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Project success and achieving project objectives and goals highly depend on
effective and thorough risk management implementation. This study provides
a comprehensive and practical methodology for project risk management. In
this paper, firstly, the risks were collected by analyzing the historical
documents and literature. Then, the collected risks were screened using
brainstorming and categorized into five groups. Subsequently, a
questionnaire was made and the identified risks were validated using the
Fuzzy Delphi technique. Also, the relationships between risks were
determined using the Interpretive Structural Modelling (ISM) method.
Moreover, the weights of the criteria used to rank the risks were calculated

through the Fuzzy Best-Worst Method. Subsequently, the major risks were
determined using the fuzzy WASPAS method. Furthermore, a novel bi-
objective mathematical programming model was developed and solved using
the Augmented Epsilon-Constraint (AEC) method to choose the optimal risk
response strategies for each critical risk. The results demonstrated that the
proposed framework is effective in dealing with construction project risks.

1. Introduction

Contractors are constantly looking for methods to enhance their productivity, minimize their
costs and increase their profit based on their organizational strategy [1]. However, poor project
management and delays in its various stages have always imposed a lot of losses and played a major
role in increasing the costs of organizations. On the other hand, these costs may be considerably
reduced by identifying the factors causing delays in the completion of projects by creating a
systematic method and taking effective steps to reduce or eliminate these factors as well as allocating
resources to them according to organizational strategic priorities. Since contractors perceive
construction projects as the strategic planning options, choosing the right projects and accurately
and timely implementing those projects seem to be extremely important [2].
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Potential risks may rise from various characteristics and aspects of a project [3]. Risks have the
potential to positively or negatively influence the project objectives such as cost, time, and quality.
As a result, when managers fail to effectively address the risks with negative and detrimental
consequences on the project, issues like poor quality, cost and time increase may happen [4]. Many
researchers and organizational managers extensively acknowledge the significance of project risk
management to guarantee the success of the project. In general. the project risk management
contains three steps [5]: risk identification, risk assessment, and responding to risks. Potential risks
are identified and recorded in the first step. Then, the identified risks are evaluated in the risk
assessment stage, their descriptions are modified, and their related consequences and probabilities
are estimated. In the response to risk step, proper actions are recognized, evaluated, selected, and
finally executed according to the existing knowledge of the project risks to mitigate the occurrence
of the risk and/or negative effects to a tolerable level. Subsequently, appropriate measures are
chosen to respond to the risks aimed at addressing the risks forecasted in the project implementation
[6]. In general, the primary aim and goal of this research is to develop and select the risk response
strategies by focusing on the risk identification and assessment process.

Meanwhile, construction projects have unique features such as a long-life cycle, complex
processes, stressful environment, and sometimes conflicting interests of stakeholders, which will
inherently render many uncertainties during the project. The occurrence of delays in the engineering,
procurement, implementation, and operation phases seems to be one of the common issues and
problems in construction projects so that the amount of delay is so much in many cases that would
even question the economic justification of the project. To prevent delays, the project manager
needs to know what factors have caused delays and what measures should be taken to overcome
them. On the other hand, according to the technical and support needs of each project, the impact
of each delay factor in the implementation of the project may vary, and these factors are recognized
in the form of project risks for the managers of organizations. Therefore, the analysis of risks is
considered as a crucial factor in choosing the right construction projects [7]. Murray-Webster and
Hillson [8] defined risk in the most recent definition as uncertainty that can positively or negatively
affect one or more goals. Also, the Reformation Committee of the American Insurance and Risk
Association has expressed its view on risk as follows: Risk is the uncertainty of the outcome of an
event that has a probability of occurrence. In general, project risks are the result of the uncertainty
that exists in all projects and their components. Project risk management has been identified and
recognized as a fundamental job for proper identification and evaluation of risks to ensure the
minimization of the errors and deviations from the project plan [9].

Most of previous studies have focused on identifying and analyzing project risks, and less studies
on risk response selection can be found. However, these research works have generally used multi-
criteria decision-making (MCDM) or single-objective mathematical models to select risk response
strategies. Further to best of the authors’ knowledge, no research exists that exploited multi-
objective mathematical programming model for selecting the optimal risk response strategies.
Therefore, the present research seeks to fill the existing research gap by providing a hybrid and
comprehensive approach. The first contribution of this research is the use of ISM to examine the
relationships of project risks, which is inspired by the future suggestions of Wu et al. [5]. The second
and third contributions of the current study are the application of the fuzzy WASPAS method to
determine critical risks and choose multiple risk response strategies through presenting a novel bi-
objective mathematical programming model.

The proposed approach of this paper includes the following steps: First, the risks are collected
using historical documents and literature review. Then, the risks associated with the implementation
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of the concrete skeleton of a five-star hotel are identified, and finalized using the fuzzy Delphi Method
and expert judgement. Subsequently, the relationships between risks are determined and analyzed
using the ISM method followed by categorizing them based on the driving and dependence powers.
Afterwards, the importance weights of evaluation criteria are calculated using the Fuzzy Best-Worst
Method (FBWM). In fact, five criteria of the intensity of the cost effect, the intensity of the time
effect, the intensity of the quality effect [10], the probability of occurrence, and detectability are
utilized in this study to analyze the risks. In the next step, the identified project risks are prioritized
and ranked using the Fuzzy WASPAS method, and thereby, the critical risks are distinguished for
developing appropriate response strategies. Finally, a bi-objective optimization model is proposed to
select the optimal risk response strategies. The Augmented Epsilon-Constraint (AEC) method is also
utilized to solve the proposed bi-objective optimization model.

The framework of this paper is organized as follows: In the second section, the research literature
is reviewed. The third section thoroughly explains the research methodology. In the fourth section,
the implementation steps of the proposed methodology in a construction project as a case study are
presented and the computational results are presented. The fifth section provides the managerial
discussion and practical implications. Finally, the paper concludes in the sixth section along with some
suggestions for further studies.

2. Literature review

Fernando et al. [11] studied the financial risks influencing construction contractors in Sri Lanka
and identified the most basic financial risks through expert’s opinions using unstructured interviews
and questionnaire. The findings showed that the most serious financial risk influencing contractors is
related to changes in the price of materials. Also, future contracts were found to be the most
common risk hedging technique used by contractors to deal with identified financial risks. Ahmadi et
al. [10] provided a comprehensive framework for managing major risk events of highway
construction projects in three stages as follows: identifying potential hazards, evaluating and
prioritizing the identified risks based on the state analysis model, and the effects of fuzzy failure, and
identifying the appropriate response. The cost, time, and quality are the major factors and criteria
for ranking and prioritizing the risks weighted using the Analytic Hierarchy Process (AHP). They
proposed a new system to identify the appropriate risk response strategy for risk-generating events
based on the risk factor, control number, and risk allocation.

Dehdasht et al. [12] assessed the project risks combining the DEMATEL and Analytic Network
Process (ANP) methods. They suggested a risk assessment method that identifies the crucial risk
factors with a direct impact on the success of the project. This approach in turn contributes to
developing policies to ensure reliable planning of energy supply. The research data was collected in
2016 through performing interviews with experts working in oil and gas construction projects in Iran.
According to the results, the experts in oil and gas construction projects are more concerned about
financial and technical aspects since the weight of these risk groups is considerably higher than other
risk dimensions. Also, according to experts, some of the most important risk factors in oil and gas
construction projects include failure in the financial allocation of the project, errors in the design
plans, delays in the audit and payment of the contractor's monthly temporary statements, and the
poor quality of the prepared materials or shortage of materials. Fattahi and Khalilzadeh [13] used the
fuzzy weighted risk priority Number (FRPN) to assign to each failure. They calculated the weight of
the factors of the mode analysis model, failure effects, and the weight of failure modes using a hybrid
approach of Fuzzy AHP and Fuzzy MULTIMOORA methods. They considered a steel factory in Iran as
a case study to demonstrate the application and advantages of the proposed fuzzy hybrid method.
Their findings suggested that the “Average fuzzy weighted risk priority numbers (AFWRPNSs) have
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decreased by 56% compared to the “Average corrected fuzzy weighted risk priority numbers
(ACFWRPNSs). Rahimi et al. [14] proposed a hybrid approach based on Failure Mode Effects Analysis
(FMEA) and ISO 3100 for the construction project risk management. This hybrid approach was not a
very accurate approach in providing a proper risk response. Thus, they suggested a mixed integer
programming (MIP) model for choosing the optimal risk response strategies for the project. The
model was based on the synergy between project risk responses with the potential to consider
different criteria in the objective function and optimize them regarding the defined projects.
Ultimately, they applied two meta-heuristic algorithms to solve the model.

Kassem et al. [15] evaluated the risk factors existing in the construction projects in in Yemen. The
findings revealed that internal risks and changes during project implementation are the first and
second influencing factors followed by the instability of the government, inaccurate estimation of
the project cost, delay of the government in making decisions, inaccurate project schedule
estimation, political situation, and civil war. Mahmoudi et al. [16] presented a model for managing
the risks in the foreign contracts. The identified risks were then considered as criteria to prioritize the
contracts. They used the BWM method combined with the Gray Relational Analysis (GRA) method
for prioritizing contracts after acquiring the opinions of experts. The results showed that the
additional cost of the contract seems to be the most appropriate option for outsourcing construction
projects. Zhang and Sun [17] employed a hybrid method of DEMATEL and ANP to weigh the risks
resulting from leaving the train at the railway station. They also used the Delphi method to identify
risk response strategies and then ranked risk response strategies with the TOPSIS method. Badalpur
et al. [18] utilized the WASPAS method for identifying and qualitatively assessing the risks of a road
construction project in Iran. The project risks were identified in this project by brainstorming method
using an expert team, and the effects of these risks on the success criteria of the project, including
time, budget, and quality were determined using the opinions of three experts. The research three
criteria of the project were then weighted using Shannon’s Entropy method. Finally, the project risks
were ranked by employing the WASPAS method and the critical risks of the project were determined
to enable the project team to enter the risk response phase. Khalilzadeh et al. [19] provided a FMEA
technique for risk analysis and assessment in the oil and gas planning phase. First, 19 major safety
and operational safety risks in projects were categorized into six groups using the Delphi method.
The factors were distinguished through the review of the project documents, checklist analysis, and
expert consultation. Then, they determined the risks” weights using the Fuzzy SWARA method. The
FMEA and PROMETHEE methods were then used to identify the priority of the main risk factors. They
finally developed a binary multi-objective optimization model to select the risk response strategies
and used the AEC method. Hiyassat et al. [20] identified 62 risks in a construction project in Jordan
and categorized them into 14 groups by reviewing the relevant literature. Then, two factors of the
probability of occurrence and the intensity of effect were determined to rank the risks. The risks were
rated using expert judgement and questionnaire to find out the major risks for developing the risk
response strategies. Also, Erol et al. [21] weighted the causes of the construction project risks with
the Delphi and ANP methods. Table 1 presents a summary of the related studies.
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Table 1
Brief review of relevant studies
Problem
paramete Methodology
r
MCDM Others
eS¢ 25 k25 T8 o3z
392 % p s 5548 52528
e & =
Fernando et al. [11] X
Ahmadi et al. [10] X X X X
Dehdasht et al. [12] X X X X
Rahimi et al. [14] X X
Fattahi and
Khalilzadeh [13] X X X
Kassem et al. [15] X X X
Mahmoudi et al. [16] x X X
Khalilzadeh et al.
[19] X X X X
Zhang and Sun [17] X X X X X
Badalpur et al. [18] X X X
Hiyassat et al. [20] X X
Erol et al. [21] X X
Present study X X X X X X

Examining the literature review indicates that most studies in the field of risk management have
used other approaches such as field studies (Survey), statistical analysis, and the FMEA method. On
the other hand, some research works have employed the MCDM techniques for risk analysis and
assessment, of which AHP and TOPSIS are the most frequent. Further to the authors’ knowledge, no
study found that applied the combination of Fuzzy BWM, WASPAS and mathematical programming
model to the construction project risk management.

3. Methodology

The present research is an applied study in terms of the type of objective and a descriptive-survey
in terms of data collection method. This is a survey study since some questionnaires were designed
to identify and analyze the risk factors in the studied project.

A combination of tools and techniques for identifying project risks was employed to identify the
project risks [22]:

1. Study of the project and the documents of the project and the organizational process assets,

2. Library studies,

3. Preparation of an initial checklist and risk breakdown structure,

4. Forming a panel of experts and preparing the final list of project risks through brainstorming
and validation of the risks using the Fuzzy Delphi technique

The identified risks were leveled and dependencies between risks were determined using the ISM
method and MICMAC analysis of the conceptual relationships. Then, the risks with high dependence
and high driving power were chosen as potential risks for evaluation and assessment using the fuzzy
WASPAS technique. Afterwards, five criteria including the intensity of cost effect, the intensity of
time effect, the intensity of the qualitative effect, the probability of occurrence, and detectability
were considered for prioritizing the risks [10]. In addition, the Fuzzy Best-Worst fuzzy Method
(FBWM) was employed to rank the criteria used for risk assessment.
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In the next step, the identified risks were prioritized using the Fuzzy WASPAS method, and
thereby, critical risks were distinguished to assign response strategies. Finally, a bi-objective model
was proposed to choose the optimal response strategies to each critical risk. The Augmented Epsilon-
Constraint (AEC) method was also utilized to solve the proposed multi-objective optimization model.

3.1 Data gathering

The questionnaires were provided according to the identified criteria and factors and were sent
to the professionals and experts of the studied organization, and the mentioned experts rated the
performance based on the criteria. The library method was used in this research for designing the
primary model, subsequently, a questionnaire was used to obtain the experts' opinions. Another
guestionnaire was also employed to collect data related to the research.

3.2 Questionnaire validation

Four researcher-made questionnaires were utilized in the current study. To design the fuzzy
Delphi questionnaire, the items included the final list of the identified risks. According to Table 2, A
group of 15 individuals consisting of experts of the organization was chosen to ensure the content
validity of the selected items. Then, the validity of the content of each item was examined using the
fuzzy Delphi questionnaire. Thus, the experts and professionals were requested to announce their
viewpoints and opinions regarding the rejection and acceptance of all items. The questionnaires were
then collected and analyzed according to the steps mentioned in sections 3-7. Ultimately, the final
items for which the threshold value (B) was greater than 5.6 were selected for future analysis [23].

Three other questionnaires were designed to examine the validity of the questionnaire after
determining the items, which were presented to the supervisors and experts of the organization, and
the face and content validity of the questionnaires were confirmed. These questionnaires were as
follows:

1. Interpretive structural equations (for examining conceptual relationships and leveling
between risks)

2. Fuzzy BWM (for determining the weights of risk factors evaluation indicators)

3. Fuzzy WASPAS (to identify critical risks)

4. The reliability of the questionnaire

In general, the data collected in this research was examined through the Best-Worst
guestionnaire to assess the reliability of the results obtained by the characteristic of the BWM
technique. If this characteristic takes a value less than 0.1 in all questionnaires, the results will be
highly reliable.

3.3 Statistical population and sampling

The sampling method in this research was a non-probability and purposive judgmental sampling
approach. Since only experts and project managers in the studied organization (Paydar Pey Sazeh
Company) were familiar with the project risk concepts in the present research, thus, this sampling
method had to be used. The reason for using this sample as a research sample was the relatively
acceptable background and experience of these people in the relevant topics. Hence, a sample of 15
experts was selected to collect the required data. Of these, 4 people were with less than 15 years of
work experience, 9 people had between 15 and 25 years of experience, and 2 people with greater
than 25 years of experience. In terms of education, 7 people had a bachelor's degree, 6 people had
a master's degree, and 2 people had a doctorate degree. In Table 2, the respondents are presented
based on their responsibility and frequency in the organization or in the research project.
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Table 2
Information of experts

Type of
Responsibility

Responsibility Frequency

Strategic manager of the organization
PMO Manager of the Organization
Project Manager

Project Executive Manager

Organizational 1
1
1
Project Engineering Manager 1
1
6
1
2

Projectized Project Director of Workshop
Design and Field Project Senior Engineers
Project Planning and Controlling Manager
Project Planning and Controlling Senior Engineers
Overall 15

3.4 Fuzzy sets theory

Fuzzy sets theory can deal with ambiguity, subjectivity, and imprecision through quantifying the
linguistic and verbal variables associated with individual or group decision-making. Different types of
fuzzy numbers such as triangular, trapezoidal and pentagonal have been introduced with their
membership functions [24]. The triangular fuzzy number (TFN) as the most frequently-used fuzzy
number was chosen in this research due to its membership function structure and the simplicity of
fuzzy mathematical operations [25].

Forthe TFNs 4; = (I;,my,uy) and A, = (I,, m,, u,), the mathematical operations are presented
in the following equations [26]:

1‘11 S, 1‘12 = Iy, my,uy) @ (I, mp,up) = (I + I, my +my,uy +uy) (1)
41 ® 42 = (llJ ml, ul) ® (lz, mz, uz) = (lllz, mlmz, uluz) (2)
A1~@ Ay = (I, my,uqg) /(L mp,up) = (L)1, my fmy,uq fuy) (3)
/1A1 = (All, Aml, Aul),l > O (4)

If A; = (I;, m;,u;) is a TEN, then, the best non-fuzzy performance of A; is calculated based on
the graded mean integration representation (GMIR) method using the Eq. (5). This method is simple
and practical and does not require the mental preference of any decision-maker. Therefore, this
technique was used in this research [27,28]:

3.5 The fuzzy Delphi method

The fuzzy Delphi method was presented by Ishikawa et al. in 1993. In fact, the fuzzy Delphi
method is a combination of conventional Delphi method and fuzzy sets theory [29]. Hofstede et al.
[30] realized that using the fuzzy Delphi method for collective decision-making can lead to a common
understanding of the opinions of experts.

The steps of the fuzzy Delphi method are as follows:

Step 1: Collecting the experts’ opinions.

First, the members of the expert committee of the company were asked to identify the
importance of each risk using the Five-point Likert scale shown in Table 3.
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Table 3

TFNs corresponding with the verbal variables
LINGUISTIC ~ VERY LOW HiGH Very
TERMS (VL) Low(l)  Meoum(M) ) High (VH)
TFN (1,1,2) (2,3,4) (4,5,6) (6,7,8) (8,9,10)

Step 2: Calculating the fuzzy numbers
Based on Eq. (6), all opinions of the expert committee members (k) are aggregated:

1
k k
_ | i ok | | K k
W; = (aj, bjm, cjn) = min a]-L,( bjM> ) MAX Cjy (6)
k=1

where,

W;: Aggregated TFNs of risk j,

J: Set of risks,

k: Set of experts,

aj.: The minimum value of experts’ evaluations,

bjy: The geometric mean of all experts” evaluations for risk jth,

¢cjn: The maximum value of experts' evaluations

In this step, the maximum and minimum amounts of the experts' opinions were set as the two
endpoints of TFNs and the geometric mean as the degree of membership of TFNs. Afterwards, the
fuzzy number of each of the evaluated risks had to be defuzzificated using the simple center of gravity
method according to Eq. (7) to obtain the final weight of each risk.

_ ajL + b]M + CjN

P = : (7)

Where P;, the defuzzificated value, indicates the cumulative importance of each risk.

Step 3: Determining major risks

The threshold value (B) needed to be determined to determine the list of risks. The threshold
value depends on the fuzzy verbal scale and experts' preference; i.e., the more the series of fuzzy
linguistic scales, the smaller B would be and vice versa. In the proposed research, the 9-point fuzzy
scale (Tables 2 and 3) was employed, and therefore, as stated in the research of Zhang [23], the
threshold value for a fuzzy 9-point scale was considered equal to B = 5.6 [31].

Step 4: Selecting the final risks

The final step in the fuzzy Delphi validation process is to create a final list of factors according to
the threshold value, which is as follows:

If ; = p, then, the risk component is selected; otherwise, if P; < f, then the risk component

is eliminated.

3.6. Interpretive structural modeling (ISM)

Interpretive structural modeling (ISM) was introduced by Warfield in 1974 [32]. The ISM method
specifies the relationship between variables. In fact, interpretive structural modeling is structuring
elements and determining the conceptual relationship between dimensions. In other words, the
complexity between the elements can be overcome [33]. In general, the ISM process includes the
following steps [34]:

Step 1: Identifying the variables related to the problem

In this step, the risk factors confirmed through the fuzzy Delphi method are considered as
variables.
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Step 2: Forming the structural self-interaction matrix (SSIM)

At this stage, the risk factors are examined in pairs and the respondent determines the
relationship of risks using the following symbols:

V: A one-way relationship from i to j

A: A one-way relationship from jto i

X: A two-way relationship from i to j and vice versa

O: The variables i and j have no relationship with each other.

Step 3: Creating the initial “Reachability Matrix (RM)”

In this step, the structural self-interaction matrix turns into a binary matrix and the initial
reachability matrix is obtained. By changing the symbols “A” and “O” to zero and “X” and “V” to one,
the structural self-interaction matrix is transformed into a binary matrix, which is called the initial
reachability matrix. The 0-1 placement rule is as follows:

If the relationship between two risks (i, j) in the self-interaction matrix is V, in the RM matrix, the
relationship between i, j is replaced with “1” and vice versa, the relationship between i, j is replaced
with “0”.

If the relationship between two risks (i, j) in the self-interaction matrix is A, in the RM matrix, the
relationship between i, j is replaced with “0” and vice versa, the relationship between i, j is replaced
with “1”.

If the relationship between two risks (i, j) in the self-interaction matrix is X, in the RM matrix, the
relationship between i, j is replaced with “1” and vice versa, the relationship between i, j is replaced
with “1”.

If the relationship between two risks (i, j) in the self-interaction matrix is O, in the RM matrix, the
relationship between i, j is replaced with “0” and vice versa, the relationship between i, j is replaced
with “0”.

Step 4: Creating the final reachability matrix

After the initial reachability matrix was obtained, the final reachability matrix would be obtained
by introducing transferability into the relationships between risks.

Step 5: Determining the level of dimensions

At this stage, by obtaining the final reachability matrix to determine the level of risks, two
reachable and predecessor sets were defined followed by obtaining their intersection. Thus, the
reachable set is a set in which the number of risks appears as one in the rows and the predecessor
set is a set in which the number of risks appears as one in the columns. The next column of the table
(intersection) will be completed by obtaining the intersection of these two sets. The first line where
the intersection of two sets is equal to the reachable set would be specified as the first level of
priority. After determining the level, the risk or risks whose level has been determined were deleted
from the table, and this process would be repeated until the levels of all the remaining risks are
determined, and after determining the final level, the final form of risks would be drawn using the
determined levels.

Step 6: Analyzing the driving and dependence power (MICMAC chart)

In the MICMAC analysis, the risks are divided into four groups based on the driving and
dependence power (which is extracted from the RM matrix). The first category includes independent
risks that have weak driving and dependence power. These risks are almost not connected to the
system and have few and weak connections with the system. The second category involves
dependent risks, which have low driving power but strong dependence. The third category includes
connected risks, also called linking risks, which have high driving power and at the same time a lot of
dependence. These risks are non-stationary since any changes in them can affect the system, and
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ultimately, the system feedback has the potential to change these risks again. The fourth category
involves key independent risks, which have strong driving power but weak dependence. These risks
act as the foundation of the model and they should be emphasized at the beginning of
operationalizing the system.

3.7 The Fuzzy Best-Worst Method (FBWM)

The Fuzzy Best-Worst Method (FBWM) is one of the powerful methods in solving the MCDM
problems, which is utilized to obtain the weights of options and criteria [35]. BWM has been
extensively applied to various problems in recent years [27,28,36]. This method dramatically reduces
the number of pairwise comparisons by only performing reference comparisons. Thus, the experts
merely need to determine the priority of the best criterion over other criteria and the priority of all
criteria over the worst criterion. This method generally performs much more efficiently and faster
than other existing methods in determining weights in MCDM problems through removing secondary
comparisons. This method provides an initial insight into the most influential (best) criteria and the
most affected (worst) criteria by creating cause and effect groups [37,38]. The verbal expressions and
consistency index (Cl) of FBWM are provided in Table 4.

Table 4
The verbal expressions and consistency index (Cl) of FBWM
LINGLISTIC EQUALLY WEAKLY FAIRLY VERY ABSOLUTELY
TERMS IMPORTANT IMPORTANT IMPORTANT  IMPORTANT IMPORTANT
(EI) (w1) (FI) (V1) (Al)
TFN (1,1,1) (0.67,1,1.5) (1.5,2,2.5) (2.5,3,3.5) (3.5,4,4.5)
Cl 3 3.80 5.29 6.69 8.04

The steps of this method for achieving the optimal fuzzy weights are as follows:

Step 1: Creating a set of decision criteria

In this step, the criteria were obtained by reviewing the literature and experts' opinions and
considered as {c, ¢y, ..., C, }. As stated in the introduction section, the risk factors assessment criteria
are as follows:

1. The intensity of cost effect (c;)
The intensity of time effect (c,)
The intensity of qualitative effect (c3)
Probability of occurrence (c,)
. Error detectability (cs)

Step 2: Determining the best and worst criteria

Based on the set of decision criteria, decision-makers have to identify the best criteria (wg) as
well as the worst criteria (wy,).

Step 3: Performing fuzzy reference comparisons for the best criterion

The fuzzy preferences of the best criterion over all criteria were determined using the decision-
makers’ verbal expressions (displayed in Table 4). The obtained fuzzy preferences were then
converted into TFNs. The best-to-others fuzzy vector was obtained as follows:

AB = (dp1,Gpz, -, Apn) (8)

where,

Apg: The best-to-others fuzzy vector

dgj: The fuzzy preferences of the best criterion compared to other criteria j and j = 1,2, ..., n. so
thatdgg = (1,1,1).

IESN S
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Step 4: Performing fuzzy reference comparisons for the worst criterion

Similarly, the fuzzy preferences of all criteria were determined over the worst criteria. Then, the
obtained fuzzy preferences were converted into TFNs. The fuzzy others-to-worst vector was obtained
as follows:

AW = (Qw, Aaw) - Gnw) (9)

where,

Ay The others-to-worst fuzzy vector

&jw: The fuzzy preferences of the best measure j over the worst wy and j = 1,2, ..., 71 so that
dWW = (1,1,1)

Step 5: Determining optimal fuzzy weights (Wy, W3, ..., Wy,)

To obtain optimal fuzzy weights of criteria, the maximum absolute difference { % — dgj|, |M:’J _
j w
djw|} is minimized for all js, formulated as the following constrained optimization problem.
o o g
minmax{|— — dg — d;
i W w
Z R(w;) =1
s.t. { Y <m < (10)
W
lj >0
y=12,..,n
So that wg = (lg, mg,ug), w; = (lW, ) Wy = (Ly, my, uw), dg; = (lgj, mgj, ug;), and

ajw = (Liw, Mjw, Ww). Assuming §= (lf,mf,uf) and considering I <m® <uf, if it is & =

(k™ k", k™) k™ < I¢, then, model 10 can be converted to model 11:

min f*

(|5 .mzvsv ) Up)
W — (Izj, ms;, us;)

@ my )

(lW, u;’)

(M3 mW, uW)
n

s.t. 3 _ (11)
> R(w) =1

S (k*, k*, k*)

= (liw, mjw, ujw)‘ < (k" k* k")

Jj=1

w w w
L} s=my Sy
w

lj >0
\j=12,..,n

By solving model 11, optimal fuzzy weights (W;, W5, ..., W,) could be obtained. The maximum
consistency index (Cl) achieved according to the different verbal expressions of the decision-makers
for the Fuzzy Best-Worst method is presented based on Table 4. According to the consistency indices,

the consistency ratio was obtained using the consistency ratio CR = ¢ /CI Equation. Obviously, the
closer the CR value to zero, the higher the consistency of the obtained results would be.

3.8 The fuzzy WASPAS method
The WASPAS (Weighted Aggregates Sum Product Assessment) method, which employs the
advantages of the Weighted Sum Model (WSM) and Weighted Product Model [39]. WASPAS has been
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utilized in many studies in the area of MCDM due to its high accuracy, especially for the qualitative
analysis of risks [18]. The fuzzy spectrum used in this method to assess risk factors and determine the
critical risk factors of implementing the foundation and the concrete skeleton of the five-star Iran
Mall Hotel is defined as described in Table 5. The general processes of this method are described

briefly in the following:

Table 5

The verbal phrases for rating risks
LINGUISTIC  VERY LOW Low (1) MEDIUM  HIGH Very High
TERMS (VL) (M) (H) (VH)
TFN (1,1,2) (2,3,4) (4,5,6) (6,7,8) (8,9,10)

Step 1: Gathering the opinions of the expert committee and forming the fuzzy decision matrix of
the option (risk factors) and criteria (intensity of the cost effect, intensity of the time effect, intensity
of the qualitative effect, the probability of occurrence, and errors detectability)

Step 2: Normalizing the decision matrix
In this step, the decision matrix was normalized using the following formulas. Eq. (12) and (13)

were used to normalize positive criteria and negative criteria, respectively.

- Xij )
%, =—2, €B
ij max %;; ] (12)
L
mlnfu
=~ ] .
xl-j = fl] , ] eEC (13)

Where, fij Vi, j is the fuzzy degree (fuzzy performance value) of the potential option 4;,i =
1,2 ....m compared to the criterion C;,j = 1,2 ...,,n.

Step 3: Calculating the normalized fuzzy weight matrix )?q through Eq. (14)
This matrix is obtained by multiplying the criterion weight by the normal matrix.

X11 X12 X1n

5 _| X X X 2 _ = -~ _ L

Xq=|"% 22 05X = XiW i=12.mj=12..,,n (14)
Xm1 Xm2 7 Xmn

Step 4: Calculating the fuzzy matrix )?p through Eq. (15)
This matrix is obtained from the elements of the normal fuzzy matrix to the power of the fuzzy

weight.

X11  X12 X1n

z_f X X = _:MN/]' . L

X, =721 2 n X = X i=12.mj=12..,,n (15)
Q_le Q_sz J?mn
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Step 5: Calculating the optimal values for each option based on Eq. (16) and (17)

i=12..m (17)

Step 6: Defuzzifying the values of Q; and P; to definite values

At this stage, the defuzzificated values are obtained by using Eq. (5).

Step 7: Calculating the value of the integrated function of the utility of each option.

Eqg. (18) is used to calculate the value of the utility integrated function for each option and also
enhance the accuracy in ranking and the effectiveness of the decision-making process in the fuzzy
WASPAS method.

K;=1Q;+ (1 —-A)P;, A€ [0,1] (18)

In general, the value of A is considered equal to 0.5 [40].

3.9 The proposed bi-objective mathematical programming model

A bi-objective mathematical model is proposed to evaluate and select the project risk responses.
The proposed model seeks to choose a set of measures in such a way to optimize the relevant
objective functions besides meeting the system constraints based on the fact the existing risks are
seen as threats to the project and the effect of the strategies would be positive. The objective
functions are related to time and cost, and the model’s goal was to reduce the project completion
delay time as well as the project cost. The constraints in the model are related to time and cost
according to the goals. The time constraint means that those strategies need to be chosen so that
the time required for their implementation and the influence on time do not exceed the specified
time limit. Also, the cost constraint suggests that those strategies need to be chosen so that their
cost and impact on the cost do not exceed the specified budget and cost. Considering the objectives
function and constraints, those strategies should be selected that can be applied to the constraints
and can optimize the objective function. According to the case study, the following assumptions are
considered in the proposed model:

The number of critical risks is known.

The number of response strategies to each risk is known.

Whole project cost, total project duration, and the total budget considered for the strategies are
known.

The order of execution of the desired strategies is not important.

It is possible to choose several strategies for each risk.

The parameters of time and cost are uncertain.

Each risk in the model has a probability of occurrence, the value of which is a specific number
between zero and one that is obtained through the characteristic of the fuzzy WASPAS method.

Sets

[ The set of risks i={12,...,m}
Ji The set of strategies j={12,...,n}
Parameters

awin
|

P;: The probability of occurrence of the risk
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ow:n

W;j: The cost of executing strategy “j” against risk

awn

L;;: The time spent to implement strategy “j” against risk
E;j: The effect of the strategy on the cost caused by the occurrence of risk

“usn

reduced after the implementation of the strategy “j” to overcome the occurrence of the risk
S;j: The effect of the strategy on the time delay caused by the occurrence of the risk “i”, the

awsn

number of days improved after implementing the strategy “j” to overcome the occurrence of the risk

aoin

llill
Ilill
“i”, the amount of cost

ao3n
|

ausn
|

C;: The cost caused by the occurrence of the risk
T;: The time delay caused by the occurrence of the risk
D: The ultimate delay in the implementation of the project

Decision variables

x;j is equal to 1 if strategy j is assigned to risk I; otherwise, it is equal to 0.

awusn
|

Bi-objective mathematical programming model

m n
i=1 j=1
m
i=1 j=1
s.t
n
Z Wijxl-j < Ci Vi (21)
j=1
n

zxu =1 Vi (23)
n

2 Wijxij (24)
= =¥

ZSijxij = 22 Lijxij (25)
= &

Ti—ZZSijxij <K (26)

xl-j € {0,1 \v l,] (27)

The objective function consists of two sections. The first section, Equation (19), attempts to
minimize the costs of implementing the response strategies to the risks. The second section, Equation
(20), seeks to minimize the durations of implementing the response strategies to the risks. Eq. (21)
guarantees the choice of those strategies to prevent the cost of implementing strategies in each risk
from exceeding the loss caused by the risk (i.e., the loss that each risk causes to the project) according
to the cost constraint. Constraint (22) guarantees that those strategies will be chosen so that the
time required to implement the strategies in each risk would not exceed the delay caused by each
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risk. Constraint (23) indicates that at least one strategy needs to be selected from all the strategies
available concerning each risk. Constraint (24) indicates that those strategies should be chosen
according to the cost constraint that the effect of existing strategies against each risk on the cost of
the project would be greater than or equal to the cost of implementing those strategies. Constraint
(25) suggests that those strategies should be selected due to the time constraint that the effect of
existing strategies on the completion time of the project would be greater than or equal to the
implementation time of those strategies. Constraint (26) suggests that those strategies should be
chosen according to the time constraint that the difference of the total delay caused by the existing
risks on the project completion time would be higher than the effect of the maximum delay of the
project. Eventually, the constraint (27) also specifies the types of the model decision variables.

3.10 Augmented Epsilon Constraint (AEC) method for solving the proposed model

The steps of the AEC method are expressed as follows:

1. Choose one objective function as the primary objective.

2. Solve the problem each time regarding the selected objective function, and obtain the
optimal values.

3. Split the interval between any two optimal values of the sub-objective functions into
specified numbers and gain a table of values for ¢,, ..., &,.

4. Solve the problem each time with the primary objective function with each of the values
€2y ey En-

5. Report the Pareto solutions found.

As described, the first and the second objective functions were respectively considered as the
main objective function and sub-objective functions in the proposed AEC method. Then, “n” failures
were considered for each target and a maximum of 2n Pareto solutions in total were gained for each
problem. Afterward, the best solution found for the objective functions was shown among the Pareto
points of the AEC method.

4. Results
The implementation results of the proposed hybrid approach in this research are presented in
this section.

4.1 Case study

The construction project of a five-star hotel in Tehran city, the capital city of Iran was considered
as the real case study. There is one main contractor together with more than 20 subcontractors. This
hotel comprises 18 floors and about 105,000 square meters of floor area, is located in the eastern
part of Iran Mall Entertainment-Business Complex in the 22nd district of Tehran. It has 395 residential
rooms and non-residential sections, including the amphitheater, a reception hall, sports complex, art
gallery, etc. The total project duration was estimated to be six years and the project was launched in
2016.

This study was confined to a part of the project including the design, procurement, and execution
of the concrete foundation and skeleton of the project due to the following two reasons with the
discretion of the supervisors and experts of the project:

1. There are too many risks in this project due to the dimensions and size of the project, a large
number of beneficiaries, the neighborhood of part of the project with other projects being
implemented by the Iran Mall Group, etc.
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2. In this project, according to the abovementioned factors, besides the height of the project,
the specific type of architecture and spaces with specific uses such as the Spa on the 13th and 14th
floors, the amphitheater on the 1st and 2nd floors, and the significance of the uniformity of the
concretes’ standards produced by different manufacturers, the expert committee of the project
concluded that the sub-project of design, supply, and implementation of the concrete foundation
and skeleton of the project is extremely important for the success of the project.

4.2 Identification and validation of risks

As aforementioned, a combination of risk identification methods was employed to identify the
project risks, which includes the following steps:

At this stage, the risks of the studied project activities in the organization were first identified
through reviewing and revising previous research, available and accessible records and documents
in the organization, including the lessons learned from previous projects of the organization,
available documents and evidence in the area of the contract, the project charter, the document of
recording the risks identified at the beginning of the project, and evaluating the status of the project
through the study of reports and correspondence, the relevant recorded minutes. Then, an initial
checklist of the risks found in the project and similar projects was prepared.

In the next step, the risks were classified into the following categories according to the nature of
the risks and inspired by the classification presented by Albarkoki [41] as well as the opinions of
experts, including the organization's PMO manager, the project manager, the engineering manager,
the executive director, and the project planning and control manager:

A. Materials, equipment, and machinery area
Executive operations area
Managerial area
Studies and design area
Safety and health area
This initial list was then provided to the expert committee of the organization and the goals
of the research were explained to them. Afterward, an expert committee consisting of 15
organization and project experts was formed according to Table 2. With the participation of these
people and using the brainstorming technique, the number of risks identified in the checklist was
reduced to 24 risks and 6 risks were added to them by experts. Therefore, a list containing 30 final
risks was prepared.

2. These risks were again provided to the expert committee for validating the identified risks.
Using the fuzzy Delphi method, they finalized the initial list of the project risks. The results are given
in Table 6.

MO0 ®m

Table 6
The identified risks and reviewed resources for the construction project of implementing the
concrete foundation and skeleton of the five-star hotel

Row Area Related risks Sources

1 2 Unavailability of machinery and equipment (R1) [42], [43], [44],
2 2

2 a ¢ The reduced efficiency of transportation machines [42], [43], [22]
5 (RY)

3 @ g Failure to timely supply the required materials (R3) [44], [22]

4 -g e Failure of batching (R4) Expert opinions

5 £ ° Weakness in the material and equipment storage [43]
= system (R5)

457



Decision Making: Applications in Management and Engineering

Volume 7, Issue 1 (2024) 442-472

Row Area Related risks Sources
6 Failure of pumps (R6) Expert opinions
7 Damages to the equipment due to environmental [22]
and workshop factors (R7)
8 Insufficient batching power (R8) Expert opinions
9 Delay in the execution of core walls (R9) Expert opinions
10 Collision of machinery with obstacles existing around  [44], [22]
” the foundation (R10)
11 _5 Failure to meet the prerequisites of the tower [44]
g structure in the foundation section (R11)
12 g The difficulty of concreting (R12) Expert opinions
13 g Increasing thermal gradient (R13) Expert opinions
14 ‘g Failure to timely communicate plans and design [42], [43], [22]
) details (R14)
15 = Slippery access road during rain (R15) [44], [41]
16 Fracture of scaffolding fasteners during scaffolding [22]
operations (R16)
17 Lack of financial ability of the contractor to provide [43], [45], [44],
consumables (R17) [22]
18 Insufficient documentation of documents and [22]
= records (R18)
19 s Poor coordination and communication between the [43], [45], [22]
?Cu” executive agents of the contractor (R19)
20 ‘2‘5 Work interferences and bureaucracy (R20) [45]
21 Weakness in choosing reinforcement and formwork [45], [22]
contractors (R21)
22 Delay in the delivery of land and resolution of [42], [43], [44],
conflicts (R22) [22]
23 g Failure to pay attention to the requirements and [43], [45], [22]
@ needs of the structure in the design (R23)
24 g Weakness in geotechnical and structural studies [43], [45], [22]
g (R24)
25 8 Insufficient compressive strength of concrete (R25) [22]
26 3 Delay in providing foundation reinforcement [43], [45]
& drawings (R26)
27 = Occurrence of accidents due to non-observance of [46], [47], [22]
g safety precautions during executive operations (R27)
28 o Increased carbon monoxide caused by the [22]
° accumulation of machinery (R28)
29 ° Fire (R29) [46], [43]
30 A Occurrence of safety incidents (R30) [46], [47]

Then, the conceptual relationships and the leveling among the approved risks were determined
by the expert committee by applying the steps presented in the method of interpretive structural
modeling. In general, after achieving all levels, the leveling of risks was reported according to Table

7:
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The process of leveling the risk factors considered in the studied problem

Table 7
Level Risk Factor
Level 1  Ro, R2o, R21, R24, R2s5, R26, R3o
Level 2 Rui, Riz, R23, Rag, Rag
Level 3 Ry, Ris, R2y
Level 4 Ra
Level 5 Rs, Ri7
Level 6  Rio, Ris
Level 7 Ri3, Ris
Level 8 Ris
Level 9 Ry, Ris
Level 10 Ry, Rs3, R4, Rs, Rs

Also, the research model can be shown in Figure 1 in terms of the power of influence and
dependence. Accordingly, only risks R1, R3, R4, R5, and R6 are of an independent type. These factors
have low dependence and high direction (guidance). In other words, high effectiveness and low
susceptibility are the characteristics of these factors. R11 and R20 risks are of dependent type; these
factors have strong dependence and weak guidance. Basically, these factors are highly influenced by
the system and have little influence on the system. The rest of the risks are of an interface type. These
factors have high dependence and high driving power. In other words, the effectiveness and
susceptibility of these criteria are very high, and every small change in these variables causes
fundamental changes in the system. Therefore, the set of risks R2, R7, R8, R9, R10, R12, R13, R14,
R15, R16, R17, R18, R19, R21, R22, R23, R24, R25, R26, R27, R28, R29, and R30 were chosen as
potential risks for evaluation using the hybrid FBWM-FWASPAS technique.

Independent
30

R3
R5
® R1

L

Linkage

® R25
® R27
® R23

® R12
R18 @ R10 R9
® R14 ® RS O R22
ris  R16 ® R13 ()
o0 ® R7 R28@ R24
® R17
® R19
® R21 R30 @ R29
® R26

15

Driving Power

Autonomous

10

Fig. 1. The influence power-dependency diagram of the construction

15

® R20

Dependent o Rul

Dependence Power

projects’ risks
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4.3 Determining critical risks

In this section, the weights of the evaluation indices of risk factors were determined according to
step 1 of the FBWM method aimed at evaluating risk factors. These indices are as follows:

1. The intensity of cost effect (c;)

2. The intensity of time effect (c,)

3. The intensity of qualitative effect (c3)

4. Probability of occurrence (c,)

5. Error detectability (cs)

The best and worst characteristics were identified among the above components through the
collective agreement of experts. Accordingly, the criteria “intensity of time effect (c,)” and error
detectability (c5) were chosen as the best and the worst criteria, respectively. Then, the priority of
the best criterion over other criteria and also the priority of other criteria over the worst criterion
were determined through collective and mutual agreement on the basis of the verbal scale provided
in Table 5. Finally, the paired vector of the best criterion-other criteria as well as the paired vector of
other criteria-the worst criterion was provided in Table 8.

Table 8
Results of the criteria pairwise comparison used for risk assessment
PAIRWISE COMPARISON VECTOR FOR G G Cs Ca Cs
THE BEST CRITERION.
BEST CRITERION: C2 WI El WI Fl VI
PAIRWISE COMPARISON VECTOR FOR WORST CRITERION : Cs
THE WORST CRITERION.
C1 WI
C VI
G WI
Ca Fl
Cs El

After obtaining the degree of priority for all the criteria, the non-linear programming model was
formed as Eq. (28) to obtain the most favorable and optimal criteria’s weights:
mink*
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( w2 my uy 3
uy 3 m} 2
w2 mYy uy 3
uy 3 my 5y 2
y 3 mYy uy 5
———=| <k |——2[Zk|5 3=k
uy, 2 my 2
Yy 5 mYy uy 7
——=| <k |3kl —3[=Zk
ug 2 mg g 2
st D) R P B T
Yy 2 my uy 3
= <kl ——1<k|>->|<k
us 3 mg g 2
r 3 my uy 5
U 2 mg 5 2
1S
EZ(IJW +amY +ul) =1
j=1
W<my <ul,ly <my <uy,l¥ <my <uy,ly <my <uy,l¥Y <m¢ <ul

\ 1'=0lY=01¥=0IlY=01¢>0

The GAMS software was exploited to solve this model. Finally, the fuzzy optimized weights for all
criteria as well as the characteristic £* were illustrated in Table 7. Eq. (5) was employed for
defuzzification of the obtained optimal weights. According to Table 4, Cl for the pairwise comparisons
is 6.69 considering that dg,, = (2.5, 3,3.5). Thus, the consistency ratio is equal to 0.084, suggesting
a very high consistency rate of the results, since the value is less than 0.1. Table 9 expresses the final
weights of the criteria employed for risk assessment.

Table 9

The final weights of the criteria used for risk assessment
RISk ASSESSMENT  FUZzY OPTIMALWEIGHTS ~ DE-FUzzy OPTIMAL  RANK o* CR
FACTORS WEIGHTS

Cost Impact: C1 0.167,0.195,0.231) 0.196
TIME IMPACT: C2 0.263, 0.304, 0.304) 0.297

( 0.562 0.084
(
QuUALITY IMPACT: C3 (0.167, 0.195, 0.213) 0.193
(
(

PROBABILITY: C4 0.157,0.201,0.201) 0.194
DETECTION: Cs 0.103, 0.125,0.136) 0.123

uw bR, IN

After determining the weights of the assessment components of the risk factors of construction
projects using the verbal variables provided in Table 3, the 23 identified potential risks were ranked
by performing the fuzzy WASPAS method step by step based on the indicators of the intensity of the
cost effect (C1), the intensity of the time effect (C,), the intensity of the quality effect (Cs), probability
of occurrence (Ca), and error detectability (Cs). In general, the values related to Q; and P; as well as
the value of the integrated utility function (K;) are given for each risk factor in the following table. It
should be noted that the parameter A is considered equal to 0.5. Accordingly, the risk factors were
ranked according to the values of Q;, P;, and the characteristic K;. Also, the risk with the highest value
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of K; characteristic is given a higher priority than other risk factors. Table 10 shows the values of Q,
P, and K for each risk.

Table 10
The values of Q, P, and K for each risk
Risks 0 (QPe—fuzzy p pbe-fuzzy K

R.  (0.209,0.632,0.958) 0.616 (0.286,0.611,0.870) 0.600 0.608
Rz  (0.208,0.611,0.911) 0.593 (0.284,0.589,0.825) 0.577 0.585
Rs  (0.207,0.585,0.997) 0.591 (0.253,0.566,0.906) 0.571 0.581
Ry (0.144,0.619,0.907) 0.588 (0.207,0.598,0.822) 0.570 0.579
Rio  (0.252,0.620,0.948) 0.614 (0.338,0.601,0.857) 0.600 0.607
R  (0.232,0.578,0.981) 0.588 (0.304,0.560,0.891) 0.572 0.580
Rz (0.193,0.618,0.995) 0.610 (0.265,0.600,0.905) 0.595 0.603
Ris  (0.226,0.585,0.919) 0.581 (0.308,0.567,0.831) 0.568 0.574
Ris  (0.242,0.649,0.922) 0.627 (0.310,0.628,0.833) 0.609 0.618
Ris  (0.249,0.615,0.895) 0.601 (0.312,0.595,0.809) 0.584 0.592
Riz  (0.321,0.639,0.946) 0.637 (0.418,0.620,0.858) 0.626 0.631
Ris  (0.206,0.489,0.864) 0.504 (0.282,0.465,0.779) 0.487 0.496
Ris  (0.238,0.609,0.903) 0.597 (0.325,0.589,0.818) 0.583 0.590
Rz (0.190,0.425,0.856) 0.457 (0.262,0.408,0.770) 0.444 0.451
Rz  (0.172,0.510,0.939) 0.525 (0.240,0.492,0.854) 0.510 0.517
R (0.245,0.514,0.775) 0.512 (0.341,0.487,0.693) 0.497 0.505
Rz  (0.204,0.552,0.887) 0.550 (0.288,0.532,0.802) 0.536 0.543
R»s  (0.215,0.582,0.863) 0.568 (0.303,0.562,0.775) 0.554 0.561
Rz  (0.202,0.489,0.828) 0.498 (0.281,0.471,0.744) 0.485 0.491
Rz (0.190,0.578,0.911) 0.569 (0.264,0.557,0.826) 0.553 0.561
Rs  (0.215,0.482,0.894) 0.506 (0.302,0.458,0.809) 0.491 0.498
Rz  (0.195,0.477,0.857) 0.493 (0.279,0.458,0.771) 0.480 0.487
R  (0.168,0.511,0.722) 0.489 (0.244,0.493,0.640) 0.476 0.483

It was decided relying on the opinions of the expert committee to determine the critical risks that
the factors with K; characteristic value higher than or equal to 0.570 would be finalized as critical
risks for planning to assign multiple strategies. Accordingly, the risks R2, R7, R8, R9, R10, R12, R13,
R14, R15, R16, R17, and R19 as well as the characteristic K; were considered as the probability
coefficients of each risk as the input of the bi-objective mathematical model.

4.4 The response strategies to major risks

When one of the mentioned risks occurs, depending on whether the risk is borne by the
contractor or the employer, that person needs to take the necessary measures to deal with and
control the risk. It should be noted that the response to the risk should be designed when the cause
and effect of each risk have been considered and analyzed well [48, 49]. At this stage, it is decided
what strategy has to be adopted to encounter the risk. Choosing a risk response strategy is made due
to the nature of the risk and the timing of the risk response and also considering that the risk occurs
in which time interval [50, 51]. Thus, the risks within the project were chosen as the examined risks
of this research due to the conditions and importance of the risk occurrence and their effects as well
as the opinions of experts and scholars in the industry. Hence, the response strategies to the
examined risks in the project were gathered using interviews with various specialists and experts in
the project of implementing the concrete foundation and skeleton of the five-star Iran Mall Hotel
and asking for their opinions. Among their answers, the final list was set and confirmed. Table 11
presents the solutions related to the response strategies to the critical risks. This table is the result
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of gathering the experiences of people involved in these projects, and yet, another strategy may be
considered and chosen over these strategies in the conditions of other projects at the discretion of
project managers and stakeholders.

Table 11

The list of major risks and corresponding response strategies for implementing the concrete foundation

and skeleton of the five-star hotel construction project

Row Risk Strategies (source: interviews with experts)
1 The reduced efficiency of 1. Hiring traffic skilled experts
concrete transportation 2. The use of signboards

machines (R2)

3. Developing a traffic management system for machinery and
previous training of drivers

Damages to the equipment due
to environmental and workshop
factors (R7)

1. Employing a powerful workshop supervisor or hiring an HSE
officer by the contractor

2. Strictness in the use of equipment by the supervisor or
(employer)

3. Replacement and availability of replacement equipment

Insufficient batching power (Rs)

1. Accurate study of batching power

2. Signing a contract with 4 batching for distribution of
construction pressure

3. Provision and establishment of portable batching in Iran Khodro
land

Delay in the execution of core
walls (Ro)

1. Ordering the templates for pillars and core walls

2. Identifying and choosing the contractor for core walls and
pillars

3. Signing a contract for the execution of core walls and pillars

The collision of machinery with
existing obstacles around the
foundation (R1o)

1. Preparing a topographic map of the access ramp and the
peripheral area of the western development

2. Identifying the peripheral effects of the foundation

3. Determining the location of deploying the machinery and
equipment and access routes

The difficulty of concreting (R12)

1. The detailed examination of the type, number, and power of
the required machinery

2. The use of 9 ground pumps at the same time

3. Designing the location of deploying the pumps

The increased thermal gradient
(R13)

1. Using two specialized groups to examine the issue and design
the pre-cooling system

2. Implementation of water and ice pre-cooling and post-cooling
system by cool water pipes

3. Implementation of a post-heating system of the concrete
surface through isolation

Failure to timely communicate
and provide plans and design
details (R1a)

1. Preparation of plans and the completeness of plans before
starting work (the employer management and ability)

2. Hiring a competent consultant

3. Using electronic facilities to transfer information

Slippery access road during rain
(R1s)

1. Replacing the access ramp

2. Correcting the slope of the ramp and directing surface waters
to the side of the road

3. Construction of an absorption well at the foot of the ramp

10

The fracture of the scaffolding
fasteners during scaffolding
operations (R1s)

1. Compliance with scaffolding safety instructions according to
Article 12 of the National Building Regulations

2. Usage of healthy and fine scaffolding

3. materials with no technical defect
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Row Risk Strategies (source: interviews with experts)
4. Inspection of scaffolds and connections used before the
scaffolding
11 The lack of financial ability of the 1. Evaluation of the contractor in terms of financial ability
contractor to provide 2. Financing of the contractor by the employer
consumables (R17) 3. Getting loans
12 Poor coordination and 1. Establishing the project control system with the contractor’s

communication between the
executive agents of the
contractor (Rio)

management
2. Conducting scheduled and regular meetings between executive
agents

3. The use of experienced managers

4.5 Allocating response strategies to major risks

Once the responding strategies to the risks were identified, each strategy was assessed to choose
the most appropriate ones for each risk. Therefore, a set of responding strategies to each critical risk
was determined through solving the proposed mathematical programming model. The input
parameters of the investigated problem can be seen in Tables 12-16. It should be noted that the
results were analyzed for the case study with a specific cost and due date specified in the project
contract. In addition, due to the unavailability of all input data, some data were randomly generated
using a uniform distribution function. The problem was solved using the GAMS optimization software
version 24.1.2. Subsequently, the results of allocating the strategies to the project risks are
presented.

Table 12
The cost of implementing the response strategy i*" for the risk jt
. Strategy . Strategy
Risk 1 5 3 Risk 1 5 3
R2 119 124 95 Ri3 141 102 121
R7 85 122 97 Ria 119 147 81
Rs 136 118 135 Ris 124 111 109
R9 111 81 103 R1e 134 100 134
R1o 87 99 111 R17 126 114 122
R12 122 136 141 R19 105 87 95
Table 13
The duration of implementing the response strategy it for the risk j®
. Strategy . Strategy
Risk 1 5 3 Risk 1 5 3
R2 12 6 14 Ri3 5 10 10
R7 15 10 13 R1a 6 7 12
Rs 7 17 5 Ris 8 18 18
R9 14 17 10 R1e 7 13 9
R1o 6 15 5 R17 10 17 12
R12 8 17 10 R19 6 18 9
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Table 14
The effect of implementing the response strategy on the risk cost
. Strategy . Strategy
Risk 1 5 3 Risk 1 5 3
R2 123 156 181 Ri3 130 145 169
R7 119 152 121 Ria 192 127 153
Rs 163 116 135 Ris 113 101 200
R9 114 116 144 Rie6 126 153 114
R1o 128 113 117 R17 176 182 135
R12 130 200 111 R19 123 197 140
Table 15
The effect of implementing the response strategy on the risk duration
. Strategy Risk Strategy
Risk = 2 3 1 2 3
R2 17 20 26 Ri3 17 29 25
R7 22 20 21 Ria 11 30 17
Rs 28 30 27 Ris 20 20 14
R9 28 27 25 Rie 20 25 25
R1o 27 14 18 R17 23 15 21
R12 15 11 26 R19 29 30 27
Table 16

Other problem data

The incurred

Probability of cost caused by

The delay caused

Risk occurrence of by the occurrence
risk i (P;) the occ'urr(?nce of risk i (T;)
of the risk i (C;) :
R2 0.986 1,250 24
R7 0.975 1,530 36
Rs 0.971 1,835 52
Ro 0.968 1,472 60
R1o 0.986 1,852 25
R12 0.972 1,723 62
Ri3 0.981 1,687 35
R1a 0.971 1,385 36
Ris 0.992 1,568 45
Rie 0.980 1,753 52
R17 1.000 1,568 56
R19 0.978 1,657 41

According to the experts' opinions, the maximum delay in the implementation of the construction
project (D) is considered equal to 100 days.

In this section, the AEC method was used by considering one of the objective functions as the
main objective function and other objective functions as the problem constraints. The GAMS
optimization software version 24.1.2 and CPLEX solver were used on a notebook with Intel Core i7
processor, 32 GB of RAM and Microsoft Windows 10 Ultimate operating system to solve the model.
The model was run 1000 times of the AEC method and the results are provided in Table 16. It should
be noted that 43 Pareto points were obtained, and the values related to the objective functions (cost
and time) for each Pareto point are presented in Table 17. Also, Figure 2 depicts the Pareto front
obtained by solving the proposed model by the AEC method.
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Table 17
Obtained Pareto points
Point 1 2 3 4 5
Z1 1,657.11 1,670.01 1,694.62 1,718.87 1,747.30
Z2 189.74 179.82 173.06 165.28 161.46
Point 6 7 8 9 10
Z1 1,752.19 1,780.62 1,824.43 1,847.46 1,850.21
Z2 161.36 157.54 156.54 156.47 155.51
Point 11 12 13 14 15
Z1 1,854.43 1,858.65 1,867.05 1,869.45 1,878.78
Z2 153.74 153.52 152.75 152.7 152.66
Point 16 17 18 19 20
Z1 1,879.25 1,882.78 1,887.69 1,887.75 1,891.07
V4] 152.61 150.66 150.62 149.82 148.77
Point 21 22 23 24 25
Z1 1,894.48 1,898.04 1,907.10 1,909.74 1,918.86
V4] 148.71 148.01 147.72 146.06 145.78
Point 26 27 28 29 30
Z1 1,922.36 1,924.44 1,927.80 1,931.36 1,931.81
V4] 145.07 144.8 144.79 144.09 143.92
Point 31 32 33 34 35
Z1 1,934.12 1,935.69 1,943.06 1,945.14 1,947.39
V4] 143.13 143.02 142.14 141.87 141.07
Point 36 37 38 39 40
Z1 1,957.76 1,967.44 1,971.77 2,104.18 2,116.38
Z2 140.88 139.21 138.15 138.06 137.92
Point 41 42 43
Z1 2,124.94 2,143.29 2,143.29
Z2 135.23 135.14 135.14
200
_ 180
g
g 160
|_
140
120
1600 1800 2000 2200

Cost (one million Iranian Rials)

Fig. 2. The Pareto frontier created based on cost and time objectives

Then, the results were submitted to the company's expert committee (including the project
manager, two project consultants, and two project planning and control experts) and they were
asked to select the most appropriate solution. Since the cost and time factors of the project highly
matter to the management, the expert committee had consensus on choosing the Pareto point
number 20 for analysis due to the cost constraints and the project scheduling. At this point, Z; =
1,891.07 and Z, = 148.77. Subsequently, in order to allocate the response strategies to each of the
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critical risks, the Pareto point number 20 of the Pareto front (selected by the experts) was considered,
shown in Table 18.

Table 18
Assignment of response strategies to the identified critical project risks
Risk Strategy Risk Strategy
1 2 3 1 2 3
R2 . . Ri3 .
R7 . Ria .
Rs . . Ris .
R9 . . Rie6 .
Rio . . Ri7 .
R12 . Rig . .

5. Discussions

Project risk management is not confined to simply identify risks and measure the probability of
their occurrence and potential impacts. It is needed to develop different alternative response
strategies and finally choose the best ones according to the organization’s capability and existing
resources. Hence, appropriate risk response plans can help the organization minimize losses and
negative consequences during the project lifecycle [52].

5.1 Managerial Discussions

In this study, the steps of the risk management were practically followed and implemented based
on the Project Management Body of Knowledge (PMBOK). To this end, the main risks of the design,
procurement (supply) of goods, and implementation of the concrete foundation and skeleton of the
construction project of a five-star hotel in Tehran, the capital city of Iran, were identified and assessed
providing a comprehensive methodology, which can be applied to other projects in other industries
by making little changes in the risk breakdown structure. In addition, the bi-objective optimization
model was proposed to assist the decision-makers and managers with choosing the best possible risk
response strategies. Therefore, the findings of this research can help project managers to take
appropriate decisions to respond to similar project risks aimed at reducing and minimizing the
negative effects or preventing the occurrence of these risks during project execution.

5.2 Practical implications

The implementation of the concrete foundation and skeleton of the five-star hotel in Tehran, Iran
was considered as a real case study to validate the proposed approach. The risks related to the
construction projects were initially extracted through studying the historical documents and data.
These risks were then examined and analyzed by the company's experts and confirmed by the Fuzzy
Delphi method. Then, the relationships between risk factors were determined using the ISM method.
Subsequently, the importance weights of five criteria (including the intensity of the cost effect, the
intensity of the time effect, the intensity of the quality effect, the probability of occurrence, and
detectability) used for prioritizing risks were obtained by utilizing the FBWM method. Based on the
findings of the FBWM method, the intensity of the time effect component (0.297), the intensity of
the cost effect (0.196), the probability of occurrence (0.194), the intensity of the quality effect
(0.193), and detectability (0.123) were ranked first to fifth, respectively. In the next step, the project
risks were prioritized and ranked using the Fuzzy WASPAS method, and thereby, critical risks were
detected to assign the response strategies. According to the results, the risk of “the lack of financial
ability of the contractor to provide consumables” ranked first with an importance coefficient of
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0.631. The risks of “access road slippage during rain” with an importance coefficient of 0.618 and
“the decreased efficiency of concrete transportation machines” with an importance coefficient of
0.608 were ranked second and third. Finally, a bi-objective mathematical programming model was
presented to allocate multiple response strategies to each of the risks. The AEC method was also
utilized to solve the proposed bi-objective optimization model and find the optimal risk response
strategies assigned to the critical risks explained as follows:

The reduced efficiency of concrete transport machines (R2): The use of signboards and
developing a traffic management system for machinery and prior training of drivers are
recommended to the managers of the studied company aimed at reducing the harmful effects of this
risk.

Damages to the equipment due to environmental and workshop factors (R7): Employing a
powerful workshop supervisor or hiring an HSE officer by the contractor is recommended to the
managers of the studied company aimed at reducing the harmful effects of this risk.

The inadequacy of batching power (R8): An accurate study of batching capacity and the provision
and installation of portable batching in the land of automotive company are recommended to the
managers of the studied company aimed at reducing the harmful effects of this risk.

Delay in the implementation of core walls (R9): It is recommended to the managers of the studied
company to identify the contractor of core walls and pillars and sign a contract for the execution of
core walls and pillars to mitigate the harmful consequences of this risk.

The collision of machinery with existing obstacles around the foundation (R10): It is
recommended to the managers of the studied company to prepare a topographical map of the access
ramp and the peripheral area of western development and determine the location of deploying the
machinery and access routes to mitigate the detrimental consequences of this risk.

The difficulty associated with concreting (R12): It is suggested to the managers of the studied
company to design the location of deploying the pumps aimed at reducing the harmful effects of this
risk.

The increased thermal gradient (R13): It is recommended to the managers of the studied
company to implement the water and ice pre-cooling system and post-cooling system by cool water
pipes aimed at reducing the harmful effects of this risk.

Slippery access road during rain (R15): It is recommended to the managers of the studied
company to implement the water and ice pre-cooling system and post-cooling system by cool water
pipes aimed at reducing the harmful effects of this risk.

Failure to timely communicate plans and design details (R14): It is recommended to the managers
of the studied company to prepare the plans and completeness of the maps before starting the work
(management and ability of the employer) aimed at reducing the harmful effects of this risk.

Slippery access road during rain (R15): It is recommended to the managers of the studied
company to replace the access ramp in order to mitigate the negative impacts of this risk.

The fracture of scaffolding fasteners during scaffolding operations (R16): It is recommended to
the managers of the studied company to follow the scaffolding safety instructions according to Article
12 of the National Building Regulations aimed at reducing the harmful effects of this risk.

The lack of financial ability of the contractor to provide consumables (R17): It is recommended to
the managers of the studied company to evaluate the contractor in terms of financial ability aimed
at reducing the harmful effects of this risk.

Poor coordination and communication between the executive agents of the contractor (R19): It
is recommended to the managers of the studied company to establish a project control system with
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contractor management and use experienced managers to reduce and mitigate the negative and
harmful impacts of this risk.

6. Conclusion

The accomplishment of projects within the specified time and cost is recognized as the most
important success factor of the project in today's competitive world. Therefore, the importance of
an appropriate and comprehensive risk management becomes more obvious for project success.
However, the literature review showed that there have been few studies on this topic particularly
the selection of risk response strategies. As a result, this paper proposed an innovative and reliable
hybrid approach based on MCDM and mathematical optimization methods for the construction
project.

In this study, several major project risks were identified using literature review, document
analysis, brainstorming, and the fuzzy Delphi methods. It should be noted that there were numerous
risks in the construction project, however, it was particularly important to identify the critical risks
by a reliable and comprehensive methodology. To this end, the qualitative analysis of risks was made
using the ISM method. Then, the risks were prioritized using a combination of FBWM and FWASPAS
methods in order to distinguish the critical project risks. It was found that the most critical risk of the
project is the lack of financial capability of the contractor to provide consumables. Afterwards, the
expert committee nominated three different risk response strategies for each critical risk. In order to
select the optimal risk response strategies for each critical risk, a bi-objective mathematical
programming model was proposed and solved by the AEC method. According to the most critical risk
of the project, the most important measure to reduce the harmful effects of this risk, which is the
increased project time, would be the evaluation of the contractors before the selection in terms of
financial capability by the managers of the organization. Difficulties in access to the experts and
historical data can be stated as the main research limitations.

As some suggestions for future studies, other MCDM methods can be used for weighting criteria
and ranking project risks. Also, other probabilistic approaches or combined approaches of fuzzy sets
theory and artificial intelligence may be exploited in further research followed by comparing the
obtained results. In addition, the robust optimization models can be employed to deal with
uncertainty. Moreover, metaheuristic algorithms should be applied to solve the large size problems.
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