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Abstract
Implementation of projects with an acceptable quality level in the minimum cost and time 
has always been the ultimate goal of managers and decision-makers in the construction 
industry. On the other hand, the construction industry is responsible for creating various 
environmental problems. Therefore, reducing the environmental destructive effects of pro-
ject implementation is of utmost importance. The aim of this paper is to consider the envi-
ronmental pollution along with the project iron triangle of cost, time, and quality in the 
scheduling of the construction projects. A multi-objective multi-mode resource-constraint 
project scheduling model is presented considering the generalized precedence constraints 
between project activities as well as the limitation of renewable resources and non-renewa-
ble resources. In this study, the environmental effects of construction projects as well as the 
three conflicting goals of cost (budget), time (duration), and quality are taken into account. 
Also, the limitations of renewable and non-renewable resources as well as the generalized 
activity precedence relationships are incorporated into the proposed model. The proposed 
model was implemented on a rural water supply project including 25 activities and was 
solved using the fuzzy goal programming approach with GAMS software. Different combi-
nations of activity modes were presented along with the start time of each activity consid-
ering four objective functions. The results showed that this project would be completed in 
190 days, at the cost of $15,394, with the quality level of 0.835, and environmental effects 
of 0.372, which are between the optimal and worst objective functions values. In addition, 
the sensitivity analysis indicates the high efficiency of the proposed model and its capabil-
ity in assisting project managers and planners.
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1  Introduction

The project scheduling problems deal with determining the start times of the project activi-
ties taking the precedence and resource constraints into account in order to achieve prede-
termined goals which may be related to time, cost, or quality. Minimizing project duration 
and total costs are always two substantial problems in real-world projects resulting in time 
and financial saving as well as efficient resource usage (Liu et al., 2013).

Initial studies assumed deterministic activity durations and did not take resource con-
straints into account for calculating project completion time. Methods such as critical 
path method (CPM) and programme evaluation and review technique (PERT) method 
were presented considering the finish-to-start type activity precedence relationships only. 
Further research revealed that beside activity precedence relationships, other restrictions 
and constraints such as resource limitations must be taken into account. Project schedul-
ing problems that consider resource constraints are known as resource-constrained pro-
ject scheduling problems (RCPSP). It should be noted that Blazewicz et al. (1983) proved 
that the RCPSP problems as the extension of job shop scheduling problems are NP-Hard. 
The RCPSP problems have been extended by several researchers (Hartmann & Briskorn, 
2021). These problems are divided into different classifications based on the resource types 
(renewable and non-renewable), activity types (pre-emptive and multi-mode), and types of 
objective functions and data accuracy (deterministic and non-deterministic) (Habibi et al., 
2018).

One alternative for shortening project makespan is to expedite activities; reducing 
the durations of activities always is associated with cost increase, which is known as the 
time–cost trade-off problem (TCTP). In the TCTP problem, it is assumed that activities can 
be performed in several modes with different cost and duration (Hartmann and Briskorn, 
2021).

Expediting project activities may also influence on the quality level of project perfor-
mance leading to the conventional time–cost–quality (TCQ) trade-off problems (Babu 
& Suresh, 1996). The time–cost–quality (TCQ) triangle is continuously pursued by pro-
ject managers throughout the project life cycle; compressing project activities results in 
increased costs and reduced quality (Kerzner, 2017). On the other hand, carrying out a 
project with minimum cost and duration and in accordance with performance standards 
to gain competitive advantages is one of the capabilities of project management (Chen & 
Tsai, 2011). Time, cost, and quality are among the constraints that project managers face 
in all projects. They must manage and allocate the required resources within the specified 
time, cost, quality, and scope (Kerzner, 2019).

Accelerating project activities can influence environment, which has attracted the atten-
tion of researchers in recent years. Despite the development of industries and economic 
growth, the environment have been neglected for many years. Worrying destruction of the 
environment and natural resources as the result of the industrial and economic develop-
ment became one of the reasons for the prevalence of "sustainable development thinking". 
To achieve the goal of sustainable development, it is necessary to control the environmen-
tal impact of extensive construction works due to their high pollution and consumption of 
resources. Construction works account for about 60% of energy and raw material consump-
tion (Dong & Ng, 2015). This topic is also becoming increasingly involved with the notion 
of sustainable development, which is one of the key issues of the twenty-first century. An 
organization’s tendency to plan its activities and resource utilization programme in such a 
way as to respect the rights of future generations to environmental resources can highlight 
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its commitment to embracing the theory of sustainable economy and taking positive steps 
towards sustainable development (Habibi et al., 2019).

Swift economic and population growth has caused several environmental problems 
such as air pollution, deforestation, global warming, and resource constraints. To achieve 
a desirable level of sustainable economic growth, environmental degradation must be con-
trolled without diminishing real growth and welfare of society (Azam, 2016).

Many research works have been done on the relationship between environmental pol-
lution, energy consumption, and economic growth. Azam (2019) conducted an empirical 
study in Brazil, India, China, and South Africa from 1981 to 2015 and showed that energy 
consumption affects economic growth, also, environmental pollution reduces the economic 
growth. Therefore, policymakers and decision-makers must pay attention to the reduction 
of environmental pollution as one of the criteria for achieving sustainable development.

Past studies on construction projects show the negative environmental impacts of 
this industry, so that the construction sector has been criticized for overconsumption of 
resources and worldwide environmental pollution. The construction industry ranked the 
third in producing GHG emissions, following the oil and gas and chemical industries 
(Ozcan-Deniz & Zhu, 2017).

In recent decades, following the advancement of science and technology the destructive 
effects of human activities on the environment have been increasingly paid more atten-
tion by individuals and organizations. Reducing pollution and the destructive environmen-
tal impacts is one of the important goals of any construction project (Farrell et al., 2001). 
Attention to environmental impact assessment (EIA) and the importance of legal issues 
dates back to the National Environmental Policy Act of 1969 (Mitchell et al., 2006) that 
requires organizations to submit the EIA reports before implementing projects in order 
to prevent the negative effects of projects on the environment. Therefore, beside the three 
principal goals and objectives of cost (budget), time (duration), and quality, the fourth goal 
of environmental impacts has also been considered by the contractors and employers of 
construction projects. The activity execution mode and the amount of needed resources 
are important to reduce the environmental impact of the activity. As an example, drilling 
can be done using manpower or excavator. Each of these execution modes has a different 
duration, cost, and quality. Drilling with excavator has less duration and cost. On the other 
hand, the pollution caused by drilling with excavators (noise pollution, air pollution, and 
soil pollution) is more than drilling with manpower. As another example, in road construc-
tion projects, different compositions of asphalt can have different costs and environmental 
impacts. According to the EPA (2009) report in the construction industry, different types 
of fuel and energy sources (electricity, fossil fuels, etc.), equipment idle time, repair and 
maintenance, equipment selection, and material recycling affect greenhouse gas emissions.

Therefore, reducing the negative environmental consequences of construction pro-
jects is extremely substantial and the techniques for decreasing energy consumption and 
environmental effects have been studied for several decades (Hong et  al., 2014). EIA is 
an effective means to protect the environment and preserve natural resources so that the 
majority of the industrialized and developed countries have incorporated the EIA into their 
rules and regulations as well as the projects’ approvals. This method includes estimating 
and forecasting all environmental consequences and impacts arising from the implementa-
tion of project activities (Peche & Rodríguez, 2009). The EIA was originated in 1969, as 
part of the US National Environmental Policy Act which obliged all federal agencies to 
evaluate the potential impacts of activities on the environment (Montarroyos et al., 2019). 
Contractors should take the environmental impacts of construction works into account and 
try to mitigate them. This study proposes a comprehensive multi-objective optimization 
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method considering the environmental effects of construction projects as well as the pri-
mary project targets of time (duration), cost (budget), and quality. In this paper, the sub-
stantial factor of environmental impacts is incorporated into the TCQ trade-off problem to 
choose the most suitable modes for executing project activities, taking both renewable and 
non-renewable resource constraints as well as all four types of activity precedence relation-
ships into consideration.

2 � Literature review

In this section, the relevant studies conducted on multi-objective RCPSP (MRCPSP) are 
examined.

2.1 � Time–cost–quality (TCQ) trade‑off problem

In the 1990s, researchers came to the conclusion that it is unwise to carry out a project at 
the right time and at the lowest cost, regardless of the quality of the project. Since then, 
the TCQ trade-off problem has emerged as a significant project scheduling problem. Babu 
and Suresh (1996) included the quality factor in the conventional time–cost trade-off prob-
lems. They assumed that in addition to the cost of each activity, quality changes linearly as 
activity duration changes. Khang and Myint (1999) applied Babu and Suresh’s model to a 
real-world construction project in Thailand. El-Rayes and Kandil (2005) examined the dis-
crete TCQ trade-off problem taking the road construction projects into consideration. Tar-
eghian and Taheri (2006) developed an integer multi-objective model for the TCQ trade-off 
problem, considering each objective function separately and defining the desirable thresh-
olds for the other two objective functions. Kim et  al. (2012) developed a mixed integer 
mathematical programming model for time, cost, and quality trade-off problem. Mungle 
et al. (2013) used the genetic algorithm (GA) for solving the fuzzy TCQ trade-off problem 
considering a highway construction project as a case study. Nabipoor Afruzi et al. (2014) 
introduced the multiple modes TCQ trade-off problem. They applied the imperial competi-
tive algorithm (ICA) to tackle the problem. Tavana et al. (2014) proposed a multi-objective 
project scheduling model with minimization of time and cost and maximization of quality 
and solved with an evolutionary algorithm. Ahadian et al. (2016) used a probabilistic pro-
gramming approach for solving the TCQ trade-off problem considering the random vari-
ables for activity durations.

2.2 � The environmental consequences of projects

Construction projects have substantial effects on the development of many countries. Nowa-
days, the number of construction projects is growing rapidly across the world. The construc-
tion sector has been criticized for the overconsumption of global resources and environmental 
pollutants (Xu et al., 2012). The amount of environmental pollutants produced by the con-
struction industry in different countries has been estimated between 25 and 45%. The project 
implementation methods have significant impacts on resources consumption and environment 
(Yusof et al., 2016). In other words, considering the criteria for sustainable development in 
construction projects plays a crucial role in social, economic, and environmental impacts 
(Atanda & Öztürk, 2020; He et al., 2020; Perlingeiro et al., 2021; Wang, 2021). Therefore, 
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in addition to decreasing project time and cost, project managers focus on the environmental 
effects of project implementation and seek to reduce them.

Marzouk et al. (2008) examined time, cost, and environmental impacts trade-off. They pro-
posed the multiple objectives project scheduling model and used the genetic algorithm (GA) 
to solve it. They considered three different kinds of pollutants containing noise, dust, and poi-
sonous gases for a real-world project. The total environmental pollution caused by the project 
was calculated by normalizing the amounts of pollutants at the activity level, and summing up 
them.

Ozcan-Deniz et  al. (2012) developed an optimal project surveillance model considering 
the two conventional project goals and objectives including cost and time as well as the envi-
ronmental effects. They used NSGA-II algorithm to tackle the problem. The environmental 
impacts were evaluated based on global warming potential (GWP) and life cycle assessment 
(LCA). Xu et al. (2012) introduced a discrete cost, time, and environmental effects trade-off 
problem. They addressed the ecological and environmental facets of project comprising water, 
groundwater, soil, and air pollution, noise, and waste. Liu et al. (2013) examined the princi-
pal project factors corresponding with the greenhouse gas emissions. They employed multi-
ple objective particle swarm optimization (PSO) for balancing between CO2 pollutants and 
expenditures.

Cheng and Tran (2015) dealt with time, cost, and environmental effects trade-off applying 
meta-heuristic algorithms. They addressed the three different factors of gases, dust, and noise 
into consideration in a tunnel construction project with 25 activities, each of which had diverse 
execution modes with varying environmental impacts, cost, and duration. Ozcan-Deniz and 
Zhu (2017) suggested a multi-objective model including environmental impacts, time, and 
cost for a highway construction project. Feng et al. (2018) studied the time–cost–environmen-
tal impacts trade-off using discrete event simulation (DES) and particle swarm optimization 
algorithm in a hotel construction project in China. Askarifard et al. (2021) proposed a model 
with four objectives including minimizing cost, risk, and socio-environmental impacts.

Table 1 represents a brief review of past relevant studies.
A review of the relevant studies reveals that many researchers have examined the project 

scheduling problems in the construction industry taking different goals and objectives such as 
time, cost, and quality into account. Despite the significance of the problem of environmental 
impacts and the noteworthy contribution of the construction industry in environmental pol-
lution, less attention has been paid to this field by researchers. This study presents a multi-
objective model simultaneously considering four different objective functions of time (dura-
tion), cost (budget), quality, and environmental effects. Also, the fuzzy goal programming 
approach is utilized to solve the proposed model. On the other hand, previous research works 
have merely considered the limitation of renewable resources; however, this paper seeks to 
probe the fundamental and critical assumptions of real-world construction projects by taking 
both types of renewable and non-renewable resources into account. In addition, most previ-
ous studies have only assumed finish-to-start type of activity precedence relationships. But, all 
four types of activity precedence relationships have been considered in this research.

3 � Mathematical programming model

The project activity network is expressed as an activity-on-node network (AON) where 
the graph of G = (N, A), N depicts the number of project activities and is equal to n + 2, n 
is the number of project activities. Activities 0 and n + 1 are also dummy start and finish 



7742	 S. Ali Banihashemi, M. Khalilzadeh 

1 3

Ta
bl

e 
1  

A
 b

rie
f r

ev
ie

w
 o

f t
he

 re
le

va
nt

 st
ud

ie
s

A
ut

ho
rs

Ye
ar

O
bj

ec
tiv

e 
fu

nc
tio

ns
D

at
a

A
ct

iv
ity

Re
so

ur
ce

 
co

ns
tra

in
ts

G
PR

So
lv

in
g 

m
et

ho
d

Ti
m

e
C

os
t

Q
ua

lit
y

En
vi

ro
nm

en
ta

l 
im

pa
ct

s

Sh
ar

m
a 

an
d 

Tr
iv

ed
i

(2
02

2)
✔

✔
✔

–
C

M
–

–
N

D
C

he
n 

et
 a

l
(2

02
1)

✔
✔

✔
–

C
–

–
–

D
M

ah
di

ra
ji 

et
 a

l
(2

02
1)

✔
✔

✔
–

U
M

–
–

D
N

gu
ye

n 
et

 a
l

(2
02

1)
✔

✔
✔

–
U

M
–

–
N

D
R

az
av

i H
aj

ia
gh

a 
et

 a
l

(2
02

1)
✔

✔
–

–
C

M
–

–
D

Lu
on

g 
et

 a
l

(2
02

1)
✔

✔
✔

–
C

M
–

–
N

D
H

am
ta

 e
t a

l
(2

02
1)

✔
✔

✔
–

C
M

–
–

D
Lo

tfi
 e

t a
l

(2
02

1a
)

–
✔

–
✔

C
–

–
–

D
Lo

tfi
 e

t a
l

(2
02

1b
)

–
–

–
✔

C
–

–
–

D
Lo

tfi
 e

t a
l

(2
02

0)
✔

✔
✔

✔
C

M
✔

✔
D

Sh
irz

ad
eh

 C
ha

le
sh

ta
rti

 e
t a

l
(2

02
0)

✔
–

–
–

C
S

✔
–

N
D

Li
u 

et
 a

l
(2

02
0)

✔
✔

–
–

C
M

–
–

N
D

Za
m

an
 e

t a
l

(2
02

0)
✔

–
–

–
C

M
✔

–
N

D
H

os
se

in
za

de
h 

et
 a

l
(2

02
0)

✔
✔

✔
–

U
M

–
–

D
W

ei
 e

t a
l

(2
02

0)
✔

✔
–

–
C

M
–

✔
D

Su
bu

la
n

(2
02

0)
✔

✔
–

–
U

M
✔

–
D

C
ha

kr
ab

or
tty

 e
t a

l
(2

02
0)

✔
–

–
–

U
S

✔
–

N
D

Tr
an

(2
02

0)
✔

✔
–

–
C

M
–

✔
D

K
er

kh
ov

e 
an

d 
Va

nh
ou

ck
e

(2
02

0)
–

✔
–

–
C

M
–

–
D

,N
D

K
ho

sr
av

an
i M

og
ha

da
m

 e
t a

l
(2

02
0)

✔
✔

✔
–

U
M

–
–

N
D

M
ah

m
ou

di
 a

nd
 Ja

ve
d

(2
02

0)
✔

✔
✔

–
C

S
–

–
D

Zh
u 

et
 a

l
(2

01
9)

✔
–

–
–

C
S

✔
–

N
D

Ilh
an

 a
nd

 Y
ob

as
(2

01
9)

–
–

–
✔

C
S

–
–

D
A

ou
am

 a
nd

 V
an

ho
uc

ke
(2

01
9)

✔
✔

–
–

C
M

–
–

D
Va

n 
D

en
 E

ec
kh

ou
t e

t a
l

(2
01

9)
✔

–
–

–
C

M
✔

–
N

D



7743Towards sustainable project scheduling with reducing…

1 3

Ta
bl

e 
1  

(c
on

tin
ue

d)

A
ut

ho
rs

Ye
ar

O
bj

ec
tiv

e 
fu

nc
tio

ns
D

at
a

A
ct

iv
ity

Re
so

ur
ce

 
co

ns
tra

in
ts

G
PR

So
lv

in
g 

m
et

ho
d

Ti
m

e
C

os
t

Q
ua

lit
y

En
vi

ro
nm

en
ta

l 
im

pa
ct

s

B
al

le
ste

ro
s-

Pé
re

z 
et

 a
l

(2
01

9)
✔

✔
–

–
C

S
–

–
N

D
K

an
ni

m
ut

hu
 e

t a
l

(2
01

9)
✔

✔
✔

–
C

M
✔

–
D

Zh
an

g 
an

d 
Zh

on
g

(2
01

8)
✔

–
–

–
U

M
✔

–
D

Ta
he

ri 
A

m
iri

 e
t a

l
(2

01
8)

✔
✔

–
–

C
S

✔
–

N
D

Ta
he

ri 
A

m
iri

 e
t a

l
(2

01
7)

✔
✔

✔
–

C
S

–
–

N
D

O
zc

an
-D

en
iz

 a
nd

 Z
hu

(2
01

7)
✔

✔
–

✔
C

S
–

–
D

A
ha

di
an

 e
t a

l
(2

01
6)

✔
✔

✔
–

C
M

–
–

D
M

oh
am

m
ad

ip
ou

r a
nd

 S
ad

ja
di

(2
01

6)
✔

✔
✔

–
C

S
–

✔
D

A
m

in
ba

kh
sh

 a
nd

 S
on

m
ez

(2
01

6)
✔

✔
–

–
C

M
–

–
N

D
R

az
av

i H
aj

ia
gh

a 
et

 a
l

(2
01

4)
✔

✔
✔

–
U

M
–

–
D

Ta
va

na
 e

t a
l

(2
01

4)
✔

✔
✔

–
C

M
–

✔
D

,N
D

K
e 

an
d 

M
a

(2
01

4)
✔

✔
–

–
U

M
–

–
N

D
B

er
th

au
t e

t a
l

(2
01

4)
✔

✔
–

–
C

S
✔

–
D

G
ha

se
m

za
de

h 
an

d 
N

aj
afi

(2
01

3)
✔

✔
–

–
C

M
✔

–
N

D
So

n 
et

 a
l

(2
01

3)
✔

✔
–

–
C

M
–

✔
D

X
u 

et
 a

l
(2

01
2)

✔
✔

–
✔

U
M

–
–

N
D

Ir
an

m
an

es
h 

et
 a

l
(2

00
8)

✔
✔

✔
–

U
M

–
–

D
Th

is
 p

ap
er

–
✔

✔
✔

✔
C

M
✔

✔
D

D
at

a 
(C

: C
er

ta
in

, U
: U

nc
er

ta
in

)/A
ct

iv
ity

 (S
: S

in
gl

e 
m

od
e,

 M
: M

ul
ti-

m
od

e)
/G

PR
 (G

en
er

al
iz

ed
 P

re
ce

de
nc

e 
Re

la
tio

ns
)/S

ol
vi

ng
 M

et
ho

d 
(D

: D
et

er
m

in
ist

ic
, N

D
: N

on
-d

et
er

m
in

is
-

tic
)



7744	 S. Ali Banihashemi, M. Khalilzadeh 

1 3

activities and represent the start and end of the project, respectively. Furthermore, arcs (E) 
display the precedence relationships between the project activities A ⊂ N * N. The activ-
ity i of the G network encompasses a predetermined set of various execution modes Mi 
and must be implemented in one chosen execution mode only. In other words, if mode m 
is selected for executing activity i, it will keep on without interruption until it is accom-
plished. The amounts of cost, time, quality, and environmental effects are calculated and 
determined for each activity execution mode. Moreover, the use of renewable and non-
renewable resources for each activity i in the execution mode m is defined. Since the start 
and finish dummy activities do not need any resources, their resource usage amounts are 
zero. At all times, the level of renewable resources is fixed, and the amount of non-renewa-
ble resources are predetermined based on the total project duration.

Assumptions  The following assumptions are considered to develop the mathematical pro-
gramming model for the problem:

•	 Environmental impacts are considered for each activity, and the model seek to balance 
the four different goals and objectives of environmental impacts, cost, time, and quality.

•	 The number of activities is predetermined.
•	 Project activities are multiple modes in nature, which means that various modes for 

execution have been specified for each activity.
•	 The project work calendar contains 8 working hours per day.
•	 Activity interruption is not permitted during execution.
•	 Generalized precedence relations (GPR) exist between the activities.
•	 Resources are considered as both types of non-renewable and renewable resources.
•	 Parameters are deterministic and certain.

3.1 � Notation and definition

Indices
i = 0, 1, 2, …, n + 1 Set of activities
mi = 1, 2, …, Mi Set of modes of activity i
Kα (k = 1, 2, …, Kα) Number of renewable resources
Kυ (k = 1, 2, …, Kυ) Number of non-renewable resources
Decision variable
ximit

If activity i starts in mode mi and at time t, it is equal to 1, otherwise equal to 0
Parameters
dimi

Duration of the given activity i associated with mode mi

cimi
Implementation cost of activity i associated with mode mi

qimi
Quality level of implementing activity i associated with the execution mode mi

eimi
Environmental effects of activity i associated with mode mi

R�

k
The accessibility of renewable resource k in each time period

r�
imik

Required amount of renewable resource k for performing activity i under mode mi

R�

k
Accessibility of non-renewable resource k during the project

r�
imik

Consumption of renewable resource k by activity i in execution mode mi

wi Corresponding importance weight of activity i
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fsij The requisite time lag between the finish of activity i and the start of activity j
sf ij The requisite time lag between the start of activity i and the finish of activity j
ssij The requisite time lag between the start of activity i and the start of activity j
ff ij The requisite time lag between the finish of activity i and the finish of activity j
Rα Set of renewable resources
Rυ Set of non-renewable resources
ESi The earliest time to start the ith activity
LSi The latest time to start the ith activity
Efs The set of arcs where the activities i and j have the finish-to-start type precedence 

relationship with the time lag fsij. That is, the jth activity starts with a certain delay 
after the finish of the ith activity

Esf The set of arcs where the activities i and j have the start-to-finish type precedence 
relationship with the time lag sfij. That is, the jth activity finishes with a certain 
delay after the start of the ith activity

Ess The set of arcs where the activities i and j have the start-to-start type precedence 
relationship with the time lag ssij. That is, the jth activity starts with a certain delay 
after the start of the ith activity

Eff The set of arcs where the activities i and j have finish-to-finish type precedence rela-
tionship with the time lag ffij. That is, the jth activity finishes with a certain delay 
after the finish of the ith activity

The inputs of each activity include the required renewable and non-renewable resources, 
and the duration, quality, cost, and environmental consequences are noted as the activity 
outputs.

The model consists of four objective functions. Equation  1 shows the first objective 
function which minimizes project duration or start time of the dummy finish activity. The 
dummy finish activity of the project is n + 1, which has one execution mode. Equation 2 
corresponds with the second objective function which is the minimization of project costs. 
Equation 3 shows the third objective function of maximizing the total project quality which 
is obtained from the weighted average of the quality levels of all activities. Equation 4 rep-
resents the fourth objective function for minimizing the environmental effects of the activi-
ties. Since any project has its own unique characteristics and surrounding environment and 
may have considerable environmental consequences, these consequences are examined in 
both physico-chemical and biological characteristics of environment.

The proposed model in this research is an extension of the model developed by De Reyck 
and Herroelen (1999) for solving the multi-mode resource-constrained project scheduling 
problem (MRCPSP). MRCPSP is an extension of RCPSP is NP-Hard as well. De Reyck 
and Herroelen (1999) considered the activity precedence relationships and the availability 
of renewable resources with the single objective of minimizing project duration. However, 
in this study, the availability of both renewable and non-renewable resources along with 
four conflicting objective functions containing time (duration), cost (budget), quality, and 
environmental effects is incorporated into the model.

(1)Min f1 =

LSn+1∑
t=ESn+1

t ⋅ x(n+1)1t

(2)Min f2 =

n+1∑
i=1

Mi∑
mi=1

LSi∑
t=ESi

cimi
⋅ ximit
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The mathematical programming model includes three different types of constraints 
(execution mode of each activity, activity precedence relationship, and resource con-
straints) as follows. Equation  5 dictates only one execution mode must be chosen for 
each activity. Equations  6–9 show the generalized precedence relationships between 
activities: start to start (SS) (Eq.  6), start to finish (SF) (Eq.  7), finish to start (FS) 

(3)Max f3 =

n+1∑
i=1

wi

Mi∑
mi=1

LSi∑
t=ESi

qimi
⋅ ximit

(4)Min f4 =

n+1∑
i=1

wi

Mi∑
mi=1

LSi∑
t=ESi

eimi
⋅ ximit

subject to:

(5)
Mi∑

mi=1

LSi∑
t=ESi

ximit
= 1, i = 1, ..., n + 1

(6)
Mi∑

mi=1

LSi∑
t=ESi

(t + ssij)ximit
≤

Mj∑
mj=1

LSj∑
t=ESj

txjmjt
, (i, j) ∈ Ess

(7)
Mi∑

mi=1

LSi∑
t=ESi

(t + sfij)ximit
≤

Mj∑
mj=1

LSj∑
t=ESj

(t + djmj
)xjmjt

, (i, j) ∈ Esf

(8)
Mi∑

mi=1

LSi∑
t=ESi

(t + dimi
+ fsij)ximit

≤

Mj∑
mj=1

LSj∑
t=ESj

txjmjt
, (i, j) ∈ Efs

(9)
Mi∑

mi=1

LSi∑
t=ESi

(t + dimi
+ ffij)ximit

≤

Mj∑
mj=1

LSj∑
t=ESj

(t + djmj
)xjmjt

, (i, j) ∈ Eff

(10)
n∑
i=1

Mi∑
mi=1

r�
imik

min{t−1,LSi}∑
s=max{t−dim,ESi}

ximis
≤ R�

k
,

k = 1,… ,K

t = 1,… ,T

(11)
n∑
i=1

Mi∑
mi=1

r�
imik

LSi∑
s=ESi

ximis
≤ R�

k
,

k = 1,… ,K

t = 1,… ,T
,

(12)ximit
∈ {0, 1},

i = 0,… , n + 1

mi = 1,… ,Mi

t = 1,… ,T
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(Eq. 8), and finish to finish (FF) (Eq. 9). Equation 10 indicates the total usage of any 
type of renewable resource per unit of time cannot exceed its available amount. Equa-
tion 11 shows that the total usage amount of any type of non-renewable resource cannot 
exceed its total predetermined amount. Equation 12 defines the decision variables of the 
proposed model.

4 � Solution methodology

It is difficult and impractical to simultaneously optimize all conflicting objectives in 
a multi-objective model. In this regard, a multi-objective optimization model involves 
finding a set of practical or efficient solutions in a way that no other solution is bet-
ter (Govindan et al., 2017). In this paper, the fuzzy goal programming method is used 
to solve the proposed multi-objective model. The fuzzy goal programming method is 
the extension of the goal programming method as a method for solving multi-objective 
optimization problems (Rubin & Narasimhan, 1984). In the fuzzy goal programming 
method, an aspired goal is defined for each objective using the fuzzy membership func-
tion, and the value of each goal varies between zero and one. The objective function 
of the fuzzy goal programming method is to minimize the maximum level of failure in 
achieving each goal (Lotfi et al., 2014).

In general, a multi-objective decision-making (MODM) problem can be stated as 
follows:

Suppose the optimal value of each goal (i = 1, 2, …, n) is f ∗
i
 . In real MODM prob-

lems, due to the conflict among the objectives, there is usually no x* ∈ X answer for 
which all objectives are optimized (∄x∗ ∈ X ∶ f ∗

i
= fi(x

∗) . Hence, if A is a solution 
method and the answer xA is obtained as its output, then this method A is more efficient 
when fi

(
xA
)
 is closer to f ∗

i
.

In the fuzzy goal programming method which is based on the linear membership 
function, an acceptable value is first considered for each goal, which, for example, can 
be the optimal value of that objective ( f ∗

i
 ). Then the membership function is specified in 

such a way that by decreasing the objective function value, the value of the fuzzy mem-
bership function (or the aspired goal) increases linearly. Assume that mi = f ∗

i
 is consid-

ered as the optimal value of the ith objective and Mi as the upper limit of this objective. 
Accordingly, in the FGP method, if the ith objective is fi(x)

∼

≤ mi , it can be expressed 
using the following aspired goal:

where Mi − mi is the tolerance interval. If the fuzzy goal is fi(x)
∼

≥ mi , the membership 
function of the fuzzy goal will be as follows:

(13)
{

Min
(
f1(x), f2(x),… , fn(x)

)
x ∈ X

(14)Gi(x) = �(x)�fi = G
�
fi(x)

�
=

⎧
⎪⎨⎪⎩

0; fi(x) ≥ Mi
Mi−fi(x)

Mi−mi

; x ∈ X

1; fi(x) ≤ mi
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Then, the MODM model is expressed as a single-objective model using the fuzzy goal 
programming method as follows:

in which if fi(x) → mi then Gi(x) → 1 . It should be noted that in the fuzzy goal program-
ming method, Gi(x) is a triangular fuzzy number and its expression is linear with respect 
to the decision variable x and the objective function fi(x) . Therefore, if the initial model is 
linear, the linearity of the model is eliminated, and there is no complexity in finding the 
global optimal solution. Sometimes, instead of the above formulation, the minimax formu-
lation is used in which the maximum or max deviation from the optimality of the objective 
functions is minimized or becomes min. This formulation is expressed as follows:

where L∞ represents the infinity norm and di(x) represents the relative deviation of each 
objective function from its optimal value. The infinity norm means that the largest devia-
tion in the available deviations is considered for optimization. The above relationship can 
be linearized as follows:

To solve the RCPSP model described in the previous section, the problem is first rewrit-
ten as a single-objective model using the fuzzy goal programming method. For this pur-
pose, we assume that the following values for goals are obtained through the payoff matrix:

F1
_

Minimum time

F1
Maximum time

F2
_

Minimum cost

F2
Maximum cost

F3
_

Minimum quality

F3
Maximum quality

(15)Gi(x) = �(x)�fi = G
�
fi(x)

�
=

⎧
⎪⎨⎪⎩

0; fi(x) ≤ Mi
fi(x)−Mi

Mi−mi

; x ∈ X

1; fi(x) ≥ mi

(16)

⎧⎪⎨⎪⎩

max z = min
�
Gi(x) ∶ i = 1 ∶ n

�
Gi(x) =

Mi−fi(x)

Mi−mi

; i = 1, 2,… , n

x ∈ X

(17)

⎧⎪⎪⎨⎪⎪⎩

FGP

min L∞
�
di(x), i = 1, 2,… , n

�
di(x) =

fi(x)−mi

Mi−mi

; i = 1, 2,… , n

x ∈ X

(18)

⎧⎪⎪⎨⎪⎪⎩

FGP

minZ

Z ≥
fi(x)−mi

Mi−mi

; i = 1, 2,… , n

x ∈ X
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F4
_

Minimum environmental impacts

F4
Maximum environmental impacts

We try to minimize the time objective function (F1), the cost objective function (F2), 
and the objective function of environmental impacts (F4), and maximize the quality objec-
tive function (F3).

Then, the objective functions in the deterministic, alpha-cut, and possibilistic states are 
summarized as follows:

It is of note that after applying the fuzzy goal programming approach to establish a 
trade-off between the objective functions, the deterministic/nominal model for solving the 
MRCPSP problem in this research is mixed linear programming which can be solved by 
Solver CPLEX in GAMS software.

5 � Results and discussion

The mathematical model presented in this research was implemented in a rural water trans-
fer project in Birjand, the capital city of South Khorasan Province. The rusty old 3-km-
long pipeline was replaced by a new one. This project included 25 activities.

The first activity of the project (equipping the workshop) and the last activity of the pro-
ject (rectification of defects and provisional handover) have one execution mode (Fig. 1). 
Each of other project activities has seven different execution modes defined by experts and 
the project team based on different combinations of resources. Among these seven execu-
tion modes, the first mode is the one with the minimum usage of resources per unit of time. 
The second mode is associated with the most likely mode; the other modes were deter-
mined by changing the amount of resource usage per unit of time and the duration of each 
activity.

According to the project activity network, this project has 25 activities. Activities zero 
and 26 are considered as dummy activities in the proposed mathematical programming 
model. The project resources fall into three categories including manpower, materials, 
equipment and machinery which are considered as project inputs. The inputs of each activ-
ity include unskilled worker, skilled worker (manpower), cement (material), and excavator 
(equipment and machinery). It should be noted that cement is non-renewable (consumable) 
resource, and unskilled worker, skilled worker, and excavator are renewable (non-consum-
able) resources.

(19)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

minZ

Z ≥
F1−F1

F1−F1

Z ≥
F2−F2

F2−F2

Z ≥
F3−F3

F3−F3

Z ≥
F4−F4

F4−F4

Constraints
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Each execution mode of any activity has its associated quality, cost, time, and environ-
mental consequences. The costs of acquiring resources in each working day were calcu-
lated so that the associated costs of each activity execution mode were calculated. Each 
project activity has a specific weight in terms of its importance in the project, which was 
calculated according to the desirable level of work breakdown structure (WBS) of the pro-
ject. In other words, the weight of each activity corresponds with the value of each activity 
in the entire project and shows the impact of that activity on the progress of the project. In 
this study, the importance weight of each activity was determined regarding the duration of 
that activity considering its most likely execution mode (second execution mode). General 
factors of EIA in construction projects were identified based on the study conducted by Zhu 
et al. (2019). Among the physico-chemical, biological, economic, and socio-cultural char-
acteristics of environment, two physico-chemical and biological characteristics of environ-
ment were taken into account for the implementation phase of the project. During various 
meetings with the employer, contractor, and project consultants, seven major factors were 
addressed for assessing the environmental impacts of all activities. The factors consist of 
soil texture and pollution, sedimentation and erosion, groundwater and surface water pol-
lution, noise, dust, and air pollution which are corresponding with the physico-chemical 
characteristics of environment, and the factors associated with the wildlife, protected areas, 
plant species, and habitats are corresponding with the biological characteristics of environ-
ment. Eventually, the environmental impacts associated with each activity execution mode 
were calculated using the Leopold (1971) matrix. The environmental impact of each activ-
ity depends on its duration and characteristics as well as the resources used for perform-
ing the activity. The method of scoring environmental impacts in the Leopold matrix is as 
follows: matrix columns indicate activities and rows display environmental factors. Two 
numbers are considered for each cell, one of which represents the intensity and range of 
the consequence, and the other one indicates the magnitude or importance of that impact. 
The numbers 1, 2, and 3 are used to indicate the range of the effect, which display the 
immediate range of the design, the range of direct effects and impacts, and the range of 
indirect consequences and impacts, respectively. The range and intensity of impacts and 
consequences on any environmental parameter vary from −1 to −5 (low to very high) for 
negative effects and from +1 to +5 (low to very high) for positive effects. Subsequently, 
the average of negative and positive effects corresponding with any environmental factor 
and activity is computed.

First, the single-objective of minimizing project duration was solved, and the value of 
148 days was obtained as total project duration. Then, another single-objective of mini-
mizing project costs was solved and the amount of $13,665 was achieved as total project 
costs. Subsequently, the other single-objective mathematical programming model with the 
objective of maximizing the project quality was solved and the value of 0.866 was acquired 
as the project quality level. Finally, the single-objective mathematical programming model 

Fig. 1   Activity network of the project
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with the objective of minimizing the environmental impacts was solved and the value of 
0.311 was gained. Table  2 shows the findings of the four different deterministic single-
objective mathematical programming models, respectively.

According to Table 2, the main diameter represents the best values for the four objective 
functions of the deterministic single-objective model. According to the table, the minimum 
amount of the project duration is 148 days, the minimum amount of the total project cost is 
$13,665, the maximum amount of the project quality is 0.866, and the minimum amount of 
the total environmental impacts is 0.311.

Figure 2 illustrates the different values of the four objective functions, respectively. The 
minimum project duration of 148 days is obtained as the best value of the objective func-
tion of minimizing the duration of the whole project. If the main project goal is to mini-
mize the total costs or the environmental impacts, or maximize the total quality level of the 
project, the project duration will be 253 days.

After implementing the deterministic single-objective model for each objective function 
individually, the model was implemented considering four objective functions to find out 
a trade-off between the four conflicting objectives. The maximum and minimum values of 
each objective function are shown in Table 3.

The results of the implementation of the multi-objective mathematical programming 
model and the trade-off between the objectives showed that the project will be com-
pleted within 190  days at a cost of $15,394. The total project quality and the environ-
mental impacts will be 0.835 and 0.372, respectively (Table 4). Comparing these results 
with the minimum and maximum values of objective functions in Table 3 shows that the 
trade-off values are about 40% different from their minimum or maximum values, which is 
acceptable.

Table 5 displays the optimal execution mode of each activity considering the trade-off 
between the four objectives in the deterministic mathematical programming model. Table 6 
shows the obtained start times of project activities.

The results of data analysis indicate that increasing the duration of the project reduces 
the environmental impacts of the entire project. Also, there is a direct relationship between 
environmental impacts and project cost, which is in line with the results of Cheng and Tran 
(2015). In addition, Ozcan-Deniz and Zhu (2017) showed that the correlation coefficient 
between time and environmental effects is 0.18 and between cost and environmental effects 
is 0.47. Wang et al. (2019) also pointed out that a large amount of air pollution is corre-
sponding to the use of heavy machinery in the construction industry. On the other hand, the 
use of heavy machinery for performing project activities reduces the durations of activities 
and increases costs.

Table 2   The findings of the four objectives in deterministic single-objective models

Objective Optimal solution 
(Min f1)

Optimal solution 
(Min f2)

Optimal solution 
(Max f3)

Optimal 
solution 
(Min f4)

Time 148 253 253 253
Cost 14,595 13,665 17,808 15,822
Quality 0.828 0.792 0.866 0.796
Environmental 

impacts
0.457 0.375 0.423 0.311
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Fig. 2   The values of the four objective functions in the deterministic single-objective models

Table 3   Range of variations 
of the four objective functions 
solved by fuzzy goal 
programming method

Objective Time Cost Quality Environ-
mental 
impacts

Best 148 13,665 0.866 0.311
Worst 253 17,808 0.792 0.457
Range 105 4143 0.074 0.146
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5.1 � Sensitivity analysis

There are two types of constraints in the proposed model: precedence relationships 
between activities and the availability of renewable and non-renewable resources. Regard-
ing the precedence relationships, changing the precedence relationships between activities 
and modifying the project activity network lead to changing the critical path and total pro-
ject duration. Changing the precedence relationships between activities has no effect on the 
total cost of the project, because the total cost of the project is the sum of the cost of each 
activity. However, the total quality level and environmental consequences and effects of the 
project is calculated using the geometric mean.

Given the fact that resource constraints affect all four conflicting objective functions, 
the sensitivity analysis was performed based on the resource parameters. Four types of 
resources are considered for performing project activities. The renewable resources include 
unskilled worker (R1) with maximum 20 man-days, skilled worker (R2) with maximum 3 
man-days, excavator (R3) with maximum 1 machine-day, and the non-renewable resources 
include cement (R4) with maximum 1280 kg for the whole project. Changing the amounts 
of resources affects the values of the objective functions. Table 7 shows the effect of chang-
ing each resource on the values of the objective functions values with 14 runs.

As shown in Table 7, the objectives of time, cost, quality, and environmental impacts 
were initially solved without considering resource constraints. Then, the changes of each 
resource were examined while holding the maximum values of the other resources con-
stant, and the amount of changes of objectives was compared to the state of non-resource 
constraints. The sensitivity analysis of each of the objectives is illustrated in Fig. 3

As indicated in Table 7, when there are no constraints on the resources, the project can 
be completed at the highest cost within the shortest possible time. In other words, if the 
project is delivered within a short time and with high quality, the cost will increase. On the 
other hand, greater project cost and quality level can lead to minimizing the environmental 
effects and consequences of the whole project.

Figure 4 illustrates the changes of the four conflicting project objectives in relation to 
the changes of each resource in Table 7.

5.2 � Practical implications

Due to the fact that reducing project cost, duration, and environmental effects together 
with raising project quality level are the principal needs and expectations of the main 
stakeholders, this study simultaneously examines these four important goals and objec-
tives and helps project contractors and employers with selecting the suitable execution 
mode for performing each activity taking these four goals and objectives into account. 

Table 4   The final values of the 
four objective functions

Objective Optimal solution (multi-
objective programming)

Time 190
Cost 15,394
Quality 0.835
Environmental impacts 0.372
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It should be noted that since each project has unique characteristics and features, the 
findings of the case study cannot be extended to other projects. However, the proposed 
model can be applied to other construction projects to accomplish the project with the 
least possible duration, lowest possible costs and environmental consequences and 
effects, and highest possible quality level.

6 � Conclusion

The environmental impacts of project implementation have become extremely important 
for project stakeholders such as governments and environmental protection organiza-
tions. As a result, incorporating the environmental impacts as well as the three conven-
tional factors containing quality, time, and cost into the project scheduling models can be 
a challenging problem for project practitioners. In the present study, the cost–time–qual-
ity–environmental impacts trade-off problem was investigated taking both renewable and 
non-renewable resource constraints as well as generalized activity precedence relations 
(all four types of activity precedence relationships) into account leading to a comprehen-
sive model which is close to the real-world project scheduling problems. Subsequently, the 
fuzzy goal programming method was used to solve the problem in hand. The proposed 
aforementioned model was tested in a rural water transfer project for validation.

Initially, the proposed model was implemented considering each objective func-
tion separately in order to find the optimal values of each objective function. It should 
be noted that the difference between the shortest and the longest project duration is 
105 days, the variation between the lowest and the highest total project costs is $ 4143, 
the difference between the highest and lowest project quality level is 7%, and the devia-
tion between the lowest and highest environmental impacts is 15%. Finally, this multi-
objective trade-off problem was solved by using the fuzzy goal programming method. 
The trade-off results show that the objective function value for the total project duration 
was reduced by 25% from the longest project duration. The cost objective function value 
was lessened by 14% from the highest project cost, the quality objective function value 
was increased by 4% from the lowest project quality level, and the objective function 
value for environmental impacts was diminished by 19% from the greatest environmen-
tal effects. Therefore, the findings indicate that the proposed multi-objective model is 
able to balance the four conflicting objective functions.

Table 6   Start times of project 
activities

Activity Start time Activity Start time Activity Start time

1 t1 9 t74 17 t157
2 t3 10 t81 18 t166
3 t11 11 t84 19 t169
4 t17 12 t88 20 t170
5 t23 13 t96 21 t173
6 t27 14 t119 22 t173
7 t52 15 t148 23 t179
8 t68 16 t151 24 t184

25 t188
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Deficiency of related studies together with hardship in calculating and estimating the 
accurate cost, duration, and environmental consequences and impacts associated with 
the execution mode of each activity can be stated as the major research limitations.

Table 7   The effect of changing resource constraints on the values of four objective functions

Row Recources
Objective Objective%

Time Cost Quality Environmental 
Impacts Time% Cost% Quality% Environmental 

Impacts%

1
No 

resource 
constrained 

185 15979 0.845 0.362 0 0 0 0

2

R1<=25
R2<=3
R3<=1
R4<=1280

191 15378 0.835 0.372 0.03243 -0.03761 -0.01183 0.02762

3

R1<=20
R2<=3
R3<=1
R4<=1280

190 15394 0.835 0.372 0.02703 -0.03661 -0.01183 0.02762

4

R1<=15
R2<=3
R3<=1
R4<=1280

190 15486 0.834 0.371 0.02703 -0.03085 -0.01302 0.02486

5

R1<=10
R2<=3
R3<=1
R4<=1280

193 15434 0.834 0.374 0.04324 -0.03411 -0.01302 0.03315

6

R1<=20
R2<=5
R3<=1
R4<=1280

189 15589 0.841 0.367 0.02162 -0.02441 -0.00473 0.01381

7

R1<=20
R2<=4
R3<=1
R4<=1280

191 15458 0.837 0.367 0.03243 -0.03261 -0.00947 0.01381

8

R1<=20
R2<=3
R3<=1
R4<=1280

190 15394 0.835 0.372 0.02703 -0.03661 -0.01183 0.02762

9

R1<=20
R2<=3
R3<=3
R4<=1280

188 15606 0.838 0.369 0.01622 -0.02334 -0.00828 0.01934

10

R1<=20
R2<=3
R3<=2
R4<=1280

189 15590 0.838 0.369 0.02162 -0.02434 -0.00828 0.01934

11

R1<=20
R2<=3
R3<=1
R4<=1280

190 15394 0.835 0.372 0.02703 -0.03661 -0.01183 0.02762

12

R1<=20
R2<=3
R3<=1
R4<=1300

191 15394 0.836 0.371 0.03243 -0.03661 -0.01065 0.02486

13

R1<=20
R2<=3
R3<=1
R4<=1280

190 15394 0.835 0.372 0.02703 -0.03661 -0.01183 0.02762

14

R1<=20
R2<=3
R3<=1
R4<=1080

191 15398 0.835 0.370 0.03243 -0.03636 -0.01183 0.02210
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As some suggestions for further studies, the proposed mathematical multi-objective model 
can be applied to other projects. In addition, the activity pre-emption and time lag between 
activities may be considered in the model. Also, due to the NP-Hardness of this problem, the 
meta-heuristic algorithms should be exploited to solve the large size optimization problems. 
Moreover, robust fuzzy optimization model can be employed to deal with the inherent uncer-
tainty of the projects.

Fig. 3   The change of resource constraints on objective functions
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Appendix: Project data

N Activity Weight Execu-
tion 
mode

Resources Time Cost Qual-
ity

Environ-
mental 
impacts

Cement Skilled 
worker

Worker Exca-
vator

1 Equip-
ping 
the 
work-
shop

0.011 1 0 0 2 0 2 $1000 0.80 0.30

2 Staking 
and 
exca-
vating 
the 
trench

0.053 1 0 0 3 1 14 $1260 0.78 0.36
2 0 0 7 1 10 $1220 0.80 0.44
3 0 0 5 2 8 $1376 0.83 0.64
4 0 0 10 1 7 $1022 0.82 0.44
5 0 0 7 1 12 $1464 0.84 0.52
6 0 0 5 2 10 $1720 0.87 0.64
7 0 0 10 1 10 $1460 0.88 0.48

15000
15100
15200
15300
15400
15500
15600
15700
15800
15900
16000
16100

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Cost

180

182

184

186

188

190

192

194

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Time

0.355

0.36

0.365

0.37

0.375

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Environmental Impacts

0.828
0.83

0.832
0.834
0.836
0.838

0.84
0.842
0.844
0.846

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Quality

Fig. 4   The changes of the values of four objective functions with the changes of resources
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N Activity Weight Execu-
tion 
mode

Resources Time Cost Qual-
ity

Environ-
mental 
impacts

Cement Skilled 
worker

Worker Exca-
vator

3 String-
ing the 
pipes

0.105 1 0 0 2 0 25 $400 0.74 0.20
2 0 0 5 0 20 $800 0.80 0.30
3 0 0 7 0 16 $896 0.83 0.40
4 0 0 10 0 12 $960 0.90 0.50
5 0 0 5 0 22 $880 0.82 0.40
6 0 0 7 0 18 $1,008 0.85 0.50
7 0 0 10 0 14 $1,120 0.92 0.50

4 Level-
ling 
and 
grad-
ing the 
trench 
bottom

0.021 1 0 0 4 0 5 $160 0.77 0.27
2 0 0 7 0 4 $224 0.80 0.40
3 0 0 10 0 3 $240 0.83 0.47
4 0 0 13 0 2 $208 0.86 0.53
5 0 0 7 0 5 $280 0.85 0.40
6 0 0 10 0 4 $320 0.88 0.53
7 0 0 13 0 3 $312 0.90 0.53

5 Welding 
the 
pipes 
and 
lower-
ing 
them 
into 
the 
trench

0.016 1 0 1 3 1 5 $570 0.76 0.45
2 0 2 3 1 3 $414 0.80 0.60
3 0 1 4 1 4 $488 0.75 0.45
4 0 2 5 1 2 $308 0.85 0.60
5 0 2 3 1 4 $552 0.86 0.60
6 0 1 4 1 5 $610 0.82 0.45
7 0 2 5 1 3 $462 0.92 0.60

6 Pipe lay-
ing and 
sieving 
opera-
tion

0.105 1 0 0 4 0 22 $704 0.78 0.30
2 0 0 5 0 20 $800 0.80 0.40
3 0 0 6 0 17 $816 0.81 0.50
4 0 0 7 0 15 $840 0.82 0.60
5 0 0 5 0 22 $880 0.82 0.40
6 0 0 6 0 19 $912 0.83 0.60
7 0 0 7 0 17 $952 0.84 0.60

7 Testing 0.037 1 0 0 1 0 11 $88 0.82 0.40
2 0 0 2 0 7 $112 0.80 0.50
3 0 0 3 0 4 $96 0.81 0.50
4 0 0 4 0 2 $64 0.84 0.60
5 0 0 2 0 8 $128 0.83 0.50
6 0 0 3 0 5 $120 0.83 0.60
7 0 0 4 0 3 $96 0.87 0.60
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N Activity Weight Execu-
tion 
mode

Resources Time Cost Qual-
ity

Environ-
mental 
impacts

Cement Skilled 
worker

Worker Exca-
vator

8 Backfill-
ing

0.079 1 0 0 8 0 19 $1216 0.82 0.30
2 0 0 10 0 15 $1200 0.80 0.35
3 0 0 6 1 6 $684 0.74 0.50
4 0 0 8 1 5 $650 0.76 0.50
5 0 0 10 0 16 $1,280 0.81 0.30
6 0 0 6 1 7 $798 0.75 0.44
7 0 0 8 1 6 $780 0.77 0.44

9 Level-
ling 
and 
grad-
ing of 
the res-
ervoir 
bottom

0.032 1 0 0 7 0 7 $392 0.84 0.27
2 0 0 4 1 6 $588 0.80 0.55
3 0 0 10 0 3 $240 0.85 0.33
4 0 0 5 2 3 $516 0.87 0.65
5 0 0 4 1 7 $686 0.83 0.60
6 0 0 10 0 4 $320 0.88 0.33
7 0 0 5 2 4 $688 0.90 0.64

10 Excavat-
ing the 
route

0.047 1 0 0 3 1 13 $1170 0.78 0.36
2 0 0 7 1 9 $1098 0.80 0.44
3 0 0 5 2 8 $1376 0.85 0.64
4 0 0 10 1 7 $1022 0.83 0.44
5 0 0 7 1 10 $1220 0.82 0.52
6 0 0 5 2 9 $1548 0.87 0.64
7 0 0 10 1 8 $1168 0.85 0.48

11 Excavat-
ing and 
dig-
ging 
the 
reser-
voir 
foun-
dation

0.032 1 0 0 3 0 8 $192 0.82 0.20
2 0 0 4 0 6 $192 0.80 0.40
3 0 0 5 0 4 $160 0.78 0.33
4 0 0 6 0 2 $96 0.76 0.47
5 0 0 4 0 7 $224 0.83 0.33
6 0 0 5 0 5 $200 0.81 0.40
7 0 0 6 0 3 $144 0.79 0.47

12 Lean 
con-
crete

0.011 1 150 0 1 0 4 $80 0.88 0.35
2 170 0 2 0 2 $59 0.80 0.45
3 175 0 2 0 2 $60 0.80 0.45
4 175 0 3 0 1 $38 0.80 0.45
5 170 0 2 0 3 $89 0.90 0.45
6 175 0 2 0 3 $90 0.90 0.45
7 175 0 3 0 2 $76 0.89 0.45
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N Activity Weight Execu-
tion 
mode

Resources Time Cost Qual-
ity

Environ-
mental 
impacts

Cement Skilled 
worker

Worker Exca-
vator

13 Supply, 
fabri-
cation, 
and 
instal-
lation 
of 
rebar, 
and 
placing 
con-
crete 
at the 
bottom

0.105 1 0 3 4 0 22 $2288 0.79 0.33
2 0 4 3 0 20 $2400 0.80 0.33
3 0 3 6 0 20 $2400 0.89 0.40
4 0 6 3 0 17 $2856 0.94 0.40
5 0 4 3 0 22 $2640 0.82 0.33
6 0 3 6 0 22 $2640 0.91 0.40
7 0 6 3 0 19 $3192 0.96 0.40

14 Shutter-
ing and 
instal-
lation 
of 
rebar 
for 
walls 
and 
ceiling

0.126 1 0 3 8 0 26 $3536 0.76 0.40
2 0 4 7 0 24 $3648 0.80 0.40
3 0 3 10 0 23 $3496 0.78 0.47
4 0 5 7 0 22 $3872 0.87 0.40
5 0 4 7 0 25 $3800 0.81 0.40
6 0 3 10 0 24 $3648 0.79 0.40
7 0 5 7 0 23 $4048 0.88 0.40

15 Walls 
and 
ceiling 
con-
crete 
plac-
ing

0.026 1 310 0 4 0 6 $341 0.81 0.47
2 370 0 4 0 5 $308 0.80 0.53
3 375 0 6 0 3 $234 0.81 0.53
4 310 0 7 0 2 $162 0.79 0.53
5 370 0 4 0 6 $370 0.84 0.53
6 375 0 6 0 4 $312 0.85 0.53
7 310 0 7 0 3 $242 0.83 0.47

16 Excava-
tion of 
man-
hole

0.021 1 0 0 4 0 6 $192 0.82 0.20
2 0 0 7 0 4 $224 0.80 0.20
3 0 0 3 1 3 $270 0.77 0.48
4 0 0 5 1 2 $212 0.77 0.48
5 0 0 7 0 5 $280 0.85 0.20
6 0 0 3 1 4 $360 0.82 0.48
7 0 0 5 1 3 $318 0.82 0.48

17 Brick-
work 
of 
man-
hole

0.016 1 0 0 3 0 6 $144 0.90 0.27
2 0 0 6 0 3 $144 0.80 0.27
3 0 0 8 0 2 $128 0.80 0.27
4 0 0 9 0 1 $72 0.76 0.33
5 0 0 6 0 4 $192 0.86 0.27
6 0 0 8 0 3 $192 0.86 0.27
7 0 0 9 0 2 $144 0.82 0.33
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N Activity Weight Execu-
tion 
mode

Resources Time Cost Qual-
ity

Environ-
mental 
impacts

Cement Skilled 
worker

Worker Exca-
vator

18 Pouring 
con-
crete 
slab

0.016 1 310 0 2 0 5 $204 0.84 0.40

2 370 0 3 0 3 $161 0.80 0.45
3 375 0 4 0 2 $124 0.80 0.45
4 310 0 5 0 2 $130 0.83 0.45
5 370 0 3 0 4 $214 0.86 0.45
6 375 0 4 0 3 $186 0.86 0.45
7 310 0 5 0 3 $194 0.89 0.40

19 Excava-
tion 
of the 
site

0.016 1 0 0 5 0 4 $160 0.83 0.20

2 0 0 6 0 3 $144 0.80 0.33
3 0 0 7 0 2 $112 0.77 0.33
4 0 0 8 0 1 $64 0.73 0.47
5 0 0 6 0 4 $192 0.86 0.33
6 0 0 7 0 3 $168 0.83 0.40
7 0 0 8 0 2 $128 0.80 0.47

20 Making 
the 
steel 
part

0.016 1 0 1 1 0 6 $192 0.67 0.20

2 0 2 1 0 5 $280 0.80 0.30
3 0 2 2 0 4 $256 0.94 0.30
4 0 1 3 0 3 $144 0.91 0.20
5 0 2 1 0 6 $336 0.84 0.30
6 0 2 2 0 5 $320 0.98 0.30
7 0 1 3 0 4 $192 0.95 0.20

21 Shutter-
ing and 
con-
crete 
placing

0.016 1 310 1 1 0 5 $284 0.73 0.40

2 370 1 2 0 4 $278 0.80 0.45
3 375 1 2 0 4 $280 0.80 0.45
4 310 2 1 0 2 $162 0.93 0.45
5 370 1 2 0 5 $348 0.85 0.45
6 375 1 2 0 5 $350 0.85 0.45
7 310 2 1 0 3 $242 0.97 0.40

22 Painting 0.026 1 0 0 1 0 7 $56 0.79 0.27
2 0 0 2 0 5 $80 0.80 0.27
3 0 0 3 0 3 $72 0.81 0.27
4 0 0 4 0 2 $64 0.86 0.33
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N Activity Weight Execu-
tion 
mode

Resources Time Cost Qual-
ity

Environ-
mental 
impacts

Cement Skilled 
worker

Worker Exca-
vator

5 0 0 2 0 6 $96 0.84 0.27
6 0 0 3 0 4 $96 0.85 0.27
7 0 0 4 0 3 $96 0.90 0.33

23 Placing 
route 
signs

0.026 1 0 0 1 0 7 $56 0.79 0.20

2 0 0 2 0 5 $80 0.80 0.20
3 0 0 3 0 3 $72 0.81 0.20
4 0 0 4 0 2 $64 0.86 0.20
5 0 0 2 0 6 $96 0.84 0.20
6 0 0 3 0 4 $96 0.85 0.20
7 0 0 4 0 3 $96 0.90 0.20

24 Reser-
voir 
leak 
testing

0.032 1 0 0 3 0 8 $192 0.82 0.30

2 0 0 4 0 6 $192 0.80 0.30
3 0 0 5 0 4 $160 0.78 0.30
4 0 0 6 0 3 $144 0.79 0.35
5 0 0 4 0 7 $224 0.83 0.30
6 0 0 5 0 5 $200 0.81 0.35
7 0 0 6 0 4 $192 0.82 0.30

25 Rectifi-
cation 
of 
defect 
and 
provi-
sional 
hando-
ver

0.011 1 0 0 2 0 2 $1000 0 0.20
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