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Project delay has been a phenomenon contending with the construction sector opposing
time, cost, and quality. This study develops a model, which is a combination of two
mathematical decision-making methods DEMATEL and system dynamics modeling, to
investigate the impact of the factors on the entire project schedule. The simulation results
reveal the importance of minimizing design error to reduce the project delay at the
beginning (or preconstruction stage) of the project. Rework, design changes, and
change orders must also be closely monitored during the construction to ensure work
productivity and on-time project completion. The results also reveal that experienced
designers and the use of updated design technology help reduce design errors, thus
enhancing work performance in the long term. As shown in the simulation results, the
actual project completion time and magnitude of delay steadily reduce with the project
series. This explains the fact that the more the consistency and effectiveness in handling
the delay factors as similar projects are performed in turns, the better the project
performance in terms of time. Therefore, careful consideration of the delay factors
reduces the time lag and delay magnitude in construction projects. Other
improvements, such as effective supervision during construction which is a function of
experienced supervisors, good project management, and cooperation among key
stakeholders, including owners, consultants, and contractors, also assist in reducing
the construction delay in the long term.

Keywords: construction, delay, DEMATEL, preconstruction, post-construction, system dynamics modeling

INTRODUCTION

The construction industry is a significant and positively contributing sector that catalyzes socio-
economic development both in developed and emerging economies (Venkatesh and Venkatesan
2017; Owusu and Aggrey 2020). It provides essential structures, such as private and public
infrastructures and housing, thus fulfilling human’s major requirements (Chimay et al., 2008;
Imad et al., 2018; Kirchberger 2018). A colossal amount of capital has been invested in infrastructure
projects and programs by many governments to promote the socio-economic development of their
countries (Andric et al., 2019). This underscores the fact that the significance of infrastructure, as a
product of the construction sector, is highly recognized by extant researchers. The industry plays a
key role in the improvement of income per capita, thereby, engaging a significant proportion of the
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active workforce by creating job opportunities (Malaj and Shuli
2015). The Thai construction sector, for example, has experienced
massive growth by completing basic infrastructure projects,
fostering the growth of the country’s economy
(Prasertrungruang and Hadikusumo 2009). Hicham et al
(2016), in the same way, mentioned that the Moroccan
construction industry has immensely contributed to the drastic
reduction of the unemployment rate and contributed an average
of 6.6% of the gross domestic product (GDP), representing half of
the gross fixed capital formation (GFCF). Subramani et al. (2014)
claimed that the Indian construction sector has contributed
immensely to the improvement of the living standard through
massive employment, with 31 million employments, accounting
for up to 8% of the GDP. Other economies like Ghana (Boadu
et al., 2020), the UAE (Cherian 2020), Malaysia (Memon et al.,
2012), among others, are not left out of the positive impacts of the
construction sectors. These lead to the magnitude of the global
construction industry that comprises 40% of the total GDP and is
expected to double within the next 30 years (Solis 2007).

Though having a positive impact on the economy, a common
besetting problem and complication of the construction sector are
delays that reflect poor project performance (Bertelsen and Sacks
2007; Sambasivan and Soon 2007; Yang and Tsai 2011; Gardezi
et al., 2014; Jalal and Yousefi 2017). It is defined as an event
resulting in the extension of time to complete specific tasks
(Sambasivan and Soon 2007). In Saudi Arabia, only 30% of
construction projects were completed within the schedule, and
the average time overrun was up to 30% (Assaf and Al-Hejji
2005). Seven out of the ten surveyed projects in Nigeria suffered
delays, depicting the fact that delays are a major problem in the
Nigerian construction industry as several projects executed in
Nigeria are faced with the menace of delay (Ibironke et al., 2013).

As time is a major part of every construction plan and can
affect each party’s contractual obligations, delays must be
minimized to avoid time and cost overruns (Gardezi et al,
2014; Nahidi et al, 2017). A construction delay is also
accompanied by numerous social and economic consequences.
Myriads of negative effects of delays have been identified by
extant researchers. Tafazzoli and Shrestha (2017), for example,
opined that construction delay has a deleterious effect on all
triple-bottom  lines of sustainability, including social,
environmental, and financial. Hassan et al. (2017) concluded
that time overrun, cost overrun, reduction in profits for the
contractor, losses for the owner due to an extended
construction phase, distrust between the owner and contractor,
legal disputes between various parties, and total abandonment of
the project are direct effects of the delay. Gebrehiwet and Luo
(2017) added that overrunning of cost, termination of a contract,
arbitration, and litigation are the critical consequences of a delay.
Ametepey et al. (2017) stated that a delay results in overrunning
of time and cost, delay by the contractor in repayment of loans,
disputes, and poor quality of work. Khattri et al. (2016) agreed
that disputes, cost overrun, time overrun, abandonment,
negotiation, lawsuit, litigation, and total desertion are the
effects of a delay.

The quest to assuage the threat of a construction delay,
coupled with its negative effects, has necessitated myriads of

ICPPS

investigations over the years, which are predominantly directed
towards identifying factors responsible for this monumental
problem. Tahir et al. (2019), for example, investigated the
causes of a delay and cost overrun in Malaysian construction
projects, while Gardezi et al. (2014) investigated time extension
factors in the Pakistani construction industry. The study results
show key delay factors, such as law and order situation, design
changes, and improper availability of funds with the client. Other
studies on causative factors of construction delay include
Alaghari et al. (2007), Sambasivan and Soon (2007), Toor and
Ogunlana (2008), Mohammed and Isah (2012), Aziz (2013),
Sweis (2013), Samarah and Bekr (2016), Ikechukwu et al.
(2017), Kesavan et al. (2017), Durdyev and Hosseini (2018),
Imad et al. (2018), Shahsavand et al. (2018), Sepasgozar et al.
(2019), and Arantes and Ferreira (2020). Results of these
investigations reveal key construction delay factors and their
influence scores. Nevertheless, the problem of construction
delay still lingers, buttressing the fact that the effective
panacea to this monumental problem goes beyond the
identification of factors, and there is a need to step up a quest
to mitigate this problem.

Therefore, this study is staged to comprehensively explore the
dynamics of key delay factors utilizing the Decision-Making Trial
and Evaluation Laboratory (DEMATEL) and system dynamics
(SD) modeling methods. The study aims to identify the critical
factors from myriads of factors mentioned so far by extant studies
by making. Many of these factors are direct causes of key factors
that eventually lead to delay which are referred to in this study as
controlling parameters of delay. This also explains the fact many
of these factors lead to delay through some other key parameters.
For example, Shamsudeen and Obaju (2016), identified
insufficient time and funds, lack of coordination, an unclear
scope of work, and designer’s lack of experience as
contributing factors of design errors. Shortage of materials and
experience are mentioned as causes of design change
(Mirshekarlou 2012; Suleiman and Luvara 2016), while
inadequate planning and scheduling, complexity in design, the
rigidity of consultant are mentioned as causes of the change order
in a construction project (Halwatura and Ranasinghe, 2013;
Alaryan et al., 2014). Rework is mentioned as the direct effect
of poor supervision, omissions, alterations, and poor materials
(Mahamid, 2016; Enshassi et al., 2017).

Pertinent delay factors intersecting both developed and
developing economies are retrieved from extant studies as a
result of an extensive literature review. The collated factors
were subjected to experts’ scrutiny and judgment in the Thai
construction sector to sort and identify the rampant factors
associated with the Thai construction sector. The systematic
identification of these controlling parameters is an effective
way for project stakeholders to get acquainted with the core
factors and the dynamics of these factors for effective decision,
thereby, mitigating the threat of construction delay to the barest
minimum. The DEMATEL analysis results reveal the influences
of these key construction delay factors (controlling parameters)
on each other. The system dynamics (SD) modeling approach is
then utilized to capture the dynamic behaviors of those key
construction delay factors and how they affect the
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TABLE 1 | Main activities in each phase of construction projects (Nikumbh and Pimplikar 2014).

Phase

Preconstruction

Construction

Post-construction

construction schedule so that construction companies can plan
for a long-term policy to minimize the construction delay.

PREVIOUS STUDIES

Construction Phases

Rao et al. (2016) opined that construction activities are divided
into three phases, namely, preconstruction, construction, and
post-construction phases. The preconstruction phase consists of
project opening, designing, bidding, and work preparation, while
the construction phase (so-called execution phase) transforms
work design into a physical structure. The post-construction or
closeout phase, on the other hand, is embedded with activities to
hand in the project. This final phase has often been neglected,
making it difficult to close out the project on time. Even the
project that proceeds according to the schedule could falter
toward the end due to administrative, technical, or financial
reasons (Kaul 2014). Therefore, it is also imperative for project

Activity

Analyze client’s project related requirements

Prepare the design brief in terms of function ability, cost, time, quality, and safety
Develop project control systems

Finalize project organization chart

Establish project imparting system

Prepare work breakdown structure

Control cost during all stages of design and design development

Prepare procurement plan

Review technical specifications and bill of quantities

Monitor the statutory approval process and report the progress

Conduct pre-bid meetings and feedback for completeness of tender specifications and technical parameters
Compare statements and techno-commercial evaluation reports

Submit weekly and monthly progress reports

Supervise all construction work/activities

Coordinate on-site design and drawings/clarifications

Organize approval to contractors’ shop drawings, product data sheet, and samples
Refine work breakdown structure

Monitor the progress of work with the master construction schedule

Detect anticipated bottlenecks

Correspond with day-to-day contractual issues

Change order management for design changes and extra items

Prepare quality assurance/quality control plan and method statement

Assurance quality control to conform with drawings and specifications

Establish environmental, health, and safety (EHS) plan

Issue good for construction (GFC) drawings to respective contractors, and update record issued regularly
Scrutinize and check working drawings received from architects/designer

Organize weekly review meetings

Collect, review, and maintain all records of contractors’ daily progress reports

Advice about probable date of substantial completion

Prepare and address the schedule of defects/punch lists

Help in testing and commissioning of the facility

Collect and integrate various operation and maintenance manuals, commissioning, and test certificates
Reconcile and certify final bills of contractors, suppliers, vendors, and consultants

Prepare project close-out report

Collate and verify all AS-built drawings

Address any queries during the defects liability period

Co-ordinate with contractors to rectify defects during the defect’s liability period

stakeholders to carefully handle activities at this phase to avoid
construction delay and cost overrun. Main activities in each phase
are listed in Table 1.

Construction Delay Factors

Construction projects are being stratified into stages to avert
besetting risks. However, construction projects are still faced with
the menace of time lags, thus debasing project performance.
Therefore, myriads of factors responsible for project delays are
mentioned in the literature. This study, which is a function of an
extensive review of literature, identifies pertinent delay factors
intersecting developed and developing economies, as well as the
Thai construction industry. Five key delay factors, namely, design
error, design change, change orders, rework, and productivity, are
considered as key responsible factors in this study. These five key
factors are associated with several sub-criteria, also known as
independent variables. A total of 27 factors (independent
variables) are direct causes of five independent variables,
which are referred to as delay-controlling parameters. For
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TABLE 2 | Key factors (dependent variables) and independent variables affecting construction delay.

Independent variable
(cause)

® Poor communication and
coordination

e Consultant’s lack of
experience
® Technology usage

e Shortages of materials
® Owner’s late decisions

e Lack of sufficient data

before designing
® Owner’s lack of
experience
Inadequate planning and
scheduling
Mistakes in producing
design documents
® Rigidity of consultant
Complexity in project
design
Owner’s change in
requirements
® | ate procurement
Improper construction
method by contractor
Difficulties in financing
projects
Change in material types
during construction
e Owner’s financial

problems

® Delayed payments

® Poor supervision
® Poor project
management

® Frequent equipment
breakdown
Shortages of skilled
workers
e Poor quality of materials
e Conflicts between
contractors and parties
® Workers’ absenteeism
Late-arrival of material/
equipment
Contractor’s lack of
experience

example, the design error factor is associated with three
communication
consultant experience, and technology usage. This means
communication

variables, namely,

that

Dependent
variable (effect)

Design error (DE)

Design change (DC)

Change order (CO)

Rework (R)

Productivity (P)

and

coordination,

Country of study

Iran, Malaysia, Norway, Portugal

Egypt, Ethiopia, Iran, Jordan, Malaysia, New Zealand,
Nigeria, Norway, Portugal, Saudi Arabia, Turkey, USA
Indonesia

Denmark, Egypt, India, Iran, Jordan, New Zealand,
Nigeria, Norway, Finland, Portugal, Thailand, the UK, the
USA, and Cyprus

Egypt, Ethiopia, Iran, Jordan, Portugal, and Morocco

Belgium, Egypt, India, Iran, Malaysia, New Zealand,
Nigeria, Norway, Turkey, the UK, and Kazakhstan

and coordination,

hand, consists

consultant
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Reference

Couto (2012), Love et al. (2012), Najafabadi and Pimplikar
(2013), Shamsudeen and Obaju (2016), Fuade et al.
(2017), Zidane and Andersen (2018), Abbasi et al. (2020),
Arantes and Ferreira (2020), Interview

Sun and Meng (2009), Kazaz et al. (2012), Mirshekarlou
(2012), Aziz (2013), Najafabadi and Pimplikar (2013),
Memon (2014), Owolabi et al. (2014), Arantes et al.
(2015), Yana et al. (2015), Samarah and Bekr (2016),
Suleiman and Luvara (2016), Gebrehiwet and Luo (2017),
Lessing et al. (2017), Tafazzoli and Shrestha (2017),
Eksander (2018), Zidane and Andersen (2018), Bassa
et al. (2019), Sandhyavitri (2019), Interview

Ahmed et al. (2003), Aibinu and Odeyinka (2006), Toor
and Ogunlana (2008), Al-Hams (2010), Keane et al.
(2010), Aziz (2013), Halwatura and Ranasinghe (2013),
Najafabadi and Pimplikar (2013), Alaryan et al. (2014),
Larsen et al. (2015), Samarah and Bekr (2016), Lessing
et al. (2017), Tafazzoli and Shrestha (2017), Mittal and
Paul (2018), Shahsavand et al. (2018), Vacanas and
Danezis (2018), Zidane and Andersen (2018), Bahra
(2019), Jussilla and Lahtinen (2019), Khoso et al. (2019),
Abbasi et al. (2020), Arantes and Ferreira (2020),
Interview

Love and Smith (2003), Aziz (2013), Alavifar and
Motamedi (2014), Abeku et al. (2016), Mahamid (2016),
Samarah and Bekr (2016), Chandrusa and Basha (2017),
Enshassi et al. (2017), Gebrehiwet and Luo (2017), Bajjou
and Chafi (2018), Arantes and Ferreira (2020), Mahamid
(2020), Shaik et al. (2010), Interview

Ameh and Osegbo (2011), Kazaz et al. (2012), Aziz
(2013), Desai and Bhatt (2013), Gascuena et al. (2011),
Hickson and Ellis (2014), Lessing et al. (2017), Moradi
et al. (2017), European Commission (2018), Karthik and
Rao (2018), Zidane and Andersen (2018), Hossain et al.
(2019), Tahir et al. (2019), Ardila and Francis (2020), and
Abbasi et al. (2020), Interview

experience, and technology usage induce design errors
causing project delay. The rework factor, on the other
of two
supervision and project management.

associated variables, namely,
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FIGURE 1 | Research flow of this study.

The Summary of five key construction delay factors
(dependent variables) and their total of 27 independent
variables is as shown in Table 2.

RESEARCH METHODOLOGY

Research Flow

The research flow of this study is as shown in Figure 1. A
literature review related to construction delay is conducted to
examine relevant previous studies on key delay factors. Collected
data from experts in the construction industry are then processed
with the DEMATEL method to establish and develop the
influence weight and diagram of delay factors for SD
modeling. The DEMATEL-SD model is established to

ICPPS

examine the interrelationships among key delay factors
through time. The developed DEMATEL-SD model is
simulated and validated through the policy analysis to
examine long-term construction delays. The study results are
concluded to enhance a better understanding of construction
project complexities and identify policies for effective decision
making and planning, leading to better construction project
performance in terms of time.

The decision-making process is essential in managing a
successful organization (Anastasiu 2018). Decision at all stages
of a construction project, from the beginning, execution, to
closeout stages is imperative to avoid resulting problems that
might ensue (Szafranko, 2017). Various decision-making
methods are applied to several diverse situations, and
therefore, management in construction projects entails a
series of decisions. Strategy selection and strategy
implementation are the important phases in decision-
making processes involved in construction projects. The
four major approaches to a decision-making process can be
inductive, deductive, development of a benefit matrix, and
marginal analyses (Szafranko, 2015). These approaches are
different from each other as they can be used separately, in a
sequence, or in conjunction with each other (Jajac et al., 2015).
For example, Erdogan et al. (2016) adopted the analytic
hierarchy process as a decision-making tool for
construction management, while Seker and Zavadskas
(2017) examined the application of the fuzzy DEMATEL
method for analyzing occupational risks on construction
projects. Results show that the fuzzy DEMATEL method
can evaluate causal factors of occupational hazards by a
cause—effect diagram and improve certain measures on a
construction site.

The complexities involved in a construction project make the
project system difficult. Controlling factors embedded in the
process of construction project implementation make the
construction project very complex causing colossal challenges
to the project control, thus debasing performance. Hierarchical
listing of key factors and the cause-effect relationships among the
key factors may not be adequate for the holistic investigation of
construction delay. Having established the influence weight of
these factors, it is also important to comprehensively explore the
dynamics of these factors to establish the impact of these factors
on the entire project schedule for effective decision and planning
to significantly assuage the menace of construction project delay.
According to Yu-jing (2012), SD modeling is an effective way to
improve performance through effective project control. It has
been increasingly advocated by researchers to explore nonlinear
and dynamic complexity issues involved in construction
management. Maryani et al. (2015), for example, examined an
SD approach for modeling construction accidents, while Liu et al.
(2019) conducted a critical review on future trends of SD
modeling for construction management research. SD modeling
involves the integration of methods, combining network analysis,
fuzzy logic analysis, discrete event simulation, and agent-based
simulation (Liu et al., 2019). It is used in examining the impact of
contextual complicated conditions in project planning and
control, effectiveness and performance, strategic management,
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and sustainability (Liu et al., 2019). The role of SD in advancing
other decision-making methods to comprehensively explore
relationships and dynamics of a system cannot be
overemphasized, as it is the ground to establish the impact of
parameters on a set-down standard, initiating effective decisions
to enhance better project performance.

This study utilizes the DEMATEL and SD modeling methods
as the main methodologies to examine long-term construction
delay. The study develops a conceptual framework of
construction delay from five key construction delay factors (or
dependent variables), namely, design error, design change,
change orders, rework, and productivity factors, and their
associated independent variables. The data collected from
experts in the Thai construction industry, as well as secondary
data from well-known construction-related literature, are used
for the DEMATEL and SD modeling analyses. The importance of
each key factor and its influence on the other factors, as a result of
the DEMATEL analysis, is examined. A causal loop diagram,
based on the DEMATEL analysis results, is developed utilizing
the SD modeling approach to better understand the dynamic
behavior of those key construction delay factors. The DEMATEL-
SD model of construction delay is developed to depict the
comprehensive dynamics of delay factors and investigate the
impact of each factor on project schedule to enhance the
understanding of complex project systems, and effectively plan
for construction scheduling to minimize delay in the long term.

Data Collection Method

Information about the degree of influence among the five delay
factors was collected from 15 leading experts in the Thai
construction sector on the degree of impact of one factor
on the other. This number of experts is considered adequate
(Kumar and Dash 2016; Tsai et al., 2016; Susanty et al., 2019),
since DEMATEL analysis is not an approach premised on the
sample size but the judgment of experts with reasonable years
of experience in the industry of concern (Hossain et al., 2020).
73% of the experts were males, there were contractors,
consultants, and clients of building construction projects,
representing 47, 33, and 20% of total responses,
respectively. 40% of them were working as engineers, 27%
were project managers, architects (20%), and 13% were
quantity surveyors on large-scale construction projects. The
result revealed that judgmental opinions of the experts used in
the DEMATEL-SD analysis are reliable with a Cronbach’s
alpha of 0.939, which is greater than the minimum
acceptable wvalue of 0.7 (SAS 2007). The developed
DEMATEL-SD model considers all three construction
phases to thoroughly plan for the construction schedule to
minimize construction delay in the long term.

DEMATEL Analysis Method
The DEMATEL analysis was developed to resolve intertwined

problematic groups using a mixture of matrices (Shieh et al,
2010; Wu et al., 2010). It is effective in establishing the cause-and-
effect relationships in structured models and is an effective
method for decision-makers especially in the management
field (Kaushik and Somvir 2015). The technique has been
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applied in many areas over the years. One of the merits of this
method is the ability to visualize the interrelationships between
factors and enable decision-makers to clearly understand which
factors have a mutual influence on others (Singh et al., 2018).

In this study, pertinent steps of DEMATEL are proposed
(Shieh et al., 2010; Amiri et al., 2011; Kaushik and Somvir,
2015; Abdullah et al., 2019; Kakha et al., 2019).

e Step 1: Compute the direct-relation (average) matrix A: To
assess the relationships between n factors F =
{F1, Fa, ..., F,} in a system, it is supposed that H
respondents/experts in a decision group E=
{Eq, E,,...Eg} are asked to evaluate the direct influence
that the factor F; has on F; using an integer score ranging
from 0 to 4, representing “no influence” to “very high
influence, respectively. Then, the individual direct-
influence matrix Z* = [zf-‘j]mm provided by the k" expert
can be formed, where all principal diagonal elements are
equal to zero, and zf.‘j represents the judgment of the
decision-maker Ej on the degree to which the factor F;
affects factor F; for i = j. Zy = [zf.‘j],,x,, is an (n x n) non-
negative matrix, k is the number of respondents, with
1<k<H ie, k € [1, H], and n is the number of factors.
Thus, Z', Z2, Z3, .., ZH are the matrices from H
respondents. The (n x n) average matrix A = [a;;] for all
expert opinions can be computed by averaging the scores of
the H experts, as shown in Eq. 1. The average matrix
A = [ajjl,xn which is also called the original average
matrix, shows the direct effects that a factor exerts on
and receives from other factors. Furthermore, the causal
effects between each pair of factors in a system can be
mapped out by drawing an influence map.

A= [ag] = 5 20 0

e Step 2: Normalize the direct-relation matrix A. By
normalizing the average matrix A, the normalized
direct-relation matrix D can be obtained in which the
value of each element in the matrix D is between 0 and 1
(see Eq 2, Eq 3), where S is the maximum value among
the sum of the direct-relation matrix A values in

each row.
S = Max maxlsiganzla,-j, maxlijiﬂzlilaij > (2)
A
D=—. 3
S (3)

e Step 3: Compute the total-relation matrix T. The total-
relation matrix T is an (n X n) matrix and is defined by Eq. 4,
where I is the identity matrix.

T=[t;], =DU-D)", )

e Step 4: Calculate the sum of rows (R) and sum of columns
(C). In the total-relation matrix T, the sum of rows and the

Frontiers in Built Environment | www.frontiersin.org

February 2022 | Volume 8 | Article 799314


https://www.frontiersin.org/journals/built-environment
www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles

Ajayi and Chinda

sum of columns are expressed by the vectors R and C,
respectively, where the vectors R and C are separately
expressed as the sum of rows and sum of columns from
the total-relation matrix T = [t;j] . » respectively (see Eq 5,
Eq 6). The values Ri and Ci are used to compute the
influence weight of factors.

R:[ Z;ti}' ] = [til s (5)
c[(zo)] bl e

e Step 6: Select a threshold value («) to obtain the digraph.
Since the matrix T provides information on how one factor
affects another, it is necessary for a decision-maker to set up
a threshold value to filter out some insignificant effects.
Only the effects greater than the threshold value are selected
to construct the influence diagram. In this study, the
threshold value « is set up by computing the average of
the elements in the matrix T using Eq. 7.

o= Zi:lzlij:l [tij]' ?)

SD Modeling Analysis Method
SD modeling is used in this study to develop the SD model of

construction delay. SD modeling analysis aims at modeling and
analyzing the behavior of complex systems in an industrial context
(Boateng et al., 2012). It is designed to help decision-makers learn
about the structure and dynamics of complex systems, design high-
leverage policies for sustained improvement, and speed up successful
implementation and changes. It is systematic thinking that enhances
the communication of high-level complex information to be
disseminated into a simplified circular-loop feedback structure.
The SD approach is based on the concept of a causal loop
diagram and is effective in modeling processes that involve changes
over time (Ogunlana et al., 2003). Each causal link is assigned a
polarity, either positive (+) or negative (), to indicate how a variable
impacts or is impacted by the other variable over time (Sterman
et al,, 2000). Kim et al. (1999) explained that a positive (+) link
indicates that as one variable changes, the next variable changes in
the same direction. A negative () link, on the other hand, indicates
that as one variable changes, the other changes in the opposite
direction. A causal loop, on the other hand, can either be reinforcing
or balancing based on the number of negative () signs. If there are
no negative () signs or an even number of negative (—) signs, then
the loop is reinforcing. Contrary, if there is an odd number of
negative (—) signs, then the loop is balancing (Kim et al., 1999).
Another main concept of the SD approach is the stock-flow
diagram. Stock is a representation of significant or
insignificant accumulations within the system. Flow, on the
other hand, signifies the rate of change in the system
represented by the inflow (which increases the level of the
stock) or outflow (which reduces the stock level). The
mathematical relationship between the stock and flow is
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TABLE 3 | Matrix A results.

DE DC co R P Sum
DE 00000 22667 23333 24000 22000  9.2000
DC 23333 00000 20667 22000 21333 87333
CO 22667 22000 00000 22667 25333  9.2667
R 24667 23333 23333 00000  2.3333  9.4666
P 21333 22667 22667 24667 00000  9.1334
SUM 9.4666

TABLE 4 | Matrix D results.

DE DC co R P
DE 0 0.2394 0.2465 0.2535 0.2324
DC 0.2465 0 0.2183 0.2324 0.2254
CO 0.2394 0.2324 0 0.2394 0.2676
R 0.2606 0.2465 0.2465 0 0.2465
P 0.2254 0.2254 0.2394 0.2606 0

TABLE 5 | Matrix T and the sum of rows (R) and sum of columns (C) calculation.

DE DC co R P Ri
DE 54310 54966 55346 56969 56188  27.7779
DC 54081 50831 52044 54551 53883  26.6240
CO 56525 55199 53652 57173 56705  27.9254
R 57624 56223 56571 56210 57525  28.4153
P 55223 53969 54389 56078 53376  27.3035
Ci  27.7718 271188 272902 280981  27.7677 -

given in Eq. 8, where ¢, is the initial time, Stock(t,)
represents the stock level at the initial time, s indicates the
change in the time variables between the initial time and the
current time, and In flow(s) and Out flow(s) represent the
information going into and out of the stock at time s,
respectively (Chaker et al., 2015).

t

[Inflow (s) — Out flow (s)]ds + Stock (t,). (8)

to

Stock (t) = J

The initial stock does not have to be positive as it may be
negative, null, or positive (Chaker et al., 2015). A net flow of
stock, also known as the derivative of the stock, is defined as
some function of variables and constants. Since most of the
system is premised on a feedback structure, the net flow
depends on the stock. Therefore, a net flow of a stock is as
shown in Eq. 9, where S is the quantity in the stock, t is time,
and f(S,t) is a function that depends on S and ¢
(Choopojcharoen and Magzari 2012).

ds
Net flow = i f(S,1). (9)

In this study, the DEMATEL analysis results achieved will be
used as input and pathways to the development of the
DEMATEL-SD model of construction delay.
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ANALYSES RESULTS

Results of the DEMATEL Analysis

The collated data are analyzed with DEMATEL using MATLAB
2019 software. The direct-relation matrix A of all 15 experts was
calculated, as shown in Table 3. The normalized initial direct-
relation matrix D is constructed, as shown in Table 4, while total-
relation matrix T is described in Table 5.

In this study, the threshold value («) is calculated as
54310+5.4966+3.5346+.53576 = 55218 (according to Eq. 7). Values
greater than a are used to construct the influence diagram
while the values of Ri and Ci are used to compute the
influence weight of the delay factors. The results, as shown in
Figure 2, show that the rework factor is the most important factor
with a weight of 20.469%. This critical factor appears mainly in
the construction phase. This is consistent with the studies by
Alavifar and Motamedi (2014), Pawar et al. (2016), and Singh
et al. (2018) that rework is crucial in reducing the construction
delay. Apart from the rework factor, the design error was also
found to be important in minimizing the construction delay.

According to Love et al. (2008), design errors should be
minimized from the beginning of the construction project,
that is, in the preconstruction phase, so that the design
changes and rework could be reduced, resulting in high
productivity and on-time project delivery.

Design change factor, on the other hand, is found to have
the least influence among the five key construction delay
factors. This may be because fewer design errors lead to less
rework (the relationship between design error and rework
factors, see Figure 2), which in turn, lower design changes
(relationship between rework and design change factors, see
Figure 2). Rework influences design change and mutually
influences design error, change order, and productivity.
These reflect complex relationships among the five key
construction delay factors. The methodology that can deal
with complex systems, such as the SD modeling approach,
therefore, should be utilized to fully understand their
interrelationships and feedback systems, so that a proper
plan could be established in each phase of construction to
minimize construction delay and deliver the project on time.
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TABLE 6 | Data used in the development of the DEMATEL-SD model of
construction delay.

Variable Value Source
Technology accuracy 0.03-0.07  DEMATEL analysis results
Change order 0.1-0.2 DEMATEL analysis results
Design change 0.194 DEMATEL analysis results
Design error 0.0047-0.2 DEMATEL analysis results
Rework 0.2 DEMATEL analysis results
Project management 0.1 DEMATEL analysis results
Number of supervisors 2 Ogano (2016)

New designers 4 Suslov and Katalevsky (2019)
Fraction of properly completed tasks 0.6 Ogano (2016)

Results of the DEMATEL-SD Model of
Construction Delay

The DEMATEL-SD Model of Construction Delay
Development

This study utilizes the five key construction delay factors and their
associated variables to examine their comprehensive dynamic
relationships, and how they affect project schedule using the so-
called DEMATEL-SD analysis method. DEMATEL analysis, on one
hand, enhances a comprehensive understanding of construction
delay factors, their impact levels on construction delay, and their
influences on the others. SD modeling, on the other hand, is an
effective technique in construction project management with the
potential to contribute to decision-making in a complex system. It
considers the causal feedback relationships among construction
delay factors, and how these factors affect the project schedule.
Therefore, the DEMATEL-SD model approach is adopted in this
study to effectively capture the dynamic behaviors of construction
delay, which are not widely mentioned in past research. It is expected
that the study results provide a better understanding of key
construction delay factors and their influences on the project
schedule, and also assist in developing effective policies to resolve
delays and complete the project within the schedule.

Both the primary and secondary data were used for the
DEMATEL-SD model development (see Table 6). They were
validated before inputting into the model. Model validation is the
process of determining whether the model accurately represents
the behavior of the system. This process enhances confidence in
the model representing the real-life situation it seeks to emulate
(Gilkinson and Drangerfield 2013). The process of a system
established for the purpose of analyzing a key problem in an
organization demands acquiring acceptance from a closely
involved set of eligible personnel and possibly affirming that
the base case behavior is qualitatively in accordance with the
known reported (past) data. The model, which was formulated
based on the results obtained from DEMATEL, was subjected to a
validation process featuring a league of industrial experts, inviting
their opinions and contributions to the model, thus providing a
tool that can be adopted to improve the project’s performance.

A group of experts working in leading building construction
companies in Bangkok and other provinces in Thailand
participated in the validation process. They are top executives,
owners, and engineers having more than 20 years of working
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experience in large-size building construction with an average of
100 million Baht in capital investment and over 100 operators. A
preliminary piece of information was shared explaining how the
model was developed. This helped the experts understand how the
model worked. Experts were asked to review the model and give
comments to improve the model. The model was subsequently
adjusted based on their recommendation and comments.

The causal loop diagram of the five key construction delay
factors, their associated items, and the DEMATEL-SD model of
construction delay are as shown in Figures 3, 4. The model
depicts the relationships among the five key construction delay
factors and their associated items.

In this study, the DEMATEL-SD model of construction delay
is scheduled to be completed within 232 weeks, with 23 weeks
(162 days) for the preconstruction stage, 200 weeks for the
construction stage, and 9 weeks for the post-construction stage
(i.e., 209 weeks for the construction and post-construction
stages). The planned project tasks are 10,000 units (Wang and
Yuan 2017). The preconstruction stage consists of 996 tasks,
while the construction and post-construction (closure) stages
consist of 9004 tasks.

In a typical design-bid-build system, which is considered in this
study, key stakeholders involved at the preconstruction stage
include owners and consultants. According to Ham et al.
(2018), design error is crucial in the preconstruction stage to
minimize delays. Therefore, the model describing the workflow
of the project is established by focusing on the preconstruction
stage’s design workflow to minimize design errors (ie., enhance
communication, technology usage, and consultant’s experiences,
which are two-three items under the design error factor (see
Figures 3, 4)). The workflows, considering design changes,
change orders, rework, and productivity, are then considered in
the construction and post-construction stages to minimize the
overall construction delay of the project. The design error is
recognized as the key delay factor at the preconstruction stage
with a significant effect on rework and the project schedule, as
signaled by DEMATEL analysis results. This makes it important to
examine the design processes based on the associated sub-criteria
(which are communication, experience, and technology usage) and
other endogenous variables to minimize the magnitude of design
errors before the commencement of the construction processes to
save the project from a colossal delay.

In the design error section, the design development rate
depends mainly on staff in the designing team, productivity in
design, and levels of communication between the design team and
other stakeholders (see Figure 4 and Eq. 10).

Design development rate = productivity *

< ] communication

100 )*staff. (10)

The effectiveness of the designers also depends on their
experiences. In this study, four new designers are considered
at the beginning of the project in expectation to complete the
design on time. It is also hypothesized that there is a need for
one experienced designer to train four new designers (Suslov
and Katalevsky 2019). The variable “effective designers,” as
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FIGURE 4 | The DEMATEL-SD model of construction delay.

shown in Eq. 11, is a value depicting the collation of full-time
experienced designers that can work on the design.
According to Suslov and Katalevsky (2019) and
DEMATEL analysis results, new designers have 80%
productivity subjected to improvement by experienced
designers.

Ef fective Designers = 0.8 * New Designers + (Experienced Designers

— Experienced personnel needed for training).

(11)

Design tasks are to be completed by the design team. The
number of completed design tasks depends on the error
proneness of the designers (i.e., mistakes from designers).
According to Love et al. (2008), the design error
proneness by expert designers, designers inducted from
other projects, and newly recruited designers are 10, 20,
and 25%, respectively. In the DEMATEL-SD model,
however, the design error at the beginning is set at 20%,
assuming that new designers become experienced in
30 days of work.
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Butlewski et al. (2014) mentioned that the use of high design
technology helps reduce design errors. A reasonable level of
accuracy in handling and applying advanced engineering
design software debases design errors. Nevertheless, design
error always exists. Even if the design system can be operated
without human intervention, the chance of design errors is still
possible (Busby 2001; Foord and Gulland 2006). Since the owners
define and control the project through the consultants, the
consultants’ roles are very sensitive in ensuring proper
supervision of the design processes to avoid design errors
(Kubba 2012). In a typical DBB system, the design processes
are concluded before the commencement of the construction
process. Therefore, the consultants must facilitate effective
communication and provide advanced engineering software to
ensure a reasonable level of design accuracy.

The design error (in % of error) is calculated based on Eq. 12.
With higher designers’ experience, better communication, and
better technology usage, design errors can be reduced, resulting in
lower rework and change orders and higher productivity (see
Figure 3).

Design Error = Ratioo f completed tasks*Error proneness*
(1 - Accuracy inTechnology usage).

(12)

The construction and post-construction phases are scheduled
to be completed within 209 weeks in this study. The change order
factor relates to the design error factor, as a result of DEMATEL
analysis. Fewer design errors, therefore, lead to fewer change
orders (see Eq. 13).

Change order = f (Design Error). (13)

Rework is modeled to be associated with supervision and
project management (see Figure 3). In addition, the rework factor
is also affected by design errors, change orders, and productivity
factors, as a result of DEMATEL analysis. These reflect in the
“poor project tasks’ completion” in Eq. 14 and “undiscovered
rework” in Eq. 15. With better supervision and project
management, together with fewer design errors and change
orders, the undiscovered rework could be reduced, resulting in
high work progress and productivity (see Figure 3). This is
consistent with Love et al. (2008) that design error contributes
greatly to the total amount of rework experienced in the
construction project, which later results in the schedule delay.

Poor project tasks completion = Progress *
(1 - Fractionof properly c

ompleted tasks) * (Design Error + Change order), — (14)
Undiscovered rework = poor project tasks completion
— detecting undiscovered rework,
(15)
Productivity is the key factor in the post-construction phase.
Based on the DEMATEL analysis results, this factor was

ICPPS

influenced by design errors, rework, and change orders. Once
design errors are detected, some completed tasks are to be redone;
this reduces productivity. An increase in productivity is achieved
once repeated projects are performed. Design errors, change
orders, and rework are reduced through experiences, better
technology, good  project management, high-quality
equipment, motivation, and staff encouragement, thus
reducing the delay of the whole project (see Figure 3 and Eq. 16).

Total Productivity = Closed tasks * Pro ject management,
(16)

The early stage of a construction project faces various
problems, ranging from frequent changes, low supervision, the
inability of staff to adapt to construction processes, and high
rework, resulting in poorly completed tasks that lead to delays in
project completion. Once the project continues, workers get
adapted to the processes, project supervision becomes more
effective, and tasks are completed according to the owner’s
specification, resulting in the increase of properly completed
tasks, thus reducing rework and delay in the construction phase.

The Simulation Results of the DEMATEL-SD Model of
Construction Delay
The DEMATEL-SD model of construction delay is simulated,
and the simulation results are as shown in Figure 5. With no
consideration of five key construction delay factors, the
construction companies face a delay of a maximum of
16 weeks, that is, 248 weeks of completion time. This could be
seen in the early projects. Once similar projects are performed,
and the improvement of the five key delay factors are
implemented, the construction companies can reduce the
construction delay to meet the deadline of 232 weeks as planned.
A closer examination of the project at the beginning (the first
project) reveals that at the end of the 232nd week, the closed tasks
are 8,899 out of 10,000 tasks. It is found that the delay in the
preconstruction stage results in unfinished closed tasks in the
construction and post-construction stages. This early-stage delay
comes from the inexperience of designers. Once the projects are
repeated, with better technology usage and experienced designers,
the design error reduces from 20% to a minimum of 0.47% (as no
absolute design error is impossible). Fewer design errors in the
preconstruction phase reduce rework, change orders, and design
changes in the construction phase, thus increasing productivity in
the post-construction phase. Figure 6 shows the delay time of the
construction projects. It can be seen that the delay is reduced once
the five key construction delay factors are considered and
improved.

Model Validation Through Policy Analysis

In this study, the behavior-sensitivity test is referred to as the
policy testing analysis. It focuses on the sensitivity of the model’s
behavior to changes in parameter values. It is conducted by
experimenting with different parameter values and analyzing
their impact on the system (Forrester and Senge 1980). It is
one of the most effective methods used to build confidence in SD
models.
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In this study, policy testing is performed to achieve the
strategies the construction companies can perform to
complete the project on time. As design error is a crucial
factor in the preconstruction stage and that this factor
depends on the design team and technology used in the
design (see Figures 3, 4), the policy testing is then
performed by changing the technology usage values, from
0.03 (representing outdated design technology) to 0.07
(representing updated design technology). The results, as
shown in Figure 7, reveal that the use of low design
technology results in more delay of the whole project, as
design changes, rework, and change orders are achieved in
the construction stage.

The impact of technology on the design process and the entire
project is immense, as low technology input impacts the project
schedule negatively. With the optimum value of technology

accuracy (ie., TA @ 0.07), the time lag in delivering the
project is reduced compared with other values of technology
accuracy (see Figure 7). The impact of reasonable accuracy in
technology would make the design processes completed with
minimal error, thus contributing significantly to the timely
project completion.

Rework is a critical factor in the construction phase, and
effective supervision is needed to detect rework at the beginning of
the construction. The policy testing is then performed by changing
supervision personnel from one to three persons. The results show
that with better supervision, the projects can be completed on time (see
Figure 8). The increasing value of supervision personnel (1 < Ps < 3)
reduces the magnitude of delay by enhancing productivity in
supervision, thus facilitating early detection of rework. Faster
convergence of the project is guaranteed with a higher number of
project supervisors (see Figure 8).
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In summary, it is suggested that the construction sector gives

DISCUSSION

considerable attention to technology to alleviate the menace of

design errors, thus alleviating the threat of frequent changes,
rework, and low productivity. It is also important that project
participants embark on effective supervision to debase the
problem of rework and enhance project performance and on-

time project completion.

In this study, the DEMATEL analysis results are adopted to depict
the relationships among key construction delay factors and serve
as the input for DEMATEL-SD model development. Design error
is considered a key delay factor at the preconstruction stage. To

minimize design errors, better design techniques should be used,
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together with enhanced communication and experienced
designers. Design errors at the preconstruction phase and
changes during construction alter the initial scope of work,
and these modifications or alterations necessitate rework,
which in turn, affects project quality and completion time.
Therefore, it is imperative for project stakeholders to make
sure project scope and requirements are clearly spelled out at
the early stage of the project to mitigate the threat of design
changes, change orders, and rework during the construction.
Delay may affect project closure if design errors are not
minimized. In addition, closing more tasks demands a high
level of effort and cooperation among key stakeholders,
including owners, consultants or the design team, and
contractors to ensure project completion time. With the
concerted efforts of the project staff, the projects experience
improved productivity early enough during construction,
which in turn, subjugate the menace of errors, changes, and
rework. It is, therefore, important for project owners to weigh
their financial options before embarking on a construction
project to avoid any forms of financial problems. In the course
of the project execution, the consultant should effectively oversee
the design processes to avoid any ambiguities or complexities in
project designs that could make the design complicated for the
contractor to implement. The consultant and contactor should
also utilize quality equipment and materials in the design and
construction. These would avert workers’ absenteeism and
frequent equipment breakdown, thus enhancing work
performance, productivity, minimizing design errors, change
orders, rework, and completing the project on time. This
could be seen by the gradual improvement in project
performance when similar projects are performed (see
Figure 5), subjected to a steady improvement of the key delay
factors. The magnitude of delay depicted in Figure 6 further
proves that the construction delay can be reduced in the long term
through the improvement of key construction delay factors and
their associated items, such as technical accuracy, supervision
personnel, and points suggested in this study. The time lag in
closing a project gradually reduces due to a gradual improvement
in handling the controlling factors of delay. This depicts the fact
that a better project performance, in terms of time, is a process
that evolves over time in subsequent projects as delay factors are
consistently being dealt with. Effective supervision, project
management, and technology are among key players in
dealing with these inhibiting factors.

The DEMATEL-SD integrated system is useful in initiating a
panacea to other prevailing problems opposing performance in
the construction sector. The model clearly showcases a series of
similar projects performed in succession, where a steady delay
decline is realized in the project delivery time and delay
magnitude through consistent debasement of the threat of the
key factors for each succeeding project. This explains the fact that
developing subsequent effective measures against these time lag
factors improves project performance gradually, as better project
performance in terms of time is a phenomenon that evolves in a
succession of time. The DEMATEL-SD model, which possesses
flexible simulation capacities to test the effects of compelling
factors on the overall project scheme as demonstrated in the
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policy testing section, enhances practical project schedule
management effectiveness as project stakeholders could easily
examine the influences of key factors on the project schedule.
Also, it allows for the assessment of other projects’ performance-
inhibiting factor mitigation measures in advance. It helps project
stakeholders to easily observe and analyze the effects of the
occurrence of delay factors on the system behavior over time.
This, in turn, enables stakeholders to identify the key impact and
establish corresponding inhibiting measures, if necessary.
Furthermore, the integrated model is easy and convenient for
project personnel to apply in a practical sense, owing to the
realistic nature of the model. The model is robust simulating
various construction project-scheduling scenarios because the
factors and the feedback relationships are determined based
on the exploration of the experiences and analysis prowess of
key construction project practitioners. The established
encapsulating hierarchical structure of factors, which is a core
of the DEMATEL-SD model, is determined based on the impacts
of factors on each other, unlike the commonly adopted statistical
approaches that do not possess the characteristics of ranking
factors based on their impacts on each other. The model’s
structure and variables possess the characteristics of being
easily fine-tuned to reflect real practices.

As extensive examination and effective management of
construction delay-controlling factors are vital to the
achievement of better project performance, this study
presents a unique way of investigating the menace of
project delay. It is distinct from other studies that focus on
identifying the causes of the delay. Holistic examination and
exploration of the dynamics of key delay factors were carried
out throughout the construction project stages. The
comprehensive dynamics of the project design cycle,
changes during construction, rework, and productivity
encapsulated in the integrated work process are critically
examined to debase the threat and magnitude of project
delay from the preconstruction to post-construction stages
of the project as a swift and prompt way of dealing with the
project-time lag menace. This study, which lies in its
contribution to advancing the body of knowledge of project
scheduling and management, has resulted in the development
of a mathematical hybrid system that explicitly demonstrates
the interactions among construction project delay parameters
and reflects the hierarchical and feedback structure of project
delay management configuration. The simulation results that
are displayed in the figures make it easy for the construction
industry and related sectors to understand the complex
relationships among key construction delay factors and plan
for delay improvement in the long term.

CONCLUSION

This study adopted a novel approach to proffer a solution to the
menace of construction delay that emanates from the
preconstruction stage and metamorphosizes into a thriving
problem throughout the project. The DEMATEL-SD model is
adopted in this study to investigate the relationships among the
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controlling factors of delay and their impacts on the project
schedule over time. The developed model is embedded with
several contributing parameters to depict the overall workflow
processes. It is found that design errors should be minimized at
the beginning of the project to reduce change orders, design
changes, and rework during the construction. Minimizing the
threat of design error, changes during construction, rework, and
steady improvement in productivity reduces the time lag and
delay magnitude (as shown in Figures 5, 6, for 20 different
projects). Project participants tend to learn from their mistakes in
the previous projects to enhance better performance in
subsequent projects, as better project performance in terms of
time is a process that evolves with time. Minimal design errors
achieved by a reasonable level of technical accuracy and
experienced designers significantly reduce the magnitude of
delay of the whole project. Effective supervision born from
experiences and active supervisors help minimize schedule
delay through timely detection of rework during the
construction. Also, consistent consideration and subjugation of
the key delay parameters reduce the schedule delay in the
long term.

The consultant, who has been with the owner from the early
stage of the project, plays a key role in the design process. The
consultant should work assiduously to facilitate a stellar project
management system and effective supervision, especially in a
situation where the project enjoys adequate financing from
the owner.

This study contributes a body of knowledge to the
construction industry. The DEMATEL-SD model is developed
to analyze the problems of construction delay, showing the
dynamics of delay-controlling factors and their impacts on the
project schedule over time. The results of the DEMATEL analysis
serve as reliable mathematical decision criteria to support SD
modeling analysis, forming a hybrid system that can be used to
effectively plan and manage the project schedule in the long term.
DEMATEL analysis does not only validate the fact that the delay
factors are greatly influenced by attributing significant influence
values to the factors, but also describes how the SD model could
be adopted to comprehensively explore the dynamics of the
factors based on the established influence weight of factors
and the relationships among them. The integrated model,
therefore, describes how the factors at play influence each
other to affect the project schedule for project players to
realize that the menace of project delay is an intricating
system that demands a systemic method to subjugate.
Furthermore, the model is successful in generating results that
stakeholders confirmed applicable and represent the reality of
project outcomes in the construction sector. The robust
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