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Abstract

Construction Rework is a common and widespread issue in the construction
industry that has a detrimental impact on the project performance, whether in terms
of schedule delay or cost overrun. Developments in Building Information Modelling
(BIM) have aided in the resolution of coordination issues, which are thought to be
one of the leading sources of rework particularly during the construction stage.
Nevertheless, the majority of research has focused on resolving coordination
issues during the design stage with minimum regard to the coordination issues that
occur during the construction stage. In a BIM environment, the goal of this research
is to propose an interactive framework that forecasts possible regions in the project
that may undergo rework during construction, as well as predict the severity of
rework the project may experience. A two-stage methodology has been adopted
to attain the goal of this research. First, a thorough examination of the literature in
the areas of rework, BIM, coordination issues, and Artificial Neural Networks (ANN)
was performed, followed by interviews and surveys to gather historical data for
previous projects. The data collected was then processed to create a database to
be later used in the ANN prediction model which includes 7 input neurons. Second,
through the integration of BIM and ANN, a model has been constructed based on
the data acquired in the first stage. To show the application of the established
model and test its efficiency, it was applied to a pilot BIM project and a case study
of a real project. The model application generated a user form that displayed the
severity of rework. The severity is presented in terms of chance of occurrence,
estimated project delay, and estimated cost overrun with an accuracy of 29.35%,
0.2% and 22.79% respectively. A 3D highlighted BIM model is also generated as
per each project's element contribution to rework. The suggested framework
should assist decision makers in taking the required actions and focus the
necessary resources to either mitigate or eliminate potential rework, hence

decreasing potential delays and cost overruns.
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1 CHAPTER 1 - INTRODUCTION

1.1 Construction Rework

“Construction Rework” or “Rework” as referred to in the literature is a very common
term in the construction industry. Several definitions have been used to describe
rework. Hwang et.al (2019), defined rework as the unnecessary work performed

due to several factors including:

1) Nonconformance with required quality,
2) Change orders by project stakeholders and

3) Omissions or errors by stakeholders.

Rework has a significant impact on the performance of the project whether direct
or indirect as it contributes highly to cost and time overruns. On average, rework
costs contribute to about 5-25% of the contract value and rework to around 50%
of time overruns. However, the time overrun could be solved through accelerating
the project and allocating extra resources, which may add to the cost of the project
as well (Hwang et.al, 2019). Further studies were performed concluding that the
cost of rework for industrial, residential and commercial buildings range from 2%

to 6% from the contract value (Fayek et.al, 2004).

The causes of rework could be contributed to many factors; in the construction
industry, rework is linked to terms like failure, error, defect, nonconformance and
deviation (Forcada et.al, 2017). A study conducted by Hwang et.al (2019) found
that 50% of total rework and total rework costs could be contributed to design
errors, changes and omissions. The complexity of the design and the scale of the

project are linked to the magnitude of rework as well.
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Fayek et.al (2004), concluded that engineering and reviews has the highest
percentage in both frequency of occurrence of rework and the monetary value with
55% and 62% respectively as demonstrated in Figure 1-1. Coordination problems
are included in the engineering and reviews category where lack of coordination
has a probability of occurrence of 14% and an impact in terms of monetary value
of 20%.

Human Resource Leadership &
Capability Engineering & Communications
18.28% Reviews Construction 0.45%
56.41% Planning &

Scheduling Equipment Supply
261% 14.81%

Human Resource
Capability
Const. Planning g & 20.49%
Scheduling Engineering &

247%

Material & Equipment Material &

Supply
23.46%

Leadership & Communications

0.38%

Reviews

Sample size: 125 (includes EPC contracts,
61.65%

and back-chargeable rework items)

Figure 1-1: Field Rework Cause Classification (Fayek et.al, 2004)

1.2 Clash Detection and BIM

Clashes and coordination problems are a major contribution to rework on
construction sites as established by Fayek et.al (2004). The clashes are either soft
clashes i.e. needing the same clearing space, hard clashes i.e. occupying the
same physical space or time clashes related to schedule of performance of the
activities. The process of clash detection has been the focus of many studies for
decades; however, the stage where the process takes place seems to change as
studies evolve. The more recent research tend to perform clash detection at early
stages of the project to be more proactive rather than reactive (Akponeware &
Adamu, 2017). In attempts to solve the coordination problems, Building Information
Modelling (BIM) has been utilized by many researchers to enhance the project’s
performance. BIM is a data platform that enhances the digital representation of the
project presenting all its important features. It enhances coordination between
trades, supports decision makers and improves productivity which could possibly

reduce rework. (Hwang et.al, 2019).
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The previous studies that utilized BIM throughout the project’s lifecycle
experienced several benefits including reduction in variation orders and design
errors. This is due to the power of BIM in communicating design information to the
workers on site in an efficient manner hence, reducing construction errors as well.
(Hwang et.al, 2019). Zaki and Khalil (2015) investigated the integration of BIM with
other technologies as augmented reality in attempts to resolve the coordination

problems and enhance the mechanism of clash detection.

1.3 Artificial Neural Networks

Artificial Intelligence and specifically Artificial Neural Networks (ANN) made its
way into the construction industry due to the unprecedented volume of data
presented. ANN is defined as a nonlinear regression model depicting the behavior
of historical data and accordingly predict an output. These data could be used to
enhance project’s performance and forecast what could happen based on training
the ANN models to depict certain patterns and relationships. The utilization of ANN
models in the construction industry has its pros and cons as demonstrated in Table

1-1. (Liu et.al, 2021)
Table 1-1: Pros and Cons of ANN (Liu et al., 2021)

Feature Pros Cons

e  Flexible setting of hidden layer .

structure for specific

The complexity of the model may
lead to over-fitting or

Topology requirements [21]. under fitting [27].

* M,ultlp le target output setting No specific rules and guidelines
without significantly increasing for network design [28]
the difficulty [19]. gn 120l

° Complex regression problems or Local optimum and low learning
classification tasks [24]. rate [18].

. . . Poor performance of

* Nonlinear and multi-variable extrapolation beyond the data

problems [23]. range [19]
Ability & :

Problems with uncertain or
limited experience [21].

Unclear relationship between
variables [18].

Difficulty in explaining the
reasons for the decision [26].
Challenges in determining
weight and other important
parameters [26].
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ANN has proved its reliability and efficiency in many areas in the construction
industry including cost forecasting, decision making, optimization, dispute
resolution and risk assessment. (Trach et.al, 2021). Nonetheless, there are limited
studies in investigating ANN models to tackle the rework problem. A recent study
in the field of rework was conducted by Trach et al. (2021) in exploring the effect
of communication factors on rework. This leaves the major causes that contribute

to rework including design errors and coordination problems.

1.4 Problem Statement

Even though BIM is utilized in the construction for coordination problems and clash
detection, the utilization focuses only on the design stage with minimal regard for
the coordination problems that could arise during the construction stage. These
problems could be attributed to having two trades working within the same area or
having more than one subcontractor working within the same space. Hence,
coordination is an issue during the construction phase. This highlights the gap in
the literature, as the coordination problems during the construction phase are very
frequent due to the unpredictable nature of the site. Hence, coordination problems
between different trades could easily arise causing rework and hence time and

cost overrun.

1.5 Research Objective

The primary aim of this research is to develop an interactive framework that
highlights potential areas that may experience rework and accordingly focus
resources on these areas. The framework shall aid decision makers in taking the
necessary actions in either mitigating or avoiding the possible rework and
accordingly reducing possible delays and cost overruns. The sub-objectives of the

research are:

1. Predict the severity of rework based at early stages of the project based on

the 3D coordinated BIM Model
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2. Locate the elements in the project that contribute to rework whether the

element is of high, medium or low contribution.

1.6 Scope of Work

The scope of work in the research is limited to application on projects with specific
delivery methods. BOT (Build Operate Transfer) projects for instance are not
included in the application of this research due to lack of survey responses
covering that type of delivery methods. Additionally, combination of delivery
methods is not included even though, a construction project could have two
delivery methods combined together. The list of project key factors included in this

research is demonstrated in Table 1-2.

Table 1-2: Scope of Work

Project Type Project Contract Type Project Delivery Method
Commercial Remeasured Traditional
Residential Lumpsum Design - Build

Infrastructure Cost Plus Joint Venture

Industrial Integrated Project Delivery

1.7 Research Methodology

In attempt to achieve the objectives of this research, the research methodology

was divided into three main stages:
First Stage: Knowledge Acquisition and Analysis

1. Reviewing the literature in areas of rework reduction, practices for clash
detection, advances of BIM in the industry in aforementioned areas. In
addition to, the advances of artificial neural network models as prediction

tools in the construction industry.
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2. Gaining information about the reasons and project key factors contributing
to rework in the construction industry in Egypt along with ways to reduce
work through interviews with experts.

3. Studying the effect of project’s key factors combined with certain incidents
on the project’s performance in terms of rework through surveys distributed

among professionals in the industry.
Second Stage: Model Development

The model as developed based on the information collected in the first stage

through the integration between BIM and artificial neural networks (ANN).

1. Determining and collecting all the input required for the model development
stage.

2. Developing the algorithms required for the integration between BIM and
ANN using macros in Autodesk Revit ® software and C# as the

programming language and Excel to build the ANN prediction model.
Third Stage: Model Validation

Validation of the model developed and using an actual case study to compare the

outputs, and accordingly highlight the efficiency of the developed model.

1.8 Thesis Organization

This dissertation is divided into 6 chapters; the contents of each chapter are

summarized in this section:

Chapter 1 — Introduction: provides a general introduction on rework and its causes
with a focus on clashes between different trades. Afterwards, an introduction to
Building Information Models and Artificial neural networks. Followed by the
problem statement, research objectives, scope of work, research methodology and

thesis organization.
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Chapter 2 — Literature Review: provides a comprehensive review of literature in

the following areas:

e Rework; its causes and practices for its reduction.

e Practices for clash detection.

e Advances of BIM in the construction industry, rework reduction and clash
detection.

e Development of ANN prediction models in the construction industry.
Finally, the conclusions from the literature review highlighting the literature gap.

Chapter 3 — Framework Development and Data Collection: addresses the general
framework development then covers data collection phase followed by the data

processing.

Chapter 4 — Model Development and Design: discusses the model developed with
its different modules; (1) inputs module, (2) processing algorithms module and, (3)
outputs module through the demonstration of the features of the newly developed
algorithms within each module that serve the purpose of the objectives of the

research.

Chapter 5 — Case Study and Validation: validates the outcomes of the newly
developed model through testing it on an actual case study and comparing the

results between the model developed and the actual results.

Chapter 6 — Conclusions and Recommendations: summarizes and concludes the
research and provides recommendations for future development and research in

the area of rework reduction during the construction stage.
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2 CHAPTER 2 - LITERATURE REVIEW

2.1 Rework Reduction

This section aims to explore the impact and causes of rework in the construction
industry, along with ways to minimize rework and to enhance the project’s

performance.

As mentioned in the introduction section, rework is defined as the unnecessary
effort wasted in redoing an activity already performed incorrectly the first time. It
has a major influence on the performance of the project whether time or cost. It
has been reported that cost of rework may contribute up to 25% of the project’s
contract value. Despite its impact, it remains a prevalent problem in construction

projects (Love et al., 2016).

A pilot study by Fayek et al. (2004) was conducted aiming to classify rework,
identify and quantify the causes of rework. The research proposed a rework index
(CFRI) to quantify the magnitude of rework. Causes of field rework was then

categorized in to five general causes as shown in Figure 2-1.
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Figure 2-1: Causes of rework (Fayek et al. 2004)
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Fayek et al. (2004) proposed implementing a tracking system for rework to record
actual cost and hours for each field rework incident and that its effectiveness could
be maximized if it is implemented at the start of construction activities. The
research added that the methodology introduced in the research paper can be
modified and implemented at the engineering phase of the project which may
enhance the results. The methodology could also be used to collect a database
where construction projects could develop a practice for minimizing or even

preventing construction rework.

Another approach was presented by Love et al. (2016) for rework reduction, where
a change process was proposed to create an error management culture that
involves sharing experience and communicating errors. This change process
focused on changing the behavior and provide motivation for team members.
Engagement of team members in the change process provided them with
confidence and belief that change in their behavior will have a significant impact
on rework. Through the change process an action plan for rework was developed
along with a lesson learned system that allows contractors to be involved in
initiating ways for rework prevention. Figure 2-2 summarizes the actions

considered in the research as an attempt to prevent rework.
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Key Rework Preventative Action
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Figure 2-2: Rework Prevention Actions (Love et al., 2016)

Accordingly, the change process proposed by Love et al. (2016), allowed
cooperative learning which caused significant reduction in rework and incidents
and it has been tested in a case study presented in the research paper and proved

its effectiveness in rework reduction.

A study in Singapore was performed by Hwang et al. (2019) trying to reduce rework
as well through the utilization of BIM to enhance coordination. They started by
examining the effect of BIM on the status of rework in the construction industry,
quantifying the magnitude of rework and how the project type affects it and
accordingly develop strategies to reduce rework in construction projects. The study
revealed eight sources for rework which are error in design, change order by
owner, change in design, error by contractor, change order by contractor, error by
vendor, change order by vendor and transportation error. The study also proved
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the effectiveness of BIM in reducing rework and enhancing project’s performance
in terms of cost and time. BIM implementation has been on tested on three types
of projects industrial, building and infrastructure. It proved its usefulness in
reducing the impact of rework in terms of cost and time in building projects and
cost only in industrial projects. At the end of the study several strategies were

proposed to utilize BIM to reduce rework and the top four strategies were:

e Utilizing BIM throughout the entire design and construction phase
e Design reviews to reduce possible errors
e Tracking system for rework

e Develop new processes for work that allow better utilization of BIM

Al-Janabi et al. (2020) aimed to identify the root causes of rework in the Egyptian
construction industry since it is the primary cause of project delays and cost
overruns. First, a detailed literature review has been completed to identify the
common causes of rework and accordingly 87 factors were identified and the
categorized into 10 groups. Following that experts in the Egyptian construction
industry have been interviewed to rank the factors identified in the literature review
based on a calculated frequency index, severity index, importance index of time
impact, importance index of cost impact and accordingly a calculated total

importance index. Figure 2-3 illustrates the framework adopted.

25



Literature review

A literature investigation was carried out to identify factors that cause the rework
and its impact in the construction industry

Rework Factors selection
« The field interviews with experts were carried out as pre-analysis to modified and
removed the similarity of rework factors
« The factors of rework were categorized into ten groups-related distinct

Questionnaire survey

The questionnaire survey was conducted to assess the factors causing the rework and
its impact on the cost and time of the project, by using a scale ranging from 1-5

Analysis and results

Some of the statistical methods and indicators have been used to analyse the survey
responses of the participants, and rank the factors by using the Total Importance
Index of Rework Impact (T.LLR.I %)

Comparison with other studies

Comparing the results of this study with other countries’ results to identify the
frequent rework causes and to recommend corrective actions or mitigation plans to

minimise the rework for future projects
. /

Figure 2-3: The research method (Al-Janabi et al.s, 2020)

Based on the above framework, the 5 most contributing factors to rework in the
Egyptian construction industry are the economic situation of the country, schedule
compression, design changes, specifications change and inadequate feasibility
study. Finally, a list of recommendations has been proposed in order to enhance
projects’ performance in Egypt through reducing the effect of rework. The list is as

follows:

e Preparing a risk management plan

e Enhance communication between different stakeholders to minimize
conflict

¢ Clients to prepare proper feasibility studies and financial plans to meet their

contractual obligations on time.
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e Perform early site investigations to avoid future problems

e Establish a quality control system

A recent research in the rework area has been performed by Garg and Misra
(2021) where they focused their research towards the contribution of the different
reinforced concrete elements of the project under construction to rework and rank
them according to their effect since there is minimum research in that area. The

methodology used in the paper can be summarized in the Figure 2-4.
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Figure 2-4: Methodology of the Study (Garg & Misra, 2021)
The analysis of the data performed was according to responses from experts in
the industry and statistical calculations performed to obtain the relative importance

index. Accordingly, 5 main components were identified that are most likely to

experience rework which are as follows:
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e Beams & Slabs
e Columns

e Footings

e Staircases

e RCC Walls

Furthermore, the construction process of each element contained four primary
activities which are concrete pouring, reinforcement, formwork and scaffolding.
The correlation between each element and the activities has been studied as well
in order to highlight the highest contributing factor to rework for each element. For
instance, in columns, the most critical activity that has the highest probability of
rework is concrete pouring whilst for slabs and beams rework is most likely to
happen in all the activities except for concrete pouring the highest contributing
activity is the reinforcement. A combined analysis was performed as well to take
into consideration all the activities and consequently identified beams and slabs to

be the most critical and footings to be the least critical with respect to rework.

28



2.2 Practices for Clash Detection in Construction Projects

This section aims to examine the techniques used for clash detection and

coordination in construction problems.

As mentioned in the previous section, rework has a huge impact on the project’s
performance and one of the main causes of rework is the presence of clashes
which is normal given to the nature of the construction industry. Therefore, it is
important to try to detect those clashes as early as possibly in order to minimize

rework and enhance projects’ performance.

According to Jacobsson & Merschbrock (2018), the clash detection process can
be divided into:

e Stage 1: Integration and verification of model
e Stage 2: Identification of clashes
e Stage 3: Generation of solution

e Stage 4: Revision of Model

The clashes identified are either hard, soft or time clashes. For the hard clashes,
they are clashes caused by elements occupying the same physical space, for
instance when a beam and a vent pipe clash. As for soft clashes, they are the
clashes caused by 2 or more elements that require the same clearance space for
example when a pillar passes through a door opening. For the time clashes, they
are the clashes related to the sequence of the activities performed. Once the
clashes are identified they are assessed according to the type of the clash as each

type activate a need for a different solution or response.

Lee and Kim (2014) have explored the principal of clash detection through studying
two coordination strategies. In their study, sequential coordination strategy and
parallel coordination strategy are examined in terms of MEP coordination
productivity and information sharing among project members. The project tested
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is the headquarter office for a pharmaceutical company. For both systems a BIM
model was developed what differs is when coordination is performed. For the
sequential process BIM models were prepared then they are coordinated step by

step in a sequential manner according to three principles:

e Qutside to inside
e Large to small
e Hard to soft

For the sequential cascading coordination process, the BIM models were
developed and coordinated in a sequential order whether outside to inside, large
to small or hard to soft. As for the parallel coordination process, the BIM models
were developed in parallel and then coordinated after all models were prepared.
The two processes were analyzed and the results in terms of coordination
productivity showed that the parallel process is three times slower than the
sequential process. In addition to parallel process being slower, it also requires
subcontractors to develop their models at early stages while not having sufficient
data resulting in clashes and errors which may result in schedule delay. Therefore,
the study highlighted the efficiency of the sequential strategy with the assist of BIM

in coordination as presented by Table 2-1.

Table 2-1: Productivity of Parallel Coordination vs Sequential Cascading Coordination (Lee & Kim, 2014)

Parallel coordination (A) Sequential cascading coordination (B) A/B
Modeling and coordination time 244 days 36 days 6.8
Coordinated floor area 7371 m? (79,336 ft%) 3884 m? (41,807 ft?) 19
Coordination productivity 331 days/100 m? 093 days/100 m? 36

Zaki and Khalil (2015) focused on clash detection from the aspect of modelling
through utilizing the AR technology along with BIM to generate clash free models
and to superimpose 3D models off 2D drawings based QR-Code system. The

process starts by generating the BIM model while all the different trades are
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