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Abstract

Interaction and integration of uncertainties in on-site and off-site project activities often result in the risk of delays and schedule overruns in
hybrid construction projects. To address this problem, a holistic risk analysis approach that assesses the integrating impact of uncertainties on
completion times is proposed. The results of the analysis show that growth in project size and work quantities intensifies pair and group
interconnection of tasks within and between groups of on-site and off-site activities, resulting in lengthened completion times and deviations from
project plans. Unavailability of resources, risk seeking attitudes, and workflow variability are other major contributors to the risk of late completion
in hybrid construction. While project managers often analyze on-site and off-site uncertainties separately, practical implications of the research
results suggest adoption of a holistic approach in which risk management practices in the two environments are integrated. This approach
significantly improves tangible performance measures in projects.
© 2016 Elsevier Ltd. APM and IPMA. All rights reserved.
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1. Introduction The remaining building components are prefabricated in the

controlled environment of a factory and are shipped to the

The effect of uncertainty is significant in hybrid construction
projects where a combination of on-site and off-site activities is
concurrently in progress (Blismas et al., 2010, Boyd et al.,
2013). In hybrid construction projects, some structural elements
such as foundations/footings and main columns are site-built.
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worksite for installation. This working arrangement in hybrid
construction imposes risks, defined as the effect of uncertainty
on project objectives (ISO31000, 2009). On-site project
activities are often undertaken under uncertainty in weather
conditions, quality of work, and safety (Loosemore and
Andonakis, 2007). Similarly, there is uncertainty in off-site
construction in availability of resources, compliance of the
manufactured elements with on-site requirements, and equip-
ment failure (Polat et al., 2006).

The interactions of above uncertainties in on-site and off-site
construction result in risk of delays and lengthened completion
times (Porwal et al., 2012, Lu and Yan, 2013). As an example,
despite the fact that many on-site house building operations
such as framing and building roof trusses have been shortened
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by using off-site manufactured elements, the average house
completion time in Australia has not decreased. Fig. 1
illustrates the increasing trend in house completion times for
an average Australian suburban house in different states
(Australian Bureau of Statistics, 2015).

Although the literature supports combined benefits of on-site
and off-site construction in hybrid projects (Zika-Viktorsson
et al., 2006, Yung and Yip, 2010; Meiling et al., 2012),
combination and interaction of uncertainties in hybrid construc-
tion and implications for project planning remain overlooked
areas of research (Jaillon and Poon, 2009).

In order to understand effects of uncertainty interactions in
hybrid construction projects, this paper focuses on off-site and
on-site construction activities. In particular, this study analyzes
the effects of combined risks on project completion times. The
paper consists of an extensive review of project risk analysis in
the construction context and development of four propositions
based on empirical research.

2. Research background

Growing complexity of projects has exposed them to
interacting uncertainties that cannot be efficiently addressed
by existing management methods (Fang et al., 2012, Gagarina
et al., 2015, Marle, 2015). The interaction and integration of
uncertainties in off and on-site construction result in risk of
deviations from plans and late completion of hybrid projects
(Krane et al., 2012). Effective modeling of interacting un-
certainties needs to reflect the propagation behavior in the
project risk network (Marle, 2012; Fang and Marle, 2015). As
an example in hybrid construction projects, a structured process
to analyze complex interactions between off-site and on-site
project risks can significantly improve the performance of the
classical methods of risk analysis (Zhang et al., 2014b).

2.1. Risk analysis in construction projects

The high failure rate of construction projects is a result of
underestimating the extent of uncertainty and risk (Hwang
et al., 2014). Construction projects are often considered risky
as they are one-off enterprises with numerous stakeholders,
entailing substantial interactions between internal and external
environments (Zwikael et al., 2006, Mu et al., 2014). The
reputation of construction industry in terms of risk analysis is
not as good as other sectors such as insurance or finance. This
stems from the traditional risk perception in the construction
industry as an estimation variance rather than a major project
attribute (Lehtiranta, 2014). Gradually, however, there has been
a paradigm shift in construction towards systematic and more
sophisticated risk management practices.

In terms of tools and techniques, additional dimensions have
been added to the traditional probability—impact (P—I) model of
risk analysis. These dimensions include but are not limited to the
risk exposure extent (Jannadi and Almishari, 2003), risk
manageability level (Aven et al., 2007, Chan et al., 2015),
influence of the surrounding environment and interdependencies
among risks (Zeng et al., 2007), and risk significance (Han, Kim
et al., 2008). These added dimensions aim to improve the
traditional P—I model to better analyze the interacting risks in
increasingly complicated construction projects.

As can be seen in Fig. 2, risk modeling and analysis with all
above mentioned improvements have been used to assess
different risk problems in construction project management.
The bidding price estimation for projects is a widely investigated
risk-related problem in the construction literature (Paek et al.,
1993, Eastetal., 2009, Abdul-Rahman et al., 2012). Furthermore,
risk of cost and schedule overrun has been modeled and analyzed
using a range of tools and techniques (Love et al., 2013, Shehu
et al., 2014, Williams and Gong, 2014). Project risks have been
quantitatively analyzed using monetary equivalents in order to
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Fig. 1. House completion times in Australian states.
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Fig. 2. Risk-related problems in construction and modeling paradigms to analyze risks.

estimate contingency budgets required for covering the expected
cost of risk impacts (Tah et al., 1993, Cagno et al., 2007). Various
modeling paradigms have been adopted to assess risk impacts on
different project objectives including quality (Zhang et al.,
2014b), time (Zwikael et al., 2014), and cost (Khodakarami and
Abdi, 2014).

As illustrated in Fig. 2, statistical methods are one of the main
tools used in project risk analysis. Many researchers have used the
probability theory to analyze and assess risk problems (Cooper
etal, 1985, Zhang et al., 2014a, Kim, 2015). This theory has been
utilized to model different risk problems such as variance in cost
estimate (Diekmann, 1983; Skitmore and Ng, 2002, Kim, Han
et al., 2008), and variance in duration estimate (Lee and
Diekmann, 2011; Hajifathalian et al., 2012). Project evaluation
and review technique (PERT) also uses statistical analysis to
tackle uncertainties in project duration (Trietsch and Baker, 2012;
Hajdu, 2013). More recently, Bayesian belief network (BBN) has
been increasingly used as a tool for risk modeling and analysis
(Khodakarami and Abdi, 2014; Leu and Chang, 2015).

Monte Carlo simulation is another tool used to generate more
accurate estimates in analyzing project risks. A variety of risk
problems have been analyzed using simulation, including project
time overruns (Hatmoko and Scott, 2010; Gurgun et al., 2013) and
project cost overruns (Liu et al.,, 2011, Karakas et al., 2013).
Recently, more sophisticated simulation models have been utilized
to tackle complicated risk problems in construction such as com-
puting the level of projects plan reliability (Rashki et al., 2014).

Fuzzy set theory (FST) is another powerful tool to model
subjectivity in project risk management. FST is capable of
analyzing risk elements and provide risk ratings by using
linguistic variables to represent fuzzy sets associated with
membership functions (Tah and Carr, 2000; Zeng et al., 2007,

Nieto-Morote and Ruz-Vila, 2011). Among other risk analysis
problems, tackling the interdependency and causality between
risks is particularly difficult to solve. Extended fuzzy cognitive
maps can be used for this purpose resulting in enhancement of
decision making process in complex projects (Lazzerini and
Mkrtchyan, 2011).

More recent attempts to model and analyze risks in complex
projects has manifested in the development of sophisticated
decision support systems (DSS). Complex decision making
processes are structured systematically using a multi-criteria
decision making (MCDM) framework (Cagno et al., 2001,
Marques et al., 2011). Analytical hierarchy process (AHP) is
another widely used approach to accommodate the decision
maker’s personal judgment in prioritizing decision alternatives
(Mahdi and Alreshaid, 2005; Vidal et al., 2011). Decision trees
and influence diagramming are also used within the MCDM
framework to analyze complicated risk problems in construc-
tion projects (Dikmen et al., 2007, Mistikoglu et al., 2015).

Overall, the use and development of modern risk analysis
tools and techniques in construction risk management reflect
the shift from the traditional risk perception in the construction
industry as an estimation variance to a major project attribute.
The framework for the empirical research in this paper is
described in the following section.

3. Research method
3.1. Empirical research
In this article, empirical research is conducted in order to

analyze the impact of uncertainty in hybrid construction
projects, where combinations of on-site and off-site activities
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are concurrently in progress. Real-world project data from two
case studies were collected and utilized to design and run
simulation experiments with various levels of work quantities,
targeted project plan reliability, resource availability, and
workflow variance.

The utilization of simulation modeling is ideal in this
research as both on-site and off-site project activities are
stochastic and dynamic in nature, and changes within activities
occur as a variable of time. Furthermore, the advancement of
computers simulation and modeling has provided an econom-
ical and efficient mean for optimization of project activities
(Dzeng and Lee, 2007; Chou, 2011). Within the project
management context, simulation study has been treated as an
effective and popular method for exploring, describing and
interpreting processes or behaviours in construction projects.

As defined by Shi et al. (2005), simulation study encom-
passes exploring a number of what-if scenarios confined by
activity and time boundaries for collecting comprehensive
information during a certain period of time. To this end, off-site
and on-site construction activities in two large Australian
construction companies were investigated. Both companies
own off-site production plants and use industrialized building
components together with site-built structural elements in their
commercial construction developments. Required data for
conducting this research were collected during numerous
observations of on-site and off-site construction activities. The
main variables that characterize uncertainty in hybrid projects
were measured: 1) size of project and quantities of work
involved, 2) targeted level of plan reliability that reflects the
attitude in project towards uncertainties, 3) variability caused
by unavailability of required resources in either off-site or
on-site activities, and 4) workflow variability in the interde-
pendent networks of off-site and on-site activities.

Various modeling paradigms have been adopted in the
literature to assess risk impacts on different project objectives.
In order to analyze the collected data in the current research,
Monte Carlo simulation was deemed suitable for use because of
its potential in tackling complicated risk problems in hybrid
construction and power to analyze what-if scenarios in complex
environments (Dzeng and Lee, 2007; Chou, 2011; Yang et al.,
2014). The framework of the DES experiments designed to
model processes in hybrid construction projects of the two
companies is described in the following section.

3.2. Experimental framework

Detailed data about off-site and on-site construction activities
together with project progress data for the two construction
companies were collected and optimal probability distributions
were fitted to them. In each case, goodness of fit tests in the @
Risk probability distribution fitting software were used to
evaluate the fit quality. Fig. 3 illustrates examples of best fitted
distributions for a number of on-site and off-site activities.

In a similar approach to Akhavian and Behzadan (2014), the
goodness of fit was tested using Chi-Square test, Anderson—
Darling (A-D) test, and Kolmogorov—Smirnov (K-S) test.
Table 1 shows some commonly used standard theoretical

probability distributions receiving the highest rank amongst all
distributions to represent processing times of two example
activities in simulation experiments. The term N/A under a
statistical distribution indicates the failure of data convergence
and the fact that collected data could not be fitted to a particular
distribution.

After fitting activity durations in the two hybrid construction
projects to best-matching probability distributions, simulation
experiments analyzed different production scenarios by

varying:

w work quantities (man-hours) involved in the hybrid
construction project

PPR project plan reliability (how often completions are on
time or earlier than planned)

A level of resource availability in the hybrid project
(ranging from 100% for dedicated resources to 0%)

v variability/uncertainty level in off-site and on-site
activities (standard deviation of time between activity
completions)

A total of 16,000 discrete event simulation experiments were
designed and run by using combinations of 20 different project
work quantities, eight levels of targeted project plan reliability, 10
resource availability levels, and 10 levels of workflow variance in
project activities. Results of analyzing different what-if scenarios
were utilized to derive four propositions of this paper about
uncertainty impacts on hybrid construction projects.

4. Discussion of results
4.1. Effects of project size in hybrid construction projects

Previous research has highlighted the relationship between
project size and uncertainty in projects (Pollack et al., 2013,
Saurin et al., 2013, Qureshi and Kang, 2015). In order to examine
this relationship in the context of hybrid construction, real-world
project data from two hybrid builders were utilized to design
simulation experiments with various levels of work quantities. As
opposed to the traditional planning and control techniques such
as PERT, using only normal/beta distributions, in this study
uncertainty in activity durations and workflow was reflected
by fitting optimum probability distributions to the collected
real-world data (see Fig. 3). The goodness of fit was tested using
Chi-Square test, Anderson—Darling (A-D) test, and Kolmogo-
rov—Smirnov (K-S) test. Discrete event simulation (DES)
experiments were run for 1000 times to achieve a confidence
level of 99% with all standard errors within 0.5%. Results of
simulation experiments have been illustrated in Fig. 4.

As can be seen in Fig. 4, increasing project work
quantities (w) resulted in a linear growth in completion times.
This is in line with findings in our site observations in the two
construction companies where growth in hybrid project size and
work quantities, intensified pair and group interconnection of
tasks within and between groups of on-site and off-site activities,
resulting in lengthened completion times and deviations from
project plans. As an example, the first construction company
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Fig. 3. Probability distributions of some on-site and off-site activities.

invested 80 man-hours on 120 m® roofing activities for a
detached residential unit. The amount of work was inflated to
210 man-hours for the second company installing seamless
roofing material and spreading stone ballast on seamless roof in a
big 2-storey house.

It is worth mentioning that the standard practice of fast-
tracking project activities will not significantly reduce comple-
tion times, as there are many construction activities with
fixed-time durations, such as pouring and curing concrete,
which cannot be crashed beyond a certain point. That is why
actual/reliable completion time (dashed line in Fig. 4) is always
longer than estimated completion time (vertical bars). More
importantly, time gap between the two is greater when larger
work quantities (w) are involved. These findings are consistent
with those of Martinsuo and Ahola (2010); Pauget and Wald
(2013) and Ahern et al. (2014), and result in the advancement
of the first proposition in this paper,

Proposition 1. In hybrid construction projects, growth in off-site
and/or on-site work quantities increases the risk of deviations
from project plan and reduces project plan reliability.

4.2. Effects of organization's risk appetite in hybrid construction
projects

Construction projects are often characterized by their very
dynamic environments where actual progress is not always
aligned with project plans. In hybrid projects risk of late
completions and deviations from plans are triggered by delays
in both on-site and off-site activities. Bad weather conditions
(Chan and Au, 2007), quality problems and rework (Arashpour
et al., 2014a, 2014b), and worksite accidents (Lingard et al.,
2014) are some contributors to delays in on-site activities.
Similarly, several factors can trigger the risk of late completion
in off-site construction. These factors include but are not

Table 1
Ranking of the best-matching probability distributions to real-world processing times.
Test Exponential Triangular Gamma Beta Erlang Normal
Chi-Square 5 1 4 2 N/A 3
Form & pour foundation concrete (on-site) K-S 4 3 5 1 N/A 2
A-D 1 3 2 5 N/A 4
Rank 10 7 11 8 N/A 9
Chi-Square 1 3 2 4 6 5
Rework on precast fagade elements (off-site) K-S 5 3 4 1 6 2
A-D 5 2 6 1 4 3
Rank 11 8 12 6 16 10
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limited to unavailability of resources (Blismas et al., 2006, Lee
et al., 2013), lack of compliance of the manufactured elements
with on-site requirements (Arashpour and Arashpour, 2015),
and equipment failure (Polat et al., 2006).

Furthermore, risk attitudes in hybrid projects have an impact
on the level of plan reliability. The two investigated hybrid
builders in this study demonstrated different appetite for project
risks. Company (B) is a young enterprise, seeking a larger
market share, and has been historically more willing to absorb
the impact of various risks such as late completion risk (with an
average on-time completion rate of 87%). Company (A),
however, is a more established enterprise and already has a
major share of the market. This company intends to be very risk
averse and as an example has increased its targeted level of
project plan reliability to minimize the risk of late completions
(with an average on-time completion rate of 94%). Fig. 5
illustrates the completion time for one project milestone against
different levels of targeted plan reliability.

Results in Fig. 5 clearly show that risk aversion behavior in
hybrid projects results in more conservative plans that tend to
increase both completion times and reliability. This result is in line
with those of Castro-Lacouture et al. (2009) and Poshdar et al.
(2014), and the following propositions can be derived from that,

Proposition 2a. Targeted level of project plan reliability in
hybrid construction projects is determined by organization’s
appetite for risk.
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Fig. 5. Impact of plan reliability on completion times.

Proposition 2b. Risk of late completions in hybrid construc-
tion projects decreases when the level of targeted project plan
reliability increases.

4.3. Effects of resource availability in hybrid construction
projects

Previous research has shown that resource constraints have a
significant impact on project duration (Shi et al., 2005,
Bredillet, 2008; Ghoddousi et al., 2013). In hybrid projects,
there are different constraints on project resources in on-site
and off-site environments. In off-site construction, equipment
and materials are the critical resources based on the fact that
laborers (machine operators) are often dedicated resources to
the production side of hybrid projects (Arashpour et al., 2014a,
2014b). In on-site project activities, however, subcontractors
and skilled labor are the most critical resources to achieve
timely completions (Loosemore and Andonakis, 2007; Tam
et al.,, 2011, Manu et al., 2013). Interestingly, even within a
construction company with more than one ongoing project,
there is often competition among building supervisors to attract
in-demand resources, such as skilled carpenters, to their own
project (Laslo and Goldberg, 2008).

Both site observations and simulation experiments revealed
that the level of resource availability has a significant impact on
completion times of on-site and off-site project activities. Fig. 6
illustrates the actual completion times associated with different
levels of resource availability.

As Fig. 6 illustrates, availability of required resources
decreases completion time, and thus reduces risk of deviations
from project plan, because resource availability increases the
workflow continuity in hybrid projects. In other words, relaxation
of resource constraints in hybrid projects can reduce risk of late
completions and low plan reliability. This is consistent with
findings of Zhao et al. (2010) and Arashpour et al. (2015a,
2015b), and results in advancement of the third proposition of the

paper,

Proposition 3. Completion times in hybrid construction
projects are inflated nonlinearly as a result of resource scarcity.
The increase in completion time is significant when resource
availability levels drop below 50%.
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Fig. 6. Impact of resource availability on completion times in the hybrid project.
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4.4. Combined uncertainty in off-site and on-site operations

In hybrid projects, off-site constructed elements are
transferred to the worksite to be installed. Although off-site
construction of building components in the controlled environ-
ment of a manufacturing plant results in time savings (Pan et
al., 2012), dimensional and specification anomalies can impose
risk of rework and delays on hybrid construction projects
(Arashpour et al., 2015a, 2015b). When an off-site constructed
building element does not comply with on-site requirements, it
is sent back to the production plant to be modified or scrapped.
As a result, the hybrid project is delayed. Off-site activities are
not the only source of uncertainty in hybrid projects as the
interaction of uncertainties in off-site and on-site operations is
always a two-way street. For example, if on-site operations are
running behind schedule and off-site constructed elements are
not installed according to the schedule, a large inventory of
products is created in the manufacturing plant resulting in
congestion at the off-site production side of the hybrid project.

Discrete event simulation (DES) experiments modeled
different what-if scenarios with various combinations of
on-site and off-site workflow variability. Resultant completion
times were recorded against the level of combined variability
(standard deviation of time between activity completions). As
can be seen in Fig. 7, increasing the level of uncertainty in
hybrid projects results in longer completion times and a risk of
deviations from project plans (reduced plan reliability).

As Fig. 7 illustrates, low variability levels in hybrid projects
result in improved workflow continuity and shorter completion
times. Some on-site construction activities such as concreting and
off-site activities such as making window frames with long lead
procurements are prone to high levels of variability, leading
hybrid projects towards deviations from plans and late comple-
tions. It should be noted that to achieve a low variability level,
combined uncertainties in both off-site and on-site activities

1 =—¢—Completion times (days)

ABEE - <Sh i
BRUINS
“""" ‘//'"

5 INGA
N s

Variability level (standard deviation
of time between activity completions)

Fig. 7. Interaction of workflow variability (v) and completion times in hybrid
construction.

should be minimized. High levels of combined uncertainties in
projects result in lengthened durations, triggering the risk of plan
infeasibility. This finding is in line with those of Xu et al. (2012),
Arashpour et al. (2013), (Acebes et al. (2014) and Arashpour
et al. (2016), and leads to the final proposition of this research,

Proposition 4. Risk of late completion and deviations from
project plans decreases by reducing the combined level of
workflow variability (v) in on-site and off-site project activities.

The final proposition indicates that off-site production and
on-site activities are interconnected and thus the uncertainties in
hybrid construction projects should be managed in an integrative
manner.

5. Conclusions

This paper has shed light on dynamics of risk and un-
certainty in hybrid construction projects. It suggests that risk of
late completion in these projects intensifies as a result of
uncertainty combination in off-site and on-site construction.
Project size and work quantities, organization’s risk appetite,
resource availability, and workflow variability are contributors
to the risk of late completion in hybrid construction projects.
This paper contributes to theory by developing four robust
propositions explaining the impact of interacting uncertainty on
project completion time in hybrid construction.

Practical contribution of this research targets project
managers and senior executives. While project managers tend
to analyze and manage on-site and off-site risks separately,
hybrid construction projects may benefit from integrating risk
management practices in the two environments. Senior
executives can ensure sufficient resources are available to
both off-site production and on-site activities, considering the
level of workflow variability. This significantly reduces the risk
of late completions in hybrid construction projects.

Finally, limitations of this research should be noted. Due to
limited access to hybrid project data, four variables were
selected to investigate uncertainty in project completion times.
For greater generalizability of the research conclusions, future
research should use more variables and bigger sample sizes to
analyze the effects of uncertainty in hybrid projects.
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Appendix A. Notation and symbols

o Standard deviation of time between activity
completions

A Availability level for different resources

A-D  Anderson—Darling test for goodness of fit

DES  Discrete Event Simulation

K-S  Kolmogorov—Smirnov test for goodness of fit

PPR Project Plan Reliability

W Work quantities

v Variability level
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