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Abstract. Nanotechnology plays a significant role in construction industry. The construction industry has been employed
nanomaterials to improve the performance of construction components and the safety of the structure and to reduce the
energy consuming and the cost of maintenance. In other words, nanotechnology has a substantial impact on the construc-
tion industry. Therefore, it is necessary to identify and evaluate the critical factors of the application of nanotechnology
in construction in order to concentrate on the most critical factors. However, several techniques have been developed to
prioritize the evaluation criteria. Analytical network process (ANP) technique, a branch of multi criteria decision mak-
ing (MCDM) methods, is a powerful tool to rank a limited number of criteria. This technique takes into account both
tangible and intangible criteria in the process of formulation of a decision making problem. This method is capable of
handling all types of independence and dependence relationships. On the other hand, intuitionistic fuzzy set (IFS) is a
well-known technique in considering the inherent uncertainty involved in the process of modelling a decision making
problem. In this paper, a new model based on the IFS and ANP technique is proposed to evaluate the critical factors of
the application of nanotechnology in the construction industry. The results demonstrate that the proposed model has a
high potential for taking into account the uncertainty in the form of a three dimension function, including membership,

non-membership, and non-determinacy.

Keywords: Intuitionistic fuzzy set (IFS), Analytical network process (ANP), construction industry, nanotechnology.

Introduction

Nanotechnology has recently become one of the most
attractive areas in science and physics. Nanotechnology
refers to the manipulation of matter on a molecular and
atomic scale with at least one dimension less than 100 na-
nometers. The nanotechnology includes the understand-
ing of the fundamental technology, biology, chemistry
and physics of nanoscale objects. The significance and
importance of controlling matter at the nanoscale is that
at this scale different laws of physics come into play (Zhu
et al. 2004). Nanotechnology leads to a better, smarter,
faster, cheaper, and cleaner product. Nanotechnology can
affect all materials (GhorshiNezhad et al. 2015): (i) ce-
ramics, (i1) metals, (iii) polymers, (iv) biomaterials, and
(v) semiconductors. However, nanotechnology has an
enormous impact on production, construction, energy
saving, environmental protection, etc.

In the early 1990s, the construction industry was
known as a sector with high potential for application of
nanotechnology (Bartos 2006). The key importance of
nanotechnology in construction is highlighted by Saafi
and Romine (2005). The construction industry is identi-
fied as one of the top forty industrial sectors influenced
by nanotechnology in the near future (Baer et al. 2003).

In the construction industry, several applications
have been developed to improve the durability and en-
hanced performance of construction components, energy
efficiency, safety of the buildings, and facilitating the
ease of maintenance (Keles 2009).

The use of nanotechnology materials and applica-
tions in the construction industry should be considered
not only for enhancing material properties and functions
but also in the context of energy conservation. This is a
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particularly important prospect since a high percentage
of all energy used (e.g. 41% in the United States) is con-
sumed by commercial buildings and residential houses
by applications such as heating, lighting, and air condi-
tioning.

However, the construction industry plays a signifi-
cant role in the world economy. Based on the statistics
issued by Global Construction Perspectives and Ox-
ford Economics (2015), the average global construc-
tion growth is 3.9% per annual to 2030. This report also
shows that only for three countries, China, US, and India
(accounting for 57% of all global growth), the volume of
construction output will grow by 85% to $15.5 trillion
worldwide by 2030.

Therefore, it is important to evaluate the critical pa-
rameters influencing the application of nanotechnology
in construction. This analysis can help decision maker to
understand which components require more focus.

However, a number of techniques, including theoret-
ical, analytical, and mathematical, have been developed
to evaluate and rank the elements under consideration.
Multi criteria decision making (MCDM) methods are
well known as powerful and useful tools for solving a
complex problem with both quantitative and qualitative
criteria that are often in conflict with each other. How-
ever, in real world problems, the evaluation criteria are
often dependent on each other and the assumption of in-
dependence between the criteria is not always accurate.
Analytical network process (ANP), a particular branch of
the MCDM methods, is a powerful technique in facing
with all kinds of relationship, dependency and feedback
in the model and draws a systematical figure of the deci-
sion making problem (Azimi et al. 2011). The main rea-
sons for using an ANP-based decision analysis approach
are (Fouladgar ef al. 2012): (1) ANP can measure all tan-
gible and intangible criteria in the model; (2) ANP is a
relatively simple, intuitive approach that can be accepted
by managers and other decision-makers; (3) ANP allows
for more complex relationship among the decision levels
and attributes as it does not require a strict hierarchical
structure; and (4) ANP is more adapted with real world
problems. In spite that fact that the ANP technique is ca-
pable of solving a sophisticated decision making prob-
lem, this method is less effective in conveying the impre-
cision and fuzziness characteristics (Bashiri ez al. 2011).

The main aim of the study is to evaluate the critical
factors of application of nanotechnology in construction
and provide a decision support framework to carefully
calculate the relative weight of the evaluation criteria. For
achieving the aim, the intuitionistic fuzzy ANP method is
employed to obtain the relative weights.

The remainder of this paper is organized as follows.
The intuitionistic fuzzy set is illustrated in Section 1. In
Section 2, the ANP technique is briefly described. The
proposed model is clearly described in Section 3. In Sec-
tion 4, the implementation of the proposed model is ac-
complished to evaluate the critical factors of the appli-

cation of nanotechnology in the construction industry.
Finally, conclusions are presented.

1. Intuitionistic fuzzy set

Over the last three decades, fuzzy logic theory has been
extensively obtained great success in the field of science,
engineering, and management. The fuzzy theory, first in-
troduced by Zadeh in 1965 for dealing with vagueness
appearing in real-world problems, is a powerful math-
ematical tool (Zadeh 1965). This technique employs the
membership functions, the cornerstone of fuzzy concepts,
to handle the uncertainty involved in the process of for-
mulation.

However, in order to describe a fuzzy set, Zadeh ap-
plied a single membership function. In other words, the
single membership function simultaneously represents
two opposite characteristics of a fuzzy concept. Namely,
the degree of belongingness to a fuzzy set is determined
by a membership function, in which each element x of
the universe of discourse has a real number x(x ) belong-
ing to the closed interval [0,1]. As a result, the degree
of non-belongingness is inevitably equal to 1— u(x).
Therefore, the fuzzy set is only able to describe fuzzi-
ness “this and also that” and is not capable of represent-
ing the neutral state, i.e., neither supporting nor opposing
(Li 2014).

However, this limitation of the fuzzy set leads to
new challenges in some sophisticated problems. Hence,
the intuitionistic fuzzy set, represented by three mem-
bership functions including membership (the degree of
belongingness) and nonmembership (the degree of non-
belongingness), and non-determinacy (the degree of hes-
itation) functions, was firstly introduced by Atanassov
(1999). Based on the principal concepts of the intuition-
istic fuzzy set, a typical set contains of three components:
support, opposition, and neutrality. In other words, the
intuitionistic fuzzy set is able to describe fuzziness of
“neither this nor that” (Li 2014).

Hence, the intuitionistic fuzzy set is a general form
of the fuzzy set. The fuzzy set has obtained a great suc-
cess in practical applications and theoretical researches
such as equipment selection (Yazdani-Chamzini 2014a),
corporate social responsibility (Skarmeas et al. 2014),
operations research (Broumi, Smarandache 2014; Alcan-
tud 2016; Gongalves et al. 2016; Sun et al. 2014, 2017,
Pask et al. 2017; Fan et al. 2017), performance evalua-
tion (Rabbani et al. 2014; Onat et al. 2016), risk assess-
ment (Yazdani-Chamzini 2014b; Abdullah, Najib 2014);
site selection (Shariati et al. 2014), and supplier selection
(Kar 2015). It can be anticipated that the intuitionistic
fuzzy set has a success prospect for modelling a decision
making problem, in which expert’s knowledge and expe-
rience is required for formulation of the problem under
consideration.

According to the potential applications of the in-
tuitionistic fuzzy set, this technique has been applied
by different researches. Liu and Wang (2007) presented
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new methods for solving multi-criteria decision-making
problem in an intuitionistic fuzzy environment. They de-
veloped an evaluation function for the decision-making
problem to measure the degrees to which alternatives sat-
isfy and do not satisfy the decision-maker’s requirement.

Szmidt and Kacprzyk (2001) introduced a measure
of entropy for an intuitionistic fuzzy set. Atanassov and
Gargov (1998) constructed two versions of intuitionis-
tic fuzzy propositional calculus (IFPC) and a version of
intuitionistic fuzzy predicate logic. A new method for
handling multicriteria fuzzy decision-making problems
based on intuitionistic fuzzy sets is proposed by Lin ef al.
(2007).

A new concept of the optimization problem under
uncertainty based on intuitionistic fuzzy sets is proposed
by Angelov (1997). The proposed model is an extension
of fuzzy optimization in which the degrees of rejection
of objective(s) and of constraints are considered together
with the degrees of satisfaction. A new definition of the
degree of similarity between IFSs is introduced by Deng-
feng and Chuntian (2002). They applied the similarity
measures of [FSs to pattern recognitions.

Boran et al. (2009) proposed a combination model
based on intuitionistic fuzzy set and TOPSIS method to
select appropriate supplier in group decision making en-
vironment. Li (2005) developed the multiattribute deci-
sion making methods using intuitionistic fuzzy sets and
linear programming models to generate optimal weights
for attributes. Xu and Zhao (2016) presented an over-
view on the existing intuitionistic fuzzy decision making
theories and methods from the perspective of information
fusion, involving the determination of attribute weights,
the aggregation of intuitionistic fuzzy information and the
ranking of alternatives.

Li (2010) introduced the concept of a triangular in-
tuitionistic fuzzy number (TIFN) as a special case of the

IFN and develop a new methodology for ranking TIFNs.
An algorithm of the intuitionistic fuzzy fault-tree analysis
is proposed by Shu et al. (2006) to calculate fault interval
of system components and to find the most critical system
component for the managerial decision-making based on
some basic definitions.

An intuitionistic fuzzy set4 inE is mathematically
defined as:

a={eropmg N eEf, M)
where the functions:
1y E —0,1] )
and
v, E—[0.1]. (3)

The degree of membership and the degree of non-
membership of the elementx € E , respectively, can be
described for everyx € E as:

0<u, (x)+v,(x)<1. )

Now, a typical fuzzy set can be defined as:

A={G g )-py N <Ef. )

The degree of non-determinacy (or uncertainty) of
the elementx € E to the intuitionistic fuzzy set4 is de-
fined by Atanassov (1999) as the following form:

”A(x)zl_ﬂA(x)_UA(x)- (6)

For two intuitionistic fuzzy sets4 and B, the fol-
lowing relations and operations can be defined:

A cB ifandonlyif (Vx € E)(uy (x) < pp (x) &0, (x) 2 0p (1)) (7)
A > B ifandonlyif B = 4 ; (8)

A =B ifandonlyif (Vx e E)(u, (x) =z (x) &0, (x)=0g (x); 9)
A={x.0y ()oary Gy < £} (10)

ANB = {te,min(g (), ()max(v, (x)vg N £ (1)
AUB = {(r.max(u (), g (¥)),min(v, (x)vg ()| < (12)
A+B = {(x gy () + g () =1 ()ptg ()ovy (Dwg D < £ (13)

A.B ={<Xs/uA (x)/uB (x),UA (X)+UB ()C)—UA (x).UB (x)>|x eE} . (14)
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The most popular distances between intuitionistic

fuzzy sets A and B in X={x1,x2,...,xn} can be de-
fined as:
The Hamming distance:
n
d(4,8)= i§1(|“A () —mup (x; )|+|UA (x;)-vp (x; )|+|”A (x;)-7p (x; )|) ‘ (15
The Euclidean distance:
n 2 2 2
e(4,B) = | X (g ()= s ()7 (0 () =0 (e )+ (2 () = () (16)
1=
where: Step 3. Inner dependence among criteria is extracted by
analyzing the impact of each factor on every other factor
0<d(4,B)<2n (7 by isine pairwi ;
y using pairwise comparisons.
and Step 4. The interdependent weights of criteria are calcu-
lated by multiplying the weights obtained in Step 2 with
0<e(d,B)<2n . (18) Y MUTHPyIng & P

2. The ANP technique

The Analytic network process (ANP), developed by Saaty
(1996), is a generalization form of the analytical hierar-
chy process (AHP) technique. This technique solves a de-
cision making (DM) problem by decomposing a sophis-
ticated problem into a limited number of simple issues.
This technique can take into account all relationships,
including linear and non-linear interactions, between the
elements; whereas, the AHP method neglects to consider
the interrelationships among the elements. Figure 1 de-
picts the structures of hierarchy and network.

From the figure, it can be seen that a hierarchy
shows a top down structure; whereas, a network struc-
ture denotes a non-linear pattern comprising arcs in all
directions. These arcs show the relationships among ele-
ments. The ANP technique extends the AHP to facilitate
the process of formulating the problems with feed-back
and dependence (Fouladgar et al. 2012). The ANP tech-
nique includes the following steps (Azimi et al. 2011):

Step 1. Construct the hierarchy and network model.

Step 2. Assuming that there is no dependence among cri-
teria, the pairwise comparison matrices are made.

—C D

0--0-0-0

Fig. 1. Structure of hierarchy (A) and network (B) (Azimi
et al. 2011)

the previous step.

Step 5. Rank the criteria based on their corresponding
values.

3. The proposed model

The model proposed for ranking a decision making issue
is illustrated in the following part. The proposed model
comprises an eight-step procedure described as follows.

Step 1. Definition of the MCDM problem.

Step 2. Formulation of the MCDM problem and identifi-
cation of the evaluation criteria.

Step 3. Definition of the linguistic variables and the cor-
responding intuitionistic fuzzy functions.

Step 4. Design of an AHP-based questionnaire based on
the two-by-two comparisons in the form of the linguis-
tic variables. Then the linguistic variables are transferred
into corresponding intuitionistic fuzzy values.

Step 5. Computation of the consistency ratio (CR) of the
intuitionistic fuzzy judgement matrix. Since the intuition-
istic fuzzy matrix comprises the hesitation value ( z(x)),
the degree of consistency is calculated by using the fol-
lowing equation retrieved from Saaty (1980):

_ ((Amax —m)/ (n=1))
RI ’

CR (19)
where n represents the size of the matrix; R/ addresses
the value of random indices (as shown in Table 1); and
(Amax —n) denotes the average value of the hesitation
value (Abdullah, Najib 2016). Three acceptable levels are
set for CR values: 1) 0.05 for 3-by-3 matrix, 2) 0.08 for
4-by-4 matrix, and 3) 0.1 for all other matrices (Saaty
1996).

Step 5. Calculation of the importance weights of the main
and sub-criteria.

Step 6. Determination of the inner dependence matrix.
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n 12 3 4

6 7 8 9

RI 0 0.58 0.9 1.12

1.24 1.32 1.41 1.45

Step 7. Computation of the overall weight of the sub-
criteria.

Step 8. Priority of the criteria based on the final rank.

For better understanding, the proposed model is
schematically depicted in Figure 2. From the figure, it
can be seen that there is a systematic and analytical ap-
proach combining quantitative and qualitative compo-
nents with the intuitionistic fuzzy set, in which all aspects
of a uncertainty is taken into account and the results are
more adapted with real world problems, to make a com-
parison among a limited number of criteria for obtain-
ing the most critical factor in building construction. The
merit of using the intuitionistic fuzzy set is to precisely
formulate the problem under consideration for achieving
a completely reliable and sure result.

4. The implementation of proposed model

Market consumption of nanomaterials is steadily increas-
ing; so that, world demand for nanomaterials will rise

more than two-and-a-half times to $5.5 billion in 2016
(Freedonia 2012). According to the Freedonia Group,
worldwide demand for nanomaterials in construction sec-
tor is approximately 3%. It is expected that the demand
for nanomaterials will grow to $100 billion by 2025 and
the contribution of construction sector is around 7%.
Therefore, nanomaterials and nanotechnology propose
fascinating new opportunities in the construction sector.
The nanotechnology in the construction industry is con-
centrated in four parts: (1) cement-bound construction
materials; (2) noise reduction and thermal insulation or
temperature regulation; (3) surface coatings to improve
the functionality of various materials, and (4) fire pro-
tection.

According to the key role of nanotechnology in the
construction industry, this paper uses an IFS-ANP based
model to provide a framework for evaluation of the criti-
cal factors of the application of nanotechnology in the
construction industry.

Define the problem

Identify the evaluation indicators

\ 4

Define the linguistic variables

>

A 4

Make the pairwise comparison matrices

IF-ANP | :

\ 4

A 4

Determine the inner dependence matrix

v

Compute the overall weight of the criteria

A\ 4

\
|
I
I
|
I
|
|
|
|
I
Calculate the importance weights of the criteria |
|
|
|
I
|
|
|
|
Rank the critical parameters I
|

Fig. 2. The proposed model
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Table 2. Criteria and sub-criteria
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The overall goal Main-criteria

Sub-criteria

Cost (C1)

Capital cost (C11)
Maintenance (C12)

Health (C2)

Health (C2)

Safety (C3)

Safety (C3)

Environment (C4)

Environment (C4)

Performance (C5)

critical factors of the
application of nanotechnology
in construction industry

Identification of the most

Durability (C51)

Ductility (C52)

Corrosion protection coatings (C53)
Weight (C54)

Strength (C55)

By using an organized approach, comprising litera-
ture survey and face to face interview, a total number of
14 key factors are identified. Then, a screening process is
conducted to find the most important criteria. Finally, ten
criteria, including capital cost (C11), maintenance (C12),
health (C2), safety (C3), environment (C4), durabil-
ity (C51), ductility (C52), corrosion protection coatings
(C53), weight (C54), and strength (C55), are identified
as the most critical factors (shown in Table 2 and Fig. 3).
The identified criteria are grouped into five main-criteria
as presented in Table 2. For gathering the information,
eight questionnaires employing the two-by-two compari-

son framework based on the scale given in Table 3 are
designed to obtain the relative weights of the evaluation
criteria. A sample of the questionnaires filled by the ex-
pert team is presented in Table 4. Then, the linguistic
variables are converted into their corresponding intuition-
istic fuzzy values presented in Table 3. The results of the
quantification process are shown in Table 5. The calcula-
tion of the CR value is accomplished based on Eqn (19)
to measure the degree of the consistency of the pair-wise
comparison matrix as shown in the last row of Table 5.
Since the CR value is less than 0.1, the decision matrix is
consistent. Then, an arithmetic average process (AVP), as

- Cost (C1) Capital cost (C11)
.S
13
g Maintenance (C12)
s
R= v
>
X Health (C2)
E
= A
5]
1S
g
=
G
S
= A 4
.2
s Safety (C3)
=
& yY
£ Durability (C51)
b r
=]
g r i
& Environment (C4) ] Ductility (C52)
=
-2 A
‘5 — Corrosion protection coatings (C53)
Z
E .
2 — Weight (C54)
=
Performance (C5) Strength (C55)

Fig. 3. Decision hierarchy structure
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Table 3. Linguistic variables and intuitionistic fuzzy numbers

Intuitionistic fuzzy number

Linguistic variable

Definition (ajj )

(1,0.0,0.0)
(0.9,0.0,0.1)
(0.8,0.1,0.1)
(0.7,0.2,0.1)
(0.6,0.3,0.1)
(0.5,0.4,0.1)
(0.5,0.5,0.0)
(0.45,0.45,0.1)
(0.4,0.5,0.1)
(0.3,0.6,0.1)
(0.2,0.7,0.1)
(0.1,0.8,0.1)
(0.0,0.9,0.1)
(0.0,0.0,1)

Extremely Important (EI)

Strong Important (SI)

Very Important (VI)

Moderately Important (MI)

Important (I)

Less Important (LI)
Exactly Equal (E)

Approximately Equal (AE)

Less Unimportant (LU)

Unimportant (U)
Moderately Unimportant (MU)

Very Unimportant (VU)

Strong Unimportant (SU)

Extremely Unimportant (EU)

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

~.

Objective

is extremely important than ; objective
is strong important than j objective

is very important than ; objective

is medium important than j objective
is important than j objective

is less important than j objective

is exactly equal to j objective

is approximately equal to j objective
is less unimportant than ; objective

is unimportant than ; objective

is medium unimportant than ; objective
is very unimportant than j objective

is strong unimportant than ; objective

is extremely unimportant than j objective

Table 4. A questionnaire filled by expert team

Cl Cc2 C3 C4 C5
Cl1 E I LI MI I
C2 U E LU LI LU
C3 LU LI E AE
C4 MU LU U E LU
C5 U LI AE LI E

the intuitionistic fuzzy values into crisp ones for further
analysis such as evaluation and classification:

1

! nln2

@n

[ 10 g + v, lnw; = (1= 7;) In(1- 7;) - 7; In 2.

here:

if x4 =0,

v. =0, then

; 7, =0,

Hi Inpg =0,

presented in Eqn (20), is conducted to obtain the aggre-
gated value of each row of the intuitionistic fuzzy judg-
ment matrix:

1 n
AVP =— X wk ,

20
nk=l ! 20)

where n indicates the number of decision makers; wlk
addresses the weight allocated by the k-th decision maker.
The results of the AVP are shown in Table 5. Next,

v; lnul. =0, (l—ﬂi)ln(l—ﬂ'i):(),

and if g45=l1, v, =0, 7, =0, then H; ln,ul. =0,
v; In v, =0, (l—ﬂi )ln(l—frl. ) = 0, respectively.

Therefore, the final entropy weight (Wi ) of each
intuitionistic fuzzy matrix is obtained by using the fol-
lowing equation:

_ i
the calculation of the importance weights of the criteria wi = n _ ° 22)
is conducted by using the following equations to transfer = jzzlwl
Table 5. The relative weights of the main criteria without the assumption of interdependency
Cl C2 C3 C4 (O] AVP w,
Cl (0.5,0.5,0.0) (0.6,0.3,0.1) (0.5,0.4,0.1) (0.7,0.2,0.1) (0.6,0.3,0.1)  (0.58,0.34,0.08) 0.201
C2 (0.3,0.6,0.1) (0.5,0.5,0.0) (0.4,0.5,0.1) (0.5,0.4,0.1) (0.4,0.5,0.1)  (0.42,0.5,0.08) 0.199
C3 (0.4,0.5,0.1) (0.5,0.4,0.1) (0.5,0.5,0.0) (0.6,0.3,0.1) (0.45,0.45,0.1) (0.49,0.43,0.08) 0.199
C4 (0.2,0.7,0.1)  (0.4,0.5,0.1) (0.3,0.6,0.1) (0.5,0.5,0.0) (0.4,0.5,0.1)  (0.36,0.56,0.08) 0.201
C5 (0.3,0.6,0.1) (0.5,0.4,0.1) (0.45,0.45,0.1) (0.5,0.4,0.1) (0.5,0.5,0.0)  (0.45,0.47,0.08) 0.199

CR =0.089
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where:

. =1.
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main-criteria. The interdependency among the main-cri-
teria is calculated by evaluating the impact of each cri-

n
z

(23)
J

i terion on every other criterion in the form of the intui-
tionistic fuzzy pairwise comparisons. Tables 8—12 use the

The last column of Table 5 reflects the final entropy
weight (Wi ) obtained for the evaluation criteria with-
out the assumption of interdependency. The importance
weights of sub-criteria and the values of the CR index are

obtained in the same ways as presented in Tables 6 and 7.

Table 6. The importance weights of the cost sub-criteria

Cl1 C12 AVP

wi

. : Cl1 (0.5,0.5,0.0) (0.6,0.3,0.1) (0.82,0.16,0.02) 0.524
_ In the next step, the inner-dependence matrix of each 1, 430601y (0.50500) (0.76,022,002) 0476
main criterion with respect to the other main-criteria is
obtained to compute the interdependent weights of the CR =0.00
Table 7. The importance weights of the performance sub-criteria
Cs1 Cs2 C53 C54 Css AVP w,
Cs1 (0.5,0.5,0.0) | (0.7,0.2,0.1) | (0.45,0.45,0.1) | (0.7,0.2,0.1) | (0.4,0.5,0.1) | (0.55,0.37,0.08) 0.2003
Cs2 (0.2,0.7,0.1) | (0.5,0.5,0.0) (0.4,0.5,0.1) (0.4,0.5,0.1) | (0.3,0.6,0.1) | (0.36,0.56,0.08) 0.2006
C53
(0.45,0.45,0.1)
(0.5,0.4,0.1)
(0.5,0.5,0.0)
(0.5,0.4,0.1) (0.4,0.5,0.1) | (0.47,0.45,0.08) 0.199
Cs4 (0.2,0.7,0.1) | (0.5,0.4,0.1) (0.4,0.5,0.1) (0.5,0.5,0.0) | (0.3,0.6,0.1) | (0.38,0.54,0.08) 0.200
C55 (0.5,0.4,0.1) | (0.6,0.3,0.1) (0.5,0.4,0.1) (0.6,0.3,0.1) | (0.5,0.5,0.0) | 0.54,0.38,0.08) 0.200
CR =0.089
Table 8. The interdependence matrix of the main criteria with respect to “cost criterion”
Cl Cc2 C3 C4 Cs5 AVP wi
C2 (0.5,0.5,0.0) (0.3,0.6,0.1) (0.4,0.5,0.1) (0.45,0.45,0.1)  (0.53,0.41,0.06) 0.2472
C3 (0.6,0.3,0.1) (0.5,0.5,0.0) (0.7,0.2,0.1) (0.6,0.3,0.1) (0.68,0.26,0.06) 0.2578
Cc4 (0.5,0.4,0.1) (0.2,0.7,0.1) (0.5,0.5,0.0) (0.4,0.5,0.1) (0.52,0.42,0.06) 0.2470
C5 (0.45,0.45,0.1) (0.3,0.6,0.1) (0.5,0.4,0.1) (0.5,0.5,0.0) (0.55,0.39,0.06) 0.2480
CR =0.088
Table 9. The interdependence matrix of the main criteria with respect to “health criterion”
C2 Cl C3 C4 Cs AVP wi
Cl (0.5,0.5,0.0) (0.7,0.2,0.1) (0.8,0.1,0.1) (0.5,0.4,0.1) (0.7,0.24,0.06) 0.2592
C3 (0.2,0.7,0.1) (0.5,0.5,0.0) (0.45,0.45,0.1) (0.4,0.5,0.1) (0.51,0.43,0.06) 0.2458
C4 (0.1,0.8,0.1) (0.45,0.45,0.1) (0.5,0.5,0.0) (0.3,0.6,0.1) (0.47,0.47,0.06) 0.2454
C5 (0.4,0.5,0.1) (0.5,0.4,0.1) (0.6,0.3,0.1) (0.5,0.5,0.0) (0.6,0.34,0.06) 0.2497
CR =0.088
Table 10. The interdependence matrix of the main criteria with respect to “safety criterion”
C3 Cl C2 C4 Cs AVP wi
Cl (0.5,0.5,0.0) (0.8,0.1,0.1) (0.9,0.0,0.1) (0.5,0.4,0.1) (0.74,0.2,0.06) 0.2625
C2 (0.1,0.8,0.1) (0.5,0.5,0.0) (0.5,0.4,0.1) (0.3,0.6,0.1) (0.48,0.46,0.06) 0.2432
C4 (0.0,0.9,0.1) (0.4,0.5,0.1) (0.5,0.5,0.0) (0.2,0.7,0.1) (0.42,0.52,0.06) 0.2438
C5 (0.4,0.5,0.1) (0.6,0.3,0.1) (0.7,0.2,0.1) (0.5,0.5,0.0) (0.64,0.3,0.06) 0.2505

CR =0.088
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Table 11. The interdependence matrix of the main criteria with respect to “environmental criterion”

Cc4 Cl C2 c3 Cs AVP wi
Cl (0.5,0.5,0.0) (0.7,0.2,0.1) (0.8,0.1,0.1) (0.6,0.3,0.1) (0.72,0.22,0.06) 0.2619
2 (0.2,0.7,0.1) (0.5,0.5,00)  (0450450.1)  (04,050.1)  (0.51,0.43,0.06) 0.2458
C3 (0.1,0.8,0.1)  (0.45,0.45,0.1)  (0.5,0.5,0.0) (0.5,04,0.1)  (0.51,0.43,0.06) 0.2458
Cs (0.3,0.6,0.1) (0.5,0.4,0.1) (0.4,0.5,0.1) (0.5,0.5,0.0) (0.54,0.4,0.06) 0.2466
CR =0.088
Table 12. The interdependence matrix of the main criteria with respect to “performance criterion”
C5 Cl C2 C3 C4 AVP wi
Cl (0.5,0.5,0.0) (0.7,0.2,0.1) (0.6,0.3,0.1) (0.6,03,0.1)  (0.68,0.26,0.06) 0.2576
C2 (0.2,0.7,0.1) (0.5,0.5,0.0) (0.3,0.6,0.1) (0.45,0.45,0.1) (0.49,0.45,0.06) 0.2462
C3 (0.3,0.6,0.1) (0.6,0.3,0.1) (0.5,0.5,0.0) (0.5,04,0.1)  (0.58,0.36,0.06) 0.2492
C4 (0.3,0.6,0.1) (0.45,0.45,0.1) (0.4,0.5,0.1) (0.5,0.5,0.0) (0.53,0.41,0.06) 0.2470
CR=0.088
intuitionistic fuZZy judgment matrices to show the inter- Cl1 10000 0.2592 02625 02619 0.2576
dependency among the main-criteria. The matrices are 2 00472 10000 02432 02458 02462
constructed by asking “What is the relative importance ’ ) ) ’ ’
of ‘one criterion’ when compared with ‘one another cri- C3|=10.2578 0.2458 10000 0.2458 0.2492|x
terion’ on controlling ‘another criterion’?”. The same ap- c4 0.2470 0.2454 0.2438 10000 0.2470
proach aforementioned in above is applied for calculating cs 02480 02497 02505 0.2466 1.0000
the relative weights of the main criteria as presented in
the last column of Tables 8—12. 0.2014 0.2046
Then, the overall weights of the main-criteria are 0.1994 0.1980
computed by using the relative weights obtained in the 0.1993 | =] 0.1996 |.
previous stages. For achieving the aim, the interdepend- 02007 0.1986
ent weights of the main criteria are multiplied with the ’ '
0.1992 0.1992

local weights of the main criteria as follows:

0.205
0204
0.203
0202
0.201
0.200 -
0.199
0.198 -
0197
0.196 -
0.195
0.194

W\

Fig. 4. The overall weight of the main-criteria

From the above matrix, the values are different from
when the interdependent weights and dependencies are
neglected. The overall results change from 0.2014 to
0.2046, 0.1994 to 0.1980, 0.1993 to 0.1996, 0.2007 to
0.1986, and 0.1992 to 0.1992 for the priority values of
criteria C1, C2, C3, C4, and CS5, respectively. As well as,
the ranking order varies from C1 >C3 > C2>C3>CS5 to
C1 > C3 > C5 > C4 > C2. Figure 4 schematically depicts
the overall weight of the main-criteria.

In the next step, the overall weights of the sub-cri-
teria are calculated by multiplying the overall weights
of the main criteria obtained in the previous step with
those of the sub-criteria calculated in Step 5. The overall
weights of sub-criteria are presented in Table 13. Figure 5
graphically shows the final weights of the sub-criteria.
From the figure, it can be shown that the criterion “safe-
ty” is determined as the most critical parameter influenc-
ing the application of nanotechnology in the construction
industry. As seen in Table 13, the criterion “corrosion
protection coatings” is located in the end of list of priori-
ties. As a consequence, the merit of using the intuitionis-
tic fuzzy set is to accurately handle the uncertainty arisen
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Table 13. The overall weights of the sub-criteria
Cl1 Cl2 C2 C3 C4 Cs1 Cs2 C53 Cs54 Css
0.1072 0.0974 0.1980 0.1996 0.1986 0.0399 0.0400 0.0396 0.0398 0.0398
0.2500
02000 e *
0.1500
0.1000 =
0.0500 g g g g
|

EC4

EC2 C11

EC12

EC52

[l

EC51 BCS5 EC54 ECS3

Fig. 5. The overall weights of the sub-criteria

from the complexity in the process of formulation in the
form of a three dimension function, including the degree
of belongingness, the degree of nonbelongingness, and
the degree of hesitation, for a more reliable result.

Conclusions

Construction sector is faced with an enormous number
of challenges pertaining to materials and their proper-
ties ranging from capital and maintenance cost to health,
safety, environmental, and performance issues. Many
recent developments are in response to such challeng-
es. Nanotechnology offers a large number of advantages
for a diversity of applications in construction industry.
The application of nanotechnology in the construction
industry varies from making more durable construction
components to fire protection materials. However, the
identification of the critical factors of the application of
nanotechnology in the construction sector help authori-
ties to focus on the most important factors and prevent
from wasting time and resource. Several techniques have
been developed to identify the most critical criterion. The
IFS-ANP method, an unbeatable combination of IFS and
ANP tools, is a powerful technique to obtain the relative
importance of the evaluation criteria. This paper employs
the IFS-ANP technique to obtain the relative weights of
the evaluation criteria considered in the process of mod-
eling the problem and to rank the criteria based on their
corresponding weights. The results demonstrate that the
criterion “safety” with value of 0.1996 is located in the
top of the list of priorities. It is noted that most decisions
in the real world are made in a sophisticated environment
in which the goals and constraints are partially or totally
unknown and ill-defined. Therefore, the decision problem

cannot be accurately formulated by a crisp value. The re-
sults show that the proposed model has a great potential
for obtaining the weight of the criteria under an uncer-
tainty environment.
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