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Abstract

Precast Concrete Construction (PCC)	is	a	famous	method	in	construction	industry	due	to	its	different	advantages.	Nevertheless,	this	

method has several discontinuous processes and they can enhance various uncertainty safety-quality issues. In this system, Building 

Information Modeling (BIM) technique plays a key role in managing of discontinuous processes to improve multidimensional safety and 

quality.	Dimensionless	parameters	were	used	to	evaluate	the	modified	type	of	multidimensional	BIM index (IMBIM) as the target index 

using	the	Modified	Fuzzy	Analytic	Network	Process	(MFANP) method. In fact, the importance weight of input indices on the target was 

determined by the MFANP	approach.	The	results	of	statistical	analysis	in	verification	step	indicate	that	MFANP is well compatible with 

other	approaches,	so	this	developed	method	was	considered	as	a	reference	point.	The	modified	uncertainty	Markov	Chain	Monte	Carlo	

(MCMC) analysis was used for the validated method to determine the optimal high occurrence rate of IMBIM. The results demonstrate that 

a high percentage of occurrence frequency for IMBIM	is	in	the	range	between	0.9	and	0.925.	In	this	range,	the	mean	optimal	value	of	IMBIM 

as a management measure for multidimensional problems is 0.912. Stakeholders in PCC projects can use the proposed high occurrence 

range to assess the quality-safety of construction and make appropriate decisions.
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1 Introduction
Over the last few decades, demands for utilizing precast 
concrete construction (PCC) has been increased in con-
struction industry because it offers many advantages includ-
ing cleaner site, better quality, and safer site [1]. However, 
this innovative method has several discontinuous processes 
including designing, producing, transporting, storing, and 
installing that cause various problems for stakeholders. 
These problems including reworks, schedule delay [2], 
imperfection in strength, safety problems [3], and poor 
quality arise from uncertainty issues [4]. Therefore, devel-
oping an appropriate coordination between different pro-
cesses [5] and carrying out uncertainty analysis play as key 
roles to execute the PCC projects successfully [4]. Quality 
is very important in PCC and it is associated with various 
uncertainties. Quality in PCC generally depends on the 
stakeholder performance, the quality of materials, and the 
quality of procedure implementation [6]. It was revealed 
that the quality in PCC is prone to several unpredictable 

events such as machine break down, emergence of cracks 
in the elements [4], improper curing of structural elements, 
and the surface roughness [6]. In addition to quality, safety 
in PCC and Lightweight Steel Framing (LSF) system is 
a significant issue that should be controlled and managed 
accurately [3, 7]. Vamberský stated that safety is a broad 
topic and occupational safety is affected by structural safety 
significantly [8]. The structural safety in PCC depends on 
various parameters including element flawlessness during 
transportation, connections, bearing capacity, geomet-
ric accuracy, and durability performance [3]. Moreover, 
error is one of the main factors that enhance the uncer-
tainty safety-quality issues [9]. Numerous studies implied 
that human error is one of the significant reasons of struc-
tural failures [8]. Construction stage which involves vari-
ous processes such as transportation, inventory and instal-
lation has more challenging issues than prefabrication stage 
in plant [10]. This stage can be affected by many factors 
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including human errors, equipment failures, inadequate ele-
ments delivery [5], batching error, and cumulative error that 
should be eliminated to achieve an ideal quality in PCC [6]. 
It was also revealed that installation in PCC has several 
complicated procedures and its schedule is significantly 
influenced by human errors [5]. In addition, uncertainty 
issues lead to reworks which has costly and time-consum-
ing procedures [11]. Reworks can be reduced significantly 
by tolerance management during different stages including 
fabrication, assembly, and installation. In fact, tolerance 
analysis should be undertaken to reduce the uncertainties 
in related to geometric and dimensional variability [10]. 
Li et al. [12] stated that a virtual environment can improve 
the data management to trace the progression of the proj-
ect in real-time manner. BIM as a virtual tool can iden-
tify deficiencies in the early stages [2] and it was empha-
sized that BIM technique can minimize the uncertainty 
issues particularly in context of dimensional and geomet-
ric variability [13]. BIM technique can promote the col-
laboration between the different stakeholders, develop site 
safety, and decrease the reworks [13, 14]. In the past stud-
ies some researchers considered the utilizing of BIM tech-
nique in PCC [15] like He et al. [16] developed a program 
using BIM to enhance the geometry design of the elements, 
Darko et al. [2] proposed an integrated framework based 
on BIM technique to promote the PCC management, and 
Kim et al. [17] presented a hybrid approach based on BIM 
technique to assess the dimensional and surface quality of 
precast concrete elements reliably. The results of past stud-
ies show that there are problems and limitations for evalu-
ating the safety and quality of precast concrete. Problems 
can be solved by analyzing the uncertainty of all input vari-
ables. In this study, the Modified Fuzzy Analytic Network 
Process (MFANP) approach was developed to determine the 
importance weight of input variables. Then a relation based 
on the MFANP method was proposed to manage projects 
using the BIM technique. In this regard, the modified uncer-
tainty Markov Chain Monte Carlo (MCMC) method was 
applied to better decide on the safety and quality level of 
these structures.

2 Methodology
2.1 Governing equation
Quality and safety of PCC are influenced by various param-
eters and several studies have been argued about the impor-
tance of these factors during different processes to enhance 
the performance of PCC. Quality should be evaluated to 
consider the appearance, strength, and durability of PCC [6]. 

Structural safety and quality are closely correlated [8] and 
it was found from past studies that they cannot be mea-
sured directly [18]. This study considered several dimen-
sionless indices based on Ashtiani Araghi and Vosoughifar's 
study [19] as the primary equation to evaluate the suitability 
of safety and quality of precast concrete structures. In this 
regard, a novel approach of BIM technique was considered 
to investigate the safety and quality of PCC concurrently 
as MBIM [19]. This approach is validated by evaluating the 
BIM dimensionless index (IMBIM). IMBIM can be determined 
by various factors as given in Eq. (1).

I f I I I I I I IMBIM sq zd ea re se bc cs� � �, , , , , ,  (1)

In Eq. (1), Isq, Izd, Iea, Ire, Ise, Ibc, and Ics are indices of the sys-
tem quality, zero defect level, engineering accuracy, stable 
processes based on random errors, stable processes based 
on systematic errors, bearing capability, and construction 
safety, respectively. The system quality index (Isq) can be 
determined by Eq. (2).

I n I I Isq pq mq bq� � �. . .� � �  (2)

In Eq. (2), Ipq, Imq, and Ibq are project quality index, sup-
ply chain materials quality index, and building quality 
index, respectively. α, β, γ are weighting ratio that can be 
calculated by using fuzzy sets theory based on the error 
probabilities [19]. In this study they are considered 0.15, 
0.25, 0.6, respectively. Various reports on PCC demon-
strated that the suitable value of monitoring effectiveness 
(n) is 0.85. Tolerances analysis for evaluating acceptable 
appearance, bearing capacity, and feasibility play as a key 
role in PCC [6]. In this regard, zero defect level index (Izd) 
and engineering accuracy index (Iea) are proposed to con-
sider the applicability of the precast element tolerances. 
Izd and Iea are calculated by statistical equations as given 
in Eqs. (3) and (4), respectively.

I f x dzd
a

b
x� � ��  (3)

In Eq. (3), a and b are the minimum and maximum toler-
ance range, respectively; f(x) is probability density function.

I x
t Sea

x
�

�
2. .�

 (4)

In Eq. (4) ∆x is specified limit based on ACI ITG-7-09 [20] 
and PCI MNL 116-99 [6]; Sx is a sample standard devia-
tion; Inverse distribution of α level (tα) can be determined 
based on elements' Degree of Freedom (DOF) and accu-
racy level (α). In this study, α was considered 0.01 to attain 
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a desired accuracy in PCC. The stable processes based on 
systematic errors index (Ise) and the stable processes based 
on random errors index (Ire) were obtained with dividing 
the number of stable processes by the number of total pro-
cesses based on systematic and random errors, respec-
tively. In this study, the stable process is considered as 
a process that performs steadily over time. The bearing 
capacity index (Ibc) of precast structures can be investi-
gated by division of actual bearing value to design bearing 
capacity value. In addition to bearing capacity, structural 
safety should be evaluated to ensure the reliability and 
robustness of the structures [8]. So, construction safety 
index (Ics) was proposed in this study and it can be cal-
culated with dividing the actual amount of construction 
safety by the amount of construction safety determined 
in the design stage. Izd and Ibq are correlated [21] and their 
relation is given in Eq. (5).

I Izd bq� �1 368 0 314. .  (5)

Finally, IMBIM can be evaluated through the mentioned 
variables as input indices by Eq. (6).

I I I I I I I I I I I IMBIM sq
a

zd
b
ea
c
se
d

re
e
bc
f
cs
g

cs cs bc bc� � � � �. . . . . . ,; �� �  
(6) 

In Eq. (6), the pairwise comparison and fuzzy sets the-
ory can be utilized to determine the weights of the vari-
ables (a, b, c, d, e, f, g). 

2.2 Flowchart of solution 
PCC has many discontinuous processes during its life cycle 
that depend on the design stage and when structures can pro-
vide services to the owner and stakeholders, so uncertainty 
becomes a major issue in this technology. This study pro-
posed a holistic flowchart based on Markov Chain Monte 
Carlo method as illustrated in Fig. 1 to decrease chal-
lenges associated with unpleasant uncertainties in PCC. 
In this regard, the precast concrete structures which were 
used BIM technique in them were selected as case studies. 
The safety and quality of the projects were investigated by 
an appropriate questionnaire and the initial information was 
collected. Moreover, the importance weights of safety-qual-
ity variables were determined according to experts' opinion 
using Modified Fuzzy Analytic Network Process (MFANP). 
The value of inputs and target including Isq, Izd, Iea, Ise, Ire, 
Ibc, Ics, and IMBIM, respectively were calculated according to 
the relations as given in Eqs. (2)–(6). Finally, the modified 
MCMC approach was applied to obtain the optimal value 
of each index with high occurrence frequency and consider 
whether the construction procedure is appropriate. 

2.3 Obtaining the importance weights of variables 
Several studies utilized multi-criteria decision making 
(MCDM) approaches to identify the relations between 
different variables. One of the most important MCDM 
approaches is Analytic Network Process (ANP) [22] which 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Flowchart of research methodology. 
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Fig. 1 Flowchart of research methodology
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is obtained by developing Analytic Hierarchy Process 
(AHP) [23]. AHP can only solve the problem by considering 
hierarchical relation while ANP can also solve the problem 
by considering network relation [22]. Fuzzy ANP method 
was developed to eliminate the uncertainties that exist in 
human judgements [24]. In this study, the nine-scores with 
seven correlated fuzzy numbers were used to modify ANP 
method as MFANP. The MFANP approach was designed 
and developed to determine the importance weight of vari-
ables as a toolbox in MATLAB by authors of this paper. 
Total-influence fuzzy matrix was obtained based on expert's 
opinion and it was then normalized to gain fuzzy pair com-
parison matrix as given in Eq. (7). The expert's opinion was 
collected by using focus groups method which was first 
used as a research method in the 1940s [25].
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(7)

In Eq. (7), C̃ij
(r) is effect of element i over element j and 

its relative importance is (Lij, m1ij, m2ij, m3ij, m4ij, m5ij, Uij). 
Each element should be normalized based on Eq. (8). 
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The linguistic series of MFANP approach which con-

sists of 7 fuzzy number including l, m1, m2, m3, m4, m5 and 
u is demonstrated in Fig. 2. 

In this study, the fuzzy linguistic scale of MFANP as 
μMFANP was determined according to the statements as 
given in Eq. (9) to assign value to each linguistic variable.  
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The possibility degree of a convex fuzzy number for 
each criterion can be defined by Eq. (10). 

W D V D D D D D D D Di i i i n i k
        � � � � � �� � � �� �� �1 2 1 1, , , , , min

 

(10)

In Eq. (10), V(D̃i ≥ D̃k) is a degree of possibility with R̃i ≥ R̃k 

condition and the amount of k was considered as integer 
numbers between 1 to n. The normalized importance weight 
of each criterion is calculated by Eq. (11).

W
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2.4 Markov Chain Monte Carlo method
Monte Carlo is a repeating computational method and it 
is based on stochastics techniques. The problems which 
are complicated, nonlinear, and include uncertain param-
eters can be solved approximately by using Monte Carlo 
method [26]. Limited number of samples was the main 
imperfection of the experimental research, whereas Monte 
Carlo method performs by computer and can simulate the 
samples widely [27]. In fact, this great simulation tool 
can find out a close to reality solution for a complex prob-
lem [28]. In recent decades, Monte Carlo method has been 
developed broadly and has been applied to several fields 
including physics, medicine, material science, social sci-
ence, and management science [29]. In this study, a mod-
ified uncertainty MCMC approach was applied as illus-
trated in Fig. 3 to determine the occurrence frequency of 
IMBIM in different ranges. MCMC approach at first was rec-
ommended by Metropolis in 1954. Afterward, Hastings 
developed Metropolis's algorithm called Metropolis-
Hastings (M-H) algorithm to converge the outcomes and it 
becomes the basis of MCMC approach [30]. The number of 
possible targets in MCMC approach is finite and the target 
in next sequence is only depends on the current sequence 
and it is independent from previous sequence [31]. 

 

 

 

 

 

 

 

Fig. 2 The linguistic series of MFANP approach 
 

Fig. 2 The linguistic series of MFANP approach
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In MCMC method, it is necessary to define an initial 
relation between inputs and target [32]. The MFANP-
relation which depends on Isq, Izd, Iea, Ise, Ire, Ibc and Ics as 
input indices was used for a preliminary function. A set of 
input data should be sampled for a large number called N 
times [32] and this number should be selected according 
to the trial-error when there is no significant change in 
functional distribution. The range of each input index was 
defined based on the PCC projects data. Hidden Markov 
(HM) filtering was then applied to estimate the target opti-
mally and predict uncertain targets [31]. The transition 
probability which only depends on the current distribution 
was performed as illustrated in Eq. (12) [30].

P x x x x P x xN N N N( ) ( ) ( ) ( ) ( ) ( )
,..., ,| |

� �� � � � �1 2 1 1  (12)

In Eq. (12), x(N–1) and x(N) are the sample values in the 
current and next sequences, respectively;  P(x(N)|x(N–1)) is 
the occurrence probability of x(N) and it is corresponded to 
the circumstances of x(N–1). The occurrence probability of 
each sequence can be evaluated based on its mean and vari-
ance as given in Eqs. (13) and (14), respectively [32, 33]. 
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1
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21
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where N, yi, y̅, and σy are the number of data points, 
the value of each sample, the mean of samples in each 
sequence, and the standard deviation of samples in each 
sequence, respectively. Appropriate sampling in Markov 
Chain can be attained by creating a stationary distribution. 

In fact, when the detailed balance distribution is satisfied 
as illustrated in Eq. (15) the chain is reversible and the 
mentioned condition can be achieved [30].

� �x T x x x T x xN N N N N N( ) ( ) ( ) ( ) ( ) ( )� � � � � � � � �� � �1 1 1
| |  (15)

In Eq. (16), π(x(N)) and T(x(N)|x(N–1)) are the probability 
of occurrence according to the current sequence and the 
probability matrix of transferring from sequence (N–1) to 
sequence (N). The mentioned relation in Eq. (15) allows 
the Markov chain to return to any sequences [30]. The pro-
posed samples should be considered to control whether 
they are accepted according to the probability [30, 34] 
which is given in Eq. (16). Indeed, The Markov chain must 
converge to the balance distribution criteria in each ele-
ment using M-H pattern [30].
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In Eq. (16) if the sample value is accepted the system 
will be updated (x(N+1) = x(N+1)), otherwise the next sample 
value takes the current sample value (x(N+1) = x(N)). When 
the simulation was finished, the occurrence frequency for 
each configuration in different ranges was determined. 
The acceptance probability value of λ is between [0, 1], 
and it must convert the results of the Markov chain to the 
balance condition. The optimal value with high frequency 
was selected for each input and target in different configu-
rations. It should be noted that all the mentioned modified 
MCMC processes were performed by designing new tool-
box in MATLAB. 

  

 

 

 

 

 

 

 

 

 

 

 

Fig.3 The processes of applying modified MCMC analysis. 
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Fig. 3 The processes of applying modified MCMC analysis
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2.5 Case studies
Many precast concrete structures have been built in dif-
ferent parts of the world. Several precast structures were 
chosen as case studies to evaluate the feasibility of pro-
posed approach. The BIM technique was used for all con-
struction processes during the entire project life cycle, 
which depends on the design phase and when the struc-
tures can serve the owner and stakeholders in the selected 
case studies. It is worth noticing that the demolition pro-
cesses are not considered in the life cycle assessment of 
the projects. Fig. 4 shows the location of the case stud-
ies and 3D view of the structures [35–39]. Project No. 1 
is called Parseh and is a five-story residential complex 
in Isfahan, Iran. This PCC building is in Baharestan, 

a new city located 20 km southeast of Isfahan and north 
of the Lashtar mountains along the Isfahan-Shiraz Road. 
Project No. 2 called Rafsanjan is a five-story munici-
pal parking located in Rafsanjan, Iran. Project No. 3, 
CONRAC, is a five-story car rental building in Honolulu, 
Hawaii, located at Daniel K. Inouye international air-
port. Project No. 4, called Hale Mahana, is a 14-story 
dormitory located on South King Street, a short dis-
tance from the University of Hawaii at Manoa and the  
University of Chaminade in Honolulu, Hawaii. Project 
No. 5, called Fifteen Fifty, is a 39-story apartment located 
at the corner of Mission Street and south Van Ness 
Avenue in San Francisco, California. Projects No. 6 to 13 
were selected from Baiburin's research [21] on concrete 

Fig. 4 Location of the case studies, (a) Location of projects 1 & 2 in Iran [35, 36], (b) Location of projects No. 3 & 4 in Hawaii [37, 38], (c) Location of 
project No. 5 in California [39]
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structures. It should be noted that Several questions 
were asked from project managers to evaluate the indi-
ces including Isq, Ise, Ire, Ibc and Ics. The variation level of 
the elements from specified limit were checked both in 
manufacturing and installation stage to assess Izd and Iea. 
The result of evaluating Izd and Iea for all the precast con-
crete structures are given in Table 1. In Table 1, N and x̄  
are the number of the observed elements and the mean 
deviation value of the elements.

2.6 Overview on statistical method
Boxplot is one of the most important analytical tools and 
it can indicate the variation of data sets by proposing an 
illustrative diagram. A boxplot consists of a box that spec-
ifies the interquartile range and two whiskers. In fact, the 
box demonstrates the middle 50% of all data and it consists 
of 3 quartiles including Q1, Q2, Q3. The first, second, and 
third quartiles indicate the values that 25%, 50%, and 75% 
of data situated below them, respectively [40]. In other 

Table 1 The results of tolerance control of the precast concrete elements

IeaIzdSx(σ)x̄(µ)N∆xUnitControlled parameters of precast elements 

0.980.89105.33258610-500, +0PsiWall panel strength

0.730.84126.2376.2140-500, +0PsiSlab strength

0.80.81133.32383.32681-500, +0PsiColumn strength

1.910.9665.36250.36292-500, +0PsiBeam strength

Deviation from specified location:

0.890.910.1070.04610±1/4in.Wall panel reinforcement position

0.820.870.1170.03560±1/4in.Slab reinforcement position

0.830.880.1140.066787±1/4in.Column reinforcement position

0.850.890.1130.063640±1/4in.Beam reinforcement position

0.890.910.1070.027610±1/4in.Wall panel depth

0.830.880.1150.048560±1/4in.Slab depth

0.800.870.1170.069681±1/4in.Column depth

0.770.850.1230.063356±1/4in.Beam depth

0.820.880.230.07610±1/2in.Wall panel length

0.820.870.2330.1560±1/2in.Slab length

0.750.840.2480.148681±1/2in.Column length

0.820.870.3490.174382±3/4in.Beam length

0.780.850.1220.042610±1/4in.Wall panel width

0.880.90.1080.025560±1/4in.Slab width

0.870.90.1090.069681±1/4in.Column width

0.850.890.1130.048347±1/4in.Beam width

0.790.840.50.167919±1in.Wall panel blockout's location

0.910.890.8670.2300±2in.Slab blockout's location

0.780.840.5-0.051354±1in.Beam blockout's location

0.710.800.270.152573±1/2in.Blockout's size

0.840.870.058-0.153610–1/4, + 0in.Plane surface between wall panel's embedments

0.970.930.050.125101/4in.Local exposed surface roughness (per 10 ft.)

0.840.90.2170.2835011in.Slab deviation (horizontal dimension)

0.940.930.10.156101/2in.wall panel deviation (horizontal dimension)

0.930.930.10.156811/2in.Column deviation (horizontal dimension)

0.740.820.2630.2383551/2in.Beam deviation (horizontal dimension)

1.040.860.155-0.28681–1/2, +1/4 in.Column deviation (vertical dimension)

0.820.890.3330.1501±3/4in.Slab deviation (vertical dimension)

0.890.880.1670.087610±3/8in.Wall panel deviation from joint width

0.870.910.2130.113220±1/2in.Beam deviation from joint width
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words, the Q1, Q2, and Q3 are 25th, 50th, and 75th quartiles, 
respectively [40–42]. The difference between the first and 
third quartiles represents the interquartile range (IQR). This 
means that 50% of the data lie between Q1 and Q3 [40, 42]. 
Another analysis was carried out by using Taylor method 
to compare the calculated and predicted data statistically. 
The statistical analysis including correlation coefficient (R), 
root-mean-square-differences (RMSD), and standard devia-
tion are shown in a single diagram to demonstrate the degree 
of correspondence between different methods. The standard 
deviation proportional of a pattern, the RMSD, and the cor-
relation coefficient are obtained by calculating, radial dis-
tance of the methods from origin, their distance apart pro-
portional, and the azimuthal angle of the predicted method, 
respectively as given in Eqs. (17), (18) and (19) [43, 44].

� �c
i

N
i i

N
i

P

C C

N

P

N

P
�

�� �
�

�
�� �

�
� �� �1 1

1 1
; , (17)

RMSD
N

C P
i

N

i i� �� �
�

�
�
�

�

�
�
��

�1

1

2

1
2

, (18)

R N
C C P P

i

N
i i

C P
�

�� � �� �
��1

1

� �.
, (19)

where σc, Ci, C ̅ , N, σp, Pi, and P ̅ are the standard deviation 
of calculated data, the value of each calculated data, the 
mean of all calculated data, the number of data points, the 
standard deviation of predicted data, the value of each pre-
dicted data, and the mean of all predicted data, respectively. 

3 Result
3.1 MFANP results
The MFANP model was used to determine the weight of 
each input variable on the target. The importance weights 

of the indices (i.e., Isq, Izd, Iea, Ise, Ire, Ibc and Ics) were deter-
mined of 0.2, 0.153, 0.129, 0.096, 0.099, 0.1614, and 0.1611, 
respectively. The importance weights were assigned to 
a, b, c, d, e, f, and g, respectively. The super decision matrix 
obtained from the MFANP method is given in Table 2.

Preliminary information was reviewed based on project 
manager's opinion through the interview process. The col-
lected data were used to determine the input indices includ-
ing Isq, Izd, Iea, Ise, Ire, Ibc and Ics. The target index (i.e., IMBIM) 
was then calculated based on the input indices and their 
importance weight as shown in Eq. (6). The input and tar-
get value of the case studies are summarized in Table 3.

3.2 Statistical comparison 
The statistical result between different methods for obtain-
ing IMBIM is shown in Fig. 5. This figure illustrates box-
plot analysis of MFANP, genetic expression programming 
(GEP) [19], fuzzy decision making trial and evaluation 
laboratory (FDEMATEL) [19], and Baiburin [21] methods 
to identify their accuracy. The midpoint of the distribution 
is called median and marked with a red line inside the box. 
The first and third quartiles of the distribution are shown 
with the bottom and top edges of the box, respectively. 
The whiskers, which extends from the bottom of the box, 
are below and above the 5th and 95th percentile, respec-
tively. The outliers indicated by the upper and lower cir-
cles of the whiskers are minimum and maximum of data 
sets, respectively.

It is clear from Fig. 5 that there is no significant dif-
ference between MFANP, GEP, and FDEMATEL methods 
for IMBIM prediction. However, there is no good agreement 
between Baiburin's study and other methods. The lower, 
upper and  middle bands indicate that the MFANP method 
is compatible with the calculated method, so this approach 
was considered as a reference point in another statistical 
analysis. The boxplot indicates that the minimum value of 

Table 2 Super matrix between inputs and target

 IMBIM Isq Izd Iea Ise Ire Ibc Ics

IMBIM 0 0.034483 0.017241 0.017241 0.017241 0.017241 0.034483 0.034483

Isq 0.155172 0 0.137931 0.155172 0.12069 0.12069 0.155172 0.155172

Izd 0.12069 0.103448 0 0.12069 0.103448 0.12069 0.12069 0.103448

Iea 0.103448 0.086207 0.068966 0 0.051724 0.103448 0.12069 0.137931

Ise 0.086207 0.103448 0.086207 0.086207 0 0.051724 0.068966 0.051724

Ire 0.086207 0.086207 0.068966 0.086207 0.017241 0 0.086207 0.103448

Ibc 0.068966 0.155172 0.12069 0.137931 0.051724 0.068966 0 0.137931

Ics 0.12069 0.137931 0.12069 0.12069 0.068966 0.086207 0.137931 0
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IMBIM for MFANP method is different from other methods 
because of 2 reasons: The first reason is that the weight 
of Ire (i.e., e) is 0.099 for MFANP, while it is 0.086 for 
FDEMATEL [19] and the second reason is the low value 
of Ire in the project No. 6. So, according to the mentioned 
reasons the minimum values are different. Further com-
parative analysis was performed with Taylor criteria to 
evaluate the results. Fig. 6 shows the Taylor diagram for 
comparison of MFANP, GEP [19], FDEMATEL [19] and 
Baiburin [21] methods. In this diagram, the predicted 
IMBIM value of the MFANP method was considered as a ref-
erence value for comparison with other methods. 

The results of Taylor diagram show that the standard devi-
ation of IMBIM from MFANP, GEP, FDEMATEL, Baiburin's 
study are 0.083, 0.082, 0.08 and 0.048, respectively. The 

overall results of MFANP, GEP and FDEMATEL show 
that there are a low RMSD of 0, 0.015, and 0.004, and high 
RMSD of 0.046 for Baiburin's study. The correlation coef-
ficients for MFANP, GEP, FDEMATEL are 1, 0.983, 0.999, 
respectively, while for the Baiburin's study it is 0.895. 
Thus, MFANP can be used as a reliable approach to cal-
culate IMBIM, but it is better to use uncertainty analysis to 
achieve the optimal value with a high occurrence rate.

3.3 The results of uncertainty analysis
Four configurations of random sets were defined in MCMC 
analysis. Fig. 7(a) and (b) show configuration number 1 with 
144 random sets in two-dimensional and three-dimensional 
views, respectively. Configuration No. 2 with 484 random 
sets is shown in Fig. 7(c) and (d). Fig. 7(e) and (f) show con- 

Table 3 The value of the dimensionless parameter for case studies

No. of the 
projects

The values of indices for the case studies.

Case study Isq Izd Iea Ise Ire Ibc Ics IMBIM

P1 Parseh 0.74 0.86 0.84 0.95 0.85 1.1 1.1 0.908

P2 Rafsanjan 0.75 0.88 0.93 0.95 0.88 1.1 1.1 0.927

P3 CONRAC 0.74 0.92 0.98 0.73 0.85 1.1 1.1 0.911

P4 Hale Mahana 0.73 0.85 0.76 0.9 0.98 1.14 0.98 0.889

P5 Fifteen Fifty 0.75 0.88 0.88 0.98 0.98 1.1 1.04 0.925

P6 Sel P6 0.66 0.66 1 0.5 0.07 1 0.98 0.619

P7 Sel P7 0.79 0.82 1 0.6 0.6 1.06 1 0.846

P8 Sel P8 0.79 0.76 0.59 0.86 0.79 1.03 0.99 0.825

P9 Sel P9 0.79 0.81 0.96 0.64 0.73 1.02 0.99 0.855

P10 Sel P10 0.65 0.66 0.6 0.9 0.9 1.02 1.11 0.805

P11 Sel P11 0.69 0.7 0.96 0.75 0.75 1 0.962 0.822

P12 Sel P12 0.79 0.77 1 0.25 0.38 1.03 0.97 0.729

P13 Sel P13 0.79 0.88 1 0.64 0.6 1.01 1.04 0.859

 

 

 

 

 

 

 

 

 

 

 

 Fig.5 The result of boxplot analysis using different methods to calculate IMBIM. 

 

Fig. 5 The result of boxplot analysis using different methods to 
calculate IMBIM

 

 

 

 

 

 

 

 

 
 

Fig.6 Taylor diagram of IMBIM with MFANP value as reference point. 
Fig. 6 Taylor diagram of IMBIM with MFANP value as reference point
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Fig. 7 2D and 3D view of uncertainty analysis; (a, b) Configuration No. 1 with 144 random sets, (c, d) Configuration No. 2 with 484 random sets, 
(e, f) Configuration No. 3 with 2025 random sets, (g, h) Configuration No. 4 with 8100 random sets

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7 2D and 3D view of uncertainty analysis. 
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figuration number 3 with 2025 random sets. Configuration 
No. 4 with 8100 random sets is shown in Fig. 7(g) and (h). 
It should be noted that each set of configurations has ran-
dom values including Isq, Izd, Iea, Ise, Ire, Ibc and Ics as input 
values for calculating IMBIM based on the MFANP equation.

Table 4 summarizes the value and percentage of occur-
rence in the intended ranges using MCMC stochastic series 
analysis.

The results of Table 4 show the occurrence frequency of 
MCMC analysis in specific limitation. These results indi-
cate that the maximum frequency of occurrence in the range 
A and E are1.65 and 0.02, respectively, so these ranges can 
be ignored. The frequency of occurrence in configuration 
1 for ranges B, C and D are 29.75%, 57.85% and 10.74%, 
respectively. These results are 26.45%, 64.67% and 8.06% 
for configuration 2 and 28.89%, 60.44 and 9.98 for configu-
ration 3, respectively. In addition, the percentages for con-
figuration 4 are set to 28.90%, 60.62% and 10.04%, respec-
tively. The maximum frequency of occurrence in range C 
was obtained for all configurations. In fact, the priority of 
frequency of occurrence in the considered range based on 
MCMC analysis is C, B, D, A and E. The optimal values of 
input and target indices including Isq, Izd, Iea, Ise, Ire, Ibc, Ics 
and IMBIM are given in Table 5.

From Table 5 it can be concluded that the mean value 
ranges for Isq, Izd, Iea, Ise, Ire, Ibc, and Ics are 0.740, 0.886, 
0.879, 0.865, 0.918, 1.121, and 1.044, respectively. Another 
result from this table indicates that the mean of IMBIM value 
is 0.912.

4 Discussion 
PCC technique was taken by stakeholders and project 
managers as an efficient method to increase the quality of 
construction. However, there is several problems due to 
discontinuous processes of this system including factory 
activities, transportation, inventory, assembly, and instal-
lation. Therefore, it is necessary to evaluate a comprehen-
sive uncertainty analysis between discontinuous processes. 
The review of past studies indicate that most researchers 
focused on benefits of this system instead of evaluating 
a comprehensive criterion. A few numbers of research-
ers presented one dimensional uncertainty analysis for 
PCC structures. Meanwhile, Kim et al. [45], Arashpour 
et al. [9], and Zhai et al. [4] researched on uncertainties 
of schedule, on-site and off-site processes, and logistics 
problem, respectively. In this study, a governing compre-
hensive model was selected to perform uncertainty anal-
ysis. Ashtiani Araghi and Vosoughifar [19] found that the 

Table 4 Number (percentage) of occurrence frequency for different configurations

Configuration Range

A (0.85–0.875) B (0.875–0.9) C (0.9–0.925) D (0.925–0.95) E (0.95–0.975)

1 2 (1.65%) 36 (29.75%) 70 (57.85%) 13 (10.74%) 0 (0.00%)

2 4 (0.83%) 128 (26.45%) 313 (64.67%) 39 (8.06%) 0 (0.00%)

3 14 (0.69%) 585 (28.89%) 1224 (60.44%) 202 (9.98%) 0 (0.00%)

4 34 (0.42%) 2341 (28.90%) 4910 (60.62%) 813 (10.04%) 2 (0.02%)

Table 5 Optimal value of indicators from MCMC analysis

Configuration Range Isq Izd Iea Ise Ire Ibc Ics IMBIM

1
 

B 0.74 0.884 0.818 0.802 0.903 1.12 1.015 0.891

C 0.74 0.883 0.881 0.851 0.916 1.122 1.042 0.910

D 0.741 0.889 0.929 0.915 0.936 1.129 1.073 0.931

2
 

B 0.739 0.878 0.823 0.816 0.907 1.117 1.026 0.893

C 0.74 0.886 0.887 0.864 0.915 1.122 1.042 0.912

D 0.74 0.892 0.928 0.929 0.934 1.124 1.069 0.931

3
 

B 0.74 0.88 0.821 0.811 0.902 1.118 1.025 0.893

C 0.74 0.886 0.886 0.862 0.918 1.120 1.042 0.912

D 0.74 0.897 0.935 0.927 0.932 1.122 1.062 0.931

4
B 0.739 0.88 0.823 0.812 0.904 1.118 1.025 0.893

C 0.74 0.886 0.883 0.866 0.918 1.120 1.043 0.912

 D 0.741 0.893 0.938 0.925 0.934 1.122 1.064 0.931
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PCC quality can be evaluated by a comprehensive model 
called IMBIM. They proposed an integrated approach based 
on FDEMATEL and GEP which consist of several import-
ant indices. This comprehensive model was selected as ini-
tial relation and MFANP approach was used to modify this 
model. The verification process of new model was carried 
out with boxplot and Taylor analysis. The results of veri-
fication indicate that the modified model has better accu-
racy in comparison with GEP, FDEMATEL, and Baiburin's 
study. Consequently, the achieved equation was applied to 
find the optimum value with high occurrence frequency of 
IMBIM based on modified uncertainty MCMC approach. 

5 Conclusions
The uncertainty analysis for range consideration demon-
strates that the high occurrence frequency of IMBIM is in 
the range of 0.9 to 0.925. The overall results show that 
the mean percentage of the occurrence frequency for all 
configurations in governing range is 60.90%. The results 
obtained from this study can be used in the construction 
industry as a management issue to consider the multidi-
mensional factor in decision making. Therefore, managers 
can use the optimum range with high frequency to eval-
uate the quality-safety of construction and make a suit-
able decision based on the proposed approach. In other 
words, if the value of indicators in a project is less than the 
optimal values of MCMC analysis, the construction type 
should be modified according to the project policy.
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