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Abstract: Modular construction, which involves unit production in factories and on-site work, has
benefits such as low cost, high quality, and short duration, resulting from the controlled factory
environment utilized. An efficient tower crane lifting plan ensures successful high-rise modular
project completion. For improved efficiency, the lifting plan should minimize the reaching distance
of the tower crane, because this distance directly affects the tower crane capacity, which is directly
related to crane operation cost. In situations where units are lifted from trailers, the trailer-to-tower
crane distance can have a significant impact on the tower crane operation efficiency. However,
optimization of this distance to improve efficiency has not been sufficiently considered. This research
proposes a genetic algorithm optimization model that suggests optimized tower crane and trailer
locations. The case study results show that through the proposed model, the project manager can
reflect the optimal location selection and optimal tower crane selection options with minimal cost.

Keywords: modular construction; tower crane; lifting plan; optimization; genetic algorithm (GA),
high-rise construction

1. Introduction

Modular buildings consist of prefabricated room-sized units that are produced in fac-
tories [1]. Modular construction has benefits of improved productivity, short construction
period, high quality, and project safety due to the use of controlled factory work environ-
ments [2—4]. Although the modular construction method benefits from manufacturing in
factories, even in a highly modular project, a significant proportion of the work is still con-
ducted on-site [1]. In the planning of high-rise modular project on-site work, the selection
and positioning of tower cranes on the construction site are essential because heavy units
have to be lifted [5-7]. In stick-built construction, the major objectives of a tower crane
operation plan are minimization of the operating cost, transportation time, and possibility
of conflict by adjusting the weight of the material package or modifying the lifting point.
Then, the location is selected depending on the objectives [8-10]. However, in modular
construction on-site work, the tower crane capacity is directly related to operational effi-
ciency such as cost; therefore, the objective of the operation plan should focus on reducing
the tower crane capacity. This is because the weight of the material cannot be adjusted as
heavy units cannot be divided. In addition, because the tower crane is usually used for unit
lifting, the supply and demand points cannot be modified. Therefore, the capacity affects
cost more than the operational time and the total tower crane transportation distance.

During the tower crane operational planning, the capacity is estimated based on a
combination of the maximum distance where the tower crane should reach and the weight

Buildings 2021, 11, 121. https:/ /doi.org/10.3390/buildings11030121

https:/ /www.mdpi.com/journal /buildings


https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://doi.org/10.3390/buildings11030121
https://doi.org/10.3390/buildings11030121
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/buildings11030121
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings11030121?type=check_update&version=2

Buildings 2021, 11, 121

20f13

of the material. For high-rise modular projects in urban areas, the units are transported to
their destinations by tower cranes from trailers parked nearby because of space constraints.
The distance from the trailer parking location to the tower crane can be greater than the
distance from the tower crane to the destination of the unit. In this situation, if the tower
crane location is selected without a computer-aided calculation method considering trailer
location, the tower crane capacity can be overestimated to prevent the situation in which
the units cannot be lifted.

However, the trailer parking location has not been considered as a major variable in
tower crane location planning for modular construction [5-12]. To overcome the limitations
this research focuses on single tower crane location optimization considering the trailer
location and destination of each unit. Further, the tower crane capacity is estimated
according to the optimized location and unit weight. To achieve these objectives, an
extensive literature review is conducted to analyze the important factors that should be
considered in tower crane location planning for heavy unit lifting. Then, using a genetic
algorithm (GA), an optimization model is developed for optimal tower crane location and
tower crane capacity determination. Finally, to validate this optimization model, a case
study is conducted. In this research, it is assumed that (1) the tower crane is only used for
unit lifting, (2) the weight of each unit is uniform, and (3) the capacity is affected only by
the reaching distance and weight.

2. Tower Crane Operation Plan for Stick-Built Construction

A tower crane is usually located at the optimal position for handling the heavy and
bulky materials, and its jib should cover all of the parts of the buildings on the construction
site to transport the materials [9]. Therefore, for tower crane location selection on construc-
tion sites and capacity estimation, numerous studies have been conducted. To reduce the
total material transportation time when using a single tower crane in building construction,
mathematical prescriptive optimization models have been proposed [11]. To cover the
overall material demand and supply points and to satisfy the excessive needs of tower
cranes in large construction projects. Zhang et al. [10] developed a computerized math-
ematical model that optimizes the location of a group of tower cranes and predicts and
minimizes conflicts and interference. The model can be employed to locate the supply and
demand points. To improve single tower crane operation optimization results, including
the material supply and demand points, Huang et al. [9] proposed a mixed-integer linear
model based on the model of [10]. Wu et al. [13] also presented a crane selection algo-
rithm considering the clearance between the boom/jib and lifted material, ground bearing
pressure, lifting capacity of the crane, and boom /jib combinations of a lattice boom crane.
Wang et al. [14] developed a BIM-based optimization model for automatic optimized tower
crane layout generation, including the material supply location. Marzouk and Abubakr [15]
proposed a framework for tower crane type, number, and location selection to improve
the tower crane utilization rate. Then, to prevent collisions during tower crane operation,
a 4D simulation and case study were conducted. Younes and Marzouk [16] proposed
Agent-based simulation for tower crane layout planning. This study focused on how
construction activity conflicts affect overall tower crane layout planning. Riga et al. [17]
suggesting a mathematical model related to cost-optimal positions considering tower crane
and storage areas. However, this paper focuses on optimizing the distance between the
operation of the tower crane and the storage area, so there is a limitation that the possible
range of lifting can be set wider than that of other studies. In the stick-built construction,
tower crane location optimization focused on minimizing the operation cost, which is
estimated based on the operation time and number of cranes. However, in modular unit
lifting, the tower crane operation plan has different optimization objectives. In modular
construction on-site work, a tower crane is typically used to lift heavy units that cannot
be divided and the crane operation is intermittent. Therefore, to reduce the tower crane
operation cost, the tower crane capacity should be minimized by reducing the distance that
the crane must reach.
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3. Tower Crane Operation Plan for Modular Construction

Many studies have been conducted to improve the operational efficiency of cranes
in modular construction on-site work. Lei et al. [18] proposed a method of establishing
feasible module lifting paths by using an automated system to reduce the manual path-
checking practice when there are numerous mobile cranes at a congested site. Han et al. [7]
presented a visual 3D simulation model for preventing collisions during lifting operations
and validating various lifting operation plans for modular on-site work. In these studies,
the working radius was considered to be an important factor in crane location for collision
prevention, and unit lifting from the trailers was assumed to be conducted near the cranes.
Olearczyk et al. [12] proposed a crane selection method and introduced mathematical
algorithms for lifting operation planning. In their research, the maximum weight from
the pickup point was considered for crane location identification and determination of
the location that would minimize the crane capacity. Their study is significant in that
the weight and distance were considered as the major factors when planning modular
on-site work; however, it is limited in that the distance was estimated without considering
the trailer location. Liew et al. [19] emphasize that high-rise modular building projects
have a much larger one-time lifting weight than other high-rise building projects, so it
is important to be careful when selecting tower crane specifications. In addition, it is
proposed to review various alternatives for selecting the location of the tower crane and the
modular lifting position by reflecting the site conditions in the early stages of the project.
GOH and Jian et al. [20] proposed a simulation model for mitigating human factor-related
safety risk during the modular construction on-site crane lift. This study emphasizes
both the risk and importance of modular site installation and is useful in creating a safety
management system for crane lifting plans at the project planning stage. However, this
study has limitations in its use to create an alternative that can increase the productivity of
on-site lifting.

Hussein and Zayed [21] analyzed papers related to crane lifting of modular construc-
tion through a mixed review method. In this study, papers related to the lifting of modular
construction cranes are increasing every year, and it has been confirmed that most of the
studies are focusing on the field of automation to improve lifting efficiency. In particular,
unlike mobile cranes, tower cranes have to be operated continuously until the endpoint
after installation on-site, so the importance of selecting specifications was emphasized.

To maximize the benefits of modular construction, high-rise building in dense urban
areas using modular construction also has been considered and implemented [1,12,22,23].
When lifting units for high-rise modular buildings, tower cranes are used because (1) they
are suitable for a wide range of work assignments and (2) they are the key apparatus
for vertical and horizontal transportation of materials, especially heavy prefabricated
units and large panels for the formworks of high-rise buildings [9,23]. In the typical
modular unit on-site assembly method, the units are lifted directly from the trailers to their
destinations [24]. When conducting a high-rise modular building project in a dense urban
area, the construction site may not be sufficient to store the prefabricated modular units [22].
Moreover, the trailer transporting the units may not be able to access the construction
site, in which case the units are lifted from the trailer outside the construction site. In this
situation, the maximum distance to be used for tower crane capacity estimation can change
according to the trailer parking location and site conditions. Therefore, an optimization
process is needed to reduce the maximum distance and the distance must be estimated by
adjusting the alternatives of tower crane and trailer parking location.

4. Methodology
4.1. Optimization Methodology

There is numerous research methodology related to optimization keywords; such as
mixed-integer linear programming, ant colony optimization, particle swarm optimization,
and colliding bodies optimization. In mixed-integer linear programming, it has the advan-
tage of being able to draw accurate conclusions according to mathematical formulas. In
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particular, this method can pre-set a reference value for the choice of an alternative, so that
a common conclusion can be reached on the interpretation of the results [25-27]. However,
this method has a disadvantage in that it takes too much time to derive an optimization
result, and it is difficult to accurately make a mathematical model that implements an
optimization model to solve the problem [28,29]. The ant colony optimization (ACO) also
applies to optimization problems, such as the traveling salesman problem (TSP). However,
the ACO has a limitation in that there are many parameter values and reacts too sensitively
to the parameters, so that the deviation of the result values may increase [30]. The parti-
cle swarm optimization (PSO) is one of the wide-area optimization methods and finally
achieves objective function optimization by simultaneously improving candidate solutions
through iterative calculations. However, PSO is based on a completely different concept
from genetic algorithms. This focuses on the characteristics of the individuals within the
target group and the exchange of information between them. Therefore, it is difficult to
derive an internal condition search result that considers both the optimal distance condition
and the physical constraint condition of the tower crane and the modular lift position [31].
In addition, there are powerful new optimization research methods of Colliding Bodies
Optimization (CBO) and Vibrating Particles Systems (VPS), but these have a problem that it
is difficult to express the tower crane lifting condition and trailer position relatively simply
and easily [32,33].

When performing tower crane location selection, it is necessary to consider variables
such as the trailer location, destinations of the units, and alternative tower crane locations
simultaneously. Therefore, a methodology that can optimize multiple variables is needed.
A genetic algorithm (GA) is frequently used to solve such optimization problems. GA solves
optimization problems by applying the principle of evolution, in which only the object
most suitable for the considered environment survives [34]. The optimization procedure is
implemented in the form of evolving genes through processes such as selection, crossover,
and mutation. In the GA reproduction process, the best-fit solution has a few chances
for reproduction, whereas the least-fit solution may not reproduce at all. By repeating
this reproduction process, the optimization outcome is improved. In the GA optimization
process, the solutions of any problems can be represented by sets of parameters. These
parameters are defined as the genes of chromosomes and can be structured by strings of
values in the binary form [35]. Therefore, a GA is effective for solving combinatorial and
discrete optimization problems and can also be used to solve mixed-discrete nonlinear
optimization problems [36]. Thus, it is suitable for solving the combinatorial optimization
problem in this research. The framework of the optimization model is shown in Figure 1.

4.2. Input Data Representation for Model

The first steps in developing the model are to (1) represent the site conditions as (x, y)
coordinates and (2) to use the coordinates as input data. In this research, the site is gridded
and 0.5 m is set as the base unit of the width and height for the (x, y) coordinates. The
first reason for doing so is that the sizes of the modular units assumed in this research
vary, including 3m X 6 m, 3 m X 9 m, and 2 m x 6 m. When identifying the centers of
gravity of the units, 0.5 m is the maximum width and height unit. The second reason is
that, if the coordinate interval is increased, the spatial efficiency of the construction site
decreases because the amount of dead space would also increase. Then, the site at which
the building is constructed and the carriageway for the trailer location are separated to
implement the assumption that the trailer cannot enter the construction site. To increase
the model efficiency, the areas where units cannot be installed, the tower crane cannot be
located, or the trailer cannot be parked, are excluded from the model. Figure 2 shows an
example of site representation using coordinates. After representing the site conditions
using coordinates, three variables related to tower crane and trailer location selection are
identified. The first variable is the location at which a particular modular unit is to be
installed, and the second variable is the installation location of the tower crane. Even
though it is considered that the modular units and tower crane can be located anywhere on
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the construction site, in this case, this model can consider the design to determine the tower
crane location when a building design is an input, as shown in the case study. The last
variable is the trailer location and the trailer is located on the road near the construction
site. The distance between the tower crane and trailer and between the tower crane and
unit destination is estimated by calculating the distance between the coordinates. Then, as
building information data, the unit weight and building height are input to obtain tower
crane specification suggestions. Finally, to identify the tower cranes satisfying the lifting
conditions, a tower crane database comprising data such as self-reliance height, tip-load,
and the rental fee is established. Based on the above-mentioned data, suggested tower
crane and trailer locations and tower crane specifications are obtained by implementing
the data processing approach described in the next section.

4.3. Data Processing for Location Selection

After identifying the input data and variables, data processing for the tower crane and
trailer location selection is conducted. To estimate the tower crane capacity, two distances
are calculated using the tower crane, trailer, unit location variables: (1) the distance from the
trailer to the tower crane and (2) the distance from the units to the tower crane, as shown
in Figure 3. Considering the location variables, the greatest distance that the tower crane
should reach for lifting is derived, and to minimize this distance, optimization is conducted
by using the GA in Step 1 of the model framework. Equation (1) is the optimization object
employed to reduce the greatest distance.

min[max{Tower Crane, Trailer}, max{Tower Crane, Units}] @)

To minimize the greatest distance using the GA, the variables indicated using coordi-
nates, such as the tower crane, unit, and trailer locations, are converted into chromosomes.
Figure 4 shows the definition of the chromosome structure. The chromosome length (P)
is defined as the sum of the number of locations with coordinates at which the tower
crane can be located (Pc) and the number of locations with coordinates at which the trailer
can be located (Pt). The gene is defined as the number of tower cranes located at the
coordinates. For example, when the tower crane is located at Px, the gene is expressed as
“1”; otherwise, the gene is expressed as “0”. The trailer location genes are represented in
the same way as those of the tower crane. In this research, it is assumed that a single tower
crane and trailer could be located, so the sum of the gene values is two. The genes act as
variables for deriving the optimal tower crane and trailer parking locations depending
on the unit installation locations. The optimization results can be improved by iteratively
combining the tower crane and trailer parking locations, and better results can be obtained
by increasing the number of iterations.

After optimizing the two distances, the tower crane capacity can be estimated by
using the greatest distance and maximum weight of each unit. Then, from a database
including the maximum tip-load according to distance, self-reliance height, and rental
fee, a suggested tower crane model and specifications satisfying the lifting capacity can
be obtained. Among the suggested tower cranes, those with self-reliance heights greater
than the building height are listed as shown in Step 2 of the model framework. In general,
if a tower crane satisfying the conditions does not exist or the unit weights change, it is
necessary to return to the first step to reselect a tower crane with changing input data
such as site conditions and input more tower cranes into the database. Then, the model
results provide tower crane and trailer locations as well as tower crane specifications such
as capacity, self-reliance height, and rental fee. Moreover, if multiple tower cranes are
suggested, the tower cranes are ranked according to the rental fee to inform decisions
regarding the on-site work plan.
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Figure 1. Tower crane selection model framework.
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Figure 2. Conversion of site conditions into coordinates (legend: (a) is the initial construction plan, (b) is the road shape and
building layout area of the initial construction plan).
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5. Case Study

This section presents the case study conducted to validate the model for tower crane
and trailer location selection in a high-rise modular building project by comparing the
greatest distance in the initial tower crane operation plan and the greatest distance in the
optimization results. The selected project is a modular apartment building that has not
yet been constructed and the initial tower crane and trailer locations in the on-site work
plan are used in the case study. Table 1 provides a profile of the case project. The case
project is a seven-story modular building consisting of 62 units of two types (3 m x 6 m,
2m x 6 m), and to lift the units. To ensure the use of a tower crane, the number of stories
in the building is increased from seven to fifteen (45 m, where the height of each floor is
about 3 m). Also, in this study, to optimize the tower crane, only the physical conditions
(the arrangement of modular buildings, the distance between the road and the building)
are maintained among the existing building conditions, and the liftable areas (the location
of the tower crane installation, the location of the trailer) are all areas that can be used.
In the tower crane database, the product name of the tower crane changes the luffing type
and t-type tower crane as follows; luffing type a, luffing type b.

Table 1. Revised case study project information.

Initial Modular

Contents Proi . Revised Modular Project Information
roject Information
Location Seoul, South Korea
Site Area 3070.50 m?
Purpose Multi-Purpose Building (Apartment, Commercial)
Story 7 Stories 15 Stories
Height 27 m 45 m
No. of Units 62 units
Maximum Weight 14 ton (Unit: 12 ton, Balance Beam: 2 ton)

The coordinates of the centers of the weight of the modular units are included as
reference points to estimate the distance from the tower crane. After inputting the weight,
the tower crane and trailer locations are selected by using the GA. Based on the estimated
values such as weight and locations, tower crane specifications satisfying the lifting con-
dition are derived from the database. By comparing the tower crane self-reliance and
building heights, tower crane models are identified. Among the listed tower cranes, the
tower crane with the lowest capacity and rental fee is suggested.

For the optimization analysis, in this study, the site conditions were plotted based on
the initial modular construction plan. First, the road conditions and the shape of the site
are extracted, and then the building layout plan is reflected. The extracted schematic part
is applied with a grid so that the x, y coordinates can be set to enable GA analysis, and
these coordinates are divided into the following areas; Trailer navigation area, tower crane
navigation area (Figure 5).

Considering the working characteristics of the luffing tower crane, this crane can only
vertically move and rotate the lifted object, and it cannot be moved horizontally using a
trolley in the field like a T-type tower crane as shown in Table 2. Therefore, it is necessary
to give the minimum clearance distance from the result of calculating the maximum lifting
distance and height. In this case, for example, if the initial maximum distance of 15.4 m
is obtained, the minimum jib length of the crane should be 20 m. On the other hand,
following the result of this study, a jib length of 15m is sufficient for 12.9 m. As mentioned
above, the result of minimizing the minimum jib length of the luffing tower crane used in
urban dense construction can improve construction efficiency and reduce costs.

After setting the search condition, for tower crane and trailer location optimization,
Evolver 5.5 and Microsoft Excel 2010 software are employed. The initial population size
is 100, and the mutation rate is set to 0.1. At this time, uniform crossover calculations are
performed with the crossover rate set to 0.5. Based on the given optimization condition, the
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optimization results are derived. As a result, the optimal location of the tower crane and
trailer was derived to the south of the building, and the most suitable tower crane specifi-
cations were also selected (Figure 6). When comparing the specifications and rental costs of
the top 10 tower cranes selected based on the location, it was confirmed that the difference
in rental costs between the rank 1 and rank 10 places was $16,361 /month (Table 3). In this
study, many assumptions and restrictions were placed for the selection of the optimal
location of the tower crane for a high-rise modular building, but it was confirmed that cost
loss, as well as efficient construction management, was difficult if the optimal alternative
was not selected at the same location through case studies. In particular, through this result,
it was confirmed that if rank 1 is not rented during the actual construction period, it can be
used as basic data for selecting the specifications of rank 2 and rank 3 immediately.

In particular, considering the relationship between the jib length of the top three tower
cranes and the tip rod, the optimal location of the tower crane in a high-rise modular
construction will lead to a problem in which a completely new type of tower crane can be
searched as long as the modular weight cannot be changed (Figure 7).

i | Tower crane
location
| [“searching area

°l
+

H [ 8 Building layout ]

Trailer location searching area

(a)

(b)

Figure 5. Set a tower crane and trailer location searching area based on the initial construction plan (legend: (a) is the road

shape and building layout area of the initial construction plan, (b) is the search area for optimization).

Table 2. Tower crane types and features.

Type Shape Advantages Disadvantages
- Fast working speed - There must be no obstacles
- - Low cost Compared to Lufﬁng Type within the working radius
T ope - Limited installation location
Tower crane - Easy supply and demand . loc
of equipment - Complaints may arise in

violation of superficies

L-type
Tower crane
(Luffing type tower crane)

- Limited number of
equipment, it is necessary to
check the time to put on site

- Higher equipment rental
cost compared to T-type

- The reduction in weight that
can be lifted according to the
distance is relatively large

- Equipment start-up is
slower than T-type

- Effective when there is an obstacle
with a vertical undulation type

- Effective in preventing superficial
infringement caused by Jib’s
rotation radius

- Easy to work in narrow spaces in
downtown areas

- Compared to T-type, there is room
for coping on one or two floors
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Figure 6. Finding the optimal location for tower crane and trailers (legend: (a) is the search area for the genetic algorithm
(GA) optimization, (b) is the GA search results report summary, (c) is the optimal position of the tower crane and trailer
after the end of the search (green box: tower crane position, red sphere: trailer position)).

Table 3. Optimization results and suggested tower cranes.

Ovtimized Maximum Tower Crane MAXIMUM Lifting
Tower Crane pm Self-Reliance Height in Weight in Optimized Rental Cost
Rank Jib Length . . ire .
Type (Unit: Meter) Optimized Positon Position (Unit: $/Month)
’ (Unit: Meter) (Unit: Ton)
1 Luffing Type 16.0 58.7 16.0 14,300
2 Luffing Type 16.0 64.9 16.0 14,019
3 Luffing Type 19.2 58.7 19.2 17,513
4 Luffing Type 24.0 74.0 24.0 21,024
5 Luffing Type 24.0 53.3 23.0 21,454
6 Luffing Type 23.0 59.1 23.0 24,080
7 Luffing Type 22.5 59.1 22.5 24,518
8 Luffing Type 32.0 77.8 32.0 28,021
9 Luffing Type 32.0 744 32.0 30,649
10 Luffing Type 27.5 53.3 27.5 30,661
(Unit: Tons)

25.0

20.0 ..

15.0 e

- ~~~~~-
10.0 T e T T ——

5.0

0.0
Loads Loads Loads Loads

Jib=15meter Jib=20meter Jib=25meter Jib=30meter
e=mRank 1 e=e=Rank 2 e<« Rank 3

Figure 7. The relationship between the change in jib length and maximum lifting loads following from rank 1 to 3 tower
crane’s specifications.
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6. Discussion

In general, the final goal of the tower crane location optimization study can be divided
into improving the lifting efficiency and minimizing the operating cost. It is assumed
that the weight of the object being lifted can be partially adjusted once, and the location
of the yard reflects the characteristics of repeating creation and destruction depending
on whether or not materials are used. After this process, the contractor manager or
construction manager finds and contracts a tower crane that can be rented during the
lifting period based on the minimum performance condition of the tower crane derived
from the research results. In the case of high-rise modular construction projects, the
construction period is shorter than that of conventional construction projects of similar
size, and the proportion of the total construction occupied by the load on the site is larger.
In addition, the controllable part of one-time lift weight is limited and heavy, so the
selection and location of the tower crane specifications optimized with limited information
in the early stages of construction are very important for successful project completion.
Previous studies related to the selection and optimization of tower cranes in high-rise
modular construction also highlighted this point. However, these studies had limitations
in adjusting the position of the trailer to fit the modular size or reflecting the point that
the position of the tower crane can change according to the change in the arrangement
of the modular building. So, this study focused on developing a framework that could
provide the project manager with the tower crane specifications and location with limited
information in the early stages of the project. First of all, the trailer location was first
considered during the initial lift planning stage. By placing the trailer near the tower crane,
the distance from the tower crane to the trailer could be reduced. However, the greatest
distance differs between the initial and optimized lifting plans even with a simple site
shape and building design.

The findings demonstrate that accurate results can be obtained by computer-aided
modeling and that the difference between the greatest distances can cause tower crane
capacity overestimation. In heavy unit lifting, distance reduction is important because the
distance is directly related to the tower crane operation efficiency. Moreover, the more
complicated the site and building shape is, the more difficult it is to select the optimal tower
crane and trailer locations and the more effective the model employed in this research.

If the specifications of the selected tower crane cause the determined operation cost
range to be exceeded, the construction manager can change the tower crane capacity by
modifying the unit weight. Unit weight modification also requires consultation among
the project participants, and the model developed in this research can be an effective tool
during this process. By applying this model, the time and cost, which must be considered
during planning, can be reduced and other optimized alternatives can be achieved easily.
In a dense urban area, it may not be possible for the trailer to be located at the optimal
location or the location may change according to permits for traffic control during on-site
unit lifting. By using the model developed in this research, alternatives can be suggested
based on the tower crane operation efficiency by excluding the locations at which the trailer
cannot be placed.

7. Conclusions

Modular construction involves unit manufacturing and on-site work and can be
employed in high-rise building construction. Modular unit lifting in high-rise modular
projects is considered to be important because heavy units have to be installed in dense
urban construction sites. In unit lifting, a high-capacity tower crane is used and the
tower crane location cannot be modified; therefore, the tower crane location should be
planned such that it can be performed with minimized operational cost. In tower crane
operation plans for modular projects, the tower crane capacity is directly related to the
operational cost and the distance from the tower crane to the object and unit weight are key
factors that can be employed to estimate the tower crane capacity. In modular tower crane
operation planning, the trailer location also should be considered when estimating the
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greatest distance because there may not be sufficient space for the trailers transporting units.
Therefore, in this research, an optimization model for distance minimization considering
the tower crane and trailer locations that can suggest tower crane and trailer locations for
on-site unit lifting is developed. Then, a case study is conducted to validate the proposed
model. Moreover, in projects conducted at sites with complicated shapes, it is expected
that the model results will differ significantly and will be useful for tower crane and trailer
location selection. According to this research, the tower crane capacity can be estimated
accurately by considering the tower crane and trailer locations and can be reduced. The
optimization model can be employed to design building layout planning considering tower
crane operation plans or when changing trailer locations during on-site construction. This
research also has academic value. When deriving optimization results, several variables
should be considered and the process includes a number of combinatorial results and
results comparison. By using the optimization model developed in this research, the results
comparison process can be conducted automatically and the efficiency of the tower crane
location optimization process can be improved.

However, this research has certain limitations. Firstly, only a single tower crane and
single trailer location are considered, although multiple cranes can be effective in some
cases. Secondly, changes according to on-site work progress are not considered, although
other conditions such as the trailer location and unit weight could be modified and the
optimization process conducted again. Finally, the connection between the tower crane
and building core for capacity reduction is not considered. In future research, the model
will be extended to overcome these limitations to further improve the efficiency of on-site
lifting operations using Colliding Bodies Optimization and Vibrating Particle System.

Also, it is necessary to derive results reflecting the weight of each unit not uniform,
and capacity to be affected by other factors (i.e., changes according to on-site progress).
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