
Journal of Construction in Developing Countries, 27(1), 189–212, 2022

© Penerbit Universiti Sains Malaysia, 2022. This work is licensed under the terms of the Creative Commons 
Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).

Application of Linear Scheduling in Water Canal Construction with a 
Comparison of Critical Path Method

*Prasanna Venkatesan Ramani, Ponnambalam Selvaraj, 
Shanmugapriya T. and Anshul Gupta

First submission: 12 August 2020; Accepted: 22 May 2021; Published: 30 June 2022

To cite this article: Prasanna Venkatesan Ramani, Ponnambalam Selvaraj, Shanmugapriya T. and Anshul Gupta (2022). 
Application of linear scheduling in water canal construction with a comparison of critical path method. Journal of Construction 
in Developing Countries, 27(1): 189–212. https://doi.org/10.21315/jcdc2022.27.1.11 

To link to this article: https://doi.org/10.21315/jcdc2022.27.1.11

Abstract: Critical path method (CPM) still remains the most commonly used scheduling 
technique, despite many studies confirming its shortcomings for scheduling repetitive 
construction projects. This research evaluated the case study of an alignment-based precast 
water canal erection project, which was originally planned with CPM and analysed the 
suitability of using linear scheduling method (LSM) for the same project. The case study project 
was scheduled using both CPM and LSM tools and the results were compared in terms of 
estimated total duration and resource cost. The results showed that LSM produced a saving 
of 10 days in total duration and 20.07% in estimated resource cost over CPM. LSM also proved 
to be the better tool in terms of other schedule attributes like resource assignment, levelling, 
visualisation, etc., for alignment-based projects. LSM can be highly efficient for scheduling 
different types of repetitive construction and offers benefits like better workflow and continuous 
resource usage.

Keywords: Linear scheduling method, Critical path method, Scheduling, TILOS, Precast 
construction

INTRODUCTION

The fundamental trait of any project is to have a defined beginning and end in 
time, which makes it a temporary endeavour (Project Management Institute, 2017). 
Project Management Institute specifies five broad components that constitute 
the life cycle of a project management process: initiating, planning, executing, 
monitoring and controlling and closing (Project Management Institute, 2017). 
These principles naturally apply for to managing construction projects, which is 
becoming a complex task every day due to increasing variables and uncertainties 
to be accounted for, especially during the planning stage. According to Yamín 
and Harmelink (2001), construction companies are trying to gain a competitive 
advantage by achieving more sophistication and specialisation in executing 
specific types of construction. Managing specialised projects requires more 
intensive scheduling tools that need to be advanced than those typically used 
in the conventional projects. Project scheduling is principally a complex decision-
making process since it involves numerous activities and resource allocations that 
need to be optimised properly (Xu and Zhang, 2012).
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The critical path method (CPM) is a commonly used scheduling technique 
in construction which is deemed powerful for scheduling and using project 
control functions (Bansal and Pal, 2009; Kastor and Sirakoulis, 2009). CPM has its 
application in the construction industry since the 1960's (Burns, Liu and Feng, 1996) 
invariably in all kinds of projects (Hegazy, 2005; Shi and Blomquist, 2012). Using 
software systems for developing plans and schedules has become a prevalent 
practice in construction projects across the globe (Olivieri et al., 2019). Software 
packages like Primavera, Microsoft Project (MS Project), Asta Power Project, etc., 
are commonly used for this purpose and all these packages follow CPM logic in 
schedule generation (Hegazy and Menesi, 2010; Bragadin and Kähkönen, 2016; 
Olivieri et al., 2019). In a way, it is the popularity of these software packages that 
enabled the widespread use of CPM scheduling in construction (Olivieri, Seppänen 
and Granja, 2018). However, the major criticism placed against CPM is that it is not 
suitable for scheduling projects with repetitive activities (Harris and Ioannou, 1998; 
Hegazy and Kamarah, 2008; Koskela et al., 2014) that will have long and exhaustive 
schedules (Jongeling and Olofsson, 2007; Lu and Lam, 2009). Many researchers 
have pointed out the limitations of CPM in generating continuous workflows (Arditi, 
Tokdemir and Suh, 2002; Olivieri, Seppänen and Granja, 2018), balancing of crews 
(Russell and Wong, 1993; Hamzeh, Zankoul and Rouhana, 2015) and continuous 
utilisation of resources like material, equipment and labour required in a project 
with repetitive tasks (Mattila and Park, 2003; Benjaoran, Tabyang and Sooksil, 2015). 
Besides, the fact that same set of activities and information will be repeated in a 
project containing repetitive activities, a CPM schedule for such a project will get 
cluttered with the same information again and again (Ammar, 2019). This might 
result in a confusing project plan.

Repetitive projects occupy a significant share of global construction and 
meticulous project planning is an indispensable requirement for them. Repetitive 
projects may be defined as the continuous construction of multiple similar units 
(Ammar, 2019). Repetitive construction projects may be grouped into two 
categories: (1) Point-based projects (e.g., multi-unit housing projects, high rise 
buildings, etc., that have vertical alignment) and (2) Alignment-based or distance-
based projects (e.g., pipeline construction, highway projects, etc., that have 
horizontal alignment) (Agrama, 2006; Duffy, 2009). According to (El-Rayes and 
Moselhi, 1998), the repetitive activities can be further categorised as "typical" and 
"atypical" activities. Typical category activities are assumed to have identical 
durations along with all units and atypical activities are assumed to have variable 
durations. 

Linear schedules (LS) are proved to be effective alternates for scheduling 
repetitive projects (El-Rayes and Moselhi, 1998; Arditi, Tokdemir and Suh, 2002). 
Among the commonly used variants of LSs, line of balance (LOB) or vertical 
production method (VPM) is adapted for point-based projects and linear 
scheduling method (LSM) is suited for distance-based projects (Yamín and 
Harmelink, 2001; Duffy, 2009). LSM is nothing but a graphical representation of the 
project activities with distance or location on one axis and time on the other axis. 
It can be defined as a visual representation of a repetitive project's construction 
plan depicting the logic and relation between the activities of the project (Mattila 
and Park, 2003). LSM improves continuous workflow significantly better than CPM, 
controls the production and provides faster response to delays and interferences. 
Similar to CPM, where the activities on non-critical path contain floats after the 
critical path is determined, LSM too allows rate floats on its non-controlling activities 
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or non-controlling segments, after evaluating the controlling activity path (Olivieri  
et al., 2019). Repetitive projects like pipelines, highway, canal projects, etc., involve 
continuous and linear activities, which need to be constructed along the horizontal 
alignment of the facility. While scheduling these projects, CPM divides the whole 
process into discrete activities that are sequenced in order of their performance. 
However, the major concern in such projects is to assess and arrive the optimum 
production rates for the timely completion. LSM offers efficient scheduling of these 
projects by focusing on repetitive work activities and the production rates to 
identify any possible setbacks in the construction process (Matila and Park, 2003). 
In CPM, critical path is defined as the longest time-consuming path throughout the 
network, whereas in LSM, the controlling path is defined on the basis of the least 
time interval, coincidence interval and the least distance interval between two 
consecutive activities. Harmelink and Rowings (1998) developed a computerised 
linear scheduling model in conjugation with an AutoCAD-based programme 
to identify the controlling activity path and compared the results with CPM. He 
concluded that LSM provides a realistic controlling activity path by considering 
changing constraints in buffers thus providing accurate production rate details of 
linear activities which could not be achieved with CPM. 

The major focus points for LSM application in highway construction projects 
include determination of production rates, identifying activity interruptions, buffers, 
calendar considerations and allocation of project resources. LSM also provides 
realistic and reliable information to plan the method of construction and nature 
of work, identifies the risks better than the bar chart thus helping to optimise the 
construction cost and time. LSM's most important benefit is the ease with which 
it transforms a comprehensive work schedule to location-based segments, 
thus making it easier to monitor the progress of the project's linear activities 
(Johnston,1981).

Despite its proven utility for planning repetitive construction projects, LSM 
does not find widespread application in real-world for various reasons (Agrama, 
2011). One of the major reasons seems to be the contractual specifications in 
favour of CPM. In a survey conducted by Galloway (2006), more than 60% of 
the respondents confirmed contractual obligation as the reason to opt for CPM 
schedules for their projects. Other reasons for schedulers to prefer CPM over LSM 
in repetitive projects are better familiarity with CPM analysis, the existent popular 
software packages following only CPM logic, the legal validity of CPM in delays 
and claims due to contractual conditions and lack of awareness and training in 
using LSM (Yamín and Harmelink, 2001; Olivieri et al., 2019). 

The main objective of this study is to apply LSM in a real-time alignment-based 
repetitive construction project and also provide a comparison of adapting CPM 
planning for the same project in terms of perceived total duration and planned 
cost. A precast water canal construction project was chosen as a case study for 
this purpose and the erection schedule of the project was prepared using both 
LSM and CPM tools. The results of both these scheduling techniques are compared 
in terms of savings in total planned duration and estimated resource cost of the 
project. 
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BACKGROUND

LSM 

LSM is a graphical technique used for scheduling projects with continuous resource 
utilisation demand like roads, tunnels, pipeline construction, etc. (Duffy et al., 2012). 
The name "linear scheduling method" is particularly denoted for scheduling horizontal 
repetitive projects that have linear geometrical alignment (Agrama, 2011). LSM 
represents the project activities in the form of a 2D graphical chart with location 
or distance on one axis and time on the other. For alignment-based horizontal 
linear projects like road construction, the distance or location is represented on the 
horizontal axis and time on the vertical axis. For projects with vertical linearity like 
high-rise building construction, the axes are interchanged. Such linear schedules 
are usually termed as VPM or LOB method (Duffy, 2009). The controlling activity path 
in LSM is recognised based on the time-distance relationships among the activities, 
which is very similar to that of a CPM critical path (Harmelink and Rowings, 1998; 
Agrama, 2011). 

Lucko (2007) provided a mathematical approach to understand the concept 
of LSM in a simplified manner in terms of singularity function has been described 
by using Macaulay brackets in a transportation project widening of a segment 
located in Northern Michigan taking time and location as buffers.

0
x a

x a f r x a
f r x an
n=-

-

1

$q

q^ ^h h(                                                                           Eq. 1

( ) ( )dx
d x a n x a 1n n=- - -                                                                              Eq. 2 

1
1x a dx n x a C

1n n= +
+

- - +^ ^h h#                                                           Eq. 3

Where x is variable, a is segment length that serves cut off value, n is the 
order of the activities and C is an integration constant. These singularity functions 
are effective as they contain segments of different properties within one functional 
expression can be differentiated and integrated using standard rules. They provide 
a reliable mathematical description for the discontinuous process. This technique 
is based on geometry and algebra which can be evaluated manually by project 
managers easily. An important factor while using this technique is to select buffer 
for example location, time as required by that project. Equations are evaluated 
in sequential order as LSM is flexible in relating the activities to each other and 
usually suffice to use a sequence with time and location buffers. This method can 
accommodate infinite segments of activities, each with their production rate 
requiring basics mathematical skills yielding complete and precise results for any 
linear schedule. This application replicates the intuitive nature extending the in-
depth analysis of the graphical representation of a linear schedule beyond CPM 
capabilities. In view of the differential section, this situation keeps the activities and 
their buffers mathematically intact throughout the analysis. In terms of singularity 
function, start and end times, and their efficiency are simple and distinguished 
(Lucko, 2008).
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Lucko and Orzco (2009) extended the concept of rate float by distinguishing 
its existence in terms of time and location buffer and combination of both. Float 
types can be calculated using singularity functions. These mathematical models 
described activities and their buffers over a continuous range. Float at any location 
can be determined accurately, equipping schedulers to assess the impact of delays 
on linear or repetitive construction projects. Rate float indicates possible changes in 
the production rate of a non-controlling activity to fall under the controlling activity 
path. To avoid this, a two-stage schedule model integrating LSM and constraint 
programming was developed for linear project resource-levelling (Tang, Liu and Sun, 
2014). Considering two concepts of rate float, the amount of work accomplished 
by a resource per unit time and amount of work that can be accomplished during 
unit time overall activities are optimised. As constraint programming strategies like 
backtracking, testing, the forward check is provided with no additional constraint is 
required for changing buffer making it a more flexible and quality model for linear 
scheduled projects.

While LSM has been existent for several years, it is application in real-time 
repetitive projects is comparatively limited. There are some evidences of LSM 
applications in highway, pipeline, residential and tunnel projects. In one of the 
earliest applications of LSM, Johnston (Johnston, 1981) applied LSM in a highway 
project using different line patterns like line, block, shaded and bar to represent the 
different activities involved in the highway construction process on the horizontal 
axis and time duration on the vertical axis. The schedule also included production 
rates, buffers, calendar consideration and resource allocations. Harris and Ioannou 
used a modified LSM for scheduling a repetitive housing project and computed the 
controlling activity path duration based on the activity production rates (Harris and 
Ioannou, 1998). For a hypothetical bridge project scenario, Liu and Wang (2007) 
attempted to create a constrained programming based LSM model. Duffy et al. 
(2012) adopted LSM using the software tool (Velocity 1.0) for scheduling a real-time 
pipeline project of 750 km long in the USA with varying production rates owing to 
different project variables. In one of the recent studies, Rzepecki and Biruk (2018) 
used a simulation method to schedule the repetitive activities of a multi-storey 
residential building. Table 1 provides the details of additional case studies across 
the world related to LSM application in different types of construction, identified 
through literature review. Some cases of LOB application are also mentioned to 
understand the practicability range of linear scheduling.
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As also shown in Table 1, there are different software tools that have been 
used by different researchers for creating the time-distance representations of LSM 
schedules. Successful application of LSM requires a suitable software package 
for efficient calculation and schedule updating (Duffy, 2009). The functionality of 
these software programmes varies on the level of scheduling and project control 
requirements. Some of these tools are either add-ins to the existing CPM based 
programmes in the market or having only basic scheduling functionalities. For 
managing large repetitive projects, stand-alone LSM based tools integrated with 
additional project control functionalities are needed. In this regard, Kim et al. (2019) 
suggest a few integrated LSM-based programmes like MAGNET Project, TILOS and 
Vico Office for Time that offer augmented functionality beyond basic scheduling. 
They also did a comparative study of the above three software tools and concluded 
that TILOS offers all round project management functionalities including alignment-
based scheduling, auto-update and tracking of activities, clash detection etc. 
and is better suited for repetitive civil engineering construction projects. TILOS also 
offers the advantage of creating the time-distance LSM diagram in a CAD-type 
interface and generating resource and cost data along with the linear schedule 
(Duffy et al., 2012). Based on the above aspects, TILOS was chosen for modelling 
the continuous nature of the precast canal construction project using alignment-
based linear scheduling.

The literature review reveals that LSM has the potential to be applied to a 
range of repetitive construction projects. But there are only limited attempts of 
LSM application in alignment-based repetitive construction beyond highway 
construction and there is no evidence for the application of LSM in the construction 
of a water canal, which involves horizontal repetitive activities. In this context, it was 
decided to investigate the application of LSM in a precast water canal construction 
project and do a comparison with adopting CPM for the same project.

CASE STUDY

Research Methodology

The principal aim of this research was to show the effectiveness of the LSM over CPM 
in scheduling any type of alignment-based repetitive project, for which a precast 
water canal construction project was chosen as the case study. A deductive 
research approach was adopted with the research goal of verifying the potential 
advantages that LSM offers over conventional CPM for the selected case study. 
The flow of this research study is shown in Figure 1.
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Figure 1. Research methodology

A real-world water canal project to be built using the precast construction 
technique was selected as a case study to validate the application of LSM. It is 
basically a stormwater drainage canal to be located in Bengaluru, India. For the 
research study, construction of a major segment of the canal was considered 
which was about 184.32 m length. The plan view and section view of the canal 
structure are shown respectively in Figures 2 and 3.

Figure 2. Plan view of the water canal
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Figure 3. Section view of the water canal

The proposed water canal construction consisted of the erection of 
precast elements like column, beam, hollow core slab, side slab and roof slab. 
The dimensions, shape and alignment of the elements were designed by the 
consultant owing to the site conditions and specification requirements of the client. 
The number of precast elements to be erected for the canal construction included 
84 columns, 42 beams, 328 side slabs and hollow-core slabs and 574 roof slabs: 
1,028 elements in total. The canal construction was divided into five zones, viz., 
Zones A, B, C, D and E, for the ease of planning and coordination. The break-up of 
the number of elements to be erected in each zone is given in Table 2.

Table 2. Break-up of the number of precast elements in each zone

Zone A Zone B Zone C Zone D Zone E Total Elements

Columns   16   16   20   18   14   84

Beams    8     8   10    9    7   42

Side slabs and 
hollow core 
slabs (HCS)

  64   56   80   72   56  328

Roof slab 112   98 140 126   98  574

Total elements 
per zone 200 178 250 225 175 1028
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The project was at the initial planning stage when this study was taken-up. From 
the shop drawings of precast elements to be erected, the WBS of the project was 
formulated and the scheduling process was started. There were no contractual 
requirements to mandate the use of CPM schedule, but the contractor's planning 
team were originally set to adopt CPM schedule and were hesitant to go for LSM 
as they had less familiarity with the technique and its efficacy. So, we decided to 
schedule the project using both CPM and LSM parallelly and do a comparison of 
the total planned duration and estimated resource cost to provide a convincing 
case for LSM. 

For the comparison study, the following constraints were considered for both 
CPM and LSM schedules:

1.	 Only resource loaded activities were taken.

2.	 The productivity of an individual resource was fixed and obtained from the 
standard productivity chart of the contractor.

3.	 The schedules were generated was based on parameters like total 
duration of each activity, maximum resource availability, the number of 
mobilisations and demobilisations needed and the number of activities 
and logic links.

4.	 Calendar and working hours were fixed. No overtime was considered.

5.	 The additional allowance given for LSM schedule was that the sequence of 
locations could be conveniently changed, wherever it was not mandatory 
to follow the sequential order (for example, the sequence of structural 
erection tasks was not altered because they had to go in order).

Creation of Erection Schedule Using CPM

The precast canal erection for all the five zones was to be done on two bank sides 
that were named as KGA side and Century side. The WBS of the project is shown 
in Figure 4. 

Figure 4. WBS of the water canal project

Levels 1.1 to 1.5 of the WBS indicate the erection tasks for the five zones while 
1.6 to 1.10 indicate the beam and roof slab erection and other finishing tasks. The 
sub-levels include the erection tasks for the two banks KGA side and Century side. 
From the WBS, the erection activities to be carried out on the two sides were arrived. 
The erection duration was calculated on the piece-count basis with the number of 
pieces erected per day was assumed based on historical data and expert opinion. 
Table 3 shows the list of activities, erection count and their durations.
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Table 3. Activities, erection count and durations

Zones Bank Work Element 
Per Zone

Element Per 
Days

Erection 
Days

A

KGA side

Pile concrete work     8   5     1.6

Column     8 10     0.8

Side slab and HCS   32 20     1.6

Century side

Pile concrete work     8   5     1.6

Column     8   8        1

Side slab and HCS   32 20     1.6

B

KGA side

Pile concrete work     8   5      1.6

Column     8 10      0.8

Side slab and HCS   28 20      1.4

Century side

Pile concrete work     8   5      1.6

Column     8 10     0.8

Side slab and HCS   28 20     1.4

C

KGA side

Pile concrete work   10   5        2

Column   10 10        1

Side slab and HCS   40 20        2

Century side

Pile concrete work   10   5        2

Column   10 10        1

Side slab and HCS   40 20        2

D

KGA side

Pile concrete work     9   5     1.8

Column     9 10     0.9

Side slab and HCS   36 20     1.8

Century side

Pile concrete work     9   5     1.8

Column     9 10     0.9

Side slab and HCS   36 20     1.8

E

KGA side

Pile concrete work     7   5     1.4

Column     7 10     0.7

Side slab and HCS   28 20     1.4

Century side

Pile concrete work     7   5     1.4

Column     7 10     0.7

Side slab and HCS   28 20     1.4

A to E – Beam   42   8   5.25

A to E – Roof slab 574 50  11.48
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The erection schedule was created in MS Project by entering the activities, 
durations and other relationship related constraints. The project followed a 24-h 
working time with two shifts on weekdays and a half day working on Saturdays. 
Resources for the activities are assigned with their rates taken from "Delhi Schedule 
of Rates" (Central Public Works Department, 2019). Figure 5 shows the snapshot view 
of the activity and Gantt chart window and Figure 6 shows the resource allocation 
in MS Project. 

Figure 5. Activity and Gantt chart view in MS Project

Figure 6. Resource allocation in MS Project
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Creation of Erection Schedule using LSM

The alignment-based erection schedule of the precast water canal was created 
using TILOS software application. The time-distance diagram of the linear schedule 
was created based on the geographical distance between the members in all 
five zones which was taken from the architectural plan drawing. Table 4 shows the 
geographical distance between the members in different zones. 

Table 4. Geographical distance between canal zones

Zones ID Distance (m) Total Zone Distance

A

1–2     2.682

32.483

2–3     4.659

3–4     4.619

4–5     4.999

5–6     4.184

6–7     4.253

7–8     4.365

8–9     2.732

B

9–10     4.689

33.331

10–11     5.002

11–12     4.801

12–13 5.2

13–14     4.079

14–15   4.56

15–16 5.0

C

16–17     3.933

40.463

17–18     3.618

18–19     3.672

19–20     3.844

20–21     4.228

21–22     2.569

22–23     4.618

23–24     4.384

24–25     5.001

25–26     4.596

(Continued on next page)



Comparing LSM and CPM in Water Canal Construction

PENERBIT UNIVERSITI SAINS MALAYSIA/203

Table 4.  Continued
Zones ID Distance (m) Total Zone Distance

D

26–27 3.678

    43.095

27–28 4.731

28–29 5.139

29–30 4.740

30–31 4.966

31–32 4.776

32–33 4.915

33–34 5.019

34–35 5.131

E

35–36 4.955

    34.974

36–37 4.835

37–38 5.147

38–39 5.018

39–40 4.987

40–41 5.001

41–42 4.991

Overall distance 184.34

TILOS has the inbuilt feature to automatically calculate the duration and work 
rate of the activities based on the geographical distance between them. The logic 
is that the length of an activity is proportional to its quantity or the amount of work 
needed. So, the duration of the activity is also proportional to its length. In simple 
terms, the longer the distance of an activity is, the longer will be its duration. The 
project calendar, activities, constraints and resource allocations entered in TILOS 
were all the same as followed in MS Project. Figure 7 shows the resource allocation 
details and Figure 8 shows the activity list with work and duration parameters 
calculated by TILOS. The line type, pattern and colour help in differentiating the 
tasks according to their nature. The time distance diagram of the water canal 
project was generated with distance plotted on the x-axis at a unit interval of 5 m 
and y-axis denoting the time at a unit interval of two days. Figure 9 shows the time-
distance diagram of the project. 
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Figure 7. Resource allocation in TILOS

Figure 8. Task list with work and duration parameters
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Figure 9. Time-distance diagram of the water canal project

RESULTS AND DISCUSSION

Project Duration

The number of activities needed for the precast water canal erection was the 
same (45 activities) for both CPM and LSM schedules. But the total project duration 
as calculated using the CPM method was 52 days and the same project activities 
when modelled through LSM resulted in a total duration of 42 days. The convention 
of activity focussed predecessor successor relationship between the sequential 
precast segments was the basis of CPM duration calculation. Additionally, due to 
the logical constraints and varying production rates of the activities, waste time 
is created between a few activities which disabled the continuous workflow of 
the erection process. Hence, the project network demanded more duration when 
modelled with CPM planning. In the case of LSM, the geographical distance 
between the segments to be erected continuously was the basic consideration 
and as such the production rate of erecting segments was modelled based on 
their location in the erection plan. This enabled planning for a continuous workflow 
and avoidance of the waste time created due to CPM logical constraints, thus 
making the project duration as much as 10 days shorter in comparison with CPM 
planning. The problems of lack of workflow and substantial wasted time between 
activities with CPM and the evidence of better workflow with LSM have also been 
confirmed in the study conducted by Oliveri and his team (Olivieri, Seppänen and 
Granja, 2018).

Estimated Resource Cost

Table 5 shows the estimated resource cost for both CPM and LSM schedules. 
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Table 5. Estimated resource cost: CPM vs LSM

Resource
Rate/
Day 

(INR)*

CPM LSM

Resource 
Requirement 

in Days
Resource 
Cost (INR)

Resource 
Requirement 

in Days

Resource 
Cost 
(INR)

Hydraulic 
Excavator 7,000 10  70,000 10  70,000

Erection crane 
40 t 8,000 45 360,000 35 280,000

Erection hydra 
20 t 7,000 45 315,000 35 245,000

Excavation 
labour-1    558 10    5,580 10    5,580

Excavation 
labour-2    558 10    5,580 10    5,580

Civil work labour-1    558 52  29,016 42  23,436

Civil work labour-2    558 52  29,016 42  23,436

Civil work labour-3    558 52  29,016 42  23,436

Erection foreman    558 45  25,110 35  19,530

Erector-1    558 45  25,110 35  19,530

Erector-2    558 45  25,110 35  19,530

Erector-3    558 45  25,110 35  19,530

Erector-4    558 45  25,110 35  19,530

Needle vibrator    370 52  19,240 42  15,540

Total cost 987,998 789,658
Notes: *Rates according to Analysis of Rates for Delhi (Central Public Works Department, 2019)

The estimated resource cost in LSM is 20.07% cheaper than that of the CPM 
schedule. Except for the resources needed for excavation activity, all the resources 
of the LSM schedule take shorter durations than CPM schedule to complete the 
equivalent tasks. LSM achieves continuous workflow by synchronising the activity 
durations based on the geographical distance between the erection tasks. This 
allows for continuous resource usage and avoidance of resource idling. The 
continuous workflow also reduces the mobilisation and demobilisation time of the 
resources which helps in lesser time consumption and faster completion of the task. 
In LSM, the resource scheduling is done on the basis of availability of the resource, 
which makes the resource levelling easier, so the resource levelling and scheduling 
go hand-in-hand. The resource allocation basically does not meddle with the work 
progression tasks. Whereas in CPM, resource scheduling for an alignment-based 
project such as precast water canal erection only considers the logical relationship 
of the tasks which makes it difficult to adjust the resources based on their availability. 
This resource assignment which relies on the succession of the task movement 
meddles with the work progression and warrants the requirement of resources for 
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longer times. It is for these reasons, why the estimated resource requirement time 
and ensuing cost are substantially lower in LSM planning than in CPM.

Based on the observations made during the schedule development of the 
alignment-based water canal erection project, a comparison of how the different 
schedule attributes fared under CPM and LSM is presented in Table 6.

Table 6. Schedule attributes: CPM Vs LSM

Attributes CPM LSM

Schedule 
representation

The schedule is represented 
as text and network diagram 
model. This does not provide the 
rate of progress of the alignment-
based tasks.

The schedule is represented 
as a time-distance graphical 
chart which enables easy 
understanding of the workflow. 
The entire schedule can be 
represented in a single page.

Resource 
allocation

The resource assignment relies 
upon the succession of the task 
movement, which meddles with 
the progression of the repetitive 
project tasks.

The resource assignment is based 
on the location of the tasks which 
does not meddle with the work 
progression.

Resource 
levelling

The scheduling is completely 
based on dependency logic of 
the activities which cannot be 
altered on the basis of resource 
availability. Levelling might 
increase the cost in case of 
repetitive activities.

The scheduling is done on the 
basis of geographical location 
of the tasks which considers 
the availability of resource. The 
resource levelling and scheduling 
are done simultaneously.

Visualisation

Geographical and graphical 
visualisation of the project 
elements is not possible. Only 
theoretical information can be 
viewed which can be difficult 
to comprehend for repetitive 
projects like this water canal 
erection.

The geographical site layout can 
be visually connected with the 
task schedule and viewed. All the 
project elements can be viewed 
in graphical format which makes 
the project plan more intuitive 
and easier to comprehend.

Ease of update

Updating project activities, 
durations, calendar, etc. in CPM 
is conceivable. It is, however, 
a tedious job and makes other 
aspects like resource allocation 
and levelling of the alignment-
based tasks increasingly 
entangled. 

Any adjustments in project plan 
or calendar can be handily done 
and schedule can be readily 
refreshed.

The key for effective implementation of LSM is dependent on its focus on 
certain important aspects of construction management. In this regard, a framework 
for effective implementation of LSM in repetitive projects is recommended as an 
outcome of this study, which is shown in Figure 10.
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Figure 10. LSM framework for construction management

CONCLUSIONS

This study adopted two different scheduling methods for planning the erection of a 
precast water canal project and compared them based on their estimated project 
time and resource cost. The project schedule in CPM gave an estimate of 52 days 
to complete the erection process, while LSM schedule estimated 42 days which is 
10 days, i.e., 19.23% earlier than CPM. In terms of estimated resource cost also, LSM 
provided a savings of 20.07%. The study also found two important shortfalls of CPM, 
viz., lack of continuous workflow and inability to schedule available resources for 
continuous work, but these problems were effectively resolved by LSM. LSM had 
the edge over CPM in terms of other schedule attributes like resource allocation, 
levelling, visualisations, etc., for this case study project.

There are previous studies that explored the usage of LSM in repetitive 
projects like highways, residential buildings, etc., but this research study considered 
the possibility of applying LSM in a precast water canal construction project and 
demonstrated that LSM can be the better planning tool for such projects in all 
aspects, where the conventional practice was to use CPM tool. But LSM usage is 
not common even in projects where repetitive elements are there, due to many 
reasons like lack of familiarity, training, contractual obligations and the perceived 
risk of using a new technique (Zhang, 2015). For such projects,  this analysis may 
be crucial in promoting LSM adaptation, suggesting that LSM is a convenient tool 
to learn and use. The significant advantage of LSM over CPM is its virtual-aided 
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features and enabling effective communication among the project members. The 
fundamental limitation of the study is that only a small portion of the waterway 
construction was considered for testing the rationality of the LSM application. In 
addition, it must be analysed how influential LSM will be for a bigger quantum of 
work, where additional constraints such as fluctuating locations, unique activities 
and logical relationships and variable production rates might play a role. Also, the 
LSM schedule in this study did not take into account the project control features 
like creating baselines, project updating, tracking, etc. needed for future practical 
variations possible during execution and it is to be seen that how those elements 
can be incorporated in the LSM schedule. The future studies could address the 
adequacy of LSM application for these specifications and expand the use of 
LSM to a variety of construction projects. As specified earlier, despite having a 
broader scope, LSM usage is not very widespread in construction and needs a 
rigorous campaigning initiative. To promote the usage of LSM in construction, more 
opensource linear scheduling software programmes need to be developed and 
academia should also step in to conduct extensive workshops and training to the 
industry professionals on effective usage of LSM in construction. 

REFERENCES

Agrama, F.A. (2011). Linear projects scheduling using spreadsheets features. 
Alexandria Engineering Journal, 50(2): 179–185. https://doi.org/10.1016/j.
aej.2011.01.018.

________. (2006). The line of balance technique by genetic optimization. PhD diss. 
Tanta University.

Ammar, M.A. (2019). Resource optimisation in line of balance scheduling. 
Construction Management and Economics, 38(8): 715–725. https://doi.org/1
0.1080/01446193.2019.1606924.

Andersson, N. and Christensen, K. (2007). Practical implications of location-
based scheduling. In W. Hughes (ed.), CME 25 Conference Construction 
Management and Economics: Past, Present and Future. Reading, UK: School 
of Construction Management and Engineering, University of Reading, 1367–
1376. 

Arditi, D., Tokdemir, O.B. and Suh, K. (2002). Challenges in line-of-balance scheduling. 
Journal of Construction Engineering and Management, 128(6): 545–556. 
https://doi.org/10.1061/(ASCE)0733-9364(2002)128:6(545).

Bansal, V.K. and Pal, M. (2009). Construction schedule review in GIS with a 
navigable 3D animation of project activities. International Journal of Project 
Management, 27(5): 532–542. https://doi.org/10.1016/j.ijproman.2008.07.004.

Benjaoran, V., Tabyang, W. and Sooksil, N. (2015). Precedence relationship options 
for the resource levelling problem using a genetic algorithm. Construction 
Management and Economics, 33(9): 711–723. https://doi.org/10.1080/01446
193.2015.1100317.

Bragadin, M.A. and Kähkönen, K. (2016). Schedule health assessment of construction 
projects, Construction Management and Economics, 34(12): 875–897. https://
doi.org/10.1080/01446193.2016.1205751.

Burns, S.A., Liu, L. and Feng, C.-W. (1996). The LP/IP hybrid method for construction 
time-cost trade-off analysis. Construction Management and Economics, 
14(3): 265–276. https://doi.org/10.1080/014461996373511.

https://doi.org/10.1016/j.aej.2011.01.018
https://doi.org/10.1016/j.aej.2011.01.018
https://doi.org/10.1080/01446193.2019.1606924
https://doi.org/10.1080/01446193.2019.1606924
https://doi.org/10.1061/(ASCE)0733-9364(2002)128:6(545)
https://doi.org/10.1080/01446193.2015.1100317
https://doi.org/10.1080/01446193.2015.1100317


Prasanna Venkatesan Ramani et al.

210/PENERBIT UNIVERSITI SAINS MALAYSIA

Central Public Works Department (2019). Analysis of Rates for Delhi. Vol. 1. New 
Delhi, India: Government of India.

Duffy, G., Woldesenbet, A., Jeong, D.H.S. and Oberlender, G.D. (2012). Advanced 
linear scheduling program with varying production rates for pipeline 
construction projects. Automation in Construction, 27: 99–110. https://doi.
org/10.1016/j.autcon.2012.05.014.

Duffy, G.A. (2009). Linear scheduling of pipeline construction projects with varying 
production rates. PhD diss. Oklahoma State University. Available at: https://
hdl.handle.net/11244/7833.

El-Rayes, K. and Moselhi, O. (1998). Resource-driven scheduling of repetitive 
activities. Construction Management and Economics, 16(4): 433–446. https://
doi.org/10.1080/014461998372213.

Galloway, P.D. (2006). Survey of the construction industry relative to the use of CPM 
scheduling for construction projects. Journal of Construction Engineering 
and Management, 132(7): 697–711. https://doi.org/10.1061/(ASCE)0733-
9364(2006)132:7(697).

Hamzeh, F.R., Zankoul, E. and Rouhana, C. (2015). How can "tasks made ready" 
during lookahead planning impact reliable workflow and project duration? 
Construction Management and Economics, 33(4): 243–258. https://doi.org/1
0.1080/01446193.2015.1047878.

Harmelink, D.J. and Rowings, J.E. (1998). Linear scheduling model: Development 
of controlling activity path. Journal of Construction Engineering and 
Management, 124(4): 263–268. https://doi.org/10.1061/(ASCE)0733-
9364(1998)124:4(263).

Harris, R.B. and Ioannou, P.G. (1998). Scheduling projects with repeating activities. 
Journal of Construction Engineering and Management, 124(4): 269–278. 
https://doi.org/10.1061/(ASCE)0733-9364(1998)124:4(269).

Hegazy, T. (2005). Computerized system for efficient scheduling of highway 
construction. Transportation Research Record, 1907(1): 8–14. https://doi.org
/10.1177%2F0361198105190700102.

Hegazy, T. and Kamarah, E. (2008). Efficient repetitive scheduling for high-rise 
construction. Journal of Construction Engineering and Management, 134(4): 
253–264. https://doi.org/10.1061/(ASCE)0733-9364(2008)134:4(253).

Hegazy, T. and Menesi, W. (2010). Critical path segments scheduling technique, 
Journal of Construction Engineering and Management, 136(10): 1078–1085. 
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000212.

Johnston, D.W. (1981). Linear scheduling method for highway construction. 
Journal of the Construction Division, 107(2): 247–261. https://doi.org/10.1061/
JCCEAZ.0000960.

Jongeling, R. and Olofsson, T. (2007). A method for planning of work-flow by 
combined use of location-based scheduling and 4D CAD. Automation in 
Construction, 16(2): 189–198. https://doi.org/10.1016/j.autcon.2006.04.001.

Kastor, A. and Sirakoulis, K. (2009). The effectiveness of resource levelling tools for 
resource constraint project scheduling problem. International Journal of Project 
Management, 27(5): 493–500. https://doi.org/10.1016/j.ijproman.2008.08.006.

Kim, A., Wang, S., Medal, L. and Sadatsafavi, H. (2019). Linear Scheduling Evaluation 
and Best Practices Development: Phase. Report. Washington: Washington 
State Transportation Center (TRAC). Available at: https://www.wsdot.wa.gov/
research/reports/fullreports/898-1.pdf.

https://hdl.handle.net/11244/7833
https://hdl.handle.net/11244/7833
https://doi.org/10.1061/(ASCE)0733-9364(2006)132:7(697)
https://doi.org/10.1061/(ASCE)0733-9364(2006)132:7(697)
https://doi.org/10.1080/01446193.2015.1047878
https://doi.org/10.1080/01446193.2015.1047878
https://doi.org/10.1061/(ASCE)0733-9364(1998)124:4(263)
https://doi.org/10.1061/(ASCE)0733-9364(1998)124:4(263)
https://doi.org/10.1061/(ASCE)0733-9364(1998)124:4(269)
https://doi.org/10.1177%2F0361198105190700102
https://doi.org/10.1177%2F0361198105190700102
https://doi.org/10.1061/(ASCE)0733-9364(2008)134:4(253)
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000212
https://doi.org/10.1061/JCCEAZ.0000960
https://doi.org/10.1061/JCCEAZ.0000960
https://www.wsdot.wa.gov/research/reports/fullreports/898-1.pdf
https://www.wsdot.wa.gov/research/reports/fullreports/898-1.pdf


Comparing LSM and CPM in Water Canal Construction

PENERBIT UNIVERSITI SAINS MALAYSIA/211

Koskela, L., Howell, G., Pikas, E. and Dave, B. (2014). If CPM is so bad, why have we 
been using it so long? In B.T. Kalsaas, L. Koskela and T.A. Smith (eds.), 22nd 
Annual Conference of the International Group for Lean Construction (IGLC 
2014): Understanding and Improving Project Based Production. Red Hook, 
NY: Curran Associates, Inc.

Liu, L., Liu, Y., Tang, Y. and Li, Q. (2013). Research on railway tunnel construction 
scheduling technique based on LSM. In F. Chen, Y. Liu and G. Hua (eds.), 
LTLGB 2012: Proceedings of International Conference on Low-carbon 
Transportation and Logistics, and Green Buildings. Berlin/Heidelberg: Springer, 
895–903. https://doi.org/10.1007/978-3-642-34651-4_120.

Liu, S.S. and Wang, C.J. (2007). Optimization model for resource assignment 
problems of linear construction projects. Automation in Construction, 16(4): 
460–473. https://doi.org/10.1016/j.autcon.2006.08.004.

Lu, M. and Lam, H.C. (2009). Transform schemes applied on non-finish-to-start logical 
relationships in project network diagrams. Journal of Construction Engineering 
and Management, 135(9): 863–873. https://doi.org/10.1061/(ASCE)CO.1943-
7862.0000062.

Lucko, G. (2008). Productivity scheduling method compared to linear and 
repetitive project scheduling methods. Journal of Construction Engineering 
and Management, 134(9): 711–720. https://doi.org/10.1061/(ASCE)0733-
9364(2008)134:9(711).

________. (2007). Computational analysis of linear and repetitive construction project 
schedules with singularity functions. Paper presented at the International 
Workshop on Computing in Civil Engineering 2007. Pittsburgh, Pennsylvania, 
24–27 July. 

Lucko, G. and Orozco, A.A. (2009). Float types in linear schedule analysis with 
singularity functions. Journal of Construction Engineering and Management, 
135(5): 368–377. https://doi.org/10.1061/(ASCE)CO.1943-7862.0000007.

Markiz, N. and Jrade, A. (2019). Integrating an expert system with BrIMS, cost 
estimation and linear scheduling at conceptual design stage of bridge 
projects. International Journal of Construction Management, 22(5): 913–918. 
https://doi.org/10.1080/15623599.2019.1661572.

Mattila, K.G. and Park, A. (2003). Comparison of linear scheduling model and repetitive 
scheduling method. Journal of Construction Engineering and Management, 
129(1): 56–64. https://doi.org/10.1061/(ASCE)0733-9364(2003)129:1(56).

Olivieri, H., Seppänen, O. and Granja, A.D. (2018). Improving workflow and resource 
usage in construction schedules through location-based management 
system (LBMS). Construction Management and Economics, 36(2): 109–124. 
https://doi.org/10.1080/01446193.2017.1410561.

Olivieri, H., Seppänen, O., Alves, T.D.C.L., Scala, N.M., Schiavone, V., Liu, M. and 
Granja, A.D. (2019). Survey comparing critical path method, last planner 
system and location-based techniques. Journal of Construction Engineering 
and Management, 145(12): 04019077. https://doi.org/10.1061/(ASCE)
CO.1943-7862.0001644.

Project Management Institute (2017). A Guide to the Project Management 
Body of Knowledge (PMBOK® Guide). 6th Ed. Newton Square, PA: Project 
Management Institute, Inc.

Russell, A.D. and Wong, W.C. (1993). New generation of planning structures. Journal 
of Construction Engineering and Management, 119(2): 196–214. https://doi.
org/10.1061/(ASCE)0733-9364(1993)119:2(196).

https://doi.org/10.1061/(ASCE)CO.1943-7862.0000062
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000062
https://doi.org/10.1061/(ASCE)0733-9364(2008)134:9(711)
https://doi.org/10.1061/(ASCE)0733-9364(2008)134:9(711)
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000007
https://doi.org/10.1061/(ASCE)0733-9364(2003)129:1(56)
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001644
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001644
https://doi.org/10.1061/(ASCE)0733-9364(1993)119:2(196)
https://doi.org/10.1061/(ASCE)0733-9364(1993)119:2(196)


Prasanna Venkatesan Ramani et al.

212/PENERBIT UNIVERSITI SAINS MALAYSIA

Rzepecki, L. and Biruk, S. (2018). Simulation method for scheduling linear construction 
projects using the learning-forgetting effect. MATEC Web of Conferences, 
219: 04007. https://doi.org/10.1051/matecconf/201821904007.

Sharma, S. and Bansal, V.K. (2018). Location-based planning and scheduling of 
highway construction projects in hilly terrain using GIS. Canadian Journal of 
Civil Engineering, 45(7): 570-582. https://doi.org/10.1139/cjce-2017-0359.

Shi, Q. and Blomquist, T. (2012). A new approach for project scheduling using fuzzy 
dependency structure matrix. International Journal of Project Management, 
30(4): 503–510. https://doi.org/10.1016/j.ijproman.2011.11.003.

Song, L., Lee, S.-H. and Rachmat, F.H. (2012). Stochastic look-ahead scheduling 
method for linear construction projects. Journal of Risk Analysis and Crisis 
Response, 2(4): 252–260. https://doi.org/10.2991/jrarc.2012.2.4.4.

Tang, Y.J., Liu, R.K. and Sun, Q.X. (2014). Two-stage scheduling model for 
resource leveling of linear projects. Journal of Construction Engineering 
and Management, 140(7): 80–89. https://doi.org/10.1061/(ASCE)CO.1943-
7862.0000862.

Tapia, P.R.M. and Gransberg, D.D. (2016). Forensic Linear Scheduling for Delay 
Claim Analysis: Panama Canal Borinquen Dam Case Study. Washington DC: 
Transportation Research Board.

Xu, J. and Zhang, Z. (2012). A fuzzy random resource-constrained scheduling model 
with multiple projects and its application to a working procedure in a large-
scale water conservancy and hydropower construction project. Journal of 
Scheduling, 15(2): 253–272. https://doi.org/10.1007/s10951-010-0173-1.

Yamín, R.A. and Harmelink, D.J. (2001). Comparison of linear scheduling model 
(LSM) and critical path method (CPM). Journal of Construction Engineering 
and Management, 112(4): 476–491. https://doi.org/10.1061/(ASCE)0733-
9364(2001)127:5(374).

Zhang, L. (2015). Repetitive Project Scheduling: Theory and Methods. 1st Ed. 
Amsterdam/Oxford/Massachusetts: Elsevier. Available at: https://www.
elsevier.com/books/repetitive-project-scheduling-theory-and-methods/
zhang/978-0-12-801763-0.

https://doi.org/10.1061/(ASCE)CO.1943-7862.0000862
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000862
https://doi.org/10.1061/(ASCE)0733-9364(2001)127:5(374)
https://doi.org/10.1061/(ASCE)0733-9364(2001)127:5(374)
https://www.elsevier.com/books/repetitive-project-scheduling-theory-and-methods/zhang/978-0-12-801763-0
https://www.elsevier.com/books/repetitive-project-scheduling-theory-and-methods/zhang/978-0-12-801763-0
https://www.elsevier.com/books/repetitive-project-scheduling-theory-and-methods/zhang/978-0-12-801763-0

