Vol. 2, 2020

Journal of Engineering Research (ERJ)

Modeling of CPM/LOB integrated Scheduling
Technique for Repetitive Construction Projects:
Case of Multiple-Crews with Fuzzy Time Data

Mai W. El-Nawawy?, Emad E. Etman?, and Haytham M. Sanad?®
ICivil Engineer, Faculty of Engineering, Tanta University, Egypt
2 Concrete Structures, Structural Eng. Dept., Faculty of Engineering, Tanta University, Egypt
3 Structural Eng. Dept., Faculty of Engineering, Tanta University, Tanta, Egypt
Corresponding author e-mail: mai.wagih1993@gmail.com

Abstract— Project scheduling provides a good insight for the
manager to complete the project on time. Project scheduling
gives complete timing analysis of activities involved and
identifies the critical ones. Critical Path Method (CPM) is
the most widely used in planning and scheduling method for
traditional (non-repetitive) projects to determine the critical
path which determines the minimum completion time of a
project.

Some construction projects consist of several similar or
identical units, which are called repetitive projects. LOB
technique has some drawbacks such inability to generate a
clear critical path of the project schedule and calculating the
total float because it is a graphical technique. LOB used for
scheduling repetitive typical projects because this technique
considered work continuity and resource availability
constraints to avoid unnecessary crew idle time.

Some of the previous studies have been made to combine the
benefits of CPM and LOB techniques in planning and
scheduling repetitive construction projects, so, there is a
model that was developed for this objective (schedule
repetitive projects in an easy non-graphical manner). But, in
real life, more conditions contributed to varying activity
duration. Thus, the duration of project activities contains
some sort of uncertainty affecting the estimating of project
duration. Previous studies used fuzzy set theory instead of
probability theory for quantifying the uncertainty associated
with the duration of project activities.

In this paper, a developed integrated model of CPM and
LOB with fuzzy time data for scheduling repetitive projects
is presented. The developed model provides a new technique
to schedule repetitive projects with fuzzy time data in an
easy non-graphical manner.

Keywords: Construction projects, Repetitive projects, CPM, LOB,
Uncertainty, Fuzzy sets.

I. INTRODUCTION

Project managers are under pressure to deliver the project on
time and cost. On-time delivery requires an effective and
realistic schedule appropriate to the nature of the project.

Many construction projects contain several identical or
similar units, such as floors in multistory buildings, houses
in housing developments, sections of pipelines, or highways.

According to Pioter Jaskowski (2015), repetitive
construction projects are projects with activities that are
repeated in similar or identical units. Construction projects
that involve repetitive activities are usually designated as
repetitive or linear projects such as multiple houses and
typical floors in a high-rise building (repetitive projects) or
highways and pipelines (linear projects). Scheduling
techniques applicable to construction projects can be
classified into two categories.

Duration-Driven Techniques.

Resource —Driven Techniques.
In duration-driven techniques such as CPM, activity
durations are assumed functions of the resources required
(rather than available) to complete each activity. The CPM
formulation, therefore, assumes that resources are in
abundance and cannot be used to determine what resources
are needed in order to meet known project deadline duration.
.In contrast, a resource-driven technique such as LOB is
focusing on resources so that a project deadline is met using
predefined resource availability limits. Its objective is to
schedule the activities (determine their start and finish times)
so that a project deadline is met using predefined resource
availability limits.
Despite the wide application of CPM in construction
management (Jaafari 1984), it fails on a practical basis to
schedule repetitive projects (Fan and Tserng 2006).
The primary advantage of the LOB technique is maintaining
work continuity of resources over the construction units
(Mahdi 2004) then it is suitable for scheduling of repetitive
projects. Efforts have been attempted to combine the benefits
of CPM and Lob techniques. Integrated CPM and LOB
model has been proposed to schedule non-serial repetitive
activities in an easy, non-graphical manner similar to CPM
analysis (Ammar 2013). Repetitive projects are normally
executed in an environment characterized by varying degrees
of uncertainties. The presence of these uncertainties in the
scheduling process has a significant impact on estimating the
duration of project activities then the total project duration.
In this paper, an integrated CPM and LOB model with Fuzzy
has been developed to combine the benefits of both models
considering the uncertainties which are affecting the project
activities and duration. The model consists of five steps, in
which CPM calculations with fuzzy (F-CPM) are performed,
LOB calculations with fuzzy (F-LOB) are performed,
activity duration along all units is calculated, logical
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relationships and an associated lag between consecutive
activities are specified, and integrated time analysis is
performed. This paper is organized into five main areas:1)
Literature of review 2) integrated CPM and LOB with fuzzy
modeling 3) model automation 4) case study and 5)
conclusion and future recommendation.

1. Literature Review

In construction projects, the main purpose of project
management is to deliver a project on time within a given
budget and satisfying quality. The development of a project
Schedule serves several purposes before, during, and after
the construction stage. Scheduling provides the project
manager with critical and important information needed for
executing the project in an efficient manner (e.g. activity
times, activity floats critical activities, etc.).Although the
Critical Path Method (CPM) is widely used in planning and
scheduling for most projects, it is not suitable for scheduling
repetitive projects because it does not consider work
continuity. Repetitive projects represent a large portion of
the construction industry. These projects face some
challenges such as variable work quantities, work continuity,
and resource constraints so, efficient planning and
scheduling of projects are crucial. Thus, CPM- based
techniques have been criticized widely in the literature for
their inability to model repetitive projects because of it
focuses on project duration and does not have the ability to
provide work continuity for crews or resources (Selinger
1980; Russel and Wong 1993).In contrast to traditional
CPM, the primary advantage of the LOB technique is
maintaining work continuity of resources over the
construction units (Mahdi 2004). LOB technique has been
used to schedule repetitive activities such that a project
deadline is met, such as those developed by Strdal and Cacha
(1982), Suhail and Neale (1994), El-Rayes, and Moselhi
(1998), and Lucko (2008). According to Hegazy et al.
(2004), the objective of the LOB technique is to determine a
balanced mix of resources and to synchronize their work so
that they are fully employed and non-interrupted. Duffy et al.
(2011) developed a model, termed linear scheduling model
with variable production rates (LSMVPR).

Suhail and Neale (1994) developed a methodology to
combine the benefits of CPM and LOB techniques into one
model. This model is a good framework for CPM/LOB
integration that determines the proper number of crews
needed to meet a given deadline (Hegazy and Wassef 2001).
The development of an integrated CPM/LOB model for
scheduling and cost optimization of non-serial repetitive
projects has been presented by Hegazy and Wassef (2001).

Ammar (2013) also presented an integrated CPM and
LOB model that has been developed to schedule repetitive
projects in an easy non-graphical manner, considering both
logic dependency and resource continuity constraints.

Repetitive projects such as multistory buildings,
highways, or pipelines are executed in an environment
characterized by varying degrees of uncertainties. In the
previous studies, two techniques were used to deal with
uncertainties inherent in repetitive projects based on
probability theory: Program Evaluation and Review
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Technique (PERT) and Monte Carlo Simulation (MCS). In
these techniques, the duration of an activity is estimated as a
probability density function. To provide appropriate
distribution for activity duration, historical data is usually
needed. Previous studies have successfully demonstrated the
use of fuzzy set theory for estimating the activities’
durations. Maravas and Pantouvakis (2011) developed a
fuzzy repetitive scheduling method (F-RSM) for managing
and visualizing uncertainty in repetitive scheduling.

According to Abd-El-Khhalek (2014), a modified model
for fuzzy network scheduling was developed to calculate the
criticality degree of project activities and paths. Crew
performance is influenced not only by the environment in
which construction activities occur but also by crew
motivation, which has largely been overlooked in
construction research. However, construction researchers
have faced challenges in identifying the effect of
motivational factors and situational/contextual factors on
crew performance. These difficulties are due to the
uniqueness and dynamism of the construction environment
and the fact that motivational and situational/contextual
factors include both random and subjective uncertainties. To
overcome these difficulties, two methodological approaches,
agent-based modeling (ABM), and fuzzy logic have been
applied and integrated to develop a model of construction
crew motivation and performance (Raoufi and Fayek
2018b).

According to Raoufi and Fayek (2020), made three
contributions: first, it expands ABM’s scope of applicability
by showing how to model both random and subjective
uncertainty in  ABM; second, it provides a novel
methodology for integrating fuzzy logic and Monte Carlo
simulation in ABM, which allows for the development of
fuzzy Monte Carlo agent-based models in construction; and
third, it illustrates a fuzzy Monte Carlo agent-based
simulation of construction crew performance, which
improves the assessment of crew performance by
considering both random and subjective uncertainties in
model variables.

1. Integrated CPM and LOB with fuzzy Modeling

An integrated CPM and LOB model with fuzzy time is
developed to combine the benefits of both methods. In
developing the proposed model, shortcomings of both CPM
and LOB in planning and scheduling of repetitive projects
are enhanced. A non-deterministic technique for scheduling
repetitive projects called CPM and LOB Integrated Method
for Scheduling Fuzzy Repetitive projects (F.CPM.LOB) will
be presented in this paper. The proposed model essentially
consists of five steps with an illustrative example is
introduced to apply the developed model.

Stepl: F-CPM Calculations

The objective of network scheduling calculations is to
calculate the early start and finish times, the late start and
finish times, and activity total float to utilize them in LOB
calculations. CPM calculations comprise three types of
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calculations: forward path, backward path, and determining
activities total float.

A. Fuzzy Forward Path Calculations

The steps involved in the Forward path calculations are
similar to those performed in the critical path method
(CPM). Forward pass calculations should be performed
through fuzzy operations in an activity network of which the
activity durations and lag/lead times are represented by
fuzzy sets. For this reason, fuzzy addition, fuzzy subtraction,
fuzzy maximization, and fuzzy minimization have been
utilized to develop the procedure of the CPM forward pass
calculation with fuzzy sets. The following equations are used
to compute CPM with fuzzy early times.

FESx = max pp (FEFp) (1)

where FESx is fuzzy early start of activity x; p is a
predecessor of activity x; and P is the set of predecessors to
activity x.

However, the construction project activity networks may
include lag or lead times, and other dependencies such as SS
and FF between activities. This problem is resolved by
Subtracting fuzzy lead time from fuzzy lag time with fuzzy
subtraction  for each  activity pair having a
predecessor/successor relation as following by Eq.(2).

FNpi = {Fuzzy Lagpi — Fuzzy Lead,i} (2

where FN is the fuzzy number and pi is the predecessor
activity so that i take values depending on the number of
predecess-ors.

Add the fuzzy number calculated with fuzzy addition to
the corresponding early time of the predecessor activity. If
the dependency is SS, SF, FF or FS, the fuzzy early times are
calculated as follows:

If relation is SS: FESsi = FESpi + FNji 3
If relation is SF: FEFs = FESpi + FNp; 4)
If relation is FF: FEFs = FEFy + FNyi (5)
If relation is FS: FESsi = FEFy; + FNyi (6)
Then, FEF, = FES, + Fdx ()

where FEFx is fuzzy early finish of activity x; and Fdx is the
fuzzy duration of activity x.

Project duration is calculated from ending activities
(ending activity is the activity that has no successors) as
follows:

Tproj = maanN (FEFn) (8)

where Tprojis the project completion time; n is an ending
activity; and N is the set of ending activities.

B. Fuzzy Backward Path Calculations

Backward path calculations can being by first assigning
project duration as a preliminary late finish for ending
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activities. This number is then used as a basis for
determination of fuzzy late times of activities. The following
equations are used to compute fuzzy late times.

FLFx = minses (FLSs) (9)

where FLFy is fuzzy late finish of activity X; s is a successor
of activity x; and S is the set of successors to activity x.

However, the construction project activity networks may
include lag or lead times, and other dependencies such as SS
and FF between activities. This problem is resolved by
Subtracting lag time from lead time with fuzzy subtraction
for each activity pair having a predecessor/successor relation
as following by Eq. (10).

FNsi = {Fuzzy Leads; - Fuzzy Lagsi} (10)

where FN is a fuzzy number and si is the successor activity
so that i take values depending on the number of successors.

Add the fuzzy number calculated with fuzzy addition to
the corresponding late time of the predecessor activity. If the
dependency is SS, SF, FF, or FS, the fuzzy late times are
calculated as follows:

If relation is SS: FLSyi = FLSsi + FNi (11)
If relation is SF: FLSpi = FLFsi + FN;; (12)
If relation is FF: FLFy = FLFs + FNi (13)
If relation is FS: FLFyi = FLSsi + FNj; (14)
Finally, FLSx = FLFy - Fdx (15)

where FLFy is the fuzzy late finish of activity x, and Fdy is
the fuzzy duration of activity x.

C. Total Float Calculation

Once forward path and backward path calculations are
finished, it is possible to calculate total float. The fuzzy total
float for a given activity can be calculated as follows:

FTF=FLFx-FEFxor FLSx- FES, (16)

where FTF x is the fuzzy total float of activity x.

Step 2: F-LOB Calculations

Analysis of LOB with fuzzy sets is the second step in this
model. The objective of LOB formulation is to achieve a
resource-balanced schedule by determining the number of
crews to be employed in each repetitive activity. When there
are uncertainties associated with the duration of project
activities, the determination of the number of crews and the
progress rate is not as obvious as in the case of a certain
environment. The developed model can solve this problem
and has the ability to determine the number of crews and the
progress rate as follows:

It is possible to formulate a strategy for meeting a pre-
specified project deadline. The desired rate of delivery (Rd)
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is the theoretical rate of output that can be specified
according to Fig. (1) and Eq. (17) as follows:

N-1

Ry=
4T T,—DFT:

17)

where N is the number of repetitive units; T, is the desired
project duration; and DFT; is the F-CPM duration of unit 1.

Unit * Tp =Desired Project Duratjon

DFT ;= Defuzzified Fuzzy
CPM Duration of Unit 1
- *

Time
Figure 1: Desired Project Rate of Delivery.

The total float of non-critical activities are utilized to
reduce the fuzzy number of crews employed using Eq. (18).

3 N-1
"~ Tp—DFT1+DFTFi

Rai (18)
where Rgi is the desired (theoretical) rate of delivery of
activity i, DFT; is the defuzzified fuzzy CPM duration of
unit one and DFTF; is its defuzzified fuzzy total float
calculated from the network of the first unit.

The fuzzy number of crews required to maintain a project
rate of delivery can be calculated with reference to Fig. (2)
and using Eq. (19).

FCui= Fdi x R (19)
where FCyg; is the desired (theoretical) fuzzy number of crews
and Fg; is the fuzzy duration of activity i.

No of units

Fuzzy No|.of crews :FC,

Time

Figure 2: Synchronization and Work Continuity of Crews.

Then, to determinate the fuzzy actual number of crews
the defuzzified fuzzy theoretical number of crews should be
calculated using geometric centroid (C), which can be
calculated as following:

10
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Trapezoidal fuzzy number:

—a?-b?+c?+d?—ab+cd
3(-a-b+c+ad)

Trianqular fuzzy number: C =

C= (20.a)

(20.h)

a+b+c

where a, b,c and d are the fuzzy parameters.

In general, the defuzzified fuzzy theoretical number of
crews calculated using Eq. (20.a) or (20.b) is not integer
value and fractional crews are not possible so, the
defuzzified fuzzy theoretical number of crews must be
rounded up to determine the defuzzified fuzzy actual number
of crews as given by Eq. (21.a). To ensure that the actual
fuzzy number of crews allocated to an activity using Eq.
(21.a) does not exceed available crews of that activity using
Eqg. (21.b).

DFC, = rounded up (DFCqi) (21.9)
where DFC, is the Defuzzified fuzzy actual number of
crews and DFCyg; is the Defuzzified fuzzy desired number of
Ccrews.

DFCai < Cni (21.b)

where Cpi is the maximum available crews.

The fuzzy actual progress rates for different activities can
be calculated using Eq. (22).

FRai = DFCai / Fdi (22)
where FRyi is the fuzzy actual progress rate of activity i and

Fdi is the fuzzy duration of activity i.

Finally, to determine the relationships between activities
(SS or FF) and draw the LOB diagram, the horizontal
distance between the start time of the last unit and the start
time of the first unit for activity i (AS;) should be specified
using the Eq. (23).

FAS; = FSTni-FST1 = (N-1) / FRy (23)

where FSTyi is the fuzzy start time of the last unit for
activity i, FStii is the fuzzy start time of the first unit for
activity i and FAS; is the horizontal distance of the fuzzy

start time between the last and first unit.

Step 3: Activity Duration along all Units

In this paper, the duration of each activity is assumed
constant in all units of a repetitive activity. Having the basic
LOB calculations performed, the duration of activity i for all
units can be calculated by Eq. (24) as shown in Fig. (3).

FDi= Fdi+ (FSTin— FSTi1) = Fdi + FAS = Fdi + (N-1) / FRai
(24)
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where, FD; is the fuzzy duration of activity i for all units.

Step 4: Specifying Logical Relationships Using
Overlapping Activities

The logical dependency relationships among different
activities can be specified according to the horizontal
distance between the start times of the last unit and the start
time of the first unit of each activity.

Unit 4 Unit
N b—————— FSTn*— FSTy
NA———————— T/
FD;
- - ZI

Al i _fActivity / |

3 - AL A ]

2= FRG— T~ ]

1 ST, FFT, > Time

STiy-STj

Figure 3: Duration of a Repetitive Activity along All Units.

To specify such relationships, the horizontal distance
between the start times of the last unit and the start time of
the first unit of each activity is compared with that of its
successors. If ASi and ASs denote the horizontal distance
between the start time of the last unit and the start time of the
first unit of activity i and its succeeding activity s,
respectively, three cases can be encountered.

Case 1: FASi< FAS;s

This shows the case of two diverging activities as depicted in
Fig. (4), in which activity (i) is faster than its successor (s)
(leading to divergence). In this case, the finish of the first
unit of activity (i) controls the start of the first unit of
activity (s). Thus, a start-to-start (SS) relationship can be
specified. The lag associated with the (SS) relationship can
be calculated by Eq. (25).

Lagss = di + Bis (25)

Unit A

Figure 4: Overlapping Repetitive Activities with (SS)
Relationship.
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where Lagss is the lag associated with the start-to-start
relationship between two activity i and s; di is the duration of
activity i, and Bis is the minimum buffer time between
activities i and s.

Buffer time is usually used in LOB scheduling to absorb
the effect of any unforeseen effects that may delay project
completion.

Case 2: FASi> FAS;

This represents the case of two converging activities as
shown in Figure (5), in which activity s is faster than its
predecessor i (leading to convergence). In this case, the
finish of the last unit of activity i controls the start of the last
unit of activity s. Thus, a finish-to-finish (FF) relationship
can be specified. The lag associated with the (FF)
relationship can be calculated by Eq. (26).

Lagsw = ds + Bis (26)
where Lags is the lag associated with finish-to-finish
relationship between two activity i and s; d s is the duration
of activity s; and B s is the minimum buffer time between
activities i and s.

Unit 4
N

Figure 5: Overlapping Repetitive Activities with (FF) Relationship

Case 3: FASi = FASs

In this case, either an SS or FF relationship can be existed,
taken by lag values as in cases 1 and 2.

Step 5: Integrated Time Scheduling

Having CPM with fuzzy calculations performed, LOB with
fuzzy calculations performed, the duration of the activity
along all units calculated and the relationship type among
consecutive activities specified with their associated lags,
integrated time analysis similar to that of CPM can be easily
done. Forward path calculations are done to determine
early timings of activities, while late timings of activities
are determined in the backward path calculations.

A. Forward Path Calculations

In forward path calculations, early timings (belong to the
first and last units only) are determined for each activity i as
follows:

Case of (SS) relationship
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FESi1 = Max (FESp1+ Lagss ¢p)), p=1,2, ....Npi 27)
where FES;; is the fuzzy early start of the first unit of
activity i and FESpis fuzzy early start of the first unit of its

predecessor p.

FEFin = FES;, + FD; (28)

where EFin is the early finish of the last unit of activity i and
D i the fuzzy duration of activity i for all units.

Case of (FF) relationship

FEFin=Max (FEFpn + Lagffp), p=1,2 ..Ns (29)

where EFin is the fuzzy early finish of the last unit of activity
i; EFpn is fuzzy early finish of the last unit of its predecessor

p.

FESi1= FEFi\ - FD; (30)

where FES;; is the fuzzy early start of the first unit of
activity i; FEFin is the fuzzy early finish of the last unit of
activity i; and FD; the fuzzy duration of activity i for all
units.

Having the early start and finish times of the first and last
units of activity i determined, the early start and finish times
for all units of that activity can be easily determined using
Equations (31) and (32).

FESin = FESi1 + (n-1) / FRai (31)

where FESin is the fuzzy early start of any unit n in activity i
and FESi is the fuzzy early start of the first unit of activity i,
(n=1,2,....N).

FEFin = FESin + Fd; (32)
Where FEF;i, is the fuzzy early finish of any unit n in activity
i; FESi1 is the fuzzy early start of the first unit of activity i;
and Fdi is the fuzzy duration of activity i.

B. Backward Path Calculations

In backward path calculations, the late timings (belong to the
first and last units only) are determined for each activity i as
follows:

Case of (SS) relationship
FLSi1 = Min (FLSs1- Lag sS (s)), =1, 2, ....Nsi

(33)

where FLS i1 is the fuzzy late start of the first unit of activity
i; FLSs; is fuzzy late start of the first unit of its successor s.
FLFin =FLS i1 + FD; (34)
Where FLFin is the fuzzy late finish of the last unit of
activity i and FD; the fuzzy duration of activity i for all units.

Case of (FF) relationship

12
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FLFin = Min (FLFsn - Lag ff (is)),s=1, 2, =*.Nsi ~ (35)

where FLFi\ is the fuzzy late finish of the last unit of activity
i; FLFs is fuzzy late finish of the last unit of its successor s.

FLSi1 = FLFin - FD; (36)

where FLSi; is the fuzzy late start of the first unit of activity
i; FLFin is the fuzzy late finish of the last unit of activity i;
and FD the fuzzy duration of activity i for all units.

Having the late start and finish times of the first and last
units of activity i determined, the late start and finish times
for all units of that activity can be easily determined using
Equation (37) and (38).

FLFin = FLFi1 + (n-1) / FR4 37)
where FLFi, is the fuzzy late finish of any unit n in activity i
and FLFi; is the fuzzy late finish of the first unit of activity i
(n=1, 2, N).

FLSin = FLFin - Fdi (38)

where FLSj, is the fuzzy late start of any unit n in activity i;
FLFil is the fuzzy late finish of the first unit of activity i;
and Fdi is the fuzzy duration of activity i.

IV. MODEL AUTOMATION

Real-life projects are characterized by a large number of
activities. To facilitate the use of the developed model
presented in the previous section to schedule such kinds of
projects, an automated system called (F.CPM.LOB) is
developed. This section provides details of the automated
system used for the implementation of the developed model
(F.CPM.LOB). The system is automated using commercial
software (Microsoft Excel and Visual Basic Programming
Language). The automated system consists of six sheets:

The first sheet (Datasheet) is used for project data entry
and to perform (F.CPM.LOB) calculations using
Microsoft Excel. Microsoft Excel is programmed using
Visual Basic for Application (VBA).

The second sheet (F-CPM sheet); is used to calculate the
activities’ fuzzy times and fuzzy floats (FES, FEF, FLS,
FLF, and FTF) and fuzzy project duration of unit one.
The third sheet (F-LOB sheet); is used to calculate the
fuzzy progress rate for each activity and the total fuzzy
duration for each activity along all units.

The fourth sheet (DFLOB sheet); is used to calculate the
defuzzified fuzzy progress rate and the defuzzified fuzzy
project duration for each activity along all units to
determine the logical relationships between activities.
The fifth sheet (Relationships sheet); is used to determine
logical relationships between activities and calculate
associated lag.

The sixth sheet (DFCPM-Analysis sheet); is used to
calculate the activities’ defuzzified fuzzy times and
defuzzified fuzzy total float (DFES, DFEF, DFLS,
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DFLF, and DFTF) and the total project duration for all
units.

For data entry, the user opens Microsoft Excel (2010). After
opening the program, the user should press on the button
(Enter Data) as shown in Fig. (6).

Enter Data |

Figure 6: Interface of Automated System.

A case study will be presented in the next section to
illustrate the applicability of the developed model to real life
projects.

V. CASE STUDY

The case study is City Stars North Coast which is one of the
latest and best tourist villages that have been launched in the
northern coast on the Gulf of Ras al-Hikma It is located at
Kilo 199 Alexandria Matrouh Road after La Vista North
Coast village and before Mountain View North Coast village
in Ras El Hekma area.

The construction in this project consists of cabins,
chalets and villas. The construction of villas consist of 3
sectors; first sector is including 36 villas, second sector is
including 24 villas and last, third sector is including 7 villas.
The case study will include the first sector only, which is
consisting of 36 villas. The project date start from 1st
November 2017 to 1st July 2018, 18 villas will deliver each
4 months. So, the first group which including villas (1:18)
will start from 1st November 2017 to 1st March 2018 and
the second group which including villas (19:36) will start
from 1st March 2018 to 1st July 2018.

A. Project Data

The project is divided into 20 activities. Estimating a precise
duration for project activities is unrealistic because of many
factors that effect on project duration. Changing in
production rate of crews and weather conditions are
examples for these factors. Table (1) shows durations used
for risk analysis of time estimate for three selected activities.

The duration of activities is represented by three
estimates  (minimum, normal, maximum) durations.
Triangular fuzzy number (a, b, c) is used to best fit these
three estimates. The minimum duration can be represented
by (a) parameter, the normal duration can be represented by
(b) parameter and the maximum duration can be represented
by (c) parameter. In this case, the user enters Dur (b) = Dur
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(c). Table (2) shows project activities with their fuzzy
duration, lags, and predecessors.

F.CPM.LOB program is used to schedule this project.
After project data in Table (2) are input, the user can
perform scheduling.

Table 1: Durations used for risk analysis for time estimate of
three selected activities

L . Duration(day)

ID Activity Risk Factor Min | Normal | Max
Different
Production

A02 | Foundation | Rate of Crews 10 12 13
Weathering
Conditions
Different
Construct Production

A06 | Ground Rate of Crews 6 8 10
Slab Weathering
Conditions
Different
Construct Production

A03 | Ground Rate of Crews 3 4 5
Column Weathering
Conditions

B. Scheduling Data

Fuzzy CPM calculations (fuzzy times and floats of project’s
activities) are given in Table (3). Table (4) shows Fuzzy
LOB calculations (Actual number of crews, actual progress
rate, the horizontal distance between the start time of the last
unit and the start time of the first unit, and the total duration
of activities along all units). In Table(4), for activity (A01),
the desired rate of delivery can be calculated using Eq.(18)
to be 0.44, the fuzzy number of crews required to maintain a
project rate of delivery can be calculated using Eq.(19) to be
(0.87,0.87,0.87), then, the defuzzified fuzzy theoretical
number of crews should be calculated using Eq. (20.b) to be
0.87. The defuzzified fuzzy actual number of crews should
be calculated using Eq. (21.a) to be 1.00. The fuzzy actual
progress rate activity can be calculated using Eq. (22) to be
(0.50, 0.50, 0.50). The horizontal distance between the start
time of the last unit and the start time of the first unit for
activity (A01) should be specified using the Eq. (23) to be
(34.00, 34.00, 34.00). Finally, the fuzzy duration of activity
(A01) for all units can be calculated by Eq. (24) to be (36.00,
36.00, 36.00).

Table (5) shows the DF-LOB calculations. For activity
(A01), the defuzzified fuzzy duration, the defuzzified fuzzy
actual number of crews, the defuzzified fuzzy actual
progress rates, The defuzzified fuzzy horizontal distance
between the start time of the last unit and the start time of the
first unit for activity (A0l) and the defuzzified fuzzy
duration of activity (A01) for all units can be calculated by
Eg. (20.b). The relationships between activities and
associated lag are given in Table (6). For example, activity
(A02) is a successor to activity (A01). In this scenario,
DFAS(a01=34.00 and DFASa02=33.06, and therefore an FF
relationship exists between activities (A01) and (A02), and
the corresponding Lagrr=11.67 days.
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Finally, DFCPM analysis is given in Table (7). For
example, in the forward path, activity (A01) has defuzzified
activity duration equal to 36.00, therefore, the defuzzified
fuzzy early start can be calculated by Eq. (27) to be 00.00.
The defuzzified fuzzy early finish of activity (A01) can be
calculated by Eq. (28) to be 36.00. In the backward path,
activity (A10) has defuzzified fuzzy duration equal to 38.00
and its predecessor is activity (A08) and the relation between
them is SS with Lag=4.00, therefore, the defuzzified fuzzy
late start can be calculated using Eq. (33) to be 73.89 and the
defuzzified fuzzy late finish can be calculated using Eq. (34)
to be 111.89.

The project is divided into two stages. In the first stage
18 villas delivered after 4 months which equals 120 days.
Therefore, the total project duration of the first stage is 120
days. From scheduling, the fuzzy project duration of one unit
equals (69, 82, 82, 92) and the critical path is (A01-A02-
A03-A04-A05-A06-A07-A09-A11-Al14).

After applying LOB calculations, the total defuzzified
fuzzy project duration equals (116.89) days which is less
than the duration of the contract and the critical path is (AO1-
A02-A03-A04-A05-A06-A07-A09-A11-Al4).

Table 2: Planning Data of City Star Al Sahel Project.

A AUy Predecesso Lags
ID Activity Name Durations rs (days)
(days) .
A01 Excavation (2,2,2)
A02 Foundation (10,12, 13) A01
Construct
A03 Ground Column (3:4.5) A02
Bitumen& Wall
thick(25)cm
A4 | ndersoce | ¢4 A03
Backfilling
A05 Slab on Grade 1,2,3) A04
Construct
A06 Ground Slab (6.8,10) A0S
Construct First
A07 Floor (9,12, 14) A06 (7,7.7)
Brick Walls for
A08 Ground Floor (4.4, 4) AOT
Construct
A09 |  Second Floor (9,12, 14) A07 (7,7,7)
Brick Walls for
A10 First Floor (4.4,4) A08
All | Construct Roof (3,4,5) A09 (7,7,7)
Brick Walls for
AL2 | “ooiond Floor (4.4,4) A09,A10
Al3 Brick Walls for L1, 1) ALLAL2
Roof
Al4 Thermal @10 All
Insulation
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Table 3: Activities and their Fuzzy Times and Floats of City
Star Al Sahel Project.

FTE
(-23,0,23)
(-23,0,23)
(-23,0,23)
(-23,0,23)
(-23.0.23)
(-23.0.23)
(-23.0.23)
(-2,18.37)
(-23.0.23)
(-2,18.37)
(-23,0,23)
(-15,7,29)
(-23,0,23)
(-23,0,23)

FLF
(-21,2,2,25)
(-8,14,35)
(-3,18.38)
(1,22,42)
(4,24.43)
(14,32.49)
(35.51.65)
(60.73.83)
(56.70.81)
(64.,77.87)
(68,81,91)
(68,81,91)
(69.82,92)
(69.82,92)

FLS
(-23,0,23)
(-21,2,25)
(-8,14,35)
(-3,18,38)
(1,22,42)
(4,24,43)
(21,39,56)
(56,69.79)
(42,58,72)
(60,73.83)
(63,77,88)
(64,77,87)
(68,81,91)
(68,81,91)

FEF
(22,2
(12.14,15)
(15.18.20)
(19.22.24)
(20.24.27)
(26.32.37)
(42.51,58)
(46.55.62)
(58.70.79)
(50.59.66)
(68.81,91)
(62.74.83)
(69.82,92)
(69.82,92)

FES
(0,0,0)
(2,2,2)

(12,14,15)

(15,18,20)

(19,22,24)

(20,24,27)

(33,39.44)

(42,51,58)

(49,58,65)

(46,55,62)

(65,77.86)

(58,70,79)

(68,81,91)

(68,81,91)

Fd
(2,2,2)
(10,12,13)
(3.4.4.5)
(4,4.4)
(1,2,3)
(6.8.10)
(9.12,14)
(4.4.4)
(9.12,14)
(4.4.4)
(3.4.5)
(4,4.4)
(1,1.1)
(1,1.1)

ID
A01
AQ02
A04
AQ05
A06
AQ7
A08
AQ09
Al0
All
Al2
Al3
Al4

A03

VI. CONCLUSIONS

The scheduling of repetitive construction projects under
uncertainty problem is discussed. Classical CPM analysis
does not suit characteristics for repetitive projects, whereas
LOB lacks the analytical qualities of CPM scheduling.
Different techniques are used for solving the problem of
uncertainty such as fuzzy set theory. In this paper, an
integrated CPM and LOB with Fuzzy set theory for
scheduling repetitive construction projects have been
developed to combine the benefits of both CPM and LOB
with fuzzy theory in an easy analytical non-graphical
manner.

To simplify the use of the developed model, an
automated system called (F.CPM.LOB) was developed. The
system is automated using commercial software (Microsoft
Excel and Visual Basic Programming Language). The
program provides calculations of critical path method with
fuzzy, Line of Balance with fuzzy, calculating activity
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duration along all repetitive units, specifying logical
relationships and associated lag using overlapping activities,
and finally, DFCPM time analysis.
Table 4: Fuzzy Line of Balance Calculations of City Star Al
Sahel Project.
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In order to verify the developed model, a real-life
project City Stars North Coast project) was used. The
automated system was used to simplify the calculations of
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the developed model. The results show the capability of the
developed model to deal with the uncertainty inherent in
construction projects in a sufficient manner and the ability to
perform network schedule considering logical dependency
constraints while satisfying work continuity and availability
constraints. A case study was presented to validate the
proposed model and to illustrate its use. The model can be
particularly advantageous when the project has a large
number of activities.

This study has successfully demonstrated the feasibility
of applying fuzzy set theory to schedule repetitive
construction projects. However, there is a number of
potential improvements that could be made to the present
study. Some of the most important concerns are:

(1) The model can be extended to consider the learning

curve effect.

(2) The model can be extended to consider variable activity
durations.

(3) The model can be extended to consider imposed work
interruptions.

(4) The model can be extended to consider the cost of project
activities (fuzzy cost).
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