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Abstract

For decades, the construction industry has faced a well-documented, persistent decline in
its productivity levels. The reasons behind the declining productivity rates have been tackled by
extensive research; however, some research areas remain underdeveloped, such as out-of-sequence
work (OOS). This study fills this missing gap by investigating the preconstruction planning of
OOS work. In this research, OOS is defined as an activity or series of activities that are not
performed according to planned logical productive sequence and it was evaluated using four
metrics. A project-based survey was developed to gather quantitative performance data from 42
projects. The data collected showed that 15% of the total project activities are performed out-ofsequence, causing a 33% increase in construction schedule and a 25% increase in construction
cost. Statistical analyses were then performed to assess the impact of OOS on 6 performance
metrics spanned over the three performance areas. The results indicated that OOS has a significant
impact on 5 performance metrics.
The prime objective of this research is to provide better understanding of managing the
preconstruction stage to improve project performance through mitigating OOS. To accomplish the
overarching goal, the research team analyzed 42 construction projects, some were impacted by
OOS and others were not, to identify the highest-impacting factors that can be considered early in
the planning stage to mitigate OOS. Furthermore, the research investigated the overall effect of
OOS on project performance with an emphasis on labor productivity.
To this end, the research provides a comprehensive tool for industry experts and
practitioners to predict the level of impact of OOS on projects. In addition, the research findings
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offer managerial insights on how practitioners can better manage preconstruction stage to mitigate
OOS work effectively.
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Chapter 1. Introduction
Over 10 trillion USD is spent per year globally on construction-related goods and services
(Barbosa et al. 2017). It is estimated that 100 million people worldwide are employed in the
construction sector (Global Construction Perspectives 2013). According to the World Steel
Association (2015), up to 50% of annual global steel production is used in construction.
Additionally, approximately 3 billion tons of raw materials are consumed to manufacture building
products, such as concrete and lumber (World Steel Association 2015).
In the U.S., the industry accounts for 4% of the Gross Domestic Product (GDP), which
amounts to 1.3 trillion USD, while employing 5% of the workforce (8 million people) (U.S. Bureau
of Labor Statistics 2018). Such statistics confirm that the construction industry is a key driver of
overall economic growth and prosperity in any nation.
Despite its immense economic importance, the construction industry is cited as one of the
most fragmented industries facing a decline in productivity (Teicholz 2013). Construction
productivity decreased by nearly 30% between 1964 and 2011, while non-farm industries have
more than doubled their productivity over the same period (Hanna 2017). Further, a recent study
revealed that 98% of construction mega-projects experience cost overruns or delays, an average
cost increase of 80%, and a schedule slippage of 20 months (Changali et al. 2015).
As these statistics suggest, the construction industry is plagued by poor productivity.
Overall, the poor productivity of the construction industry has a significantly deteriorating impact
on the global economy as a whole (Barbosa et. al. 2017). The World Economic Forum (WEF)
estimated that construction productivity declines from 0.4 to 0.5% annually (2015). It has been
well cited that manufacturing and other non-farm industries significantly outperform the
construction industry by a factor of 1.5 (McKinsey & Co. 2016a)
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To highlight the magnitude of the impact of improving productivity in the construction
industry, Lepatner (2008) estimated that an improvement of just 10% in construction productivity
could generate direct economic growth to stabilize Social Security in the United States. In addition,
the capacity to recognize and improve construction productivity of projects is anticipated to
advance construction organizations' competitiveness and profitability (Fayek 2012). Moreover,
improving labor productivity leads to better infrastructure, faster delivery, lower taxes, and more
sustainable facilities (Grebler 1973).

1.1 Research Motivation
Given the expressed state of practice in construction, poor construction productivity has
been a major area of investigation for researchers. Many studies highlighted the factors that can
cause poor construction productivity (Hanna and Iskander 2017; Menches and Hanna 2006; Nassar
and Abourizk 2014; O’Connor and Mock 2019; Yeung et al. 2013). Among these factors are the
change of scope in terms of frequency and size, poor coordination among involved parties, scarcity
of skilled labor, poor upfront planning, as well as out-of-sequence work (OOS).
Logically, all previous factors are correlated with improper sequencing; however, the role
of OOS remains ambiguous in literature. As such, the CII-commissioned Research Team (RT-334)
led by researchers from the University of Wisconsin Madison sought to address this persistent
missing piece in the existing literature. The overarching theme of the research was to identify and
develop the best practices for preventing OOS and minimizing its negative impacts. To achieve
this goal, Research Team I investigated 4 sub-areas: 1.) the main causes of OOS; 2.) the warning
signs that can be used to anticipate OOS; 3.) the significant impacts of OOS; 4.) the preventive
and responsive actions needed to mitigate OOS. Important to note, measuring the impact of
preconstruction planning activities on OOS was not investigated as a standalone factor.
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As such, the findings of this dissertation build upon previous work done by UW-Madison
researchers through investigating ex-ante specific pre-construction activities to mitigate OOS. To
this end, this research will help practitioners in the construction industry better manage the
preconstruction stage to mitigate OOS work effectively.

1.2 Research Objectives
The prime objective of this research is to provide better understanding of managing the
preconstruction stage to improve project performance by mitigating OOS. To accomplish the
overarching goal, the research team analyzed 42 construction projects, some were impacted by
OOS and others were not, to identify the highest-impacting factors that can be considered early in
the planning stage to mitigate OOS. Furthermore, the research investigated the overall effect of
OOS on project performance with an emphasis on labor productivity.
To this end, the research provides a comprehensive tool for industry experts and
practitioners to predict the level of impact of OOS on projects. In addition, the research findings
offer managerial insights on how practitioners can better manage preconstruction stage to mitigate
OOS effectively.

1.3 Research Scope and Limitations
The scope of this research is on the Engineering, Procurement, and Construction (EPC)
industry has a primary focus on the preconstruction period and its related upstream activities.
Another key focus on this research is OOS, which is defined as “an activity of a series of activities
that are not performed according to a planned logical productive sequence”. As such, OOS can
occasionally be implemented to realize positive results; however, OOS’ negative impacts are
higher in magnitude and frequency. Finally, the baseline plan prepared at the end of the front-end
planning stage is considered the main reference point of time relative to OOS work.
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1.4 Research Methodology
The research team utilized a multistep methodology in pursuit of the research objectives as
demonstrated in Figure 1.
Identification of Projects Impacted by OOS
Identify projects impacted by Out-of-Sequence by means of a
Clustering Technique using OOS measures

Logistic Regression Model Development
A logistic regression model is developed to measure OSS’
probability of impact given the level of planning

Statistical Analyses Implementation
Run Statistical Analyses on OSS’ impact on project
performance

Benchmark the Degree of Impact of OOS
Benchmark the degree of impact of the projects by combing
all OOS measures in one score, the OOS Score
Figure 1: Research methodology
For the research team to operationalize the previous methodology, the following 5 tasks
have been performed.
•

Literature Review

•

Data Collection and Characteristics

•

Data Analysis and Models Development

•

Research Findings
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Chapter 2. Literature Review
In existing construction literature, few studies have investigated OOS, and those that did
lacked depth regarding OSS. To elaborate, many of these previous studies addressed OOS
tangentially rather than as a standalone topic. Therefore, there is a need to examine previous work
done on OOS, identify the contributions and gaps, to ultimately determine how OOS can be
mitigated proactively in the construction progress, particularly during preconstruction, rather than
dealing with OOS’s impact only after they occur.

2.1 OOS Definitions
Suhail (1993) defines OOS as “the progress of an activity that starts or finishes contrary
to the predefined relationship with its predecessors.” Another definition developed by Waagner
(2012) articulates it as so, “out-of-sequence is when work begins on an activity prior to the
completion of its predecessor activities.” Hanna et al. (2018) synthesized both definitions and
defined OOS work as “an activity or series of activities that were not performed according to
baseline planned logical sequencing.”

2.2 OOS and Labor Productivity Decline
In a research study conducted by Thomas et al. (1992), they collected productivity data
from construction projects in 11 different countries. Statistical analyses showed that the daily labor
productivity of sequenced work during non-disrupted days is 388% higher than productivity on
disrupted days. Other studies suggested that OOS work is one of the top factors contributing to
declines in construction productivity (Halligan et al. 1994; Thomas and Napolitan 1995; Hanna et
al. 1999; Hanna et al. 2002; Thomas et al. 2003; Klanak and Nelson 2004; Hanna 2006; Thomas
and Horman 2006; and Dai and Maloney 2009). Kallo (1996) and Kalnak and Nelson (2004)
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indicated that OOS work does not only lead to a drop in productivity, but also usually to a loss of
productivity claims, which magnifies the negative impacts and imposes unique challenges. In
addition, OOS work causes higher cost premiums (Horman et al. 2006). Moreover, OOS work in
an activity may generate less value, increase fatigue, weaken morale, surge space congestion, and
damage interdependency with other activities (Han et al. 2012). Critically, while the root causes
that impact productivity have been studied, there is a lack of focus on OOS work. For example,
Ye et al. (2015) investigated the causes of rework in construction projects, Arian et al. (2006)
identified the causes of inconsistencies between design and construction, and Hanna et al. (2018)
identified the root causes, triggers, impacts, and proposed some best practices to prevent
productivity decline.
According to Waagner (2012) some of the OOS activities stem from legitimate causes and
do not negatively impact the project. For example, project managers might need to execute work
as an OOS work to provide a steady flow of work without stopping and waiting until the preceding
activity is completely finished. Furthermore, materials procurement challenges and delays can
change a job’s sequence of activities. Nevertheless, most OOS work is caused by errors or
omissions, and thus ultimately negatively affects projects. As such, the main objective of this
research is to develop a methodology to help project managers mitigate OOS work early in the
preconstruction stage.

2.3 Relationship between OOS and Site Material Management
According to Thomas and Smith (1992), martial management deficiencies can result in a
40% reduction in daily productivity. Additionally, OOS work is one of the highest contributing
factors to material management deficiencies (Thomas et al. 2005). In a case study conducted by

14
Thomas et al. (2005), they analyzed data from 125 projects executed over 25 years across six
continents. Through this process, they found that when delivery rates are incompatible with
installation rates in the field it results in OOS work and disrupts site operations. Therefore, Thomas
et al. concluded that project managers should plan with vendors delivery rates that are compatible
with installation rates.

2.4 OOS from the Schedule Pressure View
Schedule pressure occurs when the project execution is accelerated by aggressively
minimizing the planned durations of the scheduled activities. In turn, workers perceive the new
available time allocated to activities as insufficient (Nepal et al. 2006). Accordingly, to mitigate
this perception, workers perform some activities OOS. As schedule pressure increases, the amount
of OOS work increases, which leads to higher rework as demonstrated in the causal loop diagram
in Figure 1. This claim has been validated by a survey conducted by Nepal et al. (2006) on 194
practitioners from 38 different projects. However, the central focus of their research was the effects
of schedule pressure, not OOS work.

Figure 1: Causal loop diagram of OOS work
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2.5 How OOS Interacts with the Critical Path Method (CPM) Scheduling
View
Harris (1978) defined a group of factors on which activities’ sequencing are based. Among
these are: physical dependency, hard and soft logic, resource limitation, personal preference, and
safety considerations. Currently, there are two primary methods to deal with OOS activities,
“Retained Logic” and “Progress Override” (Waagner 2012). These two methods are mainly for
scheduling software to be able to handle OOS. In the “Progress Override” method, the scheduler
assumes that OOS activity has no predecessors; as such, it can be executed without being affected
by its incomplete predecessors, and hence ignore the initial logic. However, in the “Retained
Logic” method, OOS activity can start earlier than the finish date of its predecessor but schedules
its completion in accordance with the network logic. This means that OOS activity cannot be
completed until all its predecessors are completed, and the original duration is satisfied. Both
techniques can produce non-realistic results in the project weekly updates as they generate drastic
changes to the baseline logic, especially when used without adequate supervision by project
managers.

2.6 How OOS Impacts Safety
Mitropoulos and Memarian (2012) indicated that OOS activities cause an increase of
potential safety risks. OOS results in performing multiple concurrent tasks that require a high level
of coordination and collaboration between different crews. In a result, such work environments
introduce inherits safety risks even with the most skilled crews. As OOS work increases, the
communication between different crews significantly decreases and the updated work plans may
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not reach all crews. Also, while the learning rate increases with repetitive activities, cognitive
attention decreases by time. Thus, works are not prepared for unplanned interfering activities,
which can ultimately affect worker awareness of safety risks and decision-making.

2.7 Preconstruction Planning in Relation to OOS
There are early warning signs of OOS work that could occur during the early stages of the
project lifecycle. Contractors may encounter OOS flow of work, which is when designers do not
provide adequate and immediate support during construction or when they are constrained with
tight design schedules. This may result in many design errors and discrepancies that would result
in productivity losses during later phases of a project due to the time wasted in revising design
documents and correcting errors (Hanna 2010). Ibbs et al. (2017) demonstrate the impact of OOS
work encountered by looking at when crews or tradespersons are demobilized from a region or
schedule activity before they are expected to complete and mobilize into other activities. This
finding holds true because no permanent work is mounted during the time it takes to demobilize,
switch to another task, and then remobilize back to the activity that was originally bypassed. This
OOS disruption is exacerbated when the task has not been completed and the original activity is
resumed, or another new activity is begun. Such decisions are driven by several interdependent,
sequenced considerations, including 1.) keeping crews engaged in available work 2.) relocation of
equipment, tools, and materials to the new task location 3.) the time it takes to review and become
oriented to the plans and field conditions for the new task 4.) and urge to finally commence work
on the new task as productively as possible.

2.8 Impact of OOS on Project Performance
A common cause of OOS is when project managers attempt to aggressively reduce the
duration of scheduled activities to accelerate the project. In this scenario, workers are therefore
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under increased schedule pressure because they perceive the available time allocated to activities
to be insufficient, but the work must be completed by the assigned deadline. One negative outcome
of such pressure is that workers are now working OSS (Hanna et al. 2018). With increasing
schedule pressure, the amount of OOS work increases, which leads to trade stacking and crew
congestion, logistical bottlenecks, unanticipated shifts and overtime work, and other frustrations,
which all hinder the effective performance of work tasks (Ibbs et al. 2017).
Disruptions caused by OOS work are major instigators of construction inefficiencies and
productivity losses (Klanak and Nelson 2004; Hanna 2006; Thomas and Horman 2006; Dai and
Maloney 2009; Lee 2016; Abotaleb and Eladaway 2018a), cost overruns (Horman et al. 2006;
Abotaleb et al. 2019), schedule overruns (Nepal et al. 2006; Abotaleb et al. 2019), safety risks
(Mitropoulos and Memarian 2013), rework (Ye et al. 2015; Abotaleb and Eladaway 2018a), and
poor communication level (Hanna et al. 2018), either directly or indirectly. Projects often appear
to be moving smoothly until suddenly, near the end, consequences of earlier disruptions appear,
resulting in a chain reaction of rippled and unplanned impacts (Abotaleb and El-adaway 2018b).
Leite and Griego (2019) investigated how project performance is affected by the premature start
of construction work by identifying OOS work as a major component of project impacts.
Moreover, it has been shown that OOS work in an activity may generate less value than planned
for, increase fatigue, weaken morale, surge space congestion, and damage interdependency with
other activities (Han et al. 2012). Abotaleb and Eladaway (2018a) highlighted that not only does
the total amount of OOS work impact project progress, but the distribution of this OOS work over
the course of project has an impact as well, in addition to the actions needed to react toward OOS
work, which varies according to the different project phases.

18
A study conducted by Hanna et al. (2018), they aimed to address OOS as a primary focus,
studying it in terms of its root causes, triggers, impacts, preventive practices, and practices that
would alleviate its impact. In this study, two mechanisms were utilized to comprehensively study
OOS: 1.) an expert-cased study, in which 88 construction experts were surveyed and accordingly
88 OOS causes were ranked in terms of their likelihood of occurrence and relative impact in
initiating OOS; next, 54 OOS warning signs were ranked in terms of their correlation with the
actual occurrence of OOS and a comparison was made to distinguish the owner’s and contractor’s
perspectives regarding OOS; 2.) a project-based study in which extensive data from 42 projects
were collected and the correlation between OOS measures and possible causes were analyzed, as
as were the statistical relationships between OOS and 12 performance metrics spanning over five
areas. This study found that around 15% of project activities were performed using OOS, which
led to a 33% average increase in schedule time and a 25% average increase in cost. Moreover,
26% of the studied projects reported that they spent more than 25% of their construction cost on
OOS. In addition, 29% of the studied projects reported that they spent more than 25% of their
hours performing OOS. Overall, it was found that, on average, a 5% increase in OOS caused: 1.)
a 10% increase in construction cost; 2.) 8.5% drop in labor productivity; 3.) 11% increase in
construction schedule; and 4.) 5% increase in rework.

2.9 Literature Gap
In sum, there is a wealth of previous research studies that investigated the multitude of
factors that impact project performance and attempted to predict the project performance of
construction projects from various angles and by using different modeling techniques. Many of
these researches have taken into consideration OOS work as one of the causes that affect project
performance (Leite and Griego 2019). However, it appears that very few studies have tackled OOS
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work independently, and none of the examined studies have offered an integrated approach to
assess the impact of preconstruction planning activities in preventing OOS work during the
construction stage. This research gap signposts that the construction industry lacks the proper
predictive models to predict the amount of OOS work for the project.
In tandem with addressing current gaps in the literature, this paper is an expansion of Hanna
et al.’s (2018) study that attempted to fully encapsulate the state of the practice of OOS work. This
present study aims to proactively predict the impact of preconstruction planning activities in
preventing OOS work during the construction stage. This paper will also create a benchmark to
assess whether the project performance will be impacted from OOS work, as well as investigate
the relationship between OOS work and project performance as a comprehensive score by
combining the following key metrics spanning six performance areas: cost, schedule, productivity,
safety, quality, and communication.

Chapter 3. Project-based Study
A panel of industry professionals was established at the beginning of this research. The
panel had a balanced owner to contractor ratio to provide broad, balanced views. In addition, the
authors conducted roundtable meetings and in-depth interviews with the collaborating industry
members throughout the research project. This technique has been used by several research
teams, where industry panels provided industry-related insights (Goodrum et al. 2011; O’Connor
and Mock 2019),
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Studying OOS work at the project level is the key component of this research. To meet
this end, a project-based survey was developed by CII RT-334 to target professionals who have
access to extensive project data. This dissertation utilized the data collected. The following
investigations were performed: 1) predict the impact of preconstruction planning activities on
mitigating OOS proactively; 2) create a benchmark to assess the level of impact OOS on project
performance

3.1 Survey Summary
The survey was developed through the collaboration of a research team composed of a
panel of academicians and industry members. A list of the possible causes and impacts of OOS
at the project-level was developed, incorporating insights from their industry experience and
related literature. In addition, the team discussed the current state of practices for measuring,
controlling, and minimizing OOS. The survey questions capture quantitative data related to 1)
project features and characteristics; 2) OOS project measures; 3) lagging project performance
metrics including cost, schedule, productivity, safety, and quality; and 4) potential OOS causes
including preconstruction planning-related factors. Overall, the CII RT-334 project-based survey
consisted of 12 sections; however, the scope of this research utilized only 11 sections as follows:
Section 1: General Information
Respondents’ data and project characteristics (i.e. project delivery system and contract
type).
Section 2: Cost Performance
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Cost is one of the legs of the “iron triangle” of construction project management. One
performance metric was used to assess project performance, construction cost growth.
Construction cost growth is measured in percentage terms by comparing the final construction
costs to the original estimated construction costs (Hanna et al. 2018; El Asmar et al. 2015). This
metric can be either positive or negative depending on if the project increased or decreased in
cost throughout its duration. Construction cost growth is defined using the following equation:
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺ℎ =

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Construction cost growth − 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 Construction cost growth
× 100%
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 Construction cost growth

Section 3: Labor Productivity

Construction is a labor-intensive industry. Therefore, the financial success of any
construction project requires outstanding labor management and high productivity control. Thus,
percent delta was used in this study as an indicator by which to assess productivity performance.
Percent delta measures the lost productivity hours as a percent of the total actual hours utilized
by project completion. This metric can be either positive or negative depending on if the project
increased or decreased in labor hours throughout its duration. %Delta is defined using the
following equation, as first defined by Hanna et al. (1999):

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
100%

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜−(𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜+𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎)
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

×
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Section 4: Schedule Performance
Schedule performance is one of the most valuable aspects of any project in the construction
industry. It is often cited as a major side of the “iron triangle” of performance metrics with cost
and quality. Schedule performance was measured using construction schedule growth.
Construction schedule growth is measured in percentage terms by comparing the final construction
schedule to the original estimated construction schedule (Hanna et al. 2018; El Asmar et al. 2015).
This metric can be either positive or negative depending on if the project increased or decreased
in its time needed. Construction schedule growth is defined using the following equation:
Construction schedule growth =
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 Construction schedule growth − 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 Construction schedule growth
× 100%
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 Construction schedule growth
Section 5: Safety Performance

The construction industry is classified by the Occupational Safety and Health
Administration (OSHA) as a high-risk industry. Consequently, the safety performance of
contractors has become increasingly prioritized and thus an important variable influencing
companies’ decisions to award a contract. This research examined lost time injuries (LTI) as an
indicator by which to gauge safety performance. LTI is defined as injuries and/or illnesses resulting
in lost workdays or restricted work activity. (Hanna et al. 2018; El Asmar et al. 2015). LTI is
measured quantitatively by normalizing them using the project’s total cost.
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Section 6: Quality Performance
In the construction industry, one pillar of every project delivery process is the quality
management control of the materials and services provided. Further, quality performance is cited
as the third side of the “iron triangle” of performance metrics with cost and time. Both
qualitative and quantitative metrics were used to comprehensively assess quality performance.
Two quality performance metrics are evaluated in this research: 1) rework, and 2) punch list
items per million dollars. Rework is measured in percentage terms by comparing the total direct
cost to the actual construction cost (Hanna et al. ,2018; El Asmar et al. 2015). The rework
percentage is defined using the following equation:

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
∗ 100
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

The second indicative factor of quality is punch-list items, which are incomplete or
unsatisfactory items that remain after the substantial completion of a project. The value of the
punch list items is assessed qualitatively where 1 = very low, 2 = low, 3 = moderate, 4 = high, and
5 = very high (Hanna et al. 2018; El Asmar et al. 2015).
Section 7: Communication Performance
Successful construction projects rely heavily on effective information exchange among its
multidisciplinary team members. Therefore, quality communication is highly correlated with
project success and poor communication can result in a significantly poorer project performance
(El Asmar et al. 2015). This research used the following metrics to assess communication
performance: 1) RFI processing time; 2) number of RFIs per million dollars.
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Number of RFIs per million dollars refers to the number of RFIs the construction team
submitted to the design team. The number of RFIs per million dollars is measured quantitatively
by normalizing them using the project’s total cost (Hanna et al. 2018; El Asmar et al. 2015), which
allow for comparison of projects of different sizes to one another. On the other hand, the average
RFI processing time is defined as the duration between the submittal of an RFI and the response
by the appropriate party/closure (Hanna et al. 2018; El Asmar et al. 2015) and is measured
qualitatively on an ordinal scale ranging from 1 to 5, where: 1 = (1–7 days); 2 = (8–14 days); 3 =
(15–21 days); 4 = (22–28 days); and 5 = (>28 days).
Section 8: OOS Measures
This section consisted of collecting data related to the project’s OOS including the
percentages of project cost and hours spent to perform OOS.
Section 9: Project Team
This section consisted of collecting data related to the project team and its performance
throughout the project duration including the owners’ participation levels during construction
and the construction team’s contribution level during design.
Section 10: Planning
This section consisted of collecting data related to project planning efforts including
preconstruction planning activities that mitigate the impact of OOS early in the process.

25
Section 11: Material Management
This section consisted of collecting data related to the project’s material management
efforts including the vendors involved in the project.

3.2 Data Collection and Overview
To ensure an adequate sample size, the revised project-based survey was disseminated to
all corporate members of CII, as well as other project professionals who showed an interest in
the research topic. In total, 300 professionals were contacted to participate in the survey’s data
collection efforts. As a result, CII RT-334 successfully gathered data from 42 projects, thus
achieving a response rate of 14%
There was no specified geographic preference for the data. As a result, 33 of the surveyed
projects were located in 17 states in the U.S., and the remaining projects were located in Canada,
Colombia, and Ireland. Figure 1 shows the geographic distribution of the studied projects.
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Project Geographic Distribution

USA

Canada

Colombia

Ireland

2%
14%

5%

79%

Figure 1: Projects’ geographic distribution

The majority of the projects analyzed were industrial (74%), with infrastructure,
renovation, and building composing the rest of the projects, as shown in Figure 2 below.

27

Projects’ Industry Groups
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Projects’ Nature
The data collected covered the nature of various projects, as shown below in Figure 3.

37%

34%

17%
12%

Greenfield

Brownfield

Modernization,
Renovation, Upgrade

Addition, Expansion

Figure 3: Nature of the analyzed projects

All main project delivery systems were covered. Design-bid-build (DBB) was the most
used delivery system (43%) followed by design-build (DB) system (26%). The remaining projects
were delivered using construction management-agent (CM-Agent), construction management at
risk (CM at risk) or integrated project delivery (IPD) systems, as shown in Figure 4.
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Projects’ Delivery Systems

DBB

CM-Agent

CM at Risk

DB

IPD

9%
43%

26%

17%
5%
Figure 4: Project delivery systems

Contract Types
The collected data provided covered all main contract types. Lump-sum contracts (64%)
were the most common. Followed by time and material (T&M) (21%). Other utilized contract
types included cost plus fee, unit price, and guaranteed maximum price (GMP) as shown in Figure
5.
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Lump-sum

GMP

Cost+Fee

Unit Price

T&M

21%
5%
7%

65%

2%

Figure 5: Contract types covered by collected data
Respondents’ Roles
The respondents played three different project roles: general contractors or construction
managers (GC/CM), owners, and subcontractors, as shown in Figure 6. CII RT-334 chose to
collect data from subcontractors in addition to GC/CMs and owners. Figure 6, below, shows the
distribution.
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Owner

GC/CM

29%

Subcontractor

31%

40%

Figure 6: Respondents' roles in data collected
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Project’s Sectors
The projects’ analyzed included both privately and publicly-owned projects, as shown in Figure 7
below.
Public

Private

31%

69%

Figure 7: Owner sector distribution of the analyzed projects
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Construction Pace Distribution
Traditionally paced and fast-tracked projects were both included in the projects, as shown
in Figure 8 below.
Fast-track (Phased Construction)

Traditional Construction

41%
59%

Figure 8: Construction pace of the analyzed projects
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Chapter 4. Data Analysis and Results
This section shows an integrated framework involving multiple steps in pursuit of this
project’s objectives. Figure 1 below shows a diagrammatic workflow of the proposed
framework.

1

Identification of Projects Impacted by OOS
•

Using k-means clustering to identify projects
impacted by utilizing OOS metrics

2

Measuring the Impact of Preconstruction
Activities in Mitigating OOS
•

Developing a logistic regression model
to measure the probability of projects
being impacted by OOS in early stages

3

Measuring the Impact of OOS on Project
Performance Metrics
•

Utilizing statistical analyses to measure the
impact of OOS on project performance

Validation of the Models & Results
•
•

Validate logistic regression model
Propose proactive strategies to mitigate OOS work

Figure 1: Steps for developing proposed framework
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4.1 Identifying Projects Impacted by OOS Work
In each of the studied projects OOS was evaluated using four metrics. These metrics are
1.) percentage of cost additionally spent to perform OOS; 2.) the percentage of hours additionally
spent to perform OOS; 3) percentage of project activities performed as OOS; 4) OOS relative
frequency. The first three metrics were measured as: less than 5%, 6 – 15%, 16 – 25%, and more
than 25%. The last metric was measured compared to projects of similar size and type.
Using these metrics, it was found that on average:
•

15% of total project activities are performed as OOS

•

This OOS resulting in:
o 33% increase in construction schedule
o 25% increase in construction cost

Furthermore, 26% of the studied projects reported that more than 25% of their construction cost
was spent on OOS. Also 29% of the studied projects reported that more than 25% of their hours
were used on performing OOS.
To identify projects impacted by OOS from unimpacted projects, the authors performed
k-means clustering. K-means clustering is one of the most commonly used unsupervised
machine learning algorithms. It works by grouping a set of projects in such a way that projects in
the same group (called a cluster) are ones that behave similarly to each other. If the difference
between a project’s OOS metrics and the other projects’ OOS metrics in the cluster are
significant, then the project is assigned to a different cluster. Thus, k-means clustering will help
in grouping projects with same level of impact by OOS work.
Determining the optimal number of clusters k in a data set is a fundamental issue in kmeans clustering, which requires the user to specify the number of clusters to be generated. As
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such, two methods were used to determine the optimal number of k clusters, the elbow method;
and the average silhouette method. The elbow method uses inertia, which is the sum of squared
distances of observations (i.e. projects) to their closest cluster center (Zhang et al. 2011). The
optimal number of k clusters can be selected at the point after which the inertia starts decreasing
in a leaner fashion. Figure 2 shows that the optimal number of k clusters for our projects is two.
The silhouette method, shown in Figure 3, computes the average silhouette of observations for
different values of k, and the optimal number of clusters k is the one that maximizes the average
silhouette over a range of possible values for k (Kaufman and Rousseeuw 1990). This will help
in identifying projects that have been impacted by OOS work from non-impacted ones.

Figure 2: Optimal number of clusters using elbow plot
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Figure 3: Optimal number of clusters using the average
silhouette method
The previous analysis confirms that the number of clusters is two, where cluster 1 (i.e.
impacted) includes 21 projects, and cluster 2 encompasses the remaining 42 projects (i.e. not
impacted). Identifying impacted projects from unimpacted projects will help the authors to
answer the following questions: 1.) what are the characteristics of impacted projects; 2.) how do
preconstruction planning activities contribute to effectively mitigate OOS work? 3.) what is the
impact of OOS work on overall project performance metrics?

4.2 Developing a Logistic Regression Model
Preconstruction activities of both types of projects (i.e. impacted or unimpacted) were
identified through hypothesis testing and analysis of variance (ANOVA) techniques. Five
preconstruction factors showed significantly different trends from impacted projects as compared
to unimpacted projects. Based upon these 5 variables, a logistic regression model was developed,
which can predict the probability that a project will be impacted by OOS work.
Hypothesis testing was used to compare the means from two or more groups to determine
if they were significantly different. The two groups in this case were impacted and unimpacted
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projects. Two hypotheses were developed, the null hypothesis and the alternative hypothesis.
The null hypothesis (Ho) was that the means of the two subsets were equal. This was compared
to the alternative hypothesis (Ha), which states that means of the two groups were unequal. Next,
to compare these hypotheses, we used T, a test statistic that was calculated to determine if H0
should be rejected in favor of Ha. Also, the p-value is used to measure the probability of seeing
the observed statistic, or a more extreme value, assuming that the null hypothesis is true. For
instance, a low p-value would indicate a low probability that Ho is true. The smaller the resulting
p-value, the stronger the statistical evidence to reject the null hypothesis. A significant level of
0.05 was used to report statically significant results at a 95% confidence level.
The significant factors, the p-value from each hypothesis test, and a possible
interpretation of the results are shown in Table 1.
Table 1: Results and Analysis of the P-Value of Hypothesis Tests
Preconstruction Planning Factor

P-value

Description

Using Lean Construction
Principles to Mitigate OOS

0.04

Implementing Front-end
Planning Process to Mitigate
OOS

0.04

Percent of Design Complete
prior to Start of Construction

0.009

Material Management Plan

0.03

Implementing Alignment
Process to Mitigate OOS

0.03

Maintaining continuous
workflow, minimizing waste,
and maximizing value to
owners which minimize OOS
work impact
Having the majority of design
completed before
construction minimizes OOS
work by reducing design
change orders rate
The majority of design is
completed and reviewed
before construction, which
minimizes OOS work impact
Having well-formulated
optimized procurement plan
Having well-developed
procedures to enhance
effective coordination and
project alignment
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The previous five variables showed significant differences between impacted and unimpacted
projects. Important to note, the relationships outlined in the previous table also do not signify a
cause and effect relationship. The following factors are discussed in detail in the following
paragraphs.
•

Using Lean Construction Principles to Mitigate OOS:
The lean construction philosophy emphasizes the need to simultaneously design a

facility and its production process in a fashion that both minimizes waste and maximizes
value to owners across all project phases. Among these practices are:
o Implementing a pull system to create an efficient workflow
o Eliminate non-added value tasks. which will systematically help reduce
obstacles
o Reduce lead time and aim for a steady workflow without disruptions
o Having a well-defined value stream mapping (VSM), which is a lean method
of analyzing the current state and designing a future state for the series of
events that take a product or service from its beginning through to the
customer
o Implementing a last-planner system, which is a collaborative, commitmentbased planning system that integrates many lean principles to remove
constraints, preparing tasks to be ready to start and flow smoothly.
o Having a well-defined production plan for each phase
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•

Implementing a Front-End Planning Process to Mitigate OOS:
Applying front-end planning techniques reduce the possibility of a project being

impacted by OOS. Among these techniques are: 1.) implementing project definition
rating index (PDRI) to measure project scope definition for completeness, 2.) using fully
coordinated 3D modeling; and 3.) holding coordination meetings early and regularly with
contractors throughout the project
•

Percent of Design Complete Prior to Start of Construction:
Having most of the design completed prior to the start of construction 1.) reduces

errors and emissions throughout the course of the project; 2.) lowers the number of RFIs
and helps eliminate time wasted in communicating them; and 3.) lowers the percentage of
change orders resulting from design errors.
•

Material Management Plan:
A material management plan accounts for a high percentage for a capital project’s

total costs; as such, an efficient material management control plan is important for project
success. The following are practices that enhance material management efficiency:
o Having a well-defined long lead item
o Applying vendor integration to enhance efficiencies
o

Creating incentives for vendors regarding on-site delivery of major vendorsupplied equipment, vendor pre-fabrication/modules, and pre-construction
services.

o Allocate a stand-alone crew for material handling
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o Apply new supply chain tracking technologies such as radio frequency
identification (RFID)
o Implementing just-in-time delivery as many materials as applicable
o Requesting client approval to change specifications and/or standards to
shorten fabrication and/or assembly of critical path items
•

Implementing Alignment Process to Mitigate OOS:

Effective alignment between project parties is an essential step to minimize OOS and
achieve project success. Project teams will then understand that effective coordination and
project alignment require discipline to be achieved and maintained. The following are ways that
can enhance alignment between project teams to mitigate OOS early in the process:
o

Sharing project execution plan early in the project among all key parties. The
plan will be a living document that is referenced and updated throughout the
project

o Having well-formulated procedures to enhance coordination and project
alignment
o Implementing the Big Room concept, which is when there is a space where all
stakeholders can collaboratively work together, as opposed to individuals
working in silos in their own offices.
o Setting common project goals and team rules
o Having a well-defined monitoring system to track team progress and
performance toward its goals
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o Implementing an automated documentation process, which enhances
information quality, consistency, and speed dissemination. This improves
process alignment.
o Integrating planning between different trades and revealing any contradictions
early on

The preconstruction factors listed in Table 2 were then used to develop a logistic
regression model, which will predict the probability that a project will be impacted by
OOS. Logistic regression is similar to linear regression; however, the model takes the
general form shown in Equation 1, while linear regression is based upon the model
shown in Equation 2. Equation (1 is equivalent to Equation (2) with the “Y” term
transformed by the log function. Logistic modeling techniques have been used in several
construction-related studies to predict several factors, including contractor failure
(Russell and Jaselskis 1992), contract surety bond claims (Severson et al. 1994), project
dispute resolution (Cheung et al. 2010), and construction labor productivity based on
implementation levels of human resources (Gurmu and Ongkowijoyo 2020).
In the logistic model shown in Equation 1 below, the probability that Y=1 is
equivalent to the probability that the project will be impacted, while Y=0, will not be
impacted. The letters a, b, c, etc. are the coefficients for the various x factors identified
previously. The terms, the coefficients, and the p-values corresponding to the test are
shown in Table 2.
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 (𝑌𝑌 = 1) =

𝑒𝑒 𝑎𝑎+𝑏𝑏𝑏𝑏+𝑐𝑐𝑐𝑐+⋯+𝑛𝑛𝑛𝑛

1+𝑒𝑒 𝑎𝑎+𝑏𝑏𝑏𝑏+𝑐𝑐𝑐𝑐+⋯+𝑛𝑛𝑛𝑛

𝑌𝑌 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑐𝑐𝑐𝑐+. . . +𝑛𝑛𝑛𝑛 𝐸𝐸𝐸𝐸. (2)

𝐸𝐸𝐸𝐸. (1)
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To create the model, 42 projects (21 impacted and 21 unimpacted) were used. The
logistic regression model has pseudo-R2 that is 0.73. Pseudo-R2 is computed based on the
ratio of the maximized log-likelihood function for the null model m0 and the full model
m1 as follows:

𝜌𝜌2 = 1 −

log 𝐿𝐿(𝑚𝑚1)
𝐿𝐿𝐿𝐿𝐿𝐿 𝐿𝐿(𝑚𝑚0)

The values vary from 0 (when the model does not improve the likelihood) to 1 (where the
model fits perfectly, and the log-likelihood is maximized at 0). As such, higher values
indicate a better fit. Also, the LLR p-value for the model is 0.00. the LLR test generally
compares a more restricted model and is computed as:

𝐿𝐿(𝑚𝑚0)
𝐿𝐿𝐿𝐿𝐿𝐿 = −2 log(
= 2(log 𝐿𝐿(𝑚𝑚1) − log 𝐿𝐿(𝑚𝑚0))
𝐿𝐿(𝑚𝑚1)
The null hypothesis is that the restricted model performs better but a low p-value suggests
that we can reject this hypothesis and prefer the full model over the null model. This is
similar to the F-test for linear regression.
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Table 2: Logistic Regression Results
Preconstruction Planning

Coefficient

P-value

Constant

4.70

0.339

Using Lean Construction

2.67

.022

-1.81

.027

-7.57

.044

Material Management Plan

2.08

.044

Implementing Alignment

-2.89

.018

Factor

Principles to Mitigate OOS
Implementing Front-end
Planning Process to Mitigate
OOS
Percent of Design Complete
Prior to Start of Construction

Process to Mitigate OOS

To provide insights on the survey ratings and its interpretation, Table 3 shows the
preconstruction factors, survey ratings, and description of the rating columns.
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Table 3: Description of Survey Answers
Preconstruction Factor

Survey Rating

Description

Using Lean Construction

(1-5), 1 being best, hence

The lower the score for the

Principles to Mitigate OOS

coefficient positive sign

lean planning the lower the
impact of the OOS

Implementing Front-end

(1-5), 5 being the best, hence

The higher the score for

Planning Process to Mitigate

negative sign

front-end planning, then the

OOS

lower the OOS impact

Percent of Design Complete

(1-5), 5 being the best, hence

The higher the percentage of

Prior to Start of Construction

negative sign

percent design, then the lower
the OOS impact

Material Management Plan

(1-5), 1 being the best, hence

The lower the score for the

positive sign

material management plan,
then the lower the OOS
impact

Implementing Alignment

(1-5), 5 being the best, hence

The higher the score for

Process to Mitigate OOS

negative sign

alignment processes, then the
lower the impact of OOS

In order to provide a better understanding of how the model works, an example is shown
in Table 4. The values in the 1st column (preconstruction factor) are multiplied by coefficients in
the 2nd column (value) to get the products in the 3rd column (coefficients). The next step is to
sum the values in the 4th column (product). Equation 3 shows how this sum is used to calculate
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the probability of the project being impacted by OOS work. In this example, there is a 31.8%
chance that the project will be impacted by OOS work. The model provides a reasonable result
given the inputs. Intuitively, better mitigation procedures in the preconstruction stage lead to
lower chances of being impacted by OOS work.
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Table 4: Example of the Logistic Regression
Preconstruction Factor

Value

Coefficients

Product

Constant

1

4.70

4.70

Using Lean

3

2.67

8.02

2

-1.81

-3.62

4

-2.89

-11.56

60%

-7.57

-4.54

3

2.08

6.24

Construction Principles
in Mitigating OOS
Effectiveness of
Implementing FrontEnd Planning Process
to Mitigate OOS
Effectiveness of the
Implementing
Alignment Process to
Mitigate OOS
Percent of Design
Complete Prior to Start
of Construction
Material Management
Plan
Total

-0.76
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑏𝑏𝑏𝑏 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑏𝑏𝑏𝑏 𝑂𝑂𝑂𝑂𝑂𝑂 =

ℯ −0.76

1+ℯ −0.76

= 0.318 (Eq. 3)

Figure 4 shows that increasing the percent of design complete prior to the start of
construction decreases the probability that the project will be impacted by OOS work
(when all other variables are held constant). For example, if a project has only 30% of its
design completed prior to the start of construction, the probability of this project being
impacted by OOS will be 82%. If the percent design increased to 60%, the probability
that the project will be impacted would decrease to 32%.

Probability of Project Will Be
Impacted By OOS Work

120%
100%
80%
60%
40%
20%
0%

0%

20%

40%

60%

80%

100%

Percent of Design Complete Prior to Start of Construction
Figure 4: Percent of design complete prior to start of construction

120%
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In order to validate the model, detect overfitting, and determine the prediction
accuracy of the proposed model, leave-one-out cross validation was used. Leave-one-out
cross-validation is a special type of cross-validation where the number of folds equals the
number of data points. Thus, the learning algorithm is applied once for each data point,
using all other data points (i.e. 42 projects) as a training set and using the selected data
point as a single-item test set (Efron 1982). The probability of a project being impacted
by OOS is then computed as binary value (1, if impacted, 0 if not-impacted) and
compared with the actual status of the project; the receiver operating characteristic (ROC)
curves were drawn and compared with the reference lines; and the area under the ROC
curves was computed. According to Hanely and Mcneil (1982), the area under curve
(AUC) is interpreted as “acceptable” if AUC is closer to 1, while an AUC of 0.5 and less
implies less accuracy, and 1 indicated perfect accuracy. Figure 5 shows the ROC score,
which is 0.922.
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Figure 5: ROC score measurement

To statistically investigate the impacts of OOS work on project performance, first
exploratory and descriptive statistical methodologies were employed to set benchmarks
for each level of the four studied OOS metrics. In achieving this, for each studied
variable, comparative box-an-whisker-plots were developed, the x-axis of which
represents two types of projects (i.e. impacted or unimpacted), and the y-axis represents
the variable being studied. In addition to the first, second, and third quartiles that are
customarily illustrated in box-and-whisker-plots, the mean/average, was also indicated in
the box-and-whisker-plots using a horizontal line in Figure 6.
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Third Quartile (75th Percentile)
Limits of Normal Range

Second Quartile (50th Percentile)

First Quartile (25th Percentile)
Figure 6: Setting benchmarks for each studies’ OOS metric

Second, the statistical test was applied to analyze different project’s performance based on their
project status (impacted or not). Since the factors being investigated are nominal types or
quantitative measures, the Mann-Whitney U test was used to examine the null hypothesis stating
that the performance is similar across different levels of impact. The alternative hypothesis that
performance differs across different levels of impact. The smaller the resulting p-value, then the
stronger the statistical evidence to reject the null hypothesis. A significant level of 0.05 was used
to report statistically significant results at a 95% confidence level.

The impacts of OOS on project performance were extensively addressed. Using the collected
project data, the impacts of OOS on the following performance areas and metrics were analyzed,
where 0 indicates projects that are not impacted by OOS work and 1 are projects impacted by
OOS:
•

Cost Performance Area
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o Construction Cost Growth

Figure 7: Impact of OOS work on construction cost

Statistically testing the null hypothesis using the Mann-Whitney U test results in p-value= 0.03.
This provides sufficient evidence to reject the null hypothesis that cost performance is the same
between impacted and unimpacted projects.

•

Productivity Performance Area
o Project Hours Factor
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Figure 8: Impact of OOS work on project productivity

Statistically testing the null hypothesis using the Mann-Whitney U test results in p-value= 0.04.
This provides sufficient evidence to reject the null hypothesis that productivity performance is
the same between impacted and unimpacted projects.

•

Schedule Performance Area
o Schedule Growth

54

Figure 9: Impact of OOS work on schedule growth

Statistically testing the null hypothesis using the Mann-Whitney U test results in p-value= 0.023.
This provides sufficient evidence to reject the null hypothesis that schedule performance is the
same between impacted and unimpacted projects.

•

Quality Performance Area
o Rework Percentage
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Figure 10: Impact of OOS work on rework percentage
Statistically testing the null hypothesis using the Mann-Whitney U test results in p-value= 0.04.
This provides sufficient evidence to reject the null hypothesis that schedule performance is the
same between impacted and unimpacted projects.
•

Communication Performance Area
o RFI Processing Time in Weeks

56

Figure 11: Impact of OOS work on RFI processing time
Statistically testing the null hypothesis using the Mann-Whitney U test results in p-value= 0.045.
This provides sufficient evidence to reject the null hypothesis that communication performance
is the same between impacted and unimpacted projects.
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Chapter 5. Research Conclusion and Recommendations

This chapter provides a review of the research conducted in this thesis and summarizes its
contribution to the prior existing body of knowledge. Limitations of the research and
recommendations for future research are also presented.

5.1. Research Application Roadmap for Practitioners

Identify preconstruction
activties to mitigate OOS
work

Project managers take
proactive measures to
reduce OOS work risk
during construction stage

Factors identified earlier
will be input for the logistic
regression model

Predict probability of project
being impacted by OOS
work

Figure 1: Roadmap for practitioners and researchers

5.2. Summary of Results and Contributions
A clear, sustained focus on OOS work has been lacking in construction literature. Despite
some studies addressing the causes and impact of OOS work and how it impacts project
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performance, far fewer studies have provided a proactive comprehensive framework to assess the
effectiveness of preconstruction activities in mitigating OOS early in the process. The limitations
of previous studies can be categorized into three major categories: 1.) no comprehensive
assessment and evaluation of various preconstruction areas to mitigate OOS work; 2.) relied on
subjective nature of factors derived from experts’ opinion; and 3.) the identified mitigation
measurements were too general, such as “top management support” or “better communication,”
which do not provide enough applicative insights on improving the decision making process
early in the project.
This dissertation considered the preconstruction activities of a total of 42 projects. The
respondents were general contractors/construction managers (GC/CM) (40%), owners (31%),
and subcontractors (29%). Most projects in the dataset were industrial (75%), with infrastructure,
renovation representing, and buildings representing 9.7%, 7.5%, 7.1%, respectively. Each of the
major project delivery systems (PDSs) were represented in the dataset. The most repeated PSD
was design-bid-build (DBB), with 43% of projects. Design-build (DB) (26%) was the next most
prevalent. Construction management-agent (CM-Agent), integrated project delivery (IPD), and
construction management at risk (CMaR) were also presented with 17%, 9%, and 5% of the
projects.
The dissertation has expanded the investigation of OOS work as a persistent gap in
literature. The central contribution of this dissertation is introducing an integrated, multi-stage
framework, which predicts the probability of a project being impacted by OOS work during the
preconstruction stage. The research also investigated the impact of different mitigation levels on
project performance. In order to achieve the stated goals, 42 projects have been investigated
extensively. K-means clustering is used first to differentiate projects impacted by OOS or not
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based on four OOS measures. Then, preconstruction activities were identified and analyzed. Five
preconstruction activities found to be prevalent in projects where OOS has minimal impact.
Among these activities are: 1.) using lean construction principles; 2.) implementing front-end
planning preprocess; 3.) percent of deign complete prior to the start of construction; 4.) material
management plan; and 5.) implementing alignment process. A logistic regression model was then
developed to predict the level of impact of OOS work based on the previously identified
preconstruction factors. The model can be used by practitioners and researchers to compute the
probability of OOS by assessing the level of mitigation of each preconstruction factor. Finally,
the dissertation investigated the impact of OOS on different performance areas including cost,
productivity, schedule, communication, and quality for both types of projects (i.e. impacted, and
unimpacted).
The developed methodology can act as a roadmap to (1) allow contractors to investigate
the probability of OOS impacting a project, (2) provide early warning signs to avoid project
failure, (3) highlight problematic preconstruction areas that can cause OOS work, and (4)
undertake necessary mitigating actions. This integrated framework is intended for the
engineering, procurement, and construction (EPC) industry. While the primary intention of the
research is to serve contractors, the findings of the research can be extended to benefit all
construction services providers (e.g. engineers, subcontractors, etc.)

5.3. Research Limitation and Future Recommendations
The study encompasses a few limitations that should be considered when addressing the
findings and proposing future research. First, in all 42 studied projects, there were few injuries or
fatalities incidents recorded. Therefore, these techniques should be used with caution in other
projects that may have more injuries or fatalities recorded incidents. Second, the dataset size is
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relatively small (i.e. 42), and so, future work may expand projects based on PDS type, nature, or
geographic location. Third, the preconstruction factors included in the model are independent of
all the others. Therefore, future work may consider possible interactions between the different
factors. Another limitation of this study is only including preconstruction factors that impact the
construction stage. Future work may address this limitation by including preconstruction factors
relevant to subsequent project stages (i.e. commissioning and closeout).
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