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Distance and safety are two essential factors while designing a good
construction site layout planning (CSLP). In the past, studies always considered
CSLP from the treated a single objective optimization problem. This study offers the
development of a site layout planning model that is capable of minimizing
construction safety risk and minimizing the total distance of interaction on the site,
simultaneously. For this purpose, this study uses the multi-objective Particle swarm
optimization algorithms (MO-PSQOs).

The present model was developed in five main phases:

(1) Investigate and develop objective criteria to enable minimizing
construction safety risk of crane operations; (2) Investigate and develop objective
criteria to enable minimizing the total distance of interaction; (3) Modeling the site
layout practical optimization constraints; (4) Implementing the model as a multi-
objective particle swarm optimization algorithm application; and (5) Evaluating and
verifying performance of the model by the grid search method. An application case
study of a residential building project is presented to demonstrate the benefits of the
usage of the model.

Key Words: Optimization, Construction site layout planning , Multi-objective
particle swarm optimization.
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INSAAT PROJELERINDE SANTIYE YERLESMESINI GUVENLIK VE
FIYAT BAKIMINDAN OPTIMUM YAPMAK
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Juri : Yrd. Dog. Dr. Mimine KAYA KELES
: Yrd. Dog. Dr. Gézde CELIK
: Yrd. Dog. Dr. A. Emre KELES
: Yrd. Dog. Dr. Giilgiin MISTIKOGLU

Insaat santiyelerinde iyi bir santiye diizeni planlamasi tasarlanirken, mesafe
ve giivenlik iki temel faktordiir. Bu calisma es zamanl olarak santiyedeki giivenlik
riski ve tesisler arasinda seyahat mesafelerini en aza indirgeme yetenegi olan bir
santiye diizeni planlama modeli sunmaktadir. Bu amag¢ dogrultusunda, bu ¢alismada
Cok Amagli Pargacik Siirii Optimizasyon Algoritmasi (CA-PSO) kullanilmistir.
Mevcut model bes temel asamadan olusmaktadir: 1-Insaat islerinde guivenlik riski
tizerinde dogrudan etkisi olan degiskenleri belirlemek ve modellemek. 2-
Santiyelerde kaynaklarin seyahat mesafelerini dogrudan etkileyen degiskenleri
bulmak ve modellemek. 3- Bu tarz Kkarakteristik ve pratik optimizasyon
problemlerinin kisitlamalarimi kesfetmek ve modellemek. 4. Modeli Cok Amacgh
Pargactk Stiri Optimizasyonu Algoritmas: olarak uygulamak. 5. Modelin
degerlendirilmesi. Bir konut projesinin vaka ¢alismast modelin uygulamade
kullaniminin faydalarini géstermek i¢in sunulmustur.

Anahtar Kelimeler: Optimizasyon, Santiye diizeni planlamasi, Cok amach
parcacik siirii optimizasyon algoritmast
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1. INTRODUCTION

Site layout planning is one of the significant tasks of the site management.
The large projects which involve the high number of manpower, subcontractors and
equipment involved could result in extensive time loss and cost overruns in the
absence of effective and systematic approach to site planning. Site layout and
location of temporary facilities which is comprehensively planned can enhance the
management by reducing travel time, allowed time and increasing employee morale
by ensuring better and safer working environment. The site layout planning problems
were thoroughly discussed in this paper as considering its importance (Harris, 1989).
Construction site layout planning comprises determining, sizing and placing of the
temporary facilities in the boundaries of the construction site. Many factors such as
project type, scale, design, location, and organization of construction work are
essential for the temporary facilities and their fields (Hedley, 1983).

When general construction site layout is designed, the structure to be
constructed should be in relation to General Construction Site Layout Planning, the
arrangement of temporary structures, yards, stores, etc., for instance, location of
structures to be built; directions of access routes; location of the main pieces of
equipment; location of stores, deposits; temporary building, offices.

A high-quality construction site layout planning (CSLP) is very important to
increase the productivity of a construction project. Because of its complexity,
construction site layout planning is taken into consideration as ‘NP-hard’ problem
(Non-deterministic Polynomial-time hard) (Lien et al., 2012). Significant research
advancement has been accomplished in the area of optimizing site layout planning,
guiding to a number of models that using a variety of approaches comprising
artificial intelligence (Tommelein et al.,1992), annealed neural networks (Yeh,
1995), dynamic layout planning (Tommelein and Zouein, 1993), geographic
information systems (GIS) (Cheng and Connor, 1996), and genetic algorithms (Li
and Love, 1998). The power of the recent meta-heuristic algorithms depending on
swarm intelligence have been proven in finding the solution of that type of

optimization problems (Saka and Dogan, 2012). This has led researchers to adopt
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these modern meta-heuristic algorithms to determine the solution of their proposed
CSLP models. Although these models have great contributions, they were still
focused on diminishing the travel cost of resources on the site. Thus, they are
insufficient to consider and maximize construction safety. Even though these models
are competent to (1) adapt to a variety of construction projects; (2) an extensive
multi-objective optimization module to give practical automated support for
construction planners who need to optimize the design of site layout plans,
deficiencies of them also were revealed by the literature review.

However, a suitable site layout should be helpful for site planners to decrease
costs and save the safety involved. Thus, the current study aims to develop a site
layout planning model which would maximize construction safety (determinant
safety zone and forbidden area) while minimizing the construction distance. The

current study also showed that presented models that are suitable for as follow;

1. Fitting any user-defined construction projects (for this purpose the proposed
model is affected the results gained through the survey of risk experts
connected with the target project site)

2. Recommended a comprehensive multi-objective optimization module that
optimizes and combines the overall impact of site layout planning on
minimizing the risk of Crane Operations accidents happened to enhance the
safety level, and minimize the total distance of interaction, the major target of
the present system is to provide practical automated support for construction
planners who want to optimize the design of site layout plans;

3. Using the grid search method for model assessment and results from

affirmation.

The limitations of the current model are only convenient for quadrilateral
construction sites and for one tower crane.

The organization of the main research tasks of the present thesis is described
as follows:
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Chapter 2 presents a detailed literature review in examining and analyzing the
practices in planning the location of temporary facilities on construction site

Chapter 3 presents the development of a site layout planning model that is capable of
minimizing construction safety risk and minimizing the total distance of interaction on the
site, simultaneously.

Chapter 4 was divided into three main sections, as in following:

1. Multi-objective site layout optimization system
2. Application example

3. Model evaluation and results verification

Chapter 5 presents the conclusions and recommended future research of the

present study.
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2. PRELIMINARY WORK

The reviewed literature in examining and analyzing the practices in planning
the location of temporary facilities on construction sites is summarized and organized
in this chapter.

The diverse methodologies used in the literature to perform site layout

planning tasks are discussed in the following sections.

2.1. Site Layout Planning by Genetic Algorithms

Li and Love (1998) offered a GA model to assign a set of facilities to a group
of predetermined potential locations. The model presumes that each of the
predetermined locations is adequate for accommodating the largest among the
facilities. Permutation was used in this study as a representation scheme. In
substance, this novel study investigated the effect of population size on the
convergence of the GA system. According to the experiments, GA system
approached earlier to the medium size of the population.

Hegazy and Elbeltagi (1999) introduced a genetic-algorithm-based model for
site layout planning. This model has three favorable characteristics: (1) It is valid for
any user-defined site shape; (2) it clarifies choice of the users in the relative
closeness among the facilities; (3) it combines a genetic algorithm procedure to
investigate the optimal layout in a manner that mimics natural evolution. In brief, the
study and experiment about the effect of population size on the convergence of the
GA system showed that the GA system converged earlier with the largest size of the
population.

Harmanani et al. (2000) practiced an evolutionary algorithm using weights to
model transportation costs between facilities to optimize the solution of site layout
problems. The designed system deals with sites which are characterized by geometric
limitations between relative positions of facilities on site. The designed system deals
with sites which are characterized by geometric limitations between relative

positions of facilities on site. It is possible to be 2- dimensional geometric limitations
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on the relative positions of the facilities; minimum and maximum distance;
orientation (N, E, W, S); and non-overlap restrictions. This algorithm has two key
features which are (1) the use in a multitude of different GA operators to change
positions of the objects around the site, and (2) preservation “bad” chromosomes
(chromosomes referring the partial layout solutions) in each generation to assist the
evolution process to approach to a global optimum. Limitations of the system are
static problems and rectangular shaped facilities with fixed dimensions and their
orientations can be 0 or 90 degrees. Occasionally, the system can create the partial
layout solutions, owing to excluding some blocks that are not optimized after
reaching a threshold limit value (100 cycles). As long as the total-objects-to-site-area
ratio does not go beyond 60%, the algorithm returns close to optimal solutions. In the
case of problems with a higher total-objects-to-site-area ratio, the algorithm is not
successful to return possible solutions. An approximately linear relationship between
computational time and the number of layout facilities is shown in the study.

Tawfik and Fernando (2001) suggested a parallel genetic algorithm, hence
locations of space on the sites are optimized by using a single function that considers
the cost and safety of construction operations. The system focused on the safety
criterion by identifying hazards zones of site spaces such as cranes, vehicles, and
equipment as well as penalizing the temporary facilities that lie within these zones by
increasing their associated cost function. A genetic algorithm is applied to an initial
population of possible solutions comprising the user's initial solution, together with
the optimization criterion and solution limitations, to evolve it over a number of
generations in a population of high-performance solutions relating to the
optimization criterion, and the results indicate that after 50 generations. A layout,
minimizing the traveling distance between the temporary facilities, is presented with
the best solution to the population.

Mawdesley et al. (2002) utilized an increased genetic algorithm in order to
model the cost of positioning and moving the short-lived facilities. The model makes
the inter-facility distances possible and is based on the coordinate systems for
facilities representation. The origin of the coordinate system of the site assumed as

rectangular is one of its corners. The efficiencies of four crossovers and four
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mutation operators have been tested for determining the optimum layout for a
problem proposed and solved. The performed tests showed that it is the best without
a mutation. Moreover, this combination always detected the optimum in the specific
problem being studied. The surprising thing is that it would be expected to
sometimes converge to local optima instead of always finding the global optimum,
without any mutation.

Elbeltagi et al. (2004) submitted a layout planning approach which considers
both safety and productivity. Primarily, the safety issues on the construction sites are
reviewed, in addition, the factors contributing to unsafe sites are also summarized.
Then, a procedure which is in integration with a scheduling tool is developed for an
optimum layout of the temporary facilities. The site layout planning had three
aspects: (1) detecting the impermanent facilities and services needed on the site for
health and safety reasons, (2) detecting appropriate safety zones around the
construction space to reduce or avoid accidents, and (3) detecting proximity weights
of the facilities based on safety considerations and in this direction optimizing the
positioning of facilities on site. The genetic algorithm technique for the optimization
procedure is used in the process of placing on site. The results of the two site layouts
performed along project duration with the consultant, the contractor, project
managers, and site engineers demonstrated that the TFs were regulated in the proper
locations. The processing time to get an optimum or near-optimum site layout was
detected as about 185 min on a Pentium 900Mhz personal computer.

El-Rayes et al. (2005) offered a multi-objective optimization model for
planning airport construction site layouts which is capable of minimizing both
construction-related hazards and site layout costs, simultaneously. The model is
performed using a multi-objective genetic algorithm. Three main stages were used to
develop the optimization model: (1) a model formulation stage that embodies all
principle decision variables and optimization objectives, (2) quality quantification
stage that formulates new functions to allow the evaluation of construction quality in
this optimization problem, and (3) model implementation stage that performs a
multi-objective GA for highway construction to provide a synchronical optimization

of construction time, cost, and quality. An application example was analyzed for
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illustrating the use of the model, and for demonstrating its capabilities in considering
quality in the optimization process and in developing optimal trade-offs among
construction time, cost, and quality.

Sanad et al. (2008) offered an optimization model developed for solving the
site layout planning problem which considers safety and environmental issues and
the actual distance between facilities. In the developed model, genetic algorithms are
utilized as an optimization bed. The case studies selected for the application of the
developed model and automated system were carried out in “Tanta University
Educational Hospital” located in Tanta City, Egypt. When the effect of the
population size and number of generations on the convergence of the optimum
solution is considered, It is observed that the developed system performed poorly

with small population sizes as well as a big number of generations is used.

2.2. Site Layout Planning by Ant Colony Optimization (ACO)

Ning and Lam (2013) suggested a multi-objective optimization (MOOQO)
model utilizing modified Pareto-based ant colony optimization (ACQO) algorithm.
Because the model could find a Pareto solution (trade-off layout), the requirement of
reducing cost is fulfilled and the site safety level is improved simultaneously.
Moreover, the residential building case was applied in order to validate the proposed
MOO model. For solving site layout problem, the principle of grids-recognition
strategy is used to find the locations for the facilities. After that, the searching scope
is diminished step-by-step so as to determine the locations for all facilities by the

sequence of the descending ranking order of facilities' proportions.

2.3. Site Layout Planning by Multiobjective Particle Swarm Optimization
(MOPSO)

Xu and Li (2012) suggested a multi-objective decision making (MODM)
model designed for dynamic construction site layout planning problems under

unclear random environment. Besides, they presented a permutation-based MOPSO
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to solve the model. In order to illustrate the effectiveness of the proposed model and
algorithm, the approach was implemented to the Longtan large-scale water
conservancy and the hydropower construction project. The algorithm used was
analyzed according to qualitative and quantitative aspects. (1) Quantitative aspect is
to compare with the GA which is mainly applied in the construction site layout
problems with the algorithm used in the study. (2) Many metrics of performance
used so as to measure the distance of the resulting non-dominated set to the Pareto-
optimal front, in other words, the distribution of solutions and the extent of the
obtained non-dominated front. Finally, in order to prove that whether the model and
algorithm proposed is feasible and efficient, they were applied to a practical case.

2.4. Comparative Studies

Zhang and Wang (2008) suggested a particle swarm optimization (PSO) -
based methodology to find a solution for the construction site unequal area facility
layout problem. A priority-based particle representation of the candidate solutions
was suggested for the layout problem. It was inferred that the particle represented
solution with regard to priorities should be transformed to the specific layout plan by
consideration of non-overlapping and geometric constraints, and results were also
checked against a GA method for dealing with the construction site unequal-area
layout problem on the same example. The GA method is based on the modified GA
operators suggested by Li and Love (1998). The computational experiments based on
the illustrative example showed that the PSO-based method needs fewer iterations to
get optimal solutions, and is more effective than the GA method implemented using
the same fitness function and the modified GA operators improved by Li and Love
(1998).

Adrian et al. (2014) proposed three metaheuristic algorithms, which are
Genetic Algorithm (GA), Particle Swarm Optimization (PSO), and Ant Colony
Optimization (ACO), to solve the construction site layout problem arising from
facilities positioned in locations, thus total for construction cost and interactive cost

owing to facility layout constraints is minimized. The craziness concept, cross-
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mutate, and scramble mutation techniques are performed to augment the variety of
the solutions and to save the algorithms from being trapped in local optima. The
Design of Experiment approach (DOE) is used to determine the optimal parameters
for each algorithm. Two case studies for the facility layout problem originated from
the literature were used to compare rigorously of the three algorithms with regard to
effectiveness, efficiency, and consistency. ANOVA test was used to compare the
performances, and obtained conclusions from the results are: (i) the three algorithms
performed evenly well in terms of effectiveness to find the optimal solution, (ii) to
find the optimum result, ACO is the fastest among the three algorithms in terms of
efficiency, followed by GA and then PSO, (iii) in terms of consistency, all methods

are shown to be equally consistent with solving this construction site layout problem.

2.5. Knowledge-Based Systems

Zouein and Tommelein (1999) introduced a hybrid incremental algorithm to
solve the restricted dynamic layout problem. The aim of the numerical problem
formulation is to minimize transportation and relocation costs of resources which are
subject to 2D geometric restrictions. The system used a hybrid incremental approach
account for relative locations between facilities by imposing two-dimensional
geometric restrictions. The resulting sequence of layouts is suboptimal in point of the
stated objective. This is nevertheless a favorable result when no closed-form
mathematical solution exists for solving a problem.

Zouein et al. (2002) suggested an innovative approach so as to evaluate
accessibility during pre-construction site layout planning. It can present a heuristic
and easily understood visualization outcome which explicitly revealed the insecure
parts of the site layout plan. The tests about different problems with a varying
number of blocks, proximity requirements, and constraints on the relative positions
of facilities were applied to control the algorithm. In the main cases where the total
objects- to-site-area ratio was under or equal to 60%, results are shown that the
algorithm turned back close to optimal solutions in an acceptable time (less than 2

min) after 250 generations.
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2.6. Construction Safety Requirements

The Occupational Safety and Health Administration (OSHA) shows a total of
323 construction worker deaths involving 307 crane incidents were identified from
1992-2006, an average of 22 construction worker deaths per. Of the 307 fatal crane
incidents, 216 (71%) involved mobile or truck cranes. Sixteen of the fatal incidents
involved tower cranes (5%), 13 involved floating or barge cranes (4%), and 12
involved overhead cranes (4%). The remaining 66 reports were not sufficiently
detailed to determine the type of crane. Of the total 323 crane-related deaths, 102
were caused by overhead power line electrocutions (32%), 68 deaths were associated
with crane collapses (21%), and 59 deaths involved a construction worker being
struck by a crane load (18%). of the total (5%) tower crane-related fatal incidents,
Struck by crane loads (21%) were the first leading cause of death, The second
leading cause of crane-related deaths were the load falls from the tower crane (8%).
Crane collapses (nearly 4%), and Overhead power line electrocutions (nearly 4%)

were the third leading cause of death.

2.8. Literature Summary

The literature review disclosed that genetic algorithms (GAs) and advanced
through the nineties and many studies showed the capabilities of GAs in designing
facility layouts, and these algorithms demonstrated themselves as a general, robust
and powerful search mechanism. Moreover, the literature review also disclosed that
multi-objective ant colony optimization algorithm, multi-objective particle swarm
optimization and multi-objective genetic algorithms can be used to overcome the
multi-objective optimization problem. The three algorithms demonstrated nearly
equally good performance from the point of effectiveness to find the optimal

solution.

11
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3. MATERIAL AND METHOD

In the recent times, construction site layout optimization has become one of
the main concerns in the field of construction management because a suitable design
and optimization have a large impact on project time, cost, and safety. It is offered in
this research that the development of an expanded site layout planning model which
is competent minimizing the risk of crane operation accidents ensued from
improving the safety level and decreasing the total distance of interaction on the site,
simultaneously. The different algorithms such as neural network, artificial
intelligence, and genetic algorithm, and ACO algorithm were used to solve various
CSLP problems as seen in the literature reviews. In this study, we used Multi-
Objective Particle Swarm Optimization (MOPSQO) based on Pareto Dominance
Approach to solve the model proposed, because this algorithm very rare were used to
solve various CSLP problems as seen in the literature reviews.

To reach the targets, the research work is arranged in five main research tasks in this

study as in following;

1. Formulation of the model to minimize the safety risks of temporary facilities
based upon the crane operations.

2. Formulation of the model to minimize the distance between facilities on the
site;

3. Presentation of the two types of constraints is imposed on the generated
solutions to ensure the development of practical site layout plans;

4. Presentation of the algorithm applied to solve site layout plans;

5. Evaluation of the proposed model by using the grid search method.

3.1. Formulation of the Model to Minimize the Safety Risks of Temporary

Facilities Based Upon the Crane Operations

In the present model, Equation 3.1. was used to calculate safety risk (SR) of

a temporary facility.

13
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Safety Risk (SR ) = Risk Magnitude (RM) *Probability of an accident (P) (3.1)
where;

(1) Risk Magnitude (RM) is the estimated magnitude of the risk for the
provisional facility owing to the position of the tower crane. (see the Section
3.1.1 below for detailed formulation between Equations 3.2 and 3.7)

(2) The probability of an accident (P): is influenced by the distance between the
facility and the tower crane. (see the Section 3.1.2 below for detailed

formulation between Equations 3.11 and 3.1.2)
3.1.1 Risk Magnitude (RM)

Risk magnitude (RM) is concerned with the distance between the temporary
facility and the tower crane. There are three types of risk to consider while

calculating RM, as in following:

1. RMay; : presents the fatality & injury risks related with possible strucks on
the temporary facility i by tower crane loads (The values were obtained from
the results of the survey applied to the experts. ).

2. RMpg; : presents the fatality & injury risks related with possible load falls on
the temporary facility i from the tower crane (The values were obtained from
the results of the survey applied to the experts. ).

3. RMci= presents the fatality & injury risks related to crane collapses on the
temporary facility i (The values were obtained from the results of the survey
applied to the experts.).

RM; = Y7, ((RMy; + RMp; + RM¢;) * 100)  if 0 < distance <] (3.2)

14
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RM; = * RMg; if J<distance <]+ H

(3.3)

RM; = 1/33*100 if distance > ]+ H (3.4)
Where;

RMyi=Yi=1 27=1(RSrsij * Wgj) (3.9)

RMp;=Yi=1 Xj=1(RSryij * Wgj) (3.6)

RM¢i=%i=; Xj=1(RSrsij * Wgj) (3.7)
Where;

RM; : risk magnitude (RM) of the facility i due to its possition with respect to the
tower crane.

I temporary facility identity

n: number of temporary facilities.

m: number of experts.

distance : distance between facility i and tower crane;

J: length of the tower crane (see Figure 3.1);

H: height of the tower crane (see Figure 3.1);

15
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zone3 —=F*— zone2 —*=F+—— zone1 —
0
HH 1

Figure 3.1. Tower Crane

Wgj:Introduces the weight of risk expert j (obtained from Zeng et al.2007 )
(Table3.1).

Table 3.1. WE; (Weight of risk expert j)

Expert Background Wyg;:
El Project manager 0.25
E2 Construction manager 0.22
E3 Senior engineer 0.20
E4 Site engineer with 15 years 0.18
experience
ES5 Site engineer with 8 years 0.15
experience
Total 0.25+0.22+0.20+0.18+0.15=1

(Zeng et al.2007 )

RS7gi;: lustrates the risk severity by the tower crane for temporary facilitiy i
expressed by the expert j then changed into a constant depending Zeng et al.2007)
(Table3.2).

Table 3.2. RS7; (Risk severity)
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Very low (VL) Low (L) Medium (M) High (H)  Very high (VH)
0.2 0.4 0.6 0.8 1

(Zeng et al.2007 )

3.1.2. Probability of an Accident (P)

The probability of an accident (p) is affected by the distance between the
facility and the tower crane. p(distance) is the function that determines the
magnitude of the probability of an accident (p) and explained as follows.

The function of p(distance) is affected by the distance between the facility and the
tower crane and the space around the crane is divided into three zones (Khalafallah,
2006), as shown in Figure 3.2.

Zone 1: the area that covers the crane operating angles (0 < distance < J); represents
the highest sensitivity due to its vulnerability to struck loads and/or falling objects
and/or collapse of the crane from the crane during its operations.

Zone 2: located between zones 1 and 3 (J < distance <J+H); represents an
intermediate level of sensitivity due to its medium vulnerability to crane accidents
such as the collapse of the crane.

Zone 3: the area that is outside the crane risk areas (J+H < distance < J+ (3*H)/2);
represents a low level of sensitivity due to its minor vulnerability to be thrown

objects during the crane collapse.
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Facility i

zone 3

Crane cente

Plan

Figure 3.2 Zones Around Tower Crane

P;(distance):
0 < distance <] =  Pi(distance) = 29/33
, H P(d + j __ 52#(J-distance) 9
J < distance = + ) = i(distance) = —————+_

4z J—distance) 5

J+ H/2 < distance <]+ H = Pi(distance) = e + =
3=H . 24(]—di 1
J + H < distance < ] + = Pi(distance) = %W m

distance= distance between facility i and tower crane;

J=length of the tower crane;
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H= height of the tower crane

The problem of risk minimization is then expressed as in Equation 3.12.

Minimize Safety Risk(SR) = X.i-; RM; = Pi(distance) (3.12)

3.2. Formulation of the Model to Minimize the Distance Between Facilities on
the Site

The second optimization target of the present model is to reduce the traveling
cost of resources to a minimum because of the distance between the facilities of the
sites. This may be obtained when the proximity weights are used as depending on the
desired closeness between the facilities.

Table 3.3 shows one common scale used for the current problem which was
also used in industrial facility layout planning (Hegazy and Elbeltagi 1999) and the

convenient scales were chosen by the experts.

Table 3.3. The six-value scale commonly used in industrial facility layout
planning (Hegazy and Elbeltagi 1999).
Desired closeness between facilities Proximity weights for various facilities

relationships (Wj;)

Absolutely necessary (A) 6°=7776
Especially important (E) 6'=1296
Important (1) 6°=216
Ordinary closeness(O) 6°=36
Unimportant (U) 6'=6
Undesirable (X) 0

The traditional measure used to calculate a specific layout is a weighted sum of all

travel distances as follows (Sanad et al., 2008):
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Minimize: I} Y i widi (3.13)

dij = (X;i —X)? + (Y; — ¥))? (3.14)

Where

w;;= Proximity weights representing the actual transportation cost per unit distance
between facilities i and j ( Table 3.6.)

dj;= distance between facilities i and j; (the values are attained from plans )

Xi, Yi= coordinates of the center of gravity of facility I; (the values are attained
from the plans)

Xj, Y;= coordinates of the center of gravity of facility j; (the values are attained
from the plans)

p= total number of facilities on site;

3.3. Optimization Constraints

In the present model, two types of constraints are imposed on the generated
solutions to assure the improvement of practical site layout plans: (1) boundary
constraints; and (2) overlap constraints. Boundary constraints are required to ensure
that temporary facilities are located within the site boundaries, on the other hand,

avoiding the overlap of facilities on site is essential for overlap constraints.
3.3.1. Boundary Constraints
In this model, boundary constraints are investigated for each solution using

the following four-step algorithm so as to provide that each facility is located within

the boundaries of the site:
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For each temporary facility i the gap between facilities and boundary in the
X,Y direction are determined according to the coordinates of its center of gravity (Xi,
Yi), and its length in the X direction (Lxi) and width in the Y direction (Wyi) .

In X direction boundary constraints are satisfied if:

Xi+ Lxi/2+6 < UX; and (3.15)

Xi - Lxi/2 - 3 > LX. (3.16)

where (see Figure 3.4);

d : gap between facilities and boundary in the X,Y direction.
UX : the right boundary of the site space.

LX : the left boundary of the site space.

In Y direction boundary constraints are satisfied if:

Yi+ Wyi/2 +6 <UY; and (3.17)

Yi—-Wyi/l2-3>LY. (3.18)
where (see Figure 3.4);
UY : the upper boundary of the site space.

LY : the lower boundary of the site space.
When all the positions in X and Y directions are satisfied, then the facility i is

compatible with boundary constraints. In the contrary case, this type of constraint is
violated, so it should be dismissed (Khalafallah, 2006).
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Boundary Constraints

UYr == === =g==-r=7

Wyi
Yi

---‘--

I ] .
y.Site Boundariesy _ __ | B

LX X UX

Figure 3.3 Boundary Constraints

3.3.2. Overlap Constraints
In order to ensure that no overlap occurs between facilities on site, overlap
constraints are examined using the following steps (see Figure 3.3 and Figure 3.4.)
In X direction Overlap Constraints between facilities i and j are satisfied if:
(IXi - Xj| > (Lxi/2 + Lxj/2+9)) (3.19)

In'Y direction Overlap Constraints between facilities i and j are satisfied if:

(Yi - Yj| = (Lyi/2 + Lyj/2)/2+5)) (3.20)
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If overlaps are encountered in X or Y directions, then there is an overlap
between the two facilities as shown in Figure 3.4. and therefore this solution should

be precluded. Otherwise, overlap constraints are satisfied.

Overlap Constraints

E

Facility

r
I
I
I
I
I Constructed
[
[
I
I
|

Site Boundaries

Figure 3.4 Overlap Constraints
3.4. The Algorithm

It has seen in the literature reviews that varied algorithms such as neural
networks, artificial intelligence, and genetic algorithm and ACO algorithm were
operated to resolve a variety of construction site layout problems (CSLP).

In this study, Multi-Objective Particle Swarm Optimization (MOPSO) based

on Pareto Dominance Approach will be applied to solve the model proposed.
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The definitions used for the proposed Multi-Objective Optimization search
algorithm are explained as the following:

3.4.1. Multi-Objective Optimization

The best part of the real-world engineering optimization problems are multi-
objective in nature because they ordinarily have diverse (probably conflicting)
objectives that must also be satisfied (Baghel 2009) . The multi-objective
optimization problems are composed of various objectives that are required to be
handled at the same time. Such problems emerge in many applications in which two
or more, sometimes competing and/or incomparable objective functions need to be
minimized, simultaneously. In this case, multi-objective optimization can be
described (that is to say) as the problem of finding: “A vector of decision variables
which fulfills constraints and optimizes a vector function of which elements indicate
the objective functions. These functions are from a mathematical definition of
performance criteria that generally conflict with each other. Therefore the expression
" optimize" signifies finding such a solution that gives the values of all the objective
functions admissible to the decision maker.”” (Baghel 2009)

3.4.2. Particle Swarm Optimization (PSO)

Particle Swarm Optimization (PSO) is a brilliant optimization algorithm
depended on the Swarm Intelligence. A simple mathematical model developed by
Kennedy and Eberhart in 1995 (Chaudhary and Dua, 2012) which describes the
social behavior of birds and fish underlies that algorithm.

The model is generally based on the main principles of the self-organization
that is utilized to define the dynamics of complex systems. Some systems having
swarm intelligence ability are definitely unreachable for any of system units,
therefore they achieve a higher level of intelligence. For instance, when a flock of
birds is considered as a society that has such complex behavior patterns, it is seen

that they behave as one that is beyond their intelligence level of any of birds in the
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flock and undoubtedly that cannot be separated into independent subparts. However,
any members of the flock can create these complex patterns by the way of simple and
recurring tasks. A very simplified model of the social behavior is used by PSO in
order to solve the optimization problems in a cooperative and smart framework. PSO
is successfully utilized for various optimization problems due to being one of the
most advantageous and prominent metaheuristics.

The basic steps of PSO algorithm for the single-objective case are, in

following:

1. Initialize the swarm

2. For each particle in the swarm:
A. Select leader
B. Update velocity
C. Update position

3. Repeat

3.4.3. Multi objective Particle Swarm Optimization (MOPSO)

The Multi-Objective Particle Swarm Optimization or MOPSO algorithm is
provided from the PESA2 algorithm and the operators of the PSO method are
utilized rather than the genetic operators. In 2004, Coello presented this algorithm in
comparison with NSGA 11 (Coello and Lechuga, 2014). It presents a multi-objective
version of PSO because of embodying the Pareto Envelope and grid making
technique, like similar to Pareto Envelope-based Selection Algorithm to overcome
the multi-objective optimization problems. The particles in MOPSO work exactly
like PSO, i.e. they share information and move towards global best particles and their
own personal (local) best memory. Nevertheless, on the contrary of PSO, there are
several criteria more than one to detect and describe in the best way. The repository
is a sub-swarm where all of the non-dominated particles in the swarm are gathered,
and each particle selects its global best target, among members of this Repository.

Domination based and stochastic rules are used for the personal (local) best particle.
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While selecting the best particle and the best personal recollection during the
process of the algorithm, as in the classical PSO one objective relating to the issue,
the answer is clearly the multi-objective problems. Neither space is feasible arranged
nor is described. Therefore, a change should occur in the algorithm. The changes in
MOPSO concept (Repository) are added. This signifies that a separate archive
answer is found outside of the algorithm which is stored in the archive. The Pareto
Front is members of the approximate archive. Thereby each particle of the multi-
objective algorithm is in the third. This motion that imitates the collective memory of
the particles (Global Best) is, of their leader haphazardly chosen from the archive
stems. Another dissimilarity of the multi-objective version of MOPSO in detecting
the best personal recollection (Personal Best) should be the new location of each
particle to compare the best personal recollection. If the new position is a more
appropriate point, this point will turn into the best personal recollection of the
particles. The present model is performed as a multi-objective particle swarm
optimization and this algorithm is solved with MATLAB so as to permit the
generation of near optimal site layout plans that maximizes construction safety, on
the other hand, minimizes spacing of resources, meantime satisfying all the useful
layout constraints explained earlier. Computational steps were carried out according
to Coello and Lechuga (2012).

3.4.4. Pareto front

It is not likely to notify an exact point as the answer, in solving the multi-
objective problems. Because if we find a point where one of the target functions is
minimal, there will be another target function which is not minimal at this point. The
optimization problem is not a point, but a curve where every point is optimized with
regard to just one of the objective functions. Besides, these points will never be
dominated by each other (Hosseini et al., 2014).
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3.4.5. Domination

In multi objective optimization the concept of domination is used for
comparing the points. If all the X1 solution are not worse than all solution X2 in all
objectives, or if all the X1 solutions are equal to X2 but only in one case or one
dimension X1 is better than X2, then it can be said that X1 will dominate X2. The
mathematical expression of the domination concept is as follows (Hosseini et al.,
2014):

x1 dominate x2 if:
f(x1) > (x2)
f (x1) < f (x2)

3.5. Grid Search Method

If the necessary maximum is known to be within a definite area described by
upper and lower bounds of each of the independent variables, at that case the grid
search method can be applied (Ataei and Osanloo, 2004). All of the probable states
would be systematically searched by this method. To this end, one must establish a
grid over the area of the interest and appraise the objective function at each node of
the grid. Thereafter the computation of the objective function values in all the nodes
of the grid, it might be interpolated and be found maximum between the gridlines.

Although this method is very effortless to program, nevertheless it is very
unproductive. Because excessive computational time is needed. On the other hand,
the method can be utilized to find a good starting space for one of the most effective
methods. The grid search method was used in this study to determine the starting
space for the multi-objective particle swarm optimization (MOPSQO) method(Figure
3.5).
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Figure 3.5. Grid Search

where;

1.

Iteration (it): A more responsive way to progress is to go several times
through the various development fields, constructing a better comprehension
of the necessities, augmenting the development organization, and finally
delivering a range of implementations that are progressively more complete.
This is denominated as an iterative lifecycle. Each transition through the
sequence of process fields is named an iteration.

Population size (pop): is a crucial parameter influencing the performance of
an Evolutionary Computation model. The population size depends on the

character of the problem, on the other hand, characteristically includes
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several hundreds or thousands of possible solutions. A changeable population
size scheme is taken into consideration to potentially advantageous to
enhance the quality of the solutions and to speed up fitness progression.

3. Repository (rep): Repository members are non- dominant members of the
problem which as storage collects the best points, obtained in the course of
the stages of performing optimization algorithm. There are two conditions

selecting these members:

a) Not being managed by the repository members
b) The most distributions of the repository members
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4. RESEARCH AND DISCUSSION

The principal research results of this study were examined and divided into

three main sections, as in following:

1. Multi-objective site layout optimization system
2. Application example

3. Model evaluation and results verification

4.1. Multi-Objective Site Layout Optimization System

This section presents the structure of the developed model for Multi-objective
site layout optimization. This section analyzes the structure of a developmental
model for Multi-objective site layout optimization. The principal purpose of the
present system is to provide convenient automated support for the construction
planners who need to optimize the design of site layout plans. The system is
implemented and integrated into three main modules: (1) A comprehensive multi-
objective optimization module that optimizes and integrates entire effects of site
layout planning with minimizing the risk of Crane Operations accidents occurred to
enhance the safety level and to minimize the total distance of interaction; (2) a
relational database module to promote the storage and retrieval of construction site
layout data and the produced optimization results; (3) a user interface module in
order to facilitate the input of project data and the analysis of the produced optimal
site layout plans (Figure 4.1). These three modules are explained in more detail in the

following section Figure 4.1.
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Figure 4.1. Multi-Objective Optimization Module

4.1.1. Multi-Objective Optimization Module

Integrating seamlessly the two site layout optimization models which were
previously explained in Chapter 3 is the major function of the comprehensive multi-
objective optimization module. Correspondingly, the optimization objectives in this
entire model comprise: (1) to minimize the risk of crane operations accidents taken
place to improve the safety level, (2) to reduce the total distance of interaction. So as
to search and identify optimal coordinates for the gravity center of each temporary
facility on site, this overall optimization model is developed. As shown in Figure 4.1.
the overall model initiates the optimization operations by producing a set of random

30



4. RESEARCH AND DISCUSSION Siamak BAZAATI

nominee site layout solutions. By using this set of candidate solutions, new solutions
are regenerated through a number of multi-objective particle swarm optimization
operations and this process that inclines to eliminate the worst candidate site layout
solutions and maintain the best ones. While selecting the best candidates, each
candidate site layout solution is appraised according to a number of criteria,
containing: (1) the safety of overall construction; (2) the total distance of
interactions. The set of aforementioned operations is reiterated over a number of
cycles, producing better and better solutions until the solutions improve a stable

state.

4.1.2. Database Module

The major function of this module is to develop a relational database to store
the required site layout input data (e.g. temporary facilities information, permanent
facilities information, tower crane data) and the generated optimal site layout data.
This module is constituted of fourteen main tables that are designed to store the
following site layout planning data: (1) project site data; (2) tower crane data; (3)
temporary facilities information; (4) permanent facilities information; (5) constraint
data; (6) risk experts attribute; (7) RMa; data (the fatality & injury risks related with
possible strucks on the temporary facility i by tower crane loads ); (8) RMg; data (the
fatality & injury risks related to possible load falls on the temporary facility i from
the tower crane); (9) RMc; data(the fatality & injury risks related with crane
collapses on the temporary facility i) ; (10) weight between elements; (11) site layout
risk and distance data ; (12) temporary facilities position data; (13) optimal locations

of temporary facilities; and (14) optimal tradeoff solutions.
4.1.3. User Interface Module
The user interface module is developed in order to facilitate the input of all

necessary site layout planning data and the output of producing optimal site layout

designs. This module is designed to perform its functions in two main phases: (1) an
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input phase to store (e.g. construction site data, temporary and permanent facilities
information, risk experts attributes and multi-objective particle swarm optimization
parameters); and (2) an output phase to simplify the retrieval of the optimal site
layout plans. The module is implemented using MATLAB GUI (Graphical User
Interfaces in MATLAB) to utilize from its advanced competencies in facilitating the
development of graphical user-friendly interfaces and the integration of all the
developed modules. Figure 4.1. illustrates the relationships and interactions between
the input and output phases in the present module and the other modules of the
system. A detailed discussion of the data flow during the input and output phases
were provided by the following two sections:

4.1.3.1. Input Phase

The input phase is intended to assist construction planners in order to enter
and store all the required planning and optimization data for optimizing the site
layout plan through Input module or relevant Excel file. In the course of this phase, it
is asked from the user to enter a site layout planning data in (1) project site data, (2)
tower crane data and (3) Constraint data as shown in Figure 4.2.

SystemSeting

Enter Basic Information

Bulding Ste Number of P t Facilities Element 8
umber of Permanent Facilities Elements:
w 18928 | m
MNumber of Temporary Facilities Elements: ]
h 15959 | m
h Minimum distance from border : 10 m
W Minimum distance between construction - 5 m
Tower Setting Number of Expert
H 40 m
Fer Risk Computation 5
J 50 m

| ok |

Figure 4.2 Input module (project site data, tower crane data and Constraint data)

32



4. RESEARCH AND DISCUSSION Siamak BAZAATI

4. Information about temporary facilities. As shown in Figure 4.3 and Figure 4.4.

-

[#] MovConlnf ==

Enter Information of Temporary Facilities

Marme | k | ¥ | w |

1 welding w... 161... 109._.. 10

2 |contractin... 14.0... 140... 10

3 |rest room 93.3... 125.... 10

4 |parking 156.... 27.7... 17

" 5 |wc 145.... 114.... 6
& [fule stock 96.9.. 12.6... 6

7 [tool stock 42.7... 60.3... 6

B 4

generator 108.... 140__..

- L 2

Figure 4.3 Input temporary facilities information through input module

| Home | inset  Papelaowt  Fomulas  Dats  Redew  View & - =

alx
— Cut o) [ - i jEau pe— & 1 I AutoSus -
:Icﬂnr Calion SU A W™ || || S Ten General . }Sll 5‘5 74 j‘ jl\ !_J 6 ér ﬂ
P G tomat bt (B BN l| (B WPE, | oo | |3 )| SO R S| MO ORI Qe o s
Cipbodrd i Font 0 Ahgnment s Rumber syies il Edting
N1 - s E
A ] c D 3 F G H 1 J K L M N 0 ) Q R s l
1 welding workshop 1619049 1097566 m 1
2 contracting office 1407117 1406547 10 8
3 restroom 5330718 1255675 Ui} 10
4 parking 1564 277670 7 7
5 we 145.6023 114.6539 [ 6
6 fule stock 06.97664 1251466 3 5
7 ool stock 42.78637 60.36849 6 5
& generator 108643 140.7527 4 2
9
10
1
1
13
14
15
16
17
18
19
]
i
n
k|
i
25
M4 b M Sheetl ¥J |. ™
Ready "

Figure 4.4 Input temporary facilities information through Excel file
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5. Information about permanent facilities as shown in Figure 4.5 and Figure 4.6.

1
2
3
4
5
6
7
8

Enter from Exell

P B ™ 2
- Home | Insem  Pagelsyout  Formuias  Data  Renew  View L
- ST A o e f - | WF el Oy SR FEERCE mioSum < ;
» A K| || A | pwo|| Shwep Ten Geéntral | - | i, P NN o
B By - l‘;} _#ﬁ | 5 _:?‘ _,_l e ?T Lﬁ
==l ==l | = = |- |48 4 2
Puite B u-@-&-A- EEE-EE SiMerge & Center = | |8 - % v (%5 % Conamanal Fammat ;u‘ et Dt Fat | L et pRd
= -

- JFFomat Painter Formalling - as Tabde - Styles Filter = Select -
Cliphaard ] Feait 5 Algnment & Hunsiet ) styies Cemt Editing

u2s -2 £
A B c D E F 6 H I 1 K L M N o P a R 5 T
1 Tower 94 BB BN 600
2 Conl 106.88 2450 2065 .
3 Cond 6595 305 2085 570
4 Con3 25.30 27,70 20.65 25.70
5 Cond W MW NG B
6 Con 5500 1784 2065 570
i Conb 111.93 Br30 20,65 .00
8 Con? 13858 5080 065 170
]
w0
1
12

13
1
15
16
17
18
11
n
n
2
23
Pl

2 C

o3
W 4 M| Sheett /%3 4 i | u B Cohve PC iswes: 2 impartant me
Rendy M 3 totnl messages

Figure 4.6 Input Permanent facilities information through Excel file
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6. risk experts attributes as shown in Figure 4.7 and Figure 4.8

Enter Weight of Risk Expert

1 [ 2 | 3 | a
Weight | 0.2500 0.2200 0.2000 0.1300 O.

Enter from Exel

Home | lngen  Fagelayout  Formular  Dats  Review  View @-c
_:1 ::‘w Calibri T AW [ || e9 v ShWrp Ted Humber . }ii .ﬁ ;& jﬂ 3\ _!_J ;xﬁs”' é_r ﬁ
B o | (B L] B O ] (EB R | Brenen o | (S n )| Contiwot ot | et vt Fom | 5, Sad e
Chpbopd i Fent i Alignment i Humbr i Siyles Cely. Ecting
a1 - S| o2

| A B C '} E E G H 1 1 K L M N o P a R 5 I w
2| s 0.22 020 018 o1l

2

3

4

3

&

7

8

9

10

u

12

13

1

15

16

17

18

13

0

2

2

a3

u

5

WA b h] Sheatl /73 4 0! = E—
Nesdy Awversge 00 Count: 5 Sumi1.00 mw-ﬁ—

Figure 4.8 Input Risk Experts Attributes Through Excel File
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7. RM 4 data as shown in Figure 4.9 and Figure 4.10.

EnterRM1 | | ——
1 | 2z | 3 | a |
1 | 0.4000 0.8000 0.4000 0.6000 0.t
2 | 0.6000 04000 0.2000 0.8000 O.
3 1 0.4000 0.2000 0.4000 0.
4 | 0.2000 0.4000 04000 0.4000 O.
5 | 0.2000 0.4000 0.2000 0.4000 O.
& | 0.2000 0.2000 0.2000 0.2000 O.
7 | 0.2000 0.4000 0.4000 0.2000 O.
& | 0.6000 0.2000 0.2000 0.2000 O0.€

igure 4.9 Input RM »; Data through Input Module

Home
_"! :::'r uuuuuu AR | || -| SFwmpTerGeneo al = }'—i._l. i _;ﬂ i\_ j . | ;:“:?WM' 2? !ﬂ
FURE" o Formut Painter ||| Ml in)l e SoA| [ EFR PR Hepescentec (5% 0 (W ,E;ﬂml jhace ,,ﬁ':. it Pt viar' f,‘,'::,‘f Lo

Chipboard - Forit - Aligrament - Humbser - Styles [ Editing

wis Q@ £

A B [ [} E £ G H 1 K M N 1] P (] it 5 i L
1 0.2 08 0.4 04 06
2 0.2 0 0.4 08 08
3 0.2 0.6 0.4 04 06
4 04 0.6 04 0z 0.6
5 02 06 0.2 0z 04
] 02 0g 0.2 04 0
7 04 na 0.4 0.z i)
8 0.2 0z 0.2 0.2 06
g
10
1
12
13
1
15
16
17
18
15
20
il
2
23
£
5
Modb M| Sheetl 7D 4 THIL A — _ 1 0
e Bl e

Figure 4.10 Input RM 4; Data through Excel File
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8. RMg; data as shown in Figure 4.11 and 4.12;

1
0.4000 0.8000
0.2000 0.4000
0.2000 0.4000
0.4000 0.4000
0.2000 0.4000
0.4000 0.2000
0.4000 0.2000
0.2000 0.2000

Coococo0oo00

1
2
3
4
5
6
7
g8

[N LG
- e | et Pagelapout  Formulas  Dats  Review  View
LT P (i s e {E = } ¥ Em T z-:mwn-ﬁTﬁ
B S Canbi noc A [t re | S weap Tent Genesal 5 :JJ B j\' :‘?' !J S 7
e Format e | (B2 I [ SeAc [EBEIEE Huoseacmas (S % 0[5 f.,mﬁ:l ,,r?m,g;",l,l. A e D o s i
Clipbears Font e Alignnent v Humber fi Sytes Calls Ednting
w25 - 5
A B C 1] E F G H 1 J K L M N Q P Q R s I (1]
1 04 0.8 06 0.6 08
1 0.2 0.4 02 o4 0.8
3 0.2 04 0.2 0.4 0.8
4 04 04 o4 0.2 0.8
02 04 (1 04 04
(] 04 02 1} LT 08
7 04 02 04 02 08
| [ 1 1] 02 (X3
9
10
n
12
13
14
15
16
17
18
13
mn
a
2
23
24
-}
ua bW sheetl <FJ i | i TR
Ready o i

Figure 4.12 Input RMg; data through Excel File
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9. RMc; data as shown in Figure 4.13 and 4.14.

0.8000
0.6000
0.6000
0.6000
0.6000
0.8000
0.4000
0.2000

1
2
3
4
5
B
F
8

Enter RM32 from Excel

&
@@ oo
= Home | et Pagelayod  Formulss  Dals  Review  View o -
B 2 Calibei S K| ||| 9] SiwapTen General . _F| % :;; = 3‘ | 1 L Adason A? lﬁ
3 copy ; ; £ ] | S Z
Pagte B I | B s . pdMerge & Certer = | § - By x| % Conamignal Formal  Cell insent Delete Format Son& Hnak
- Format Paictec A A3 W3k i Merge = i Formatting - as Tabie = Styles= | = - = | <LCesrT e Seip-
Chpdgard ) Fent = Aligrment i Humg-er o Styles Ceils. Editing
W25 g o
A B C D E F G H 1 J K L M N 4} F Q R 5 1 u

1
2
3
4
5 0.2 04 0z 04 04
6 0.2 0.2 0.2 0.2 0.4
7
8

0.6 02 0.2 02 06

HodboM] Sheet] P25 i._ £
Resdy

Figure 4.14 Input RMc¢; Data through Excel File
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10. Weight between elements as shown in Figure 4.15 and 4.16.

Weights of Distance

36 36 36 36 36
6 6 6 6 6
1 1 1 1 1
1 1 1 1

Enter from Exel

Heme | dnsert Fagelmjout  Formulas Data  Review  View
= gc . i Tl Y : r B e T g a:ammn-ﬂ ’
s Calibei u -l = || 19 -] TiwnpTed General ﬁ ’% LAl _’?‘ !J S ) Lﬁ
M om0 ) [E WA | onncon [ mH ) it St 3| et ot G, it it
Clipboard Font s Asgnment Hlmbet Stytes Cells Eating
w2 -3 L
A C D E E G H I 1 K L M N o P a R 5 u
1 o 0 0 o 0 0 0 0 1256 1 1 1 ! 1296 1256 1
2 o 0 [ o [ o ] [} 1 36 36 6 1 1 1 [
3 o ] [ o (] o (] [ 1 k' k] B 1 1 1 &
a 0 ] [ ] (] 0 L] [ 1 3 [} B 1 1 1 EL]
5 o (] [ ] (] 0 ] [ 1 3 [} b 1 1 1 E]
& 0 ] [ ] (] 0 ] [ 1 3 [} b 1 1 1 [}
7 o ] [ ] (] a ] [ 1 ] [} ] 1 1 1 &
8 o (] [ n (] 0 ] [} 1 3 [} B 1 1 1 ]
3 1296 1| 1 1 1 1 1} 1 o 36 L} b L} 1 1 6
10 1 36 EL ] 36 36 £l 36 36 36 [} 6 36 6 1 1 6
1 1 36 36 1} 6 6 6 6 3 6 0 6 6 1 1 6
n 1 6 6 6 36 6 6 6 6 36 6 0 6 1 1 6
13 1 1 1 1 1 1 1 1 6 6 6 6 [} 1 1 6
14 1296 1| 1 1 1 1 1 1 1 1 1 1 1 o 1 6
15 1296 1 1 1 1 1 1 1 1 1 1 1| 1 1 o 6
16 1 6 6 36 36 6 6 6 6 6 6 6 6 6 6 0
17
18
19
20
21
2
3
M
25
W4 b M| Sheetl /774 | ™ [

| !
Figure 4.16 Input Weight between Elements through Excel File
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The input of the aforementioned site layout planning data is organized and
managed by an the user interface, as shown in Figure 4.17.

| [F————)

OPTIMAL CONSTRUCTION SITE LAYOUT PLANNING

= Enter New Project Information
Type of Function

Basic System Setting

(" Using Distance
Permanent Facilities Info

(" Using Safety
Temporary Facilities Info

i@ Both Distance and Safety

Risk Weight of Expert Weight between Elements.

MPS0 Setting |

Maximum lteration 30 Save as Default

Population Size 50

Repositary Size 20

Run MPSO

Figure 4.17. Optimization Control Module

By means of this interface, the users can choose the required optimization
objectives. In this way, only the relevant data required for these objectives are
entered. In addition, the input phase enables the input of multi-objective particle
swarm optimization parameters. As shown in Figure 4.17, these parameters contain
the iteration size, the population size, and repository size. These parameters can be
determined specifically by the user optionally. These parameters are then used by the
optimization module which can be invoked to initiate the optimization process by
clicking on the “RUN MOPSQO” button, as shown in Figure 4.17. Subsequent to
completed the optimization process, the results are brought back and visualized in the

output phase.
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4.1.3.2. Output Phase

The output phase is designed to facilitate the retrieval of the optimal tradeoffs
amongst (1) minimizing the risk of crane operations, and (2) minimizing the total
distance of interaction. Besides, the output phase also can be used to recall the
visualization module in order to help to visualize the optimal site layout plans by
utilizing MATLAB software system, as shown in Figure 4.1

This phase is performed in two steps, which are designed to:

1. Retrieve the produced optimal tradeoff solutions and to display the Pareto optimal

solutions, as shown in Figure 4.18.

700
600 [ —
o
0
o
500 [~ o o -
S o 0
A D
F 0 )
E a0 0 o .
T s 0 o C 0
Y 0 © C 0 00o &
Q [s]
0 00
B o i
R 300 o o (o] o e} & o
I o] o (s}
g © o o 0 S o o
K ol o o % o -
*xox o o o o 00 .
0
o Qo )
0 4 00 o
*r ko 0% o ) ¢
100 0 o ¢
* o ™ c o o] ’ o
* &
" >
¥,
* * ¥
T ! ! ! L |
1 2 3 4 5 7 8
DISTANCE

10°

Figure 4.18 Pareto Optimal Solutions (An example of the case study).

The distribution of the Pareto optimal solutions (Red dots) is assumed
favorable as shown in Figure 4.18.

It is unlikely to determine a certain point as an answer in solving the multi-
objective problems. Because when we find a point where one of the target function is
a minimum, there is another target function which is different than minimum at this

point. For this reason, the answer for a multi-objective optimization problem is a
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curve rather than a point where every point is optimized with reference to just one of
the objective functions.

2. Retrieve the created visual optimal site layout plans as shown in Figure 4.19.

213162.7808
164.0120213

200 —

50 ! ! \ \ !
50 0 50 100 150 200

Figure 4.19. Optimal Site Layout Plans (An example of the case study).

In explanation of Figure 4.19, it should be added the axis X and Y which
represent the length and width of the site, respectively. Besides, two numbers on the
top of figure 4.19, which is in order from high to low, represent the total distance of

interaction and the safety risk magnitude

3. Retrieve the generated site layout safety risk and distance data. as shown in Figure
4.20.
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Oaa  Fedew  View

Fagelsyod  Formula
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Y ::w Calibl A AT (3| vy -] W Ten Genenal - -hﬂ ;‘ﬁ By f- _:_] 3”": e 2? Iﬁ
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Paite
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Figure 4.20. Site Layout Risk and Distance Data (An example of the case study).

In explanation of Figure 4.19, the columns A, B, and C which represent the
site layout safety risk data, the site layout distance data and a total of two columns A
and B respectively, should be added. The rows represent the size of the repository.
On the other hand, the Excel sheets represent the number of iterations.

4. Retrieve the generated temporary facilities position data. As shown in Figure 4.21,
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Figure 4.21. Temporary Facilities Position Data (An example of the case study).
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In explanation of Figure 4.19, the columns representing the coordinate of a
temporary facility should be added (e.g., the columns A and B in order to represent
the coordinates X and Y as Welding workshop (F9), the columns C and D in order to
represent coordinates X and Y as Contractor's office (F10), and etc.). The rows
represent the repository size. Besides, Excel sheets also represent the number of the

iterations.

4.2. Application Example

A comprehensive application example is analyzed to illustrate the
competencies of the developed system in combining (1) minimization of the crane
operations risk related to accidents in order to improve the safety level, and (2)
minimization of the traveled total distance between the temporary facilities. In order
to ensure the practicability of the developed model, real-life site layout planning data
were obtained from an engineering team working on a residential building project.
Input data of the application example are summarized in Tables 4.1 to 4.10.

Table 4.1, 4.2, 4.3 present the dimension of the project site, the dimension of

the tower crane, and optimization of the constraint information.

Table 4.1. Preject dimension
Length (m) Width (m)

189.28 159.

LA

9

Table 4.2. Tower crane dimension
Height (m) Jib length (m)

40

LA

0
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Table 4.3. Optimization constraints information

The maximum allowable proximity between
the facilities and workshop boundary (m)

The maximum allowable proximity between the
facilities (m)

1

1

Table 4.4 and 4.5 present the characteristics of permanent and temporary

facilities that need to be located on site. While the proximity weights among facilities

on the current site are summarized in Table 4.6, on the other hand, the weights of risk

experts obtained from the literature are presented in Table 4.7.

Table 4.4. Permanent Facilities

Symbol Facility Length Width Location in
Name (m) (m) .
site

Fl . Tower crane 6 ] (94.44 64 83)
2 [ Building 1 25.7 20.65 (106.88.24 30}
F3 [ Building 2 25.7 20.65 (65.95,32.03)
[ Building 3 25.7 20.65 (25.30,27.70)
F5 [ Building 4 257 20.65 (27.30,74.20)
F6 D Building 5 25.7 20.65 (39.117.94)
FT B Building 6 25.7 20.65 (111.93,87.30)
2 [ Building 7 25.7 20.65 (138.98,50.8)
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Table 4.5. Temporary Facilities

Symbol Facility Length Width
Name (m) (m)
F9 [[] Welding workshop 10 18
F10 Bl  Contractor office 10 8
Fl11 B Rest room 10 10
F12 B Parking 17 17
3 [ WC 6 6
F14 [ Fuel stock 6 5
Fi5 W Tool stock 10 12
Flé . Generator 2 2
Table 4.6. Proximity weight Facilities
Facility (i)
Facility F1 F2 F3 F4 F5 F6 FJ/ F8 F9 FI10 F1l1 FI12 F13 Fl4 FI5 Fl16
(i)
F1 0
F2 0 0
F3 0 0 0
F4 0 0 0 0
F5 0 0 0 0 0
F6 0 o 0 0 0 0
F7 0 0o 0 0 0 0 0
F8 0 0o 0 0 0 0 0 0
F9 1206 1 1 1 1 1 1 1 0
F10 1 36 36 36 36 36 36 36 36 0
Fil 1 % 3 6 6 6 6 6 6 6 0
F12 1 6 6 6 36 6 6 6 6 36 6 0
F13 1 t 1 1 1 1 1 1 6 6 6 6 0
Fl4 126 1 1 1 1 1 1 1 1 1 1 1 1 0
F15 1206 1 1 1 1 1 1 1 1 1 1 1t 1 1 0
F16 1 6 6 36 36 6 6 6 6 6 6 6 6 6 6 0

Mote: — = equivalent values in this symmetric matrix.
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Table 4.7. Weight of Risk Experts

Expert Background Weight

Expert 1 Project manager 025

Expert 2 Construction manager 022

Expert 3 Senior engineer 0.20

Expert 4 Site engineer with 15 years experience (.18

Expert 5 Site engineer with 8 vears experience 0.15

Total 0.25+0.2240.20+0.1840.15=1

Tables 4.8, 4.9 and 4.10 demonstrate the assessments of the experts related to

the possibilities of the fatalities and the injuries based on the risks of crane loads and

crane collapses.

Table 4.8. Experts assessments related to the possibility of the safety risks due to the
strucks of tower crane loads on the temporary facilities

Facilitw

Fl

Tower crane loads

Expert 1
04

0.6

1

02

0.2

0.2

02

0.6

Expert 2
0.8
0.4
0.4
04
0.4
0.2
0.4
0.2

Expert 3
04
02
02
04
0.2
02
04
0.2

Expert 4 Expert 5
0.6 0.6
08 08
04 04
04 0.6
0.4 0.4
02 04
02 04
02 0.6

47



4. RESEARCH AND DISCUSSION Siamak BAZAATI

Table 4.9. Experts assessments related to the possibility of the safety risks due to the
load falls from the tower crane on the temporary facilities

Tower crane loads

Facility Expert 1 Expert 2 Expert 3 Expert 4 Expert 3
F1 04 08 0.6 06 08
F2 02 0.4 02 0.4 0.8
F3 02 04 02 04 08
F4 04 04 04 02 08
F5 02 04 02 04 04
Fé6 04 02 02 04 08
E7 04 02 04 02 08
F8& 02 02 02 02 06

Table 4.10. Experts assessments related to the possibility of the safety risks due to
the crane collapses on the temporary facilities

Tower crane

Facility Expert 1 Expert 2 Expert 3 Expert 4 Expert 5
F1 04 0.8 0.6 0.6 08
F2 0.2 04 0.2 04 08
F3 0.2 04 0.2 04 08
F4 04 04 04 0.2 08
F5 0.2 04 0.2 04 0.4
F6 04 0.2 0.2 04 08
F7 04 0.2 04 0.2 08
F8 0.2 0.2 0.2 0.2 0.6

As shown in Figure 4.17, this data were input to the improved system by
using the previously described user input interface which requires the construction
planners in order to choose the required optimization objectives. According to the
selected objectives, the planner can input all conveniently related data of the site
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layout planning and optimization, as seen in between Figure 4.2 and Figure 4.17.
Afterward, these input data are stored in a number of tables in the relational database
as seen in Figure 4.1. Finally, the optimization process starts and runs through a
number of cycles. In this example, as shown in Figure 3.7, the system was run for 5
times (to increase the number of repetitions in stochastic approaches contributes to
access the most reliable solutions) for each grid. Following the fulfillment of the

optimization process, the planner can view:

1. The generated optimal tradeoff solutions and display the Pareto optimal solutions

as shown in Figure 4.22.
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Figure 4.22 Pareto Optimal Solutions (An example of the case study)
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2. The generated and visualized optimal site layout plans as shown in Figure 4.23.
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Figure 4.23 Optimal Site Layout Plans (An example of the case study)

3. The generated site layout risk and distance data as shown in Figure 4.24.
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4. Data of the generated temporary facilities position, as shown in Figure 4.25.
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Figure 4.25 Temporary Facilities Position Data (An example of the case study)

4.3. Model evaluation and results verification

Model evaluation and results verification were performed by analyzing and
testing the performance of the model in the application example (described
Section 4.2) are analyzed in order to illustrate the use of the present model and
demonstrate its capabilities in between optimizing construction site layouts and
generating optimal tradeoffs minimizing the risk of safety because of the crane
operations and minimizing the total distance of interaction. Comparing
experimentally of diverse optimization techniques always includes the concept of
performance. The definition of quality is significantly more complicated for multi-
objective optimization in comparison with single-objective optimization problems.
Many metrics of performance exist which are used to measure the resulting non-

dominated set in the Pareto-optimal front (Xu and Li 2012).
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Two metrics of the performance were studied in this thesis for further
expression of the efficiency of the convergence. (1) Calculating the mean of the
obtained non-dominated front and (2) determining the minimum value for the
resulting non-dominated set. Model runs compatibly with sets of grid search method
by the number of 500 iterations and 5 repeats for each set (figure 3.7). They were
performed to create the optimal tradeoffs between the construction safety and
distance as well as to study the efficacy of the diversifying iterations size (it size),
population sizes (pop size) and repository size (rep size) on the quality of the attained
solutions by utilizing two metrics mentioned. It is confirmed in this thesis by the
results of this analysis for the application example that increasing the iterations size

lead to improved quality of the solution in the two metrics (see Figure 4.22 to 4.31).
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Moreover, the results emphasize that increasing the population sizes lead to
improved quality of the solution in the two metrics.

Although some fluctuations happened in the two metrics, the final result has
not been affected (see Figure 4.22 to 4.31). In addition, the results of this analysis
also prove that increasing the repository size lead to improved quality of the solution
in the two metrics. Although some fluctuations happened in the two metrics, the final
result has not been affected (see Figure 4.22 to 4.31).

The generated optimal site layout solutions for any project will provide
optimum tradeoffs between construction safety and distance of resources. For the
current example, site layout A (see Figures 4.32 and 4.33) provides the worst risk of
crane operations relevant safety risks in between non-dominated solutions
(183.881692 ) as well as the best level of performance in total distance of interaction
in between non-dominated solutions (1.62021*10°). This risk level and the total
distance of solution of solution A can be changed for the best level of risk
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performance in between non-dominated solutions (24.88126099) and the worst
performance of total distance in between non-dominated solutions (5.48430*10°), as
shown in Figures 4.32 and 4.34 for the solution B. It should be noted that site layout
A minimizes the total distance of interactions in between the resources on the site by
(1) locating temporary facilities close to one another; and (2) shortening the travel
distances between the facilities and the crane, as shown in Figure 4.33. In other
respect, the site layout B minimizes entire construction risk on site by (1)locating
highly risky temporary facilities (e.g., welding workshop, fuel stock, and tool stock)
far from crane operations zones, (2)locating highly risk temporary facilities (e.g.,
welding workshop and fuel stock) far from each other, leading to the best level of
risk performance (see Figure 4.34). The construction planners can evaluate these
optimal tradeoffs between the construction risk and travel distance of resources as
well as select a site layout which fulfills the specific requirements of the project

being considered.
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5. CONCLUSIONS

The present research study was focused on multi-objective optimization of
site layout planning for residential building projects (Khalafallah, 2006). In this
study, new research developments involve (1) minimization of the safety risks of
crane operations and (2) minimization of the total distance of interactions. The model
is designed to search and generate optimal site layout plans that provide optimal
tradeoffs in between these two important objectives satisfying all convenient
constraints in this construction problem. The model has developed in five principal
tasks: (1) Investigate and develop objective criteria to enable minimizing
construction safety risk of crane operations; (2) Investigate and develop objective
criteria to enable minimizing the total distance of interaction; (3) Modeling the site
layout practical optimization constraints; (4) Implementing the model as a multi-
objective particle swarm optimization algorithm application; and (5) Evaluating and
verifying performance of the model by the grid search method. An application
example was analyzed to illustrate its use and demonstrate its capabilities. The
analysis results emphasize the new and unique capabilities and also prove the
hypothesis that a new site layout planning model can be developed to search and
determine the optimal tradeoffs between minimizing the safety risk of crane
operations and minimize the total distance of interaction of resources on the site,
while satisfying all the practical site layout constraints. The system is designed not
only to optimize the above-mentioned objectives, but also to enable supporting
improved visualization of the generated optimal site layout solutions. The primary
research developments of this study contribute to the improvement of current
practices in construction site layout planning and can lead to a competitive advantage
for contractors utilizing the developed system due to (1) increasing the efficiency of
construction operations and (2) decreasing the insurance premiums, in consequence

of these safety improvements.

Although the current study showed that the developed model;
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1. Considers user-defined variables such as the size of the site, type and number
of the temporary facilities, the relationship between these facilities from the
point of safety and traveling distance, the relationship between the crane and
the temporary facilities, risk factors and variables required by the
optimization algorithm.

2. Presents an automated system for the construction planners. That system
provides a variety of different solutions as well as site layout plans that can

be practically utilized on the site.

There are two limitations of this current model because it is only convenient
for quadrilateral construction sites and for one tower crane. For this reason, the
number of additional research directions has been determined during the course of

this study. This includes:

1. Development of a model that covers any site shape.

2. Development of a model for more than one tower crane.
Additional developments are also recommended as;

3. Including security and environmental requirements as optimization
objectives,

4. Using various approaches of artificial intelligence in order to generate

optimal site layout plans in construction projects and compare the results.
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APPENDIX 1: THE RESULTS FOR THE APPLICATION EXAMPLE

1. Mean and Minimum Values for Population Size 50 and Repository Size 25%,
30%, 35%, 40%, 45% and 50%
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2. Mean and Minimum Values for Population Size 100 and Repository Size 25%,

30%, 35%, 40%, 45% and 50%
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3. Mean and Minimum Values for Population Size 150 and Repository Size 25%,
30%, 35%, 40%, 45% and 50%
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4. Mean and Minimum Values for Population Size 200 and Repository Size 25%,
30%, 35%, 40%, 45% and 50%
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5. Mean and Minimum Values for Population Size 250 and Repository Size 25%,
30%, 35%, 40%, 45% and 50%
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APPENDIX 2: QUESTIONAIRE

1. Personal Info

1. Personal Info
Civil Technical
Profession | engineeting | Architect | personnel | Occupational health and safety officer
Position Project | Construction | Senior | Site engineer | Site engineer | Other
Manager manager engineer | with 15 years | with 8 years
experience | experience

85




2. Experts assessments related to the possibility of the safety risks due to the strucks
of tower crane loads on the temporary facilities

Fatal &
Injuries
incidents
Related Struck
by tower crane

loads with

RS ( Risk severity)

Wery

lowr

(VL)

Low

(L)

Medin
m (M)

High
(H)

Nary
high
(VH)

Welding
workshop

Contractor
office

Eest room

parking

W

Fuel stock

Tool stock

Generator
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3. Experts assessments related to the possibility of the safety risks due to the load
falls from the tower crane on the temporary facilities

Fatal & RS ( Risk severity)
Injuries

incidents
Related the Very Low | Mediu | High | Vary

load falls from low (L) m (M) (H) high

the tower (VL) (VH)
cramne on
Welding

workshop
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parking

WC
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Tool stock

(renerator
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4. Experts assessments related to the possibility of the safety risks due to the crane
collapses on the temporary facilities facilities

Fatal & RS ( Risk severity)
Injuries
incidents

Related tower | Very Low | Mediu | High | Vary

-

crane collapses low (L) m (M) (H) high
(VL) (VED

Welding
workshop

Contractor
office
Rest room

parking

WG

Fuel stock

Tool stock

(Generator

88



5. Proximity weight among Facilities

Absolutely necessary (A)
Evaluation Criteria: Especially important (E)
Proximity Important (T}
weight among Ordinary closeness{0)
Facilities Unimportant (U)
Undesirable(X)
Welding | Contractor | Rest | Parking | WC | Fuel | Tool Generator
workshop office room stock | stock
Welding
workshop
Contractor
office
Rest room
Parking
WC
Fuel stock
Tool stock
Generator
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