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Abstract Building Information Modeling (BIM) and
Integrated Project Delivery (IPD) are widely adopted by
the Architecture Engineering and Construction industry
because of its distinguished benefits to the complex
infrastructure projects throughout the project life cycle.
This paper aims at evaluating Key Performance Indicators
(KPI) of Integrated Project Delivery and Building Infor-
mation Modeling for an infrastructure project like a metro-
rail construction project in Ahmedabad, a city in western
India, through decision-making tools like Factor Compar-
ison Method (FCM) and fuzzy Decision-Making Trial and
Evaluation Laboratory (DEMATEL). After an extensive
literature review and experts’ opinions, a list of 24 Key
Performance Indicators were generated. FCM and fuzzy
DEMATEL were applied for prioritizing and evaluating
the identified KPIs and disclosing their interrelationships
based on influential weight. The findings revealed that 16
most critical key performance indicators are vital for BIM
and IPD adoption in highly complex infrastructure projects
with visualizing their interrelationship by causal diagram
showing cause-and-effects groups. The results showed the
four most influential and critical KPIs as accessibility and
accuracy of information by BIM, facilitating access to real-
time data, interoperability and compatibility of data, min-
imizing claims and disputes which should be given more
consideration for enhanced performance and successful
completion of the complex infrastructure projects in the
future.
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Introduction

Building Information Modeling (BIM) is an evolving tool
that is utilized for creating and handling digital visual
representative information of the projects along with its
entire project life cycle. A huge investment budget amount
of 1 trillion USD has been set by the Indian government for
the development of infrastructure of the country, even with
such huge investments in developing infrastructure, the
time and cost overruns are fueled by frequent design
changes and poor planning strategies [1]. There has been a
significant loss of profits in the projects due to increasing
rework as stated by Manzione et al. [2]. The authors have
also proposed a prototype method that focuses to define
Key Performance Indicators (KPI) to evaluate the effi-
ciency of the process. A study by Luth et al. [3] shows the
benefits of High Definition Building Information Modeling
(HiDef BIM) optimizing project time and cost, it also
directly generates detailed shop drawings from the model
required in the execution and construction phase of the
project. Tatsiana and Saad [4] has identified KPI which
enables to control of the design process of the project based
on its main design sub-processes. Joy [5] developed KPI to
support transparency and sustainability in the project with
the respective project stakeholders. Tansania and Saad [4]
recognized KPIs offering control on the process in the
planning and designing phase of the project. Asmar et al.
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[6] evaluated Integrated Project Delivery (IPD) perfor-
mance for its adoption among other delivery systems.
Azhar et al. [7] investigated factors affecting the IPD
implementation on infrastructure projects. Chang et al. [8]
studied the impact of BIM implementation on IPD
acceptability for public projects.

IPD and BIM are developments of present day project
management. IPD is a process for reducing the complexity
of mega-infrastructure projects by increasing the coordi-
nation, collaboration and minimizing litigations and dis-
putes. BIM is a very effective tool to implement IPD. Since
the inception of BIM and IPD, both are used as a tool and
process, respectively, to enhance coordination, project
performance, productivity and profits [9, 10]. Misevalua-
tion of KPI factors may turn into a wrong consideration of
the factors affecting the project profits and timeline [11].
Hence, the accurate assessment of BIM and IPD KPIs is
essential for the success of a project because it minimizes
the costs, time and risks associated with the infrastructure
project [12]. It has also been observed that the KPIs of IPD
and BIM have a non-statistical behavior and thereby the
most effective way of evaluating them is through fuzzy set
approach.

The primary objective of this study is to identify the
KPIs related to IPD and BIM performance for large-scale
complex construction projects. Furthermore, the identified
KPIs have been evaluated, analyzed and prioritized with
the application of the FCM and Fuzzy DEMATEL
approach to obtain Most Critical Key Performance Indi-
cators (MCKPIs) of BIM and IPD to improve the project
performance and successful completion rate of the complex
infrastructure projects.

Literature Review

Joy [5] identified the KPIs for improvement in the per-
formance of project management for infrastructure pro-
jects. Fernandez-Sanchez and Rodriguez-Lopez [13]
developed a methodology to identify construction man-
agement-based KPIs for infrastructure projects. There are
also many critical hindrances to Building Information
Modeling (BIM) implementation which needs to be
reduced Liao et al.[14]. Tlozor and Belly [15] stated that
further research is required for a better understanding of the
relationship between BIM and IPD implementation and its
performance measures of the project. IPD and BIM adop-
tion has shown productivity benefits in large-scale con-
struction projects Kraatz et al.[16]. Abdirad and Pishdad-
Bozorgi [17] developed an assessment framework of met-
rics for collaboration of IPD. Ma et al. [18] determined that
project leadership and software functionality are the two
most important factors for BIM implementation. Various
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decision-making tools have been studied and applied by
several researchers. Sarkar and Dutta [19] applied the
Expected Value Method (EVM) decision-making tool for
risk analysis of metro-rail projects. Sarkar and Singh [20]
applied another decision-making tool like the Fuzzy Ana-
lytical Hierarchy Process (FAHP) for the development of
risk index for metro-rail projects. Furthermore, Sarkar and
Singh [21] applied another decision-making tool like Fuzzy
Failure Mode and Effect Analysis (FFMEA) for risk
analysis of the metro-rail projects. A comparative study of
the available decision-making tools like Fuzzy Expected
Value Method (FEVM), FAHP and FFMEA has been
carried out by Singh et al. [22]. Ranganath et al. [23]
worked with the decision-making methods for developing a
fuzzy TOPSIS method for analyzing and evaluating the
risk of the different phases of the solar power plant projects
in India. The methodology developed by the authors can
compare the severity of the identified risks of the activities
of each phase of the project through Fuzzy Positive Ideal
Solution (FPIS), Fuzzy Negative Ideal Solution (FNIS) and
Closeness Coefficient (CC). Qarnain et al. [24] explored
the application of Interpretive Structural Modeling (ISM)
for analyzing the energy conservation factors in Indian
scenario. Furthermore, Arukala et al. [25] evaluated the
sustainable performance parameters for built environment
through Analytical Hierarchy Process (AHP). Their pro-
posed framework would enable the policy makers to
develop sustainable mitigation strategies.

Many researchers have applied the fuzzy DEMATEL
approach on risk evaluation [26], assessment of critical risk
factors for BIM projects while mentioning that all risk
factors might not be covered due to the complex nature of
construction industry and it is not generalized as the study
is restricted to one country. Decision making for devel-
oping supplier selection criteria was carried out by Chang
et al. [27] and also suggested to apply the same approach to
explore the green supply chain as the future scope of the
study. Determination of technological risk influences was
carried out by Duran et al. [28], and vulnerability assess-
ment and resilience were carried out by Hiete et al. [29].
Rating and evaluation of green building system were done
by Liu et al. [30] who also pointed out that the limitation of
the study is being restricted to Taiwan only as the data set
used was collected from the small region of Taiwan. Khan
et al. [31] carried out condition assessment for bridge
projects through visual fuzzy-based inspection approach. In
their study, they reviewed the existing literature and their
techniques available in this area and tried to list out the
advantages and disadvantages of each method.

The analysis of potential occupational risks on site of
construction projects was carried out by Seker and
Zavadskas [32]. Risk assessment of road projects carried
out by Patel et al. [33] and sustainable building material
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selection by Bapat et al. [34] were done using Fuzzy Factor
Comparison Method (F-FCM) approach. Their study tried
to recommend alternative materials which would be green
and sustainable in nature for the flooring, roofing, internal
wall finish and external cladding for an infrastructure
facility like metro-rail station box of Ahmedabad, India.
Qin et al., [35] worked on the Critical Success Factors
(CSFs) for BIM adoption. The limitation of their study was
that it was restricted to a small region which cannot be
further generalized. Paradigm shift has been observed in
the AEC industry to move from conventional 2D paper-
based data exchange and contract toward new digital
technology like BIM and IPD (Patel and Patel [36]).
However, the decision-making process for the BIM and
IPD adoption is time consuming, complex and abstruse
process due to the multiple various factors involved in it
[37]. Therefore, it becomes a puzzle for infant BIM user
organizations and project stakeholders due to the associa-
tion of many KPIs as it requires significant efforts, a great
experience and special knowledge to identify, analyze and
prioritize them. However, there have been no research
attempts made to study and identify the KPIs and their
interrelationship (cause and effect) for BIM and IPD
adoption together.

Reviewing the available literature, it has been observed
that adequate work has been carried out on decision mak-
ing but no proper literature was found for any work in the
area of application of Multi-Criteria Decision-Making
(MCDM) tools like FCM and fuzzy DEMATEL particu-
larly for infrastructure projects. Furthermore, the applica-
tion of decision-making tools for the evaluation of
performance indicators of IPD and BIM is in a nascent
stage. Thereby the present research aims at developing a
knowledge-based MCDM framework by the application of
FCM and fuzzy DEMATEL for evaluation of the Key
Performance Indicators (KPI) for the IPD and BIM model
for an infrastructure project like the construction of metro-
rail in Ahmedabad, India. The justification of using FCM is
that it is a tool which quite precisely helps in prioritizing
the different factors with the help of scores and rankings
through paired comparison method. The justification of
using fuzzy DEMATEL is that it helps in establishing the
relationships of the different identified factors through the
cause-and-effect diagram. The causes and effects can be
identified through distance-based relationships and equa-
tions. The relationship between the factors would help the
project authorities to understand the system complexity and
they should develop corrective and preventive mitigation
measures accordingly.

Methodology

Figure 1 depicts the outline of the methodology of the
research study carried out. Most relevant Key Performance
Indicators have been identified along the entire project life
cycle through substantial literature study and opinions of
expert professionals working with similar fields. The
identified KPIs which may also be considered as the causal
factors creating effects in the project were further evaluated
through a Multi-Criteria Decision-Making (MCDM) tool
like fuzzy DEMATEL. The outline of the research
methodology is presented in Fig. 1.

The list of the identified KPIs based on the IPD process
and BIM tool is presented in Table 1.

Questionnaire survey is an effective way to acquire all
project stakeholders’ inputs. The responses obtained from
the respondents need to be analyzed efficiently [33]. For
the present study, totally 90 experts were approached for
their response, personally as well as virtually to obtain
importance level against each of the KPIs of IPD and BIM
adoption in reference to a five-point Likert scale. It has
been observed that 74 out of 90 experts responded to this
study, depicting an 82% response rate. Table 2 represents
the experts’ details of the respondents of the questionnaire
survey. Respondents were selected from the top and mid-
level officials from government, BIM consultancies, design
consultancies, contractors and project management
consultancies.

Extensive Literature Review

U

Qualitative Interview and Discussion with
Expert Professionals

O

Identification and Extraction of the Key

Performance Indicators (Causal Factors)

based on BIM & IPD Along the Project
Life Cycle

O

Analysing the KPI (causal factors) by
Fuzzy DEMATEL Approach

O

Obtaining the Results in Form of Most
Critical Key Performance Indicators
(MCKPI)

U

Development of Cause-Effect (Causal)
Diagram; Sensitivity Analysis; Result
Discussion and Conclusion

Fig. 1 Outline of the research methodology

@ Springer



998 J. Inst. Eng. India Ser. A (December 2021) 102(4):995-1011

Table 1 List of key performance indicators (KPI) (causal factors) for BIM and IPD adoption

Sr. no. Description of KPI Reference Code
Conceptualization and initiation phase
1 Initial cost of BIM adoption Manzione et al. [2] A
2 Awareness and benefits of IPD and BIM for infrastructure project Manzione et al. [2] B
3 Project stakeholder’s early involvement in IPD and BIM adopted projects Ma, G. et al. [18] C
4 Imparting BIM training to the employees Ma, G. et al. [18] D
5 Mandatory implementation of BIM and IPD by government authorities Ma, G. et al. [18] E
6 Enhancing collaborative decisions by adoption of IPD and BIM Chang et al. [27] F
Planning and designing phase
7 Accessibility and accuracy of information by BIM Manzione et al. [2] G
8 Effect on overall life cycle cost of project by use of IPD and BIM Manzione et al. [2] H
9 Improved design flexibility by utilizing IPD and BIM Manzione et al. [2] I
10 Better time and cost management by use of IPD and BIM Manzione et al. [2] J
11 Coordinated multi-disciplinary model for communication by adoption of IPD and BIM Bapat and Sarkar [1] K
12 Improvement in productivity through use of IPD and BIM Sarkar et al. [38] L
Execution and construction phase
13 Resource optimization by collaboration of IPD and BIM Sarkar et al. [38] M
14 Better safety management by implementation of IPD and BIM Sarkar et al. [38] N
15 Efficient change management by adoption of IPD and BIM Bapat and Sarkar [38, 42] O
16 Progress monitoring efficiency for infrastructure project through IPD and BIM Sarkar al [38] P
17 Minimized amount of rework by integrating IPD and BIM Sarkar et al. [38] Q
18 Speed of construction and delivery after IPD and BIM adoption Sarkar et al. [38] R
Finishing and maintenance phase
19 Quick and proactive decision making Sarkar et al. [38] S
20 Facilitating access to real-time data by IPD and BIM Sarkar et al. [38] T
21 Potential maintenance cost savings by using BIM as FM tool Sarkar et al. [38] U
22 Interoperability and compatibility of data by IPD and BIM Sarkar et al. [38] \%
23 Minimizing claims and disputes through implementation of IPD and BIM Sarkar et al. [38] w
24 Client’s satisfaction by implementing BIM and IPD Sarkar et al. [38] X
n/
Table 2 Details of the experts responded for the questionnaire survey n= m
Description Category Numbers g p*q
Type of company Government organization 10 V2

BIM and design consultancy 34

Contractors 12
Project management 18
consultancy

Designation/position Top-level 44
level Mid-level 28
Experience (years) < 5 years 18
5—10 years 32

> 10 years 22

, 05x0.5 156
0.042

The sample size for the questionnaire survey was cal-
culated using the below mentioned equation [20, 39, 40]
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where n = sample size; n’ = first estimate of sample size;
N = the size of the population; p = the proportion of the
characteristic being measured in the population, g = 1 — p;
and v = the standard error of the sampling population. The
values of p and g were taken as 0.5 to get the maximum
sample size. The standard error was kept at 4% (maximum
allowable value of the standard error is 10%). The total
target respondents were 90. Thus, the size of the population
is N = 100. By substituting these values in the equations.
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156
- 156
(1+57)
Out of a target size of 90 respondents, 74 responses were
received. The response rate was 82%, which is considered
acceptable [20, 40]. The details of the experts who

responded to the questionnaire survey are presented in
Table 2.

= 57.07 say 58 nos

Analysis and Results

Application of Factor Comparison Method (FCM)
for Evaluation of KPI

The factor comparison method (FCM), a Multi-Criteria
Decision-Making (MCDM) method, can be applied as a
funnel process to prioritize the most important KPIs of IPD
and BIM adoption for further analysis with fuzzy
DEMATEL technique. The FCM matrix was developed
using five-point scale ranging from 0 to 4. Score “0”
represents “no importance,” score “1” represents “low
importance,” score “2” represents “medium importance,”
score “3” represents “high importance,” and score “4”
represents “extreme importance,” respectively. Each factor
was compared with other factors with pairwise comparison
to calculate their relative weights. From a list of 24 KPIs,
16 KPIs have been shortlisted based on the FCM score
ranking as shown in Table 3.

According to Table 3, in the process of paired com-
parison, factor (A) which is “Initial cost of BIM adoption”
has been compared with the factor (B) which is “Aware-
ness and benefits of IPD and BIM for infrastructure pro-
ject.” It has been observed that factor (B) need to be given
“extreme importance” over factor (A) through the judg-
mental decision and thereby the corresponding cell has
obtained a score of B4 as the score for “extreme impor-
tance” is “4.” Similarly when factor (A) is compared with
factor (C) which is “Project stakeholder’s early involve-
ment in IPD and BIM adopted projects” it has been
observed that factor (C) is of “extreme importance” over
factor (A) thus the corresponding cell has obtained a score
of C4. Similar computation is carried out for all the cells
and finally the score of each factor is added row-wise. For
factor (A), the total score is A1 + A2 + Al (all in row 1)
which gives a score of 1 + 2 4+ 1 = 4. For score 4, factor
(A) has obtained a rank of 22. Similar computations have
been carried out for all the factors and thereby it has been
observed that factor (7) which is “Facilitating access to
real-time data by IPD and BIM” has obtained a maximum
score of 80, thus obtaining rank 1. Similarly the factors
which has obtained rank 2 to 16 are considered for further
analysis by fuzzy DEMATEL.
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Application of Fuzzy DEMATEL for Evaluation
of KPI

Fuzzy Decision-Making Trial and Evaluation Laboratory
(DEMATEL) is also a Multi-Criteria Decision-Making
(MCDM) method that can be used for evaluation of the
criticality or significance level of the KPIs (causal factors)
of IPD and BIM tool. The DEMATEL method is most
commonly applied to determine and obtain a cause-and-
effect diagram of the factors which have interdependencies
with each other. This method is better than other conven-
tional decision-making methods due to its ability to rank
the criteria according to the type and relationships and
interdependencies between the criteria considered for study
[32]. In the present study, the DEMATEL method has been
combined with fuzzy triangular membership functions to
reduce the vagueness and increase the prediction accuracy
of the decision-making method. In the process of decision
making, fuzzy logic deals with the vagueness of ideas and
language of humans [41]. DEMATEL is an extended-
method used for analyzing and developing a structural
model to analyze the influential relation among complex
criteria. Nevertheless, decision-making process is tough in
fuzzy settings to segment complex criteria. Out of multiple
available methods for selection factors analysis like Grey
theory, Analytical Hierarchy Process (AHP) and Analytical
Network Process (ANP), Quality Function Deployment
(QFD) and data mining, Grey-based decision making, etc.,
which requires large amount of confidential and complex
data, Fuzzy DEMATEL method has exhibited a unique
advantage with the capability of showing the relationship
between the factors influencing the other factors in key
performance indicators [27].

Steps for Fuzzy DEMATEL Analysis
Step 1

To find the model of the relations between the n KPIs,
initially, an n X n matrix is generated. The influence of the
factors/parameters in each row applied on the factors/pa-
rameters in each column of the matrix can be further rep-
resented by a fuzzy number.

0 - Zy
2= (1)

Zin o 0

Step 2

Setting up of direct relation matrix. This matrix is devel-
oped based on the fuzzy linguistic variables.
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Step 3 (u’j — min z;j)
w=~"' 9)
ij Amax
Convert triangular fuzzy numbers into the preliminary min
direct relation matrix. So that,
AT = max uﬁj — min lfj (10)

Step 4

The next step is normalization of fuzzy direct relation
matrix. The normalized fuzzy direct relation matrix can be
obtained using the following formula:

7 L my w
=2 (1) ®

r r r

where
n n
r = max maxg uij,maxg ujj i,j€{1,2,3,...,n}
1j 2 y J n
j=1 i=1

Step 5

In this step, the fuzzy total relation matrix has been cal-
culated by the following formula:

T=lim (Fofe o) (3)

k——+00

Each element of the fuzzy total relation matrix is

expressed as f; = lZ,mfj’,uZ , it can be calculated as
follows:
-1
[zg] = x % (I —x) (4)
] = (1= )™ 5)
-1
[”;]/] =, X (I — xy) (6)

After developing the normalized matrix, the inverse is
first calculated, and then it is subtracted from the matrix I,
and finally the normalized matrix is multiplied by the
resulting matrix.

Step 6

Setting up crisp total relation matrix.

The Converting Fuzzy Data into Crisp Scopes (CFCS)
method proposed by (Opricovic and Tzeng [43]) has been
used to obtain a crisp value of total relation matrix. The
equations of CFCS method are as follows:

1 o t
. (mij — min li/‘)

mij = Amgx (7)
min
(zf. — min 16)
ij ij
R 0
/ Ania

The upper and lower bounds of normalized values can
be computed from the following equations:

[ = mj n 11
ij J <1+mg—lij) (11)

S = M;l n n 12
="/ (1~ 1) (12)

The output of the CFCS algorithm is crisp values. Total
normalized crisp values can be calculated from the
following equation:

[1;,(1 _ zgj) ol X ugj]

[1—1§j+ufj}

(13)

)C,'j:

Step 7

Sum computation of rows and columns.

In this step, the sum of each row and each column of T
(in step 4) has been computed. The sum of rows (R;) and
columns (Cj) can be calculated as follows:

Ri=>_Ty (14)
j=1

G=>T; (15)
i=1

Then, the values of R; + C; and R; — C; can be
calculated by R; and C;, where R; + C; represent the degree
of importance of factor j in the entire system and R; — C;
represent net effects that factor i contributes to the system.

Implementation of Fuzzy DEMETAL Approach

Step 1

Determine the KPIs (causal factors) using extensive liter-
ature review and personal experience of authors. 24 KPIs
(causal factors) were identified and 16 KPIs (causal factors)
were shortlisted based on the ranking obtained by FCM.
Step 2

The shortlisted/prioritized KPIs based on FCM ranking are

listed separately with respect to their phase and code for
further analysis by fuzzy DEMATEL. Table 4 represents

@ Springer
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Table 4 List of shortlisted KPIs considered for analysis by fuzzy DEMATEL

Sr.No  Phase KPI (causal factors) Symbols
1 Conceptualization and initiation phase =~ Awareness and benefits of IPD and BIM for infrastructure project KPI 1
2 Mandatory implementation of BIM and IPD by government authorities KPI 2
3 Project stakeholder’s early involvement in IPD and BIM adopted projects KPI 3
4 Enhancing collaborative decisions by adoption of IPD and BIM KPI 4
5 Planning and designing phase Accessibility and accuracy of information by BIM KPI 5
6 Improved Design flexibility by utilizing IPD and BIM KPI 6
7 Effect on overall life cycle cost of project by use of IPD and BIM KPI 7
8 Improvement in productivity through use of IPD and BIM KPI 8
9 Execution and construction phase Resource optimization by collaboration of IPD and BIM KPI 9
10 Progress monitoring efficiency for infrastructure project through IPD and BIM  KPI 10
11 Minimized amount of rework by integrating IPD and BIM KPI 11
12 Speed of construction and delivery after IPD and BIM adoption KPI 12
13 Finishing and maintenance phase Facilitating access to real-time data by IPD and BIM KPI 13
14 Interoperability and compatibility of data by IPD and BIM KPI 14
15 Minimizing claims and disputes through implementation of IPD and BIM KPI 15
16 Client’s satisfaction by implementing BIM and IPD KPI 16

Table 5 Fuzzy-based linguistic scale values

Linguistic terms Score Triangle fuzzy numbers
No influence (NI) 1 0.0, 0.0, 0.25

Low influence (LI) 2 0.0, 0.25, 0.5

Moderate influence (MI) 3 0.25, 0.5, 0.75

High influence (HI) 4 0.5,0.75, 1

Extreme influence (EI) 5 0.75, 1, 1

the short-listed KPIs for analysis through fuzzy
DEMATEL.

Step 3

Five-point scale was utilized [27] to obtain ideal solutions,
which included the following level-scale factor influence
relationships like “No influence,” “Low influence,”
“Moderate influence,” “High influence,” and “Extreme
influence.” The details of the triangular fuzzy-based lin-
guistic scale values are presented in Table 5.

Step 4

Using linguistic variables pairwise comparison was made
based on the intensity of the influence of KPI on each
other. The initial direct relation matrix was obtained using
the fuzzy scale as given in Table 6.

The linguistic values of the shortlisted KPIs are con-
verted to their respective fuzzy values as presented in
Table 7.
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Step 5

Making use of the initial direct relation matrix, the nor-
malized fuzzy direct relation matrix “R” was developed.
The normalized fuzzy direct relation matrix is calculated
using Eq. 7 and the same is presented in Table 8.

Step 6:

After having obtained the normalized direct relation fuzzy
matrix, the total relation fuzzy matrix was derived using
equation 8.The total relation fuzzy matrix is presented in
Table 9.

Step 7

The Converting Fuzzy Data into Crisp Scores (CFCS)
method is used to generate the crisp values of the total
relation matrix according to the steps mentioned for the
Fuzzy DEMATEL approach consisting of calculation of
upper and lower bound of normalized values and CFCS
algorithm to obtain crisp values of total relation matrix.
The crisp total relation matrix is presented in Table 10.
The threshold value must be obtained to calculate the
internal relations matrix. Accordingly, partial relations are
neglected and the Network Relationship Map (NRM) is
plotted. Only relations whose values in matrix 7T are greater
than the threshold value are depicted in the NRM. To
compute the threshold values for relations, it is sufficient to
calculate the average values of the matrix 7. After the
threshold intensity is determined, all values in matrix
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Table 6 Direct relation matrix
KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI  KPI KPI KPI KPI KPI
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
KPI 1 - 2 2 4 3 3 3 4 3 4 4 3 1 3 2 2
@@ e HHp ™Mh ™MD M) HDH ™M) HDH HDH ™MD N)H M) (LD (LD
KPI 2 2 - 5 3 3 3 3 4 4 3 5 4 2 3 3 3
(LD (EI) MDD M) MI) @MI) (HD (HI) MDD  (ED  (HD (LI) M) MI)  (MI)
KPI 3 4 3 - 5 3 3 4 3 5 4 4 5 1 2 5 4
(HI) MI) (EI) MI) (MI) (HD MI)  (ED) (HI) (HI) (EI) (N (LI) (EI) (HI)
KPI 4 3 3 4 - 4 4 4 5 4 4 5 5 2 1 4 5
MDD (WMD) (HD (HI) (HI) (HI) (EI) (HI) (HI) (EI)  (ED (LD (NI) (HI) (ED)
KPI 5 3 4 4 3 - 5 4 3 3 5 5 3 4 4 2 4
MI)  (HD (HI) MD) (EI) (HI) MD M) (ED (EI) MI) (HD (HI) (LI) (HI)
KPI 6 2 2 3 4 4 - 4 3 1 3 4 4 2 3 2 3
(LD (LI) MI) (HD (HI) (HI) MI)  (ND MD) (HD) (HD (LI) MI) (LD (MID)
KPI 7 2 3 3 4 3 3 - 4 4 3 4 3 3 1 3 5
(LD M) (WMD) (HD MI)  (MI) (HI) (HID) MI) (HI) ™MD ™M) (NI) MI)  (ED)
KPI 8 3 4 4 5 4 3 5 - 5 4 5 5 2 2 3 4
MID)  (HD (HI) (ED (HI) MDD  (ED (EI) (HI) (EI)  (ED (LD (LI) MI)  (HD
KPI 9 4 4 4 4 3 3 5 4 - 3 4 4 2 1 2 4
(HI) (HI) (HI) (HI) ™MD M) (ED (HI) MDD  (HD) (HD (LI) (NI) (LI) (HI)
KPI 10 2 3 3 3 2 2 4 4 4 - 4 5 5 4 4 4
(LD M) MI) MI) (LI) (LI) (HI) (HI) (HI) (HI) (ED (EI) (HI) (HI) (HI)
KPI 11 4 4 4 4 5 3 5 5 4 3 - 5 4 3 4 4
#HH  HDH HH @HH EHD ™MD (EH (ED HDH MD (ED  HDH ™MD HDH HD
KPI 12 4 4 4 4 3 3 5 5 5 4 4 - 3 2 3 4
(HI) (HI) (HI) (HI) M) M) (ED (ED) (EI) (HI) (HI) MD (LD MI)  (HD
KPI13 3 3 3 5 4 4 4 3 3 5 5 4 - 4 4 3
MDD MI) MI) (ED (HI) (HI) (HI) M) (M) (ED (EI)  (HI) (HI) (HI) (MI)
KPI 14 4 3 3 4 5 5 3 4 3 5 5 3 4 - 2 3
(HI) M) (WMD) (HD (EI) (EI) MI)  (HD MI)  (ED (EI) MI) (HD (LI) (MI)
KPI15 4 4 5 3 4 2 3 3 3 3 4 4 2 2 - 4
#HH HH EH M™MH HH @C&H ™MH ™MH M™MH ™MDH HDH HH @&H (@D (HD
KPI 16 4 4 4 3 3 2 3 3 3 4 4 4 2 3 4 -
(HI) (HI) (HI) MDD MI)  (LI) MD)  MD) (MI) (HI) (HI)  (HI) (LI) MD)  (HD

T which are smaller than the threshold value are set to zero,
that is, the causal relation mentioned above is not consid-
ered. In this study, the threshold value is equal to 0.142. All
the values in matrix 7 which are smaller than 0.142 are set
to zero, that is, the causal relation mentioned above is not
considered.

Step 8:

Centre of Area (COA) defuzzification technique was used
to defuzzify R; + C; and Ri—C; and Best Non-fuzzy Per-
formance (BNP) values were obtained. In the COA
method, the defuzzified factor of the KPIs (causal factors)
is represented by the geometric center of area limited by
the curve that represents its membership functions. Crisp

values of R;, C;, R; + C;and R; — C; were computed which
are presented in Table 11.

Generation of Causal Diagram for Evaluated KPIs

Figure 2 represents the model of significant relations ter-
med as causal diagram. This model can be represented as a
diagram in which the values of (R; + C;) are placed on the
x-axis and the values of (R; — C;) on the y-axis. The
position and interaction of each factor with a point in the
coordinates [(R; + C)), (R; — C;)] are determined by the
coordinate system. The KPIs with the higher value of (R; —
C;j) are classified under the cause group factors and the
KPIs with lower value of (R; — C)) are classified under the
effects group factors.

@ Springer
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According to the cause-effect diagram, “Interoperability
ol g § g = g g = § ‘g and compatibility of data by IPD and BIM,” “Facilitating
T|ldces 2s— 2SS access to real-time data by IPD and BIM,” “Accessibility
%= = = and accuracy of information by BIM” and “Minimizing
S8 g8 .o claims and disputes through implementation of IPD and
218878 888 828 » . . «
E|Scc8ss 8= BIM” are identified as cause group factors, and “Aware-
2= = = ness and benefits of IPD and BIM for infrastructure pro-
- s S8 ogg 08§ ject,” “Mandatory implementation of BIM and IPD by
—(ss2 g2 gen government authorities,” “Project stakeholder’s early
= oo Qo NS S ¢ ) .
| e S5 S5 involvement in IPD and BIM adopted projects,” “En-
N N o hancing collaborative decisions by adoption of IPD and
.22 .88 .3 . s s
o888 g a7 g 47 BIM,” “Improved Design flexibility by utilizing IPD and
= v — . g eqe .
v RS = S =< S =< BIM design flexibility,” “Effect on overall life cycle cost
o L L of project by use of IPD and BIM,” “Improvement in
SO [ o o ..
o FRR SR8 gL productivity through use of IPD and BIM”, Resource
& g°° g° &<~ optimization by collaboration of IPD and BIM,” “Progress
monitoring efficiency for infrastructure project through
-1 88 88 28 IPD and BIM,” “ Minimized amount of rework by inte-
—lacece Snce o< . . .
E S 29—~ 2° -~ grating IPD and BIM,” “Speed of construction and deliv-
= = = ery after IPD and BIM adoption” and “Client’s satisfaction
S g,' g o % g o g g by implementing IPD and BIM” are identified as effects
ol IS e R group factors. As the cause group factors have an influence
“~1= = =~ on the effects group factors, their degree of importance is
.S § .S § .S § more and should be given more consideration. Hence, any
21825 883 8§23 change or modification in the cause group factors can have
2| e S e a significant impact on the effects group factors as well.
£8 .g8 .58 The most critical KPI revealed is interoperability and
w3 52 7 A & 7 A & compatibility of data (KPI14) with the highest value of (R;
< S S — () 0.89 and (R; + C;) 3.911, which shows its prominent
=5 <=5 <& influence and moderate impact, respectively. Similarly,
| SRR SRR ERr2 facilitating access to real-time data (KPI13) has received
Tl S Ads S A 5 .
va ) e S e S e the second rank with the value of (R; — C;) 0.88 and (R;.
- - - + C)) 4.048. Subsequently, the third position is obtained
© %g § 8§ § 8§ § by the accessibility and accuracy of information by BIM
& ‘é - % o< g c o (KPIS), having the value of (R; — C)) 0.143 and (R; + C))
4.674. Furthermore, minimizing claims and disputes
=88 28 =38R (KPI12) is found as the fourth important factor of BIM
nlocee IS oy . ..
E E-—2S~ 4953 software selection, receiving the value (R; — C;) 0.138 and
= = = (R; + C;) 4.171, portraying sound influence and impact,
S8 g8 .89 respectively.
.| sEE g g28 Py
o no—- doo do o
M| e e e
S8 88 oo Conclusion
o | E2E 388 858
E NoCOoO DNe—=m— N o —~ .
i S 52 52 This research study presents a novel approach for analyz-
.28 .$8 g8 ing the KPIs of IPD and BIM adoption for infrastructure
o ﬁln_ = § =S § =S project by using FCM and Fuzzy DEMATEL method.
= looc o — Vo — . . . .
- @ S S S Since this concept is generic, the method and results
g o~ o~ o~ obtained are applicable globally with minor modification in
= LS oo .g2 K
§ | 828 828 L8 the input parameters based of the geography of the loca-
= v —_ N —_ N — . . . .
RN = = S g tion. Total 24 KPIs were categorized into major four pro-
= =T zo =C ject life cycle phases (1) initiation, (2) design, (3) execution
= M M M and (4) maintenance through extensive literature review
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Table 8. continued

KPI15 KPI16

KPI14

KPI2 KPI3 KPI4 KPI5 KPI6 KPI7 KPI8 KPI9 KPI10 KPI11 KPI12 KPI13

KPI1

(0.017, (0.033, (0.050, (0.050, (0.017, (0.033, (0.017, (0.050, (0.050, (0.017, (0.033, (0.000, (0.000, (0.017,

(0.017,

KPI14 (0.033,

0.017, 0.033,

0.000,
0.000)

0.033, 0033, 0050, 0067, 0067, 0033, 0050, 0033, 0067, 0067, 0033,  0.050,
(0.000,

0.050,

0.050)
(0.033,

0.033)
(0.000,

0.067)
(0.000,

0.050)
(0.033,

0.067)
(0.033,

0.067)
(0.017,

0.050)
(0.017,

0.067)
(0.017,

0.050)
0.017,

0.067)
(0.000,

0.067)
(0.033,

0.067)
(0.017,

0.050)
(0.050,

0.050)
(0.033,

0.067)

KPI15 (0.033,

0.050,

0.000,
0.000)

0.050, 0.067, 0.033, 0.050, 0.017, 0.033, 0.033, 0.033, 0.033, 0.050, 0.050, 0.017, 0.017,
(0.033,

0.050,

0.067)
(0.000,

0.033)
(0.017,

0.033)
(0.000,

0.067)
(0.033,

0.067)
(0.033,

0.050)
(0.033,

0.050)
(0.017,

0.050)
0.017,

0.050)
(0.017,

0.033)
(0.000,

0.067)
(0.017,

0.050)
0.017,

0.067)
(0.033,

0.067)
(0.033,

0.067)

KPI16 (0.033,

0.050,  0.050, 0033, 0033, 0017, 0033, 0033, 0033, 0050, 0050, 0050, 0017, 0033,  0.050,  0.000,
0.000)

0.050,

0.067)  0.067) 0.050)  0.050) 0.033) 0.050) 0.050) 0.050) 0.067) 0.067) 0067  0.033)  0.050) 0.067)

0.067)

and authors personal experience. The factor comparison
method was utilized as a funnel process to prioritize the
top-ranked 16 KPIs for further computation with Fuzzy
DEMATEL method. The proposed approach proves to be
more effective and efficient as compared to the conven-
tional approaches because of the ability of revealing the
interrelationships between the KPIs and the intensity of
their effects on each other with respect to the ranking.
According to the results, it can be suggested to emphasize
focus for more consideration on the cause group factors
due to their influences on the effect group factors. The
decision-making authorities should emphasize more con-
sideration to “Interoperability and compatibility of data by
IPD and BIM (KPI 14),” “Facilitating access to real-time
data by IPD and BIM (KPI 13),” “Accessibility and
accuracy of information by BIM (KPI 5)” and “Minimiz-
ing claims and disputes through implementation of IPD and
BIM (KPI 15).”. These KPIs have a huge influence on the
other KPIs from the effect group, like awareness and
benefits of IPD and BIM for infrastructure project (KPI
1),” “Mandatory implementation of BIM and IPD by
government authorities (KPI 2),” “Project stakeholder’s
early involvement in IPD and BIM adopted projects (KPI
3),” “Enhancing collaborative decisions by adoption of
IPD and BIM (KPI 4)”, “Improved Design flexibility by
utilizing IPD and BIM design flexibility (KPI 6),” “Effect
on overall life cycle cost of project by use of IPD and BIM
(KPI 7),” “Improvement in productivity through use of
IPD and BIM (KPI 8),” “Resource optimization by col-
laboration of IPD and BIM (KPI 9),” “Progress monitoring
efficiency for infrastructure project through IPD and BIM
(KPI 10),” “Minimized amount of rework by integrating
IPD and BIM (KPI 11),” “Speed of construction and
delivery after IPD and BIM adoption (KPI 12)” and
“Client’s satisfaction by implementing IPD and BIM (KPI
16)”. This research study provides a checklist of KPIs that
requires special attention for IPD and BIM adoption. The
result offers a logical base to deepen the understanding to
select efficient and effective way of IPD and BIM adoption
for complex infrastructure project.

This proposed methodology is believed to be superior
than the available conventional techniques because the
proposed methodology tries to expose the interrelation
among the KPIs (causal factors) and their effects on the
project performance. This methodology has the capability
of dealing with group decision making in fuzzy environ-
ment. According to the analysis and findings, it has been
observed that several corrective and preventive mitigation
measures can be adopted to reduce the adverse impact of
the KPIs (causal factors) affecting the project. It has been
recommended to focus on the cause group criteria than the
effect group criteria. Furthermore, the project authorities
should focus on the Most Critical Key Performance
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Table 10 Crisp total relation matrix

KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI KPI

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
KPI1 O 0 0 0 0 0 0 0.143 0 0 0.153 0 0 0 0 0
KPI2 0 0 0.165 0.143 0 0 0.146 0.157 0.152 0 0.182 0.164 O 0 0 0
KPI3 0.146 O 0 0.176 0 0 0.168 0.151 0.171 0.16 0179 0.184 O 0 0.155 0.165
KPI4 0 0 0.166 0 0.157 0.142 0.174 0.181 0.164 0.165 0.196 0.189 0 0 0.147  0.181
KPI5 0 0.153 0.163 0.155 O 0.155 0.172 0.154 0.147 0.176 0.195 0.162 0 0 0 0.166
KPI6 O 0 0 0.145 0 0 0.147 0 0 0 0.157 015 O 0 0 0
KPI7 O 0 0 0.153 0 0 0 0.152 0.147 0 0.166 0.145 O 0 0 0.164
KPI8 O 0.157 0.167 0.183 0.159 0 0.187 0 0.177 0.166 0.198 0.191 0 0 0 0.171
KPI9 O 0.146 0.155 0.159 0 0 0.174 0.159 0 0 0.172 0.165 O 0 0 0.158
KPI10 O 0 0.145 015 O 0 0.167 0.164 0.158 0 0.178 0.182 0 0 0.143  0.163
KPI 11 0.156 0.163 0.174 0.179 0.177 0 0.194 0.19 0.172 0.161 0.152 0.197 O 0 0.153  0.177
KPI 12 0.149 0.156 0.166 0.171 0.144 0 0.186 0.182 0.176 0.166 0.186 O 0 0 0 0.17
KPI13 0 0 0.152 0.183 0.16 0.146 0.174 0.157 0.15 0.179 0.198 0.178 0 0 0.148 0.156
KPI 14 0.146 O 0.148 0.168 0.169 0.156 0.158 0.167 0.146 0.176 0.195 0.161 0 0 0 0.152
KPI15 O 0.144 0.165 0.142 0.146 0 0.145 0 0 0 0.17 0.163 0 0 0 0.156
KPI16 0 0.145 0.154 0.143 0 0 0.146 0.143 0 0.154 0.171 0.164 0 0 0 0
Table 11 Crisp values of R;, C;, R; + C; and R—C;

R; G Ri+ G Ri— G

KPI1 2.064 1.839 3.903 —0.225
KPI2 2.191 2.158 435 — 0.033
KPI3 2.404 2.337 4.742 — 0.067
KP4 2.518 2.442 4.96 — 0.076
KPI5 2.265 2.409 4.674 0.143
KPI6 1.984 1.9 3.884 — 0.084
KPI7 2.579 2.07 4.649 — 0.509
KPI8 2.5 2.476 4.975 — 0.024
KPI9 2.363 2.199 4.561 — 0.164
KPI10 2.438 2.306 4.743 - 0.132
KPI11 2.849 2.625 5.474 —0.224
KPI12 2.66 2.45 5.11 — 0211
KPI13 1.584 2.464 4.048 0.88
KPI14 1.512 2.399 3911 0.89
KPI15 2.02 2.158 4.177 0.138
KPI16 2.474 2.173 4.647 — 0.301

Indicators (MCKPI) or most critical causal factors like KPI
11, KPI 12, KPI 8, KPI 4, KPI 10, KPI 3, KPI 5, KPI 7 and
KPI 16. These most critical causal factors related to
rework, speed and delivery after IPD adoption, improve-
ment in productivity through BIM and IPD, enhancing
collaborative effort, progress efficiency monitoring, early

involvement of the stakeholders, effect of IPD and BIM
implementation on the overall life cycle cost of the project
and satisfaction of the client after implementing BIM and
IPD need to be taken utmost care by the project authorities
and wherever required suitable corrective and preventive
mitigation measures need to be adopted. Finally the results
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Cause-Effect diagram
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Fig. 2 Casual diagram highlighting the cause-and-effect groups of the evaluated KPIs for IPD and BIM adoption

of the FCM and fuzzy DEMATEL approach can be made
more robust and the validation of test results can be done
through sensitivity analysis. Thereby, it can be concluded
that combined FCM and fuzzy DEMATEL methodology is
effective decision-making tool which can be used in most
of the industry sectors that need group decision making in a
fuzzy environment.

Scope for Future Research

The methodology and the concepts applied in the present
research is generic in nature and thereby may be applied for
other infrastructure projects like highways, bridges, ports,
power plants, dams etc. These concepts can be applied to
all projects across the nation and also globally. Sensitivity
analysis can be applied to validate the results of the fuzzy
DEMATEL. The present research has been carried out with
triangular membership function and 5-point scale. Further
research may be carried out by exploring the possibilities
of application of trapezoidal membership function and
7-point scale.
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