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Abstract. Performance of the construction projects have been criticized for many years due to their low productivity
rates and cost overruns as well as significant delays. Increasing number of dissatisfied customers compel practitioners
to reform conventional practices of construction management. Lean construction has emerged as a result of these efforts
in the industry. However, there are limited number of studies that demonstrate the practical benefits of lean construction
applications. The aim of this paper is to untangle practical applications of lean construction and to reveal their benefits.
A methodology was developed to compare the lean and non-lean scenarios of a residential building project by means of
Monte Carlo simulation. Simulation models were generated through regular meetings held with construction planning
experts. Research findings demonstrate that application of lean construction principles have a potential to improve the
performance of projects by reducing both the total project duration and its expected variation. In addition, the study re-
vealed that utilization of practical lean construction principles may result in a considerable amount of time reduction in
wall construction and plastering activities of residential building projects. Although the findings of this study cannot be
generalized, they are expected to encourage practitioners to adopt lean construction principles.

Keywords: construction industry, construction management, lean construction, lean construction principles, scheduling,

Monte Carlo simulation.

Introduction

Construction practitioners have developed numerous
methods to assess the performance of a construction pro-
ject. Schedule and budget performance are some quan-
titative metrics; while quality, occupational health and
safety, and sustainability are qualitative ones. In the
sense of satisfying these criteria, conventional practice
of the construction management frequently fails (Koskela
et al. 2002). Construction projects have unique attributes,
such as on-site production, inimitability, and complex-
ity. Apart from the combined effects of them; weather
conditions, owner changes, and the interaction between
multiple operations can produce high level of uncertainty
(Salem et al. 2006). Under these circumstances, construc-
tion industry falls behind the other industries in terms of
efficiency and customer satisfaction. For example, Aziz
and Hafez (2013) stated that construction industry mis-
spends 57 percent of the production time, whereas only
12 percent of time is waste in the manufacturing industry.

The poor performance of construction projects
compels the industry to reconsider current construction
management practices (Koskela 1992, 2000; Egan 1998;

Dieckmann et al. 2004). As a result of the change efforts,
lean principles emerged from the manufacturing industry
have been adapted to construction projects. Lean con-
struction is not only an endeavour to transform traditional
practices, but also an innovation for construction compa-
nies to differentiate themselves. However, construction
industry does not implement the lean principles as suc-
cessful as the manufacturing industry, even though both
industries have same goal of pleasing the customer by
minimum time and resource consumption (Mao, Zhang
2008). Dynamics of the construction industry is incom-
patible with other industries due to the fact that it is a
conservative sector. Traditional perception of doing busi-
ness hinders the industry to adapt innovative solutions
(Ozorhon et al. 2014). In addition to this, lean construc-
tion is still an ill-defined concept in terms of clarity and
practicability (Alves et al. 2010). Although many tools
and techniques are developed by researches to implement
lean construction principles, they are regarded as invalid
in practice.

To overcome these problems, this paper principally
aims to untangle practical applications of lean construc-
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tion philosophy and to reveal tangible benefits of lean
construction to encourage practitioners to adopt its prin-
ciples. In this respect, a simulation-based study has been
carried out on residential buildings and results of a lean
and non-lean scenario are compared through stochastic
models. Results of the study demonstrate that practical
applications of lean construction principles both reduce
project duration and its expected variability. This study
also compares lean construction principles in terms of
their relative importance and provides insight about lean
sensitivities of basic activity types in a small residential
building project.

1. Literature review
1.1. Lean construction

Lean construction terminology exists in construction en-
gineering and management domain since early 1990s.
There are many fundamental principles that shaped
philosophy of lean construction. Lean construction has
emerged as consequence of tremendous impacts of lean
production on manufacturing industry. Principles of lean
production stem from Toyota Production System (TPS)
(Holweg 2007). TPS predominantly aims to minimize
all types of waste in the production process, while maxi-
mizing quality of the product, which is defined as value.
Techniques developed within TPS to realize these pur-
poses transferred to the West as lean production (Womack
et al. 1990). Lean production has dramatically improved
the performance of manufacturing industry. Consequent-
ly, Koskela (1992) offered a new production theory ap-
plicable to construction by combining lean production
and other production theories. This theory constitutes the
basis of lean construction. According to Mao and Zhang
(2008) lean construction possesses three main character-
istics that differentiate itself from traditional construction
management techniques:

1. Lean construction aims to lessen any kind of wastes,
such as inspection, transportation, waiting, and mo-
tion.

2. Lean construction intends to decrease variability and
irregularity in order to ensure uninterrupted material
and information flows.

3. Lean construction prefers to have construction mate-
rial on site only when it is necessary.

1.2. Application of lean construction principles

In order to achieve previously mentioned objectives,
many applications of lean construction principles have
been developed. These applications, which are discussed
in the following sections, are categorized under three
main headings as: Lean Project Delivery System (LPDS),
Last Planner System (LPS) of Production Control, and
Practical Applications of Lean Construction Principles.

(1) Lean Project Delivery System

LPDS (Ballard 2000a) is integrated project delivery
method of lean construction. Although it includes many

elements from traditional practices, it harmonizes them
with a holistic delivery system. LPDS is composed of
five phases: project definition, lean design, lean supply,
lean assembly, and facility use. The major contribution of
LPDS is its integrated approach, which requires concur-
rent management of all phases. LPDS comprehensively
analyses interaction of design and construction to mini-
mize waste at each level (Alarcon, Mesa 2012). Moreo-
ver, facility use is accepted as a part of project delivery
unlike to other project delivery systems (Koskela ef al.
2002).

With these aspects, all phases of LPDS serves for
fundamental principles of lean construction, such as re-
ducing waste, generate value, and improving work flows.
Ballard (2008) demonstrates the positive effects of LPDS
on project performance with a real case evidence. A clinic
project in which LPDS principles are implemented costs
approximately 15 percent less than the project target cost.
It is also completed 3.5 months ahead of the schedule.

(2) Last Planner System of Production Control

LPS (Ballard 1993, 2000b) is work structuring and
control mechanism of lean construction. Current practices
perform the planning prior to start of the project accord-
ing to some suppositions. LPS, on the other hand, is based
upon pulling work packages at defined time intervals to
have a continuous work flow (Tommelein et al. 1998).
In LPS applications, activities are generally drooped into
a six week look-ahead window. For all activities within
the plan period, potential constraints are defined, and no
activity is allowed to start unless detailed work plans and
solutions to potential constraints are promoted. Percent-
ages of completed assignments are calculated for each
plan period. At the end of the plan period, reasons for
failure are described, and they are tried to be fixed in
the following plan periods (Ballard et al. 2002). The pull
approach of LPS shields activities from work flow uncer-
tainty, and improves the productivity (Kim, Jang 2005).

According to Shang and Pheng (2014), LPS is the
most powerful and well-known planning and control
system among all the lean construction applications and
tools. There are many examples showing benefits of LPS
on project performance. Nieto-Morote and Ruz-Vila
(2012) stated that six weeks implementation of the LPS
to a chemical plant construction project significantly re-
duced the reasons for non-completion of planned activi-
ties. Another research shows that percent plan completion
of the activities are considerably increased after imple-
mentation of LPS to two case study projects constructed
in Saudi Arabia (AlSehaimi ef al. 2014).

(3) Practical Applications of Lean Construction
Principles

Implementing LPDS and LPS in practice requires
long term commitment, as well as individual and or-
ganizational change. Despite the existence of the studies
showing tangible benefits of them, contractors hesitate
to utilize them in practice due to their theory-based and
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ID Lean construction principle Reference study

P1 Increasing visualization through process transparency and computer aided visualization | Rischmoller e al. (2006)
P2 3-D and 4-D design with building information modelling (BIM) and digital prototyping | Sacks et al. (2009)

P3 Utilization of time buffers Alarcon and Ashley (1999)
P4 Minimizing material storage through Just-in-Time (JIT) delivery of materials Hosseini et al. (2011)

P5 Utilization of multi-skilled labour

Sacks et al. (2007)

P6 Utilization of cross functional process charts

Tuholski et al. (2009)

P7 | Utilization of construction process analysis

Lee et al. (1999)

P8 Application of Five S(s) principles to construction (Sort, Straighten, Shine, Standardize,

Sustain)

Salem et al. (2006)

P9 Utilization of Poka-Yoke (Error-Proofing) methods

Bertelsen (2004)

P10 | Utilization of value stream mapping

Aziz and Hafez (2013)

P11 | Implementing pre-fabrication and pre-casting in construction process

Diekmann ef al. (2004)

P12 | Utilization of the data that collected from the previous projects

Tezel and Nielsen (2013)

P13 | Utilization of risk management techniques

Issa (2013)

P14 | Implementing safety and quality control plans

Misfeldt and Bonke (2004)

P15 Optimizing the site conditions in terms of location of materials, construction access, and

movement of equipment

Diekmann et al. (2004)

P16 | Levelling the production and crews

Sacks et al. (2010)

P17 | Providing training at every level

Diekmann et al. (2004)

P18 | Establishing long-term relationships with related parties of the project Koskela (2000)
P19 | Including all project participants to decision making process Oskouie ef al. (2012)
P20 | Cooperating with different departments Koskela (2000)

P21 | Organizing regular meetings to improve the process

Salem et al. (2006)

abstruse approach. For this reason, many practical appli-
cations of lean construction principles have been evolved.
They serve both as reinforcing principles to LPDS and
LPS, and as individual principles that contribute to pro-
ject performance in the short term. In this respect, Table 1
compiles the commonly-used practical applications along
with literature examples that are either directly used or
referred to related principles.

Practical applications of lean construction principles
presented in Table 1 serve as a guideline for the practi-
tioners who want to implement lean construction princi-
ples at the basic level. The most generic form of lean con-
struction application is LPDS, including subset of LPS.
Practical applications, on the other hand, are more specif-
ic implementation methods. Some of them are associated
with LPDS and LPS, while other ones are independent
principles. Moreover, some practical applications of lean
construction principles are complementary for each other.
For example, realizing minimum material storage (P4) in
construction site is directly related to establishing long
term relationships (P18) with suppliers. These links, as
well as clusters of application of lean construction prin-
ciples are shown in the Figure 1.

1.3. Measuring the effects of lean construction
applications

Although practical applications of lean construction prin-
ciples offered in this study have potential to encourage
contractors to implement lean construction, there is still
a necessity for identifying benefits of them by revealing

Application of Lean Construction Principles
\

LPDS
A

Fig. 1. Application map of lean construction principles
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quantitative results. Since physical simulation of lean
construction is not possible due to prejudice of the prac-
titioners, many simulation techniques have been promot-
ed to measure the effects of lean construction principles.
Computer enabled virtual simulation is a very effective
and cheap way of testing proposed processes since com-
puter technology allows fast computing despite great
numbers of combinations. It serves as a validation tool
before implementing lean principles on the site (Mao,
Zhang 2008).

Discrete-event simulation is one of the most widely
used techniques for simulating the lean principles (Hos-
seini et al. 2011; Sacks et al. 2007). Fundamentally, it
models the operation of a system and explains the system
behaviour according to sequence of event in time. How-
ever, complex structure of the discrete-event simulation
prevents to exploit the advantages in a practical manner.
Management games are also used for training purposes
(Alarcon, Ashley 1999). Simulation games enable better
understanding of lean construction principles. Neverthe-
less, as distinct from the discrete event simulation, these
games are quite simple, and cannot be used as a valida-
tion tool for all cases. Another technique is Monte Carlo
simulation, which simulates lean construction principles
based on probabilistic techniques (Maturana et al. 2003).
Even though it relies on subjective judgement, Monte
Carlo simulation practically calculates optimistic, pessi-
mistic, and most likely scenarios of a lean construction
application.

Since this study aims to measure effects of the prac-
tical lean construction applications on project duration
and variability, Monte Carlo simulation was utilized to
compare lean and non-lean scenarios of a residential
building project. The details of the research methodol-
ogy are explained in the next section.

2. Research methodology

The research methodology is based on assessing the per-
formance of a residential building project as simulation-
based study under implementation of lean construction
principles. For this purpose, two stochastic models were
created to compare schedule performance of the project.
One model employs practical applications of lean con-
struction principles, whereas the other model does not
incorporate them. In order to develop these models, regu-
lar meetings were held with three construction planning
experts. Expert opinions were reflected to the models
through a questionnaire responded at the last meeting.
The research methodology is composed of five basic
steps. The following is a brief description of these steps:
1. Identifying the practical lean construction principles
that can be utilized in residential building projects.
2. Generating lean and non-lean scenarios to examine
the impact of principles determined in the first step.
3. Choosing a residential building project as a simula-
tion model.

4. Determining the activity durations of the simulation
model for lean and non-lean scenarios according to
responses of experts.

5. Carrying out Monte Carlo simulations in order to
obtain quantitative appraisal of practical applications
of lean construction principles.

(1) Step 1

First step includes specification of the lean construc-
tion principles used in this research. On the basis of the
practical applications of lean construction principles dem-
onstrated in Table 1, 14 principles were selected accord-
ing to their applicability in residential building projects.
These principles are: (1) providing training activities;
(2) establishing long-term employee relationships; (3) us-
ing multi-skilled workforce; (4) improving the process
transparency; (5) using the clean construction principles;
(6) minimizing the material storage; (7) optimizing the
site conditions; (8) establishing long-term supplier re-
lationships; (9) encouraging the project participants for
consensus-based decision making; (10) cooperating with
different departments; (11) organizing regular meetings;
(12) using time buffers; (13) using 4-D scheduling and
simulation; and (14) using risk management techniques.
(2) Step 2

Second step develops the scenarios that help to
measure the impacts of 14 lean construction principles
introduced in the previous step. In this regard, two dif-
ferent scenarios were identified as lean and non-lean sce-
nario. The difference of these scenarios stems from their
approach to use practical applications of lean construc-
tion principles. Correspondingly, they are described as
follows:

- Lean scenario employs all of the lean construction
principles designated in the first step.

- Non-lean scenario does not carry out any of the 14
lean construction principles.

(3) Step 3

Third step introduces a simulation model that enables
to experiment two scenarios generated in the preceding
step. Various sources indicate that lean construction prin-
ciples are quite appropriate to be used in repetitive projects
(Yang, Ioannou 2001; Mao, Zhang 2008; Hosseini ef al.
2011). Residential building projects have a repetitive na-
ture. In other words, activities performed in a location do
not show any differences in another location. For this rea-
son, many researchers test their proposed lean construction
methodologies through multi-storey buildings (Maturana
et al. 2003; Sacks, Goldin 2007; Hosseini ef al. 2011).

In this research, a residential building project was
used as the simulation-based study due to aforementioned
reasons. It is composed of two 8-storey and three 5-storey
buildings as depicted by the 3-D model in Figure 2. The
buildings are identical in terms of net floor area. Although
the number of activities performed in 8-storey buildings
is more than those of 5-storey buildings, activity types
and their durations are same for all buildings.
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Fig. 2. 3-D view of the simulation-based project

(4) Step 4

Fourth step determines the activity durations of the
simulation model for both lean and non-lean scenarios.
Activity durations were appointed by collecting the nec-
essary data from the experts. Monte Carlo simulation was
utilized to compare schedule performance of the two sce-
narios.

Planning engineers generally prefers to use the most
likely durations when they prepare the schedules. None-
theless, the actual duration of an activity is generally dif-
ferent from the most likely duration due to predictable
and unpredictable risks that construction works accom-
pany with. For such circumstances; planners prefer to use
probabilistic techniques, such as program evaluation and
review technique (PERT) and Monte Carlo simulation to
take into account both optimistic and pessimistic scenar-
i0s, as well as the most likely scenario. In this study, also
a probabilistic approach was used to capture the effects
of practical lean construction principles on both project
duration and its variability. The reason why Monte Car-
lo simulation was chosen, instead of PERT, is explained
by Barraza (2011) with following advantages of Monte
Carlo simulation:

- Monte Carlo simulation provides more realistic es-
timations by taking into account the probability of
each activity to become critical.

- As compared to Monte Carlo simulation, PERT
gives extremely optimistic results.

Monte Carlo simulation represents the activity dura-
tions as probability distribution curves. Table 2 displays
the activity types of the simulation model and their prob-
ability distribution curves. The project is composed of
535 activities in total. First two IDs of the table stand for
start milestone and mobilization. IDs A1020 to A1080
show foundation works, and IDs A1090 to A1240 rep-
resent all activities in the first floor of the first 8-storey
building. IDs A1250 to A6320 are repeated identically for
remaining 7 stories of the first 8-storey building, second
8-storey building, and three 5-storey buildings. Finally,
the last two IDs show demobilization and finish milestone.

The project includes 9 basic activity groups that ex-
perts evaluate their lean and non-lean scenarios. All of
them have a triangular distribution. Therefore, experts es-

timated optimistic (minimum), pessimistic (maximum),
and most likely durations for both scenarios. Activities
that do not have triangular distribution were reflected to
two scenarios with same values. For instance; for the soil
compaction activities, which have normal distribution,
identical mean and standard deviation values are utilized
in the simulation for lean and non-lean scenarios. The
basic activity groups of the project are: excavation, re-
inforcement, formwork, concrete, backfill, walls, electri-
cal installation, mechanical installation, and plastering.
Experts were given the most likely durations of non-lean
scenario for basic activity groups in terms of some coef-
ficients. By using given coefficients; they estimated mini-
mum and maximum durations of the non-lean scenario,
as well as minimum, maximum, and most likely durations
of the lean scenario as presented in Table 3.

Coefficients obtained from the experts for 9 basic
activities were distributed to all related activities. There-
by; optimistic, pessimistic, and most likely durations of
all activities were obtained for both scenarios. For ex-
ample, coefficients of the formwork group were multi-
plied with the most likely durations of non-lean scenario
for any formwork related activity. In other words, same
coefficients were utilized for both formwork for founda-
tion and formwork for column activities. The duration
difference of these activities stems from the original most
likely durations of non-lean scenario. Table 4 indicates
the relationships of the 9 basic activities with other activi-
ties of the project.

To sum up, data collected from the experts was uti-
lized to obtain minimum, most likely, and maximum du-
rations of the activities for lean and non-lean scenarios.
Coefficients obtained in this step; not only serve for car-
rying out Monte Carlo simulation for two scenarios, but
also enable to compare basic activity types in terms of
their sensitivity towards lean construction principles. Fur-
thermore, in order to learn individual effects of the 14
lean construction principles on their estimations, experts
were asked to classify them hierarchically in terms of
their frequencies and impacts.

In order to construct this step, several face to face
meetings were held with the construction planning ex-
perts. Specific lean construction approach of this research,
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Activity ID

Activity name

Type of distribution curve

A1000 Start Milestone -
A1010 Mobilization Singular
A1020 Excavation Triangular
A1030 Soil Compaction Normal
A1040 Lean Concrete Triangular
A1050 Rebar for Foundation Triangular
A1060 Formwork for Foundation Triangular
A1070 Concrete for Foundation Triangular
A1080 Backfill for Foundation Triangular
A1090 Floor 1-Section X Column Rebar Triangular
A1100 Floor 1-Section X Column Formwork Triangular
A1110 Floor 1-Section X Column Concrete Triangular
A1120 Floor 1-Section X Beam-Slab Rebar Triangular
A1130 Floor 1-Section X Beam-Slab Formwork Triangular
A1140 Floor 1-Section X Beam-Slab Concrete Triangular
A1150 Floor 1-Section Y Column Rebar Triangular
A1160 Floor 1-Section Y Column Formwork Triangular
A1170 Floor 1-Section Y Column Concrete Triangular
A1180 Floor 1-Section Y Beam-Slab Rebar Triangular
A1190 Floor 1-Section Y Beam-Slab Formwork Triangular
A1200 Floor 1-Section Y Beam-Slab Concrete Triangular
Al1210 Floor 1-Walls Triangular
A1220 Floor 1-Electrical Installation Triangular
A1230 Floor 1-Mechanical Installation Triangular
A1240 Floor 1-Plastering Triangular
A1250-A6320 (Repeated Identically)
A6330 Demobilization Trapezoidal
A6340 Finish Milestone —
Table 3. Identification of the activity durations for both scenarios
ACtiVity group tnonlez—m tnonleem—min tnonlean—max tlean-min tlean tlean—max
Excavation 4 function of t; function of t; function of t; function of t; function of t;
(E.g.: 0.95 1)) (E.g.: 1.30 1) (E.g:091) (E.g.: 0.95 1) (E.g.: 1.15 1)
Reinforcement t) function of t, function of t, function of t, function of t, function of t,
Formwork t3 function of t; function of t; function of t; function of t; function of t;
Concrete ty function of t4 function of t4 function of t, function of t4 function of t4
Backfill ts function of ts function of ts function of ts function of ts function of ts
Walls te function of t function of t function of t function of t function of tg
Electrical Installation ty function of t; function of t; function of t; function of t; function of t;
Mechanical Installation tg function of tg function of tg function of tg function of tg function of tg
Plastering to function of ty function of ty function of ty function of ty function of ty

practical applications used in the models, details of the
scenarios, Monte Carlo simulation model, and residential
building project of the study were comprehensively dis-
cussed during these meetings. They estimated the coef-
ficients, and classified 14 lean construction principles by
means of a questionnaire distributed at the last meeting.

Three experts who contributed to this study have
substantial experience in construction planning and lean
construction. Expert A is the general manager of a con-

sultancy firm. The company that he manages provides
consultancy services in all areas of project management
for the construction and engineering works. In this re-
spect, Expert A inspects different construction sites all
around the world more than ten years. By virtue of his
field observations, he knows the current construction
management practices and their weaknesses very well.
For this reason, he is accustomed to lean construction
principles, which aims to remove these weaknesses. Ex-
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Table 4. Classification of the activities

Basic activity group Related activity of the simulation model

Excavation Excavation

Reinforcement Rebar for Foundatiqn, Section X Column Rebar, Section X Beam-Slab Rebar, Section Y
Column Rebar, Section Y Beam-Slab Rebar

Formwork Formwork for Foundation, Section X Column Formwork, Section X Beam-Slab Formwork,
1Section Y Column Formwork, Section Y Beam-Slab Formwork

Concrete Lean Concrete? Concrete for Foundation, Sevction X Column Concrete, Section X Beam-Slab
Concrete, Section Y Column Concrete, Section Y Beam-Slab Concrete

Backfill Backfill for Foundation

Walls Walls

Electrical Installation Electrical Installation

Mechanical Installation Mechanical Installation

Plastering Plastering

pert B, on the other hand, is a PhD candidate civil engi-
neer who is working in a construction firm that conducts
medium-sized building projects, in several of which the
client is the government. He contributed to research from
the viewpoint of a planning engineer who has more than
five years of experience in residential building projects.
In addition to his knowledge of scheduling, he has broad
information regarding the lean construction concept by
means of his studies in the academia. Finally, Expert C is
an associate professor in a respected university of Turkey.
He has specialized in construction planning and project
management for many years. As an academician, he also
has extensive knowledge regarding the lean construction
philosophy. Besides, his experiences as a field engineer
early in his career make him very much aware of prac-
tices on the site. Three participants of this study have
unique expertise on different fields of the construction in-
dustry. Their diversification gives opportunity to examine
the effects of practical applications of lean construction
principles from the viewpoints of different professionals.
(5) Step 5

Last step of the research methodology is related to
carrying out Monte Carlo simulation by using the data
generated in the previous step. For this purpose, @Risk
(1997) software was utilized to carry out Monte Carlo
simulation. It allows the user to use practical functions of
the spreadsheet, and to perform simulations quite easily.
Moreover, it enables the users to conduct flexible analy-
ses on the simulation graphs.

Prior to Monte Carlo simulations, activities of the
simulation model have been scheduled in the spreadsheet
according to following assumptions:

- Land purchasing and design activities are completed.

- Finishing works are not included in the project.

- Conventional formwork systems are used for con-
crete operations, which require separate concreting
for columns and beam-slabs.

- Rebar, formwork, and concrete activities of the
floors are performed in two successive sections,
which are Section X and Section Y.

- Holidays are not introduced to the project.
- Working days equal to 8 hours.

The high numbers of activities and complex activity
relationship have challenged the accuracy of the spread-
sheet model. For this reason, the schedule was reorgan-
ized by utilizing planning software. The accuracy of the
spreadsheet model was ensured by obtaining same sched-
ule results with the planning software. After the valida-
tion, the simulation was performed for lean and non-lean
scenarios separately by iterating activity durations 10,000
times via @Risk.

3. Research findings
3.1. Relative importance of the lean principles

Since individual effects of the lean construction princi-
ples cannot be identified in the simulation models, ex-
perts were asked to compare 14 principles in terms of
their relative importance. Experts estimated frequency
of implementing lean principle in construction sites, and
their positive impacts on the project performance when
they are utilized. They used 1 to 5 rating scale, and rela-
tive importance was calculated by multiplying frequen-
cies and impacts. Table 5 displays the average results
provided by the experts.

According to results, the most significant lean con-
struction principle is cooperating with different depart-
ments, which is followed by organizing regular meet-
ings, and establishing long-term supplier relationships.
All of these principles highlight the importance of the
communication in construction works. Responses indi-
cate that lack of communication may be a predominant
factor in poor performance of the construction industry.
In this respect, holistic and communication-based ap-
proach of lean construction has a great potential to lift
the industry. On the other hand, some lean construction
principles seem not convenient yet to be implemented
in practice. Using multi-skilled workforce is primary of
them. During the meetings, all experts have stated that
this principle is very hard to be implemented in prac-
tice. Similarly, improving the involvement of work force
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Table 5. Relative importance of the lean construction principles
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1D Lean construction principles Frequency Impact Relative importance
P1 Providing training activities 3.00 3.67 11.00
P2 Establishing long-term employee relationships 3.00 3.67 11.00
P3 Using multi-skilled workforce 2.33 2.33 5.44
P4 Improving the process transparency 2.33 3.00 7.00
P5 Using the clean construction principles 3.00 3.00 9.00
P6 Minimizing the material storage 3.00 3.00 9.00
P7 Optimizing the site conditions 3.33 3.67 12.22
P8 Establishing long-term supplier relationships 3.67 4.33 15.89
po | Encouating he pj ricipns
P10 | Cooperating with different departments 4.00 4.33 17.33
P11 | Organizing regular meetings 4.00 4.00 16.00
P12 | Using time buffers 2.67 3.00 8.00
P13 | Using 4-D scheduling and simulation 2.00 4.00 8.00
P14 | Using risk management techniques 2.67 3.67 9.78

through process transparency is not believed to improve
project performance, especially in Turkey. According to
Expert A and C, low importance score of 4-D schedul-
ing and simulation stems from its incompatibility with
small-sized residential building projects. Finally, using
time buffers directly extends the project duration, so it
is determined as one of the least significant principles.
To summarize, lean construction principles seems quite
appropriate to remove communication barriers within the
industry. However, some principles have not been vali-
dated by the construction practitioners yet, and they re-
quire further investigation.

3.2. Lean sensitivities of the activities

Combined effects of practical applications on 9 basic ac-
tivity groups can be traced via averages of the coeffi-
cients assigned by the experts. The mean values of these
coefficients were calculated according to a triangular dis-
tribution as presented in Table 6. Results show that for
all activity types, mean values of the triangular distribu-

Table 6. Mean of the activity coefficients for both scenarios

tions are reduced in lean scenario as compared to non-
lean scenario.

Among basic activity groups, wall activities has the
highest time reduction percentage in lean scenario. When
individual responses are investigated, coefficients of Ex-
pert A and Expert C reduce most in wall activities, while
the most significant reduction in coefficients belongs to
plastering activities, which is also a wall related activity,
according to Expert B. During regular meetings, Expert
A has indicated that practical applications offered in this
study have a great potential to improve productivity of the
labour force. Both wall construction and plastering activi-
ties considerably depend on the performance of workers.
Therefore, wall and plastering activities have been con-
sidered as the most lean sensitive activity types by the
experts. Results derived from this section emphasize that
lean construction principles have positive influences on
all activity types in terms of reducing their durations, and
performance of the wall construction and plastering ac-
tivities are significantly improved when they are utilized.

. Mean of the coefficients [tyiy-tmostikely~tmax] .
Activity group - - Percent reduction
Non-lean scenario Lean scenario
Excavation 1.055 [0.833-1.000-1.333] 0.967 [0.800-0.933-1.167] 8.40%
Reinforcement 1.072 [0.883-1.000-1.333] 0.986 [0.850-0.925-1.183] 8.02%
Formwork 1.061 [0.850-1.000-1.333] 1.006 [0.842-0.958-1.217] 5.22%
Concrete 1.056 [0.917-1.000-1.250] 1.000 [0.883-0.958-1.158] 5.30%
Backfill 1.045 [0.867-1.000-1.267] 0.967 [0.833-0.917-1.150] 7.47%
Walls 1.133 [0.900-1.000-1.500] 0.983 [0.850-0.917-1.183] 13.24%
Electrical Installation 1.072 [0.850-1.000-1.367] 0.961 [0.833-0.917-1.133] 10.38%
Mechanical Installation 1.072 [0.867-1.000-1.350] 0.975 [0.850-0.942-1.113] 9.08%
Plastering 1.083 [0.883-1.000-1.367] 0.972 [0.833-0.917-1.167] 10.25%
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Table 7. Duration indicators of the simulation model
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Duration type Duration performance Expert A Expert B Expert C Average
Non-Lean Duration 208.37 210.24 205.10 207.06
o Lean Duration 195.16 196.38 192.49 193.52
Optimistic - -
Time-Saving 13.21 13.86 12.61 13.54
Percent Reduction 6.34% 6.59% 6.15% 6.54%
Non-Lean Duration 238.89 230.92 230.80 232.84
o Lean Duration 216.05 213.26 212.11 212.62
Pessimistic - -
Time-Saving 22.84 17.66 18.69 20.22
Percent Reduction 9.56% 7.65% 8.10% 8.68%
Non-Lean Duration 221.76 219.14 215.86 218.43
. Lean Duration 203.78 204.28 201.55 202.46
Most Likely - -
Time Saving 17.98 14.86 14.31 15.97
Percent Reduction 8.11% 6.78% 6.63% 7.31%
Table 8. Variability indicators of the simulation model
Variability performance Expert A Expert B Expert C Average
Non-Lean Standard Deviation 4.11 2.86 3.75 3.37
Lean Standard Deviation 2.76 245 2.81 2.69
Percent Reduction 32.85% 14.34% 25.07% 20.18%

3.3. Total project duration

Monte Carlo simulation results reveal the effects of the
lean construction principles on project duration. Figures 3
and 4 show the probability distribution curves of the total
project duration with 90 percent confidence intervals for
lean and non-lean scenario, respectively.

Probability distribution curves were generated by
simulating average durations estimated by the all experts.
Individual results provided by the experts are also repre-
sented in Table 7. Simulation results include optimistic,
pessimistic, and most likely durations. The reason why
duration values are not integer is that @Risk calculates
simulation with non-integer numbers. According to simu-
lation results, all durations were decreased in lean sce-
nario. When average rounded up durations of all experts
are considered with mean values, total project duration
decreased 16 days by using lean construction principles.

In terms of percentages, there is a 7.31 percent reduc-
tion in the total project duration. Duration performance of
the simulation model demonstrates that lean construction
principles achieve a considerable amount of time reduc-
tion in small-sized residential building projects.

3.4. Variability of the project duration

In addition to total project duration, simulation results
also explain the effects of the lean construction princi-
ples on variability of the project duration. Accordingly,
standard deviation values for total project duration are
organized in Table 8 for lean and non-lean scenarios of
all experts. Besides, reduction percentages of standard
deviation in lean scenario are included. Results indicate
that, when average of all experts is considered, standard
deviation of the total project is decreased 20.18 percent.
Therefore, research findings promote that lean construc-



250

tion principles decrease variability of the project dura-
tion in small-sized residential building projects, and allow
more levelled production.

Conclusions

In this paper, a methodology was developed to demon-
strate the benefits of lean principles and to encourage
contractors for implementation of lean construction prin-
ciples. For this purpose; stochastic models, which serve
for comparing the schedule performance of a residential
building project for lean and non-lean scenarios, were de-
veloped. The major outcomes of the study demonstrated
that practical applications of lean construction principles
both enhance project delivery time and reduce work flow
variability. When probabilistic results conveyed by all
participants are considered; including the most optimistic
and the most pessimistic estimations, the lean construc-
tion principles led to 6.15 percent to 9.56 percent reduc-
tion in total project duration. Similarly, they decreased
the standard deviation of the total project duration in
the range of 14.34 percent to 32.85 percent. In addition,
the study revealed that utilization of practical lean con-
struction principles result in considerable amount of time
reduction in all activity types of a residential building
project, especially in wall construction and plastering ac-
tivities. The potential of practical applications in terms of
being a remedy to communication problems within the
industry was also uncovered within this research.

This study is based on representing tangible benefits
of the lean construction principles by subjective estima-
tions of the experts, so performance improvements ob-
served in the study are only valid for small-size residen-
tial projects undertaken in Turkey. The research can be
enriched further by including representatives of owners,
suppliers, contractors, and workforce to the expert pro-
file in order to measure lean construction effects from
the point of views of all construction project participants.
Moreover, the methodology employed in this study may
be improved further by adding new principles that are
applicable to different types of construction works apart
from residential building projects. Finally, an action re-
search type of study may measure the performances of
another metrics such as, cost, quality, health and safety,
and sustainability in real projects. By this way, practition-
ers are expected to utilize lean construction principles in
practice more frequently and realize full potential of the
lean construction philosophy.
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