
are insufficiently focused, with optimization goals often centered around minimizing the
hoisting time or cost rather than incorporating value engineering. Therefore, this paper
establishes a mathematical model based on the relationship between the positions of tower
crane placements and prefabricated component yards, as well as installation positions,
with a foundation in value engineering for optimizing feasible layout areas for attached
twin tower cranes in prefabricated construction. By utilizing genetic algorithms to solve for
maximum value engineering coefficients, the model is validated through case studies.

Table 1. The literature on tower crane layout optimization.

No. Research
Objects Research Objectives Improved Mathematical

Modeling 1
Optimization

Algorithm Auxiliary Tools Research

1

Single
Tower
Crane

Minimizing total cost MIP \ 2 \ Nadoushani [9]

2 Minimizing total cost MILP \ BIM Briskorn [19]

3 Minimizing total cost \ SA \ Wu [21]

4 Minimizing total cost ILP \ \ Amiri [25]

5 Minimizing total time \ \ GAN Li [18]

6 Minimizing total cost
and time \ GA \ Tam [26]

7 Minimizing total cost
and time MIP \ \ Ji [17]

8 Shortest hook
movement distance BMIP \ \ Huang [12]
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Table 1. Cont.

No. Research
Objects Research Objectives Improved Mathematical

Modeling 1
Optimization

Algorithm Auxiliary Tools Research

9

Multiple
Tower
Cranes

Minimizing total cost \ PSO \ Lien and Cheng
[7]

10 Minimizing total time \ FA BIM Wang [27]

11 Safety and minimizing
total time \ \

Fuzzy Analytic
Hierarchy

Process
Zhang [28]

12 Safety and minimizing
total time \ \ VR Zhang [24]

13
Balancing workload

and minimizing
path conflicts

\ \ \ Zhang [13]

14
Minimizing path

conflicts and maximizing
coverage area

\ \ BIM&GIS Irizarry [29]

15
Minimizing path

conflicts and minimizing
idle time

\ GA BIM Marzouk [5]

16
Precisely describing

irregularly shaped sites
and buildings

MILP \ \ Huang [30]

1 Improved Mathematical Modeling refers to the improvements made based on Zhang’s model in [13]. 2 The slash
(\) represents the fact that it is not covered in this article.

3. Methodology
3.1. Problem Description and Assumptions

This study on the selection and layout optimization of double tower cranes involved
two steps. Firstly, establishing a model for feasible area arrangement of double tower
cranes to determine the applicable scenarios and identify feasible layout areas for the two
tower cranes. Secondly, developing a value engineering-based model for the selection and
layout optimization of double tower cranes, aiming to find the optimal positions for the
two tower cranes within the feasible layout areas under different objective functions.

The known conditions and basic assumptions of this study were as follows:

I. Known Conditions

a. The coordinates of each vertex of the building outline are known;
b. The coordinates of the demand points and supply points for components

are known;
c. The tower crane studied in this paper is a luffing jib tower crane, with the

attachment path distance from the building outline denoted as dBTC, and
dBTC = 4 m.

II. Assumptions

a. In the mathematical model, the stacking and unloading/installation points
of prefabricated components are simplified as points, without considering
their spatial volume effects, referred to as supply points (SPs) and demand
points (DPs), respectively.

b. In the mathematical model, the base of the tower crane is simplified as
a point, referred to as a fixed point (FP), without considering its spatial
volume effects.

c. The impact of terrain, roads, and obstacles on this study is not considered.
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d. Each lifting task is executed by only one tower crane, and both tower cranes
perform lifting simultaneously. Task allocation is not considered.

e. The spatial lifting problem is considered on standard floor levels, without
considering staggered construction.

The relationship between supply points (SPs), demand points (DPs) and fixed points
(FPs) is illustrated in Figure 1.

Figure 1. Plane graph of tower crane.

In Figure 1, rC
D represents the distance between the base of the tower crane and the

demand point of the component, while rC
S represents the distance between the base of the

tower crane and the supply point of the component.

3.2. Variable Setting

The parameters to be used in the modeling process, along with their descriptions, are
presented in Table 2.

Table 2. Parameters and descriptions.

Parameters Descriptions

rC
D Horizontal projection distance from FP to DP

rC
S Horizontal projection distance from FP to SP

rD
S Horizontal projection distance from DP to SP

LQ Jib radius
vω Rotation speed of the tower crane
θ Rotation angle of the tower crane
Tr Time for trolley to complete radial movement
Tω Time for jib to complete horizontal rotation
vr1 Speed of the trolley moving radially while loaded
vr2 Speed of the trolley moving radially while unloaded
α Coordination degree between trolley motion and jib rotation
Th Total horizontal movement time
h0 Safety height

Tup Lifting time
Tdown Lowering time

TV Total vertical movement time
Vv1 Vertical movement speed of loaded tower crane
Vv2 Vertical movement speed of unloaded tower crane
zd Z-coordinate of DP
zs Z-coordinate of SP
γ Coordination level between horizontal and vertical movements of the tower crane

TC Time to complete all lifting tasks
Tunload Unloading time of the hook at DP
Tload Loading time of the hook at SP
Ttotal Total time of the project lifting works
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Table 2. Cont.

Parameters Descriptions

T1 Total lifting time of TC1
T2 Total lifting time of TC2
I1 Number of components handled by TC1
I2 Number of components handled by TC2
J Number of floors requiring lifting operations

T1(xc1,yc1) Time for a single lifting task when TC1 is located at
(
xc1, yc1

)
T2(xc2,yc2) Time for a single lifting task when TC2 is located at

(
xc2, yc2

)
Ctotal Total operation cost of the tower cranes
Ctc1 Operating cost of TC1
Ctc2 Operating cost of TC2
CF1 Cost of foundation construction for TC1
CF2 Cost of foundation construction for TC2
CI1 Cost of installation and dismantling for TC1
CI2 Cost of installation and dismantling for TC2
CR1 Rental cost per day for TC1
CR2 Rental cost per day for TC2
V Value engineering coefficient

3.3. Model of Feasible Layout Area for Double Tower Cranes

This model consists of two main parts: analysis of the applicability of double tower
cranes and analysis of the layout area of double tower cranes.

I. Applicability of Double Tower Cranes

The lifting capacity of a crane was determined by the boom length–load curve. Taking
the TC6013 tower crane as an example, the lifting capacities corresponding to different
boom lengths and their fitting functions are shown in Figure 2.

Figure 2. Lifting capacity change curve.

In construction projects, when a given model of tower crane cannot fulfill all lifting
tasks at any feasible layout point but adding another tower crane of the same model would
enable the completion of all lifting tasks, a double tower crane configuration must be
employed. The conditions to be met are as follows:

∃ tower crane fixed points (xc1, yc1), (xc2, yc2)
For the ∀ component supply point S(xsi, ysi)(i ∈ I) and the ∀ component demand

point D
(

xdj, ydj

)
(j ∈ J)

√
(xc1 − xsi)

2 + (yc1 − ysi)
2 ≤ LQ,

√(
xc1 − xdj

)2
+
(

yc1 − ydj

)2
≤ LQ (1)
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or √
(xc2 − xsi)

2 + (yc2 − ysi)
2 ≤ LQ,

√(
xc2 − xdj

)2
+
(

yc2 − ydj

)2
≤ LQ (2)

II. Layout Area of Double Tower Cranes

Continuing from the conditions outlined earlier for the use of double tower cranes,
we proceeded with the analysis of feasible layout areas for double tower cranes.

As shown in Figure 3, there were a total of six component demand points on the
work surface of this construction project, namely Di, Di+1, Di+2, Di+3, Di+4, and Di+5, where
Di, Di+1, Di+3, and Di+4 require components with a weight of Qh, while Di+2 and Di+5
require prefabricated components with a weight of Qk, where Qh > Qk. There were two
component supply points, namely Sj and Sj+1. The maximum jib radius of the tower crane
corresponding to the two types of components was denoted as LQh and LQk. As shown in
Figure 3, the area enclosed by six circles with centers at Di, Di+1, Di+2, Di+3, Di+4, and Di+5
and radii LQh and LQk, respectively, along with the building outline, formed the feasible
layout area for the tower crane. Our analysis revealed that only when two tower cranes of
this model were positioned in regions C and H could the lifting tasks for the six component
demand points be completed.
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The regions C and H were designated as Dtc, representing the feasible layout area
for the double tower cranes. Region C was named dtcI, and region H was named dtcJ,
representing the feasible layout areas for TC1 and TC2, respectively.

To use the double tower cranes for coordinated lifting operations, the safety distance
between the adjacent tower crane towers, denoted as LTC, had to be considered. LTC was set
to 2 m. Therefore, when the first tower crane selected a point C1 within dtcI, the placement
point C2 for the second tower crane had to satisfy the safety distance requirement:√

(xc1 − xc2)
2 + (yc1 − yc2)

2 ≥ R + 2 (3)

R represents the distance from the end of the jib of the tower crane to the tower body.
As shown in Figure 4, when any point in dtcI is chosen as the placement point for TC1,

there are some areas in dtcJ that cannot be used as the placement point for TC2 due to the
safety distance requirement.
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III. Model of Feasible Layout Area for Double Tower Cranes

Based on the analysis above, the occurrences and layout areas of double tower cranes
could be determined. To improve and expedite the problem-solving process, a mathematical
model and solution algorithm was constructed as follows:

i. Input construction project information, as detailed in Table A1.
ii. Input parameters of tower crane, as detailed in Table A2.
iii. Solve for the type of double tower crane and feasible layout areas. The steps are as

follows and illustrated in the flowchart in Figure 5:
a. Determine the maximum jib radius for each type of tower crane based on the

known prefabricated component information. For the given N types of tower crane models,
evaluate each one to find the maximum jib radius LQn corresponding to a prefabricated
component of weight Q.

b. Determine if all lifting tasks can be completed using a single tower crane. Check if
there exists an installation point within the permissible area for tower crane placement that
satisfies formulas (1) to (2). If such a point exists, it indicates that a single tower crane of
that type can complete all lifting tasks.

c. Determine if all lifting tasks can be completed using two tower cranes. Check if
there exist two layout points within the permissible area for tower crane placement that
satisfy the conditions for the applicability of double tower cranes. If such points exist, it
indicates that two tower cranes of that type can complete all lifting tasks while also meeting
the safety distance requirements.

d. Identify the feasible layout area range for the combination of double tower cranes.
Find all layout points that meet the requirements and designate them as Dtc, representing
the feasible layout area for the double tower crane combination.

e. Determine the set of feasible layout positions for the combination of double tower
cranes. Select any point from Dtc as the layout point for TC1, and through reverse deduction,
determine all feasible layout points for TC2 corresponding to the selected point for TC1.
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3.4. Model for Selection and Layout Optimization of Double Tower Cranes under Different Objectives

In this section, mathematical models for optimizing the selection and layout of double
tower cranes were established with the objectives of minimizing the lifting time, minimizing
the operation cost, and maximizing the value engineering coefficient.

I. Optimizing for Minimum Lifting Time

Tower cranes serve as crucial horizontal and vertical transportation tools in prefabri-
cated construction, significantly impacting construction progress. Scholars often choose
the total time Ttotal taken by tower cranes to complete all lifting tasks as a key evaluation
metric in the optimization research performed on tower crane layouts.

The lifting motion of a tower crane involves horizontal rotation and trolley slewing in
the horizontal direction, as well as lifting and lowering in the vertical direction. Therefore,
the lifting time of a tower crane mainly consists of horizontal and vertical motion times.
The calculation of the lifting motion time of a tower crane is as follows:

i. Horizontal Motion Time Formula
The operating time of a tower crane mainly consists of horizontal and vertical motion

times. When the tower crane performs horizontal motion, it needs to rotate around the
tower base position C(xc, yc, zc), moving the hook from directly above the component
storage area (supply point S(xs, ys, zs)) to directly above the component installation position
(demand point D(xd, yd, zd)). This process includes both the rotation of the jib and the
radial motion of the trolley, as shown in Figure 6.
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Figure 6. Schematic diagram of the material lifting process of a tower crane.

Formulas (4) to (6), respectively, calculate the horizontal distances from the demand
point to the tower crane, from the supply point to the tower crane, and from the demand
point to the supply point,

rC
D =

√
(xd − xc)

2 + (yd − yc)
2 (4)

rC
S =

√
(xs − xc)

2 + (ys − yc)
2 (5)

rD
S =

√
(xd − xs)

2 + (yd − ys)
2 (6)

Formulas (7) to (8), respectively, calculate the time for trolley to complete radial
movement Tr and the time for the jib to complete horizontal rotation Tω,

Tω = 2 × 1
vω

arccos

(rC
S
)2

+
(
rC

D
)2

+
(
rD

S
)

2 ×
(
rC

D
)
×
(
rC

S
) 2(0 ≤ arccos(θ) ≤ π) (7)

Tr =

∣∣rC
D − rC

S

∣∣
vr1

+

∣∣rC
D − rC

S

∣∣
vr2

(8)
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In practical scenarios, the radial motion of the trolley and the rotation of the jib can
occur simultaneously. So, we combined Formulas (7) and (8) to calculate the total time
for horizontal motion. The parameter α indicates the coordination between the trolley
motion and the jib rotation, with values ranging from 0 to 1, where 0 and 1 represent fully
simultaneous and fully sequential motion, respectively. Hence, the total time for horizontal
motion is given by Formula (9).

Th = αTr + max{(1 − α)Tr, Tω}t (9)

ii. Vertical Motion Time Formula
When the jib rotates to the specified position and the trolley is directly above the

demand or supply point, the hook needs to be lowered by the trolley to complete the
loading or unloading task. After unloading, it needs to ascend without load to the safety
height h0 and return to the supply point SP. Formulas (10) to (12), respectively, calculate the
lifting time Tup, lowering time Tdown, and total vertical motion time TV ,

Tup =
|zd − zs|+ h0

Vv1
+

h0

Vv2
(10)

Tdown =
h0

Vv1
+

|zd − zs|+ h0

Vv2
(11)

TV = Tup + Tdown (12)

iii. Lifting Motion Time Formula
In actual construction, the horizontal and vertical movements of tower cranes can

occur simultaneously or sequentially. Therefore, the parameter γ is designed to represent
the coordination between the horizontal and vertical movements of the tower crane, with
values ranging from 0 to 1. The extreme values of 0 and 1, respectively, represent complete
simultaneous and complete sequential movements. Thus, the time for a single tower crane
to complete all lifting tasks TC when positioned at point C(xc, yc, zc) is given by

TC = ∑[γTV + max{(1 − γ)TV , Th}+ Tunload + Tload] (13)

Based on the calculation of the time for a single lifting task mentioned above, the ob-
jective function for minimizing the total lifting time of the project is constructed as follows:

min(Ttotal) = min{max(T1, T2)} (14)

= min

{
max

(
I1

∑
i1=1

J

∑
j=1

T1(xc1,yc1)
,

I2

∑
i2=1

J

∑
j=1

T2(xc2,yc2)

)}
(15)

The logic of the solution algorithm for minimizing the hoisting time objective is as
follows, using the process outlined in Figure 7a:

a. Input the information of the building structure, components, and tower crane.
b. Calculate the maximum jib radius L for lifting the prefabricated components.
c. Compute the feasible layout area Dtc for the double tower crane, using the logic

shown in Figure 5.
d. From Dtc, derive the feasible layout area dtcI for tower crane TC1 and dtcJ for tower

crane TC2, using the logic shown in Figure 5.
e. Choose a point from dtcI as the installation point Ci for TC1 and find all feasible

layout areas dtcij for TC2 corresponding to Ci. Choose a point
(
xcj, ycj

)
from dtcij as the

installation point Cj for TC2.
f. Calculate the shortest hoisting time for all placement points in dtcI as

min{min(Ttotal(ij))}. If min{min(Ttotal(ij))} = Ttotal(ab), then the corresponding place-
ment points Ca and Cb are the optimal installation point combinations for the tower
crane model.
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g. Compute the minimum completion hoisting time for each type of double tower
crane combination to determine the optimal layout for each type of double tower crane
combination.

h. Compare the hoisting times for completing the project with different combinations
of double tower cranes, selecting the optimal model combination corresponding to the
shortest hoisting time.

II. Optimizing for Minimum operation cost

As an essential economic indicator, operation cost has been regarded as a crucial
criterion in recent research on tower crane layout optimization. Therefore, this paper
considers it to be one of the optimization objectives for selection and layout. Assuming
tower crane leasing as the premise, the operation cost of tower crane is divided into fixed
cost and variable cost. The objective function is formulated as follows:

min{Ctotal} = min{Ctc1 + Ctc2} (16)

= min
{(

CF1 + CI1 + CR1 ×
⌈

Tn

480

⌉)
+

(
CF2 + CI2 + CR2 ×

⌈
Tn

480

⌉)}
(17)

To minimize operation cost as the objective, the algorithm logic is outlined as follows,
using the process depicted in Figure 7b:

a. Input the coordinates of the building boundary lines, locations for prefabricated
component stacking and installation, and parameters of prefabricated components;

b. Input the price information including leasing fees, base fees, and fees for the setup,
teardown, and transportation for various types of tower cranes;

c. Input the minimum lifting time for each type of tower crane combination
min(Tn) = min(Ttotal(ij));

d. Calculate the required costs Ctc1 and Ctc2, as well as the total cost of completing the
construction project lifting tasks Ctotal(ij);

e. Compute the minimum operation cost for each type of double tower crane com-
bination, compare the operation costs of different double tower crane combinations for
completing the project, and select the optimal type combination corresponding to the
minimum operation cost.

III. Optimizing for Maximum Value Engineering Coefficient

Value engineering is a management technique for analyzing and studying the functions
and costs of a system. Value (V), function (F), and cost (C) are its three fundamental
elements. In this study, the reciprocal of the total lifting time Ttotal , denoted as 1/Ttotal , was
chosen as the quantification indicator for the function F, while the total operation cost of
tower cranes Ctotal for completing all tasks served as the quantification indicator for cost.

The value engineering index was computed for each scenario, with a larger value
engineering coefficient indicating higher value. The optimization objective function is
as follows:

max{V} = max
{

F
C

}
= max

{
1/Ttotal

Ctotal

}
= max

{
1/max(T1, T2)

Ctc1 + Ctc2

}
(18)

The dimension of the value engineering coefficient V is 1/(time · RMB), indicating
that the smaller the total cost and the shorter the lifting time of a solution, the higher its
cost-effectiveness.

With the objective of maximizing the value engineering coefficient, the logic of the
solution algorithm is as follows, as illustrated in Figure 7c:

a. Input the coordinates of the building boundary, the positions of prefabricated
components for stacking and installation, and the parameters of prefabricated components;

b. Input the main parameters of the tower crane;
c. Input the minimum lifting time min(Tn) and the minimum operation cost min(Cn)

for each type of tower crane;
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d. Calculate the maximum value engineering coefficient max(Vn) for each type of
double tower crane combination and select the optimal double tower crane combination
corresponding to the maximum value engineering coefficient.
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4. Case Study
4.1. Case Overview

This study focused on the selection and positioning optimization of twin tower cranes
by using a teaching building at a middle school in Chongqing, China, as a case study. The
optimization process consisted of three steps: firstly, identifying feasible layout areas for
twin tower cranes; secondly, determining the optimal placement positions based on the
shortest hoisting time; and, finally, selecting the best configuration based on the maximum
value engineering coefficient.

I. Basic Information of Construction Site

The teaching building of this middle school was a frame-shear wall structure, covering
an area of 6032 m2, with a total of 12 floors and a floor height of 3 m, making the total height
of the building 36 m. The layout plan of the construction project is shown in Figure 8.
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Figure 8. Building plan of standard floor of a middle school teaching building.

The prefabricated components planned to be used in the teaching building included
prefabricated columns, prefabricated shear walls, prefabricated stairs, prefabricated com-
posite beams, and prefabricated composite slabs. The bottom-left corner point of the
building outline served as the origin, and XY coordinates were established accordingly.
Detailed information on standard floor prefabricated components, as well as their respec-
tive masses and installation positions, is provided in Table A3. Information regarding the
prefabricated component yard is provided in Table 3.

Table 3. Information regarding the prefabricated component yards.

Title 1
Coordinates of Supply Points

Sx Sy

SP1 30.0 42.0
SP2 30.0 −10.0

The attachment points for the tower crane were discretely positioned along the perime-
ter of the building, extending 4 m from the outer edge. These attachment points were
distributed every meter along the length and width of the building, excluding the four
corners. There were a total of 184 permitted attachment points for the tower crane. The
locations of these permitted attachment points are depicted in Figure 9, along with the
locations of the component supply points and installation points.

II. Tower Crane Basic Information

The construction project planned to use five types of attaching tower cranes, namely
TC5513, TC6013, TC6015, TC6515, and TC6517. Their respective performance parameters
are detailed in Table 4.

Table 4. Attached tower crane performance parameter information table.

Parameter
Information

Tower Crane Models

TC5513 TC6013 TC6015 TC6515 TC6517

Maximum lifting height Hmax (m) 150 150 150 150 150
Maximum lifting boom width Lmax (m) 55 60 60 65 65
Minimum lifting boom width Lmin (m) 2.5 2.5 2.5 2.5 2.5
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Table 4. Cont.

Parameter
Information

Tower Crane Models

TC5513 TC6013 TC6015 TC6515 TC6517

Lifting boom length R (m) 56 61.03 61.74 66.00 66.75
Maximum lifting capacity (t) 8 6 10 12 12
Rotation speed vω (rad/min) 4.4 4.4 4.4 4.4 4.4

Load variation speed vr1 (m/min) 20 25 25 25 25
No-load variable speed vr2 (m/min) 50 55 55 55 55

Load take-off and landing speed vv1 (m/min) 40 50 70 80 100
No-load take-off and landing speed vv2

(m/min) 100 100 100 100 100

Rental fees Cr (RMB/d) 600 1000 1300 1500 1600
Access and installation costs CI (RMB) 32,000 40,000 45,000 55,000 60,000

Basic production costs CF (RMB) 21,000 25,000 29,000 35,000 38,000
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4.2. Results

I. Tower crane selection scheme feasible layout area solution results

For the tower crane feasible layout area solution algorithm, the construction project
had a total of five tower crane selection options. Table 5 displays the details.

Table 5. Tower crane selection scheme for school building construction project.

Scheme Number Tower Crane Model Combination

1 TC6515
2 TC6517
3 TC5513-TC5513
4 TC6013-TC6013
5 TC6015-TC6015
6 TC6515-TC6515
7 TC6517-TC6517
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For the tower crane feasible layout area solution algorithm, seven schemes correspond-
ing to the standard floor of the teaching building for all prefabricated components of the
tower crane feasible layout area are shown in Figure 10a–g.
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II. Tower crane selection scheme layout optimization results

The optimal layout results for each tower crane selection scheme, with the minimum
lifting time set as the optimization target, are shown in Figure 11a–g.
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As shown in Figure 10, when the storage yard and the demand points for prefabricated
components are symmetrically distributed, the selection scheme for the double tower crane
has two time-optimal layout points, while the selection scheme for the single tower crane
has only one.

The total lifting time, total cost of use, and value engineering coefficient of the standard
layer of the prefabricated components of the project are detailed in Table 6.

Table 6. The total time required to complete the lifting of the components of each selection scheme.

Selection
Schemes

Tower Crane
Model

Combination

Optimal Timing
Positioning (I), (II)

Minimum Total
Lifting Time Min

(Ttotal)

The Total Cost
of Use (CNY)

Value
Engineering
Coefficient V

1 TC6515 C1(30, 36) \ 26,607.06 173,147.07 0.0103
2 TC6517 C1(30, 36) \ 26,193.57 179,854.92 0.0101

3 TC5513-TC5513 C1(9, −4)
C2(57, 36)

C1(51, −4)
C2(3, 36) 13,766.99 140,417.48 0.0246

4 TC6013-TC6013 C1(7, −4)
C2(58, 36)

C1(53, −4)
C2(2, 36) 13,376.73 185,736.38 0.0192

5 TC6015-TC6015 C1(55, −4)
C2(1, 36)

C1(5, −4)
C2(59, 36) 13,307.26 220,080.99 0.0162

6 TC6515-TC6515 C1(2, −4)
C2(58, 36)

C1(58, −4)
C2(2, 36) 12,507.29 258,170.57 0.0143

7 TC6517-TC6517 C1(0, −4)
C2(60, 36)

C1(60, −4)
C2(0, 36) 12,244.21 277,628.07 0.0139
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Figure 11. A schematic diagram of the optimal layout position of the hoisting time of each tower
crane selection scheme.

5. Discussion

The results presented in the previous section demonstrated the effectiveness of the
proposed mathematical model for determining the feasible layout areas of double tower
crane systems, as well as the optimization models for tower crane selection and positioning
under different objective functions. In this section, the solution results of feasible layout
areas for different tower crane selection schemes were analyzed, and the optimization re-
sults between single tower crane schemes and double tower crane schemes were compared.
Furthermore, a comparative analysis of the optimal tower crane selection layout schemes
under different objective functions was conducted. The main comments and insights are
summarized in the following text.

5.1. Analysis of Feasible Layout Area Solution Results of Different Tower Crane Selection Scheme

In the previous section, the feasible layout areas for tower cranes corresponding to
the seven types of tower crane selection schemes for the standard floors of the teaching
building were calculated and presented in the form of feasible layout points. Based on
this, the number of feasible layout points for tower cranes for each selection scheme was
statistically analyzed, as shown in Figure 12.
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Figure 12. Schematic diagram of the size of the feasible layout area of tower cranes in various selection
schemes.

Based on the analysis of Figures 10 and 12, the following points were determined:
The feasible layout area for a single tower crane increased with the size of the tower

crane model.
The feasible layout area of the twin tower crane increased with the combination of twin

tower crane models and the increase in lifting moment, within a certain range. However,
beyond this range, as the boom length increased, constrained by the safety distance between
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the two-tower crane towers (LTC = 2 m), the feasible layout area gradually decreased, albeit
with a small reduction, stabilizing overall.

Among the seven selection schemes, the scheme with the smallest feasible layout
area was the one with only one TC6515 (Scheme 1), which had four feasible layout points,
accounting for only 2.17% of the permissible attachment points of the tower crane. The
scheme with the largest feasible layout area was the one with two TC6015 (Scheme 5), which
had 96 feasible layout points, accounting for 52.17% of the permissible attachment points
of the tower crane. The feasible layout area of Scheme 5 was 24 times that of Scheme 1.

For the same type of tower crane, the feasible layout area for two cranes was more
than six times larger than that for only one crane, such as Scheme 6 (two TC6515) compared
to Scheme 1 (TC6515) and Scheme 7 (two TC6517) compared to Scheme 2 (TC6517).

5.2. Comparative Analysis of Optimal Tower Crane Selection and Layout Schemes under
Different Objectives

In this section, a comparative analysis of optimal tower crane selection and layout
schemes under different objective functions was conducted. According to the results in
Table 6, in the case study of this research, the optimal solution corresponding to the shortest
total hoisting time for prefabricated components was the TC6517-TC6517 double tower
crane scheme, while the optimal solutions corresponding to the minimum usage cost and
maximum value engineering coefficient were both the TC5513-TC5513 double tower crane
scheme. The solutions of tower crane selection schemes under different objectives are
shown in Figure 13.
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Based on Table 6 and Figure 13, the following conclusions could be drawn:
In terms of total hoisting time, the TC6517-TC6517 scheme had the shortest hoisting

time, at 26 days, and it also had the strongest overall lifting capacity. For both single
tower and double tower crane schemes, as the tower crane model size increased, the lifting
capacity increased, and the shortest hoisting time for prefabricated components consistently
decreased. In the comparison of double tower crane combination schemes, it was observed
that although the hoisting time of the smallest model double tower crane scheme was
greater than that of the largest model double tower crane, it was only 1.1 times that of the
hoisting time of the largest model double tower crane. This indicated that when the smaller
model double tower crane could meet the hoisting requirements of the construction site
components, the efficiency improvement achieved by selecting the larger model double
tower crane scheme was not significant.

In terms of operating costs, the TC5513-TC5513 scheme had the lowest operating cost
at 140,000 yuan. Regardless of whether it was a single tower crane scheme or a double
tower crane scheme, the total operating costs increased monotonically with the size of the
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tower crane model. Scheme 3, which used the TC5513-TC5513 double tower crane selection
scheme, achieved the minimum operating cost. Its operating cost was lower than that
of the single tower crane selection scheme, indicating that this scheme could reduce the
total cost by saving leasing fees through time savings. Schemes 1 (single TC6015) and 2
(single TC6017) had relatively lower operating costs compared to Schemes 6 (two TC6015)
and 7 (two TC6017). This was because using one less tower crane in the scheme reduced
fixed costs such as entrance and exit fees and foundation costs to only 50% of those in the
double tower crane selection scheme of the same model. However, the double tower crane
selection schemes of the same model did not achieve lower total costs than the single tower
crane schemes by reducing leasing fees through shortened hoisting times.

In terms of value engineering coefficient, for the double tower crane combinations,
although Scheme 7 (two TC6017) had the shortest hoisting time, its value engineering
coefficient was only 0.0139, the smallest among the double tower crane combinations. The
value engineering coefficient of two TC5513s (Scheme 3) was the largest (0.0246), which
was 1.77 times that of Scheme 7, indicating that Scheme 3 was the optimal choice for this
engineering case. Therefore, in actual engineering construction, when the hoisting times of
various tower crane selection schemes are similar, selecting the optimal scheme based on
the value engineering principle can result in lower costs.

5.3. Comparative Analysis of Single Tower Crane Schemes and Double Tower Crane Schemes Solutions

In traditional construction projects, decision-makers typically opted for a single tower
crane when the main parameters of one tower crane sufficed for on-site construction needs.
Even in the case study adopted in this paper, certain models of single tower cranes were
capable of meeting on-site construction requirements. Combining this observation with the
results depicted in Figure 13, a comparative analysis of the solutions for single tower crane
and double tower crane configurations can be presented as follows:

In terms of total hoisting time for prefabricated components, the calculated shortest
hoisting time for prefabricated components using a single tower crane configuration was
significantly longer than that for double tower crane configurations. Employing a double
tower crane selection scheme notably enhanced hoisting efficiency, reducing hoisting time.
Theoretically, this time savings exceeded 50% compared to single tower crane selection
schemes, equivalent to achieving a work efficiency of over double that of single tower crane
configurations of the same model (approximately 2.13 times). However, due to overlapping
work areas for double tower cranes, there were instances where both cranes could not
perform hoisting tasks simultaneously, meaning the hoisting time for a single crane was
not precisely twice that of a double crane configuration.

Regarding cost considerations, the cost of employing a single tower crane configura-
tion did not universally surpass those of the double tower crane configurations, with the
TC5513-TC5513 scheme demonstrating the lowest usage cost.

Concerning the maximum value engineering coefficient, all single tower crane schemes
exhibited coefficients lower than those of double tower crane schemes.

From the above three perspectives of comparison between single tower crane and
double tower crane schemes, it could be inferred that in the present research case, adopting a
double tower crane scheme proved superior to a single tower crane scheme. This conclusion
deviated from the traditional practice of tower crane decision-making, which typically
involved the use of only one tower crane when the parameters of a single tower crane
sufficed for on-site construction needs. Therefore, the choice between a single or multiple
tower cranes was not only based on simplistic considerations of tower crane parameters but
also took into account project objectives such as minimizing project duration and costs. A
comprehensive evaluation of various schemes was conducted to make informed decisions.

6. Conclusions

To optimize the efficiency and cost of lifting prefabricated concrete components,
address the selection and layout optimization of double tower cranes, and reveal the
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interaction mechanisms between the positioning of double tower cranes, the quality of
prefabricated components, storage yards, and installation locations, this study began with
the mathematical modeling of feasible placement areas for double tower cranes. Based on
this, optimization models were established according to different optimization objectives
and solved using genetic algorithms, with implementation performed on the MATLAB
2017b platform. The models were verified and analyzed through a specific engineering
case study. The following conclusions were drawn:

For the same construction project, when the location of the component storage yard
was known, the feasible placement area for a single tower crane continuously increased as
the crane model size increased. However, for double tower cranes, the feasible placement
area only increased with the crane model size within a certain range. Due to safety distance
requirements, beyond this model range, the feasible placement area slightly decreased as
the model size further increased.

After layout optimization, the lifting time for the double tower crane selection scheme
was less than 50% of that for the single tower crane selection scheme. The lifting efficiency
was more than twice that of a single tower crane of the same model, indicating that
using the double tower crane selection scheme in this project could significantly improve
construction efficiency.

Unlike construction managers who tended to select single tower crane schemes based
on experience, in actual construction projects, if a single small model tower crane was
insufficient to complete all lifting tasks, adding another crane of the same model saved
more total lifting time compared to replacing it with a larger model. This approach achieved
the goal of shortening the construction period. When the lifting times of various tower
crane selection schemes were similar, choosing based on the principles of value engineering
yielded the optimal solution with lower costs.

This paper integrated theoretical research with engineering practice and proposed
a new understanding of tower crane selection. The established mathematical model for
feasible layout areas and selection optimization of twin tower cranes was applied in
construction processes to effectively improve decision accuracy, enhance construction
efficiency, and reduce construction costs.

In future research, the model proposed in this paper could be further optimized in
the following aspects: (1) Specific and dynamic formulation of constraints. This study
only considered constraints such as the prefabricated component storage area, installation
position, and tower crane, as well as factors like lifting distance and height, to simplify the
research. However, in actual construction, facing more complex working conditions and
environments, there are many factors that affect and limit the placement and application
of tower cranes. Therefore, subsequent research needs to comprehensively consider the
main conditions and corresponding constraints in the actual construction environment
to deepen the preliminary results of this paper. Construction sites are dynamic, and
constraints may change with the construction stage, necessitating the development of
dynamic models based on the static model proposed in this study. (2) Integration with
advanced technologies. Digital twin technology can synchronize and integrate data in real
time, combined with sensors, IoT (Internet of Things) devices, and BIM, to more accurately
predict and describe the dynamic construction site. This would provide support for MTCLP
based on the model proposed in this paper. Artificial intelligence can be used to develop
automated crane operation and management systems, combined with the experience of
on-site planners and the mathematical model proposed in this paper, to provide optimized
solutions for TCLP problems.
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Appendix A

Table A1. Parameter information table of construction project.

Parameters Descriptions

Bx Horizontal coordinates of each vertex of the building outline
By Vertical coordinates of each vertex of the building outline
Rx Horizontal coordinates of each vertex of the construction site boundary line
Ry Vertical coordinates of each vertex of the construction site boundary line
Dx Horizontal coordinates of DP
Dy Vertical coordinates of DP
Dz Z coordinates of DP
Atc Available location for the tower crane in the project

Table A2. Tower crane parameter information table.

Parameters Descriptions

TC_n Model of the tower crane
Mn Rated lifting moment of the tower crane

LQ_n Maximum lifting radius corresponding to the lifting capacity Q of the tower crane
Lmax_n Maximum lifting radius of the tower crane
Lmin_n Minimum lifting radius of the tower crane

en
The real number in the fitting function of the tower crane’s lifting radius Ln and

lifting capacity Q

fn
The real number in the fitting function of the tower crane’s lifting radius Ln and

lifting capacity Q

Table A3. The quality and installation location information of standard floor prefabricated compo-
nents of the school construction project.

Types of
Prefabricated
Components

Identification
Numbers of DP

Coordinates of DP The Mass of the
Prefabricated

Components (t)Dx Dy

Prefabricated column

C1~C5 6.0, 18.0, 30.0, 42.0, 54.0 0.0 2.5
C6~C16 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,

36.0, 42.0, 48.0, 54.0, 60.0 8.0 2.5

C17~C27 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 12.0 2.5

C28~C38 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 20.0 2.5

C39~C49 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 24.0 2.5

C50~C54 6.0, 18.0, 30.0, 42.0, 54.0 32.0 2.5
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Table A3. Cont.

Types of
Prefabricated
Components

Identification
Numbers of DP

Coordinates of DP The Mass of the
Prefabricated

Components (t)Dx Dy

Prefabricated shear
wall

W1~W10 1.0, 11.0, 13.0, 23.0, 25.0,
35.0, 37.0, 47.0, 49.0, 59.0 0.0 1.8

W11~W16 0.0, 12.0, 24.0, 36.0, 48.0, 60.0 0.6 1.8
W17~W22 0.0, 12.0, 24.0, 36.0, 48.0, 60.0 1.8 1.8
W23~W28 0.0, 12.0, 24.0, 36.0, 48.0, 60.0 30.2 1.8
W29~W34 0.0, 12.0, 24.0, 36.0, 48.0, 60.0 31.4 1.8
W35~W44 1.0, 11.0, 13.0, 23.0, 25.0,

35.0, 37.0, 47.0, 49.0, 59.0 32.0 1.8

Prefabricated staircase S1~S4 1.5, 4.5, 55.5, 58.5 4.0 2.6
S5~S8 1.5, 4.5, 55.5, 58.5 28.0 2.6

Prefabricated
composite beam

B1~B10 3.0, 9.0, 15.0, 21.0, 27.0,
33.0, 39.0, 45.0, 51.0, 57.0 0.0 2.5

B11~B21 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 4.0 3.0

B22~B31 3.0, 9.0, 15.0, 21.0, 27.0,
33.0, 39.0, 45.0, 51.0, 57.0 8.0 2.5

B32~B42 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 10.0 1.5

B43~B52 3.0, 9.0, 15.0, 21.0, 27.0,
33.0, 39.0, 45.0, 51.0, 57.0 12.0 2.5

B53~B63 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 16.0 3.0

B64~B73 3.0, 9.0, 15.0, 21.0, 27.0,
33.0, 39.0, 45.0, 51.0, 57.0 20.0 2.5

B74~B84 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 22.0 1.5

B85~B94 3.0, 9.0, 15.0, 21.0, 27.0,
33.0, 39.0, 45.0, 51.0, 57.0 24.0 2.5

B95~B105 0.0, 6.0, 12.0, 18.0, 24.0, 30.0,
36.0, 42.0, 48.0, 54.0, 60.0 28.0 3.0

B106~B115 3.0, 9.0, 15.0, 21.0, 27.0,
33.0, 39.0, 45.0, 51.0, 57.0 32.0 2.5

Prefabricated
composite panel

F1~F16
7.5, 10.5, 13.5, 16.5, 19.5, 22.5,
25.5, 28.5, 31.5, 34.5, 37.5, 40.5,

43.5, 46.5, 49.5, 52.5
2.0 1.7

F17~F32
7.5, 10.5, 13.5, 16.5, 19.5, 22.5,
25.5, 28.5, 31.5, 34.5, 37.5, 40.5,

43.5, 46.5, 49.5, 52.5
6.0 1.7

F33~F52
1.5, 4.5, 7.5, 10.5, 13.5, 16.5, 19.5, 22.5,

25.5, 28.5, 31.5, 34.5, 37.5, 40.5,
43.5, 46.5, 49.5, 52.5, 55.5, 58.5

10.0 1.7

F53~F72
1.5, 4.5, 7.5, 10.5, 13.5, 16.5, 19.5, 22.5,

25.5, 28.5, 31.5, 34.5, 37.5, 40.5,
43.5, 46.5, 49.5, 52.5, 55.5, 58.5

14.0 1.7

F73~F92
1.5, 4.5, 7.5, 10.5, 13.5, 16.5, 19.5, 22.5,

25.5, 28.5, 31.5, 34.5, 37.5, 40.5,
43.5, 46.5, 49.5, 52.5, 55.5, 58.5

18.0 1.7

F93~F112
1.5, 4.5, 7.5, 10.5, 13.5, 16.5, 19.5, 22.5,

25.5, 28.5, 31.5, 34.5, 37.5, 40.5,
43.5, 46.5, 49.5, 52.5, 55.5, 58.5

22.0 1.7

F113~F128
7.5, 10.5, 13.5, 16.5, 19.5, 22.5,
25.5, 28.5, 31.5, 34.5, 37.5, 40.5,

43.5, 46.5, 49.5, 52.5
26.0 1.7

F129~F144
7.5, 10.5, 13.5, 16.5, 19.5, 22.5,
25.5, 28.5, 31.5, 34.5, 37.5, 40.5,

43.5, 46.5, 49.5, 52.5
30.0 1.7

Note: For prefabricated columns, prefabricated shear walls, and prefabricated staircases, Dz is (n × 3.0), while
for prefabricated composite beams and prefabricated composite panels, Dz is (n × 6.0), where n represents the
floor number.
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