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ABSTRACT

Quality deviation and construction defects are perennial issues in the creation of the
built environment. Residential buildings in particular tend to be vulnerable to poor
design and construction leading to project failure, with state-of-the-art techniques of
quality control (QC) rarely implemented; there is an absence of sophisticated task
analysis in construction able to break down packages of work into manageable tasks
and sub-tasks. Notwithstanding the publication of sub-task requirements (STRs) in
building codes, there is a lack of literature concerning task and sub-task sensitivity
and susceptibility to deviation. In-depth task analysis to date appears to have been
overwhelmed by volumes of construction research effort that have largely focused on
after-the-fact defect and quality issues. This study sought to bridge the knowledge
gap by predictive modeling of the interaction between deviation and cause, through
applying a task-based analysis of deviation. This study assessed the nature of
requirements of sub-tasks and the interaction between these requirements and direct
causes of deviation in the residential construction sector; development of an
approach to determine patterns of quality deviation and defect occurrence in
construction was undertaken using a novel quality deviation classification system to
model and simulate interactions between deviations of STRs and the direct causes of

deviation from quality norms.

This study: identified the factors relevant to quality deviation (87 factors were tested
for content validity by a panel of experts and a final number of 65 were examined);
measured susceptibility to deviation (the susceptibility of sub-task requirements to
quality-norm deviation was found to vary with complexity and code compliance
when statistical process control measured quality practices for 17 STRs respectively
across 27 separate construction sites); classified STRs (the frequency of occurrence
for six classes was determined); ranked sensitivity to defect from one STR across all
STRs (association between degree of deviation and STR established sensitivity to
‘defective-work’); and, applied a Bayesian belief network-BBN (quantification

identified unique causation patterns of quality deviation for each STR).

v



This study found that: the variation in sensitivity to quality deviation STR-to-STR
should be considered during the design and execution phases of construction;
inspection effort cannot be exerted equally across STRs and should be designed and
distributed based on the sensitivity of the relevant STRs to deviation; no specific
benefit is to be gained from conducting uniform inspection procedures, that is,
applying the same inspection effort, across all STRs is of no benefit. The study found
that the patterns of direct causes of deviation from quality norms are unique for each

STR, and that causation patterns cannot be generalised.

The work conducted provides quality managers with a new visualization tool to
clarify the STR-specific cause of quality deviation pathways when creating the built

environment.
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CHAPTER 1: Introduction

1.1 Background of the Study

Construction, the preparing for and formation of buildings and other structures, is an
essential sector of every economy (Hillebrandt, 2000; Su, Lin & Wang, 2003). The
construction sector has a significant impact on quality of life, due to its positive
effect on other areas vital to the overall economy (Su et al., 2003; Forbes & Ahmed,
2011). There are a number of unique aspects of the construction sector, which
differentiate it from other commercial sectors and reflect its importance. Firstly, it is
a sector vital for growth. It is a sector closely associated with socio-economic
development through its provision of residential, commercial, and industrial spaces

(Ofori, 2012).

Another aspect of the construction sector of interest is its size. Construction as an
industry is one of the largest product-based activities in the world (Loushine et al.,
2006). One can also appreciate the size of the construction sector through reflecting
on its direct contribution to gross domestic product (GDP) (Forbes & Ahmed, 2011;
Lopes, 2012). Investors typically target the construction sector (The Construction
Industry Development Board [CIDB], 2004), and as a labour-intensive industry, it is
an important source of employment and wealth distribution mechanism for society

(Lopes, 2012).

However, problems exist. Quality deviation and construction defects are a perennial
issue for the sector. Residential buildings in particular tend to be vulnerable to poor
design and construction efforts leading to project failure. Quality management
interventions are applied in construction projects, however, state-of-the-art methods
and techniques appear to be rarely implemented according to researchers (Jaafari,
1996; Irani & Holt, 2000; Pheng & Teo, 2003; Haupt et al., 2004; Turk, 2006). Post-
production quality assurance appears to be an example of poorly developed or
superficial quality management according to Jaafari (1996). Quality interventions are

reported to be hindered by financial, practical, and perception constraints (Jaafari,



1996; Chileshe, 1996; Bubshait & Al-Atiq, 1999; Love, Mandal & Li, 1999; Love,
Li, Irani & Holt, 2000; Pheng & Teo, 2003; Haupt et al., 2004; Turk, 2006).

Quality control (‘QC’) typically involves process and product inspection with the
goal to identify deviation from requirements (Kakitahi et al., 2011). QC is an
important quality intervention however its implementation in the construction sector
is also hindered by financial, practical, and perception constraints. The Building
Research Establishment in the United Kingdom found that persons responsible for
QC lacked motivation to conduct QC appropriately and in good faith. The
Establishment found that insufficient time allocation tended to underpin a lack of
bona fides and ultimately led to the continuation of sub-optimal and dangerous

practices on site (Love & Edwards, 2004b).

Quality deviation and manifest defects in construction projects cause time and cost
overruns. Wastage, rework, legal liability including claims on warranties, and
adverse implications for client satisfaction and company good will are related
consequences of poor design and construction (Fox, Marsh & Cockerham, 2003).
From the point of view of the principal contractor, quality deviation and manifest
defects increase the cost of completion and decrease the value of the project.
Manifest defects have been found to increase the cost of completing projects by
between 2 and 20% (Burati et al., 1992; Jafari & Love, 2013; Josephson &
Hammarlund, 1999; Love & Li, 2000).

The relative increase in project completion costs is more acute in the residential
sector (Love & Li, 2000). Conflict arises rapidly in the residential sector when
defects result in budget and schedule deviation constituting breaches of contract and
causing expectation and reputation related issues (Love & Edwards, 2004a;
Palaneeswaran, 2006; Almusharraf & Whyte, 2012; Whyte, 2014). The occurrence
of manifest defects and rework typically suggests to clients that the contractor may
be unreliable and/or unprofessional and often causes further inquiry into the overall

quality of the work (Eden et al., 2000; Palaneeswaran, 2006).

One intervention which saves time and costs in the residential and the industrial

construction sectors is the early discovery of a need for rework. In most cases, the



earlier quality deviations and manifest defects are identified, the lower the relative
cost of addressing the defects will be (Cooper, 1993; Eden et al., 2000). Rework in
the planning stages of project delivery is easier to accommodate than rework
required during the construction phases (Love & Edwards, 2004a). Similarly, defects
identified after the construction phases and during client handover, are likely to
involve more complicated rework and expose the contractor to more substantial
financial consequences (Forcada, Macarulla & Love, 2012). Rework risk can
typically be mitigated through contract, project, quality and value management

interventions (Palaneeswaran, 2006).

One approach to minimise quality deviation and defect occurrence in the
construction sector is meaningful consideration of the nature of tasks relevant to the
project (Tah & Carr, 2000; Love et al., 2009; Priemus and Ale, 2010; Lopez et al.,
2010). A task is “a piece of work that has been given to someone” or “a job for
someone to do” (Merriam Webster, 2012). Successful project delivery requires that
the contractor is able to plan, coordinate, and execute, essential tasks. The concept of
a “task” has taken on substantial theoretical significance in light of the increasing

importance of goal setting with respect to construction project delivery (Campbell,

1988).

Notwithstanding this, task analysis is often absent in such projects. Organisations
often fail to appropriately break down packages of work into smaller manageable
tasks and sub-tasks. Such decomposition is not a difficult process, however, it is
time-consuming (Love et al., 2009). In other projects, there can be disagreement as
to the nature of each task (Liu & Li, 2012; Wood, 1986). Priemus and Ale (2010)
argue that misunderstanding of the nature of tasks is a source of construction defect,
which can occur at any stage of the project’s lifespan. Moreover, there is lack of
literature concerning the sensitivity and susceptibility of tasks. To date, construction
research typically focuses on after-the-fact defect and quality issues at the expense of
any in-depth task analysis (Tah & Carr, 2000; Mills, Love & Williams, 2009;
Forcada et al., 2012).



This study investigates defects from the view of the nature of requirements of sub-
tasks and the interaction between these requirements and direct causes (e.g., worker-

related underperformance) of quality deviation in the residential construction sector.

1.2 Statement of the Problem and Gap of Knowledge

Quality deviation resulting from non-compliance with project specifications and
building codes and resultant onsite defects in as-built components, lead to rework,
budget and schedule overruns, and cause life-cycle maintenance concerns (Ahzahar
et al.,, 2011; Love et al., 2013). Rework of failing building elements arises largely
from deviations from quality procedures (Lopez et al., 2010; Vlassis et al., 2007).
For instance, the violation of steel cross-sectional areas (Ag) of longitudinal
reinforcement for compression members by exceeding minimum requirements
causes a deficiency in functionality and proneness to building collapse (American

Concrete Institute, 2008: ACI 318, Section 10.9.1).

Defects, departures from established requirements, so severe that rectification is
mandatory, have become “an [unfortunate but] accepted part of the building process”
(Burati & Farrington, 1987; Georgiou, 2010; Mills et al., 2009). Deviations of such
severity as to require corrective action add substantial costs to construction. More
alarmingly, even minor defects can have catastrophic consequences including sudden
collapse and fatalities (Daniel et al., 2014). Waste from quality deviation, as a
percentage of a building projects’ value, is argued to range from 5 to 20% (Jafari &
Love, 2013). Burati et al. (1992) found that quality deviations resulted in a 12.4%
loss in project value. Similarly, Josephson and Hammarlund (1999) showed that 2%-
6% of contract values are wasted in residential building work from rectification of
on-site non-conformances. Indeed beyond budget shortfalls, quality deviation
reduces work satisfaction levels of project participants, creates conflict and dispute

between stakeholders, and reduces confidence in the built asset.

Defect classification has been seen a necessary step towards improving quality in the
construction section (Davies et al., 1989; Mills et al., 2009). Researchers have
advocated numerous approaches with some focusing on the construction element

itself where the defect occurs, such as within the floors, ceilings, or roofs (Georgiou,



2010; Forcada et al.,, 2013). Others have used the location of the defects as a
descriptor, such as in the kitchen, bedroom, or garage (Forcada et al. 2013). Another
approach has been to classify the defect based on its type, such as leaking roofs,
cracking, or footings (Georgiou, 2010; Mills et al., 2009), or the type of building in
which it occurs, such as residential, commercial, or industrial (Mills et al., 2009).
Defect classification to date has provided some illumination on the nature of their
occurrence. However, the pre-existing classification literature arguably suffers from
limited generalisability due to fact any relationship between defects and formal

industry benchmarks such as building code regulations, have been neglected.

Davis et al. (1989) advocated an approach to quality which focused on measurement
and “conformance to requirements”. The authors argued that deviation could be best
managed through measurement. As part of the authors' proposed “anatomy of
deviation,” they argued that managers needed to identify the “specific tasks [which]
were involved in the deviation.” The team concluded that an objective basis was
required for measuring quality. The authors stopped short of empirically examining
the specific nature of tasks and the tasks' sensitivity to deviation. The majority of
defect investigations since Davis et al. have failed to incorporate an objective
benchmark from which deviation could be better understood. Tang et al. (2004)
studied deviations related to tasks involved with placing typical floors. The study
however was limited to a focus on costs of non-conformance as opposed to

investigating frequency and severity of prescribed requirement non-conformance.

This study aims to bridge the gap of identifying the “specific tasks [which] were
involved in the deviation” as described by Davis et al. (1989) through proposing and
testing the sensitivity and the application of an anatomical classification approach to
defect management. The study applies a hierarchical-decomposition approach
(Figure 1.1) decomposing packages of work (e.g., 1st floor structure), into
components (e.g., columns), into tasks (e.g., rebar), into sub-tasks (e.g., longitudinal
bars), and then considering sub-task requirements ('STR') as prescribed by building
codes (e.g., steel cross-section A : 001A, > Ay < 0.08A,).



The study (shall in the chapters that follow describe in detail how it) uses data
gathered from 17 sub-tasks and their respective building code requirements. The
study, after completing the analysis of quality deviation of STRs, applies a Bayesian
Belief Network (BBN) to create an interaction network between quality output
(perfect-work, acceptable-work and defective-work) and direct causes (as shown in
Figure 1.1 and re-described also in Fig 7.11 and Chapter 7) ultimately identified

from the literature (with 65 factors reviewed subsequently).
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Figure 1.1 Hierarchical decomposition approaches for project tasks



1.3 Research Aim and Objectives

1.3.1 Study’s Aim

The main objective of this study is to develop an approach to determine patterns of

the quality deviations and defect occurrence in the construction industry using a

novel quality deviation classification system and novel model to simulate interaction

between deviations of STR and direct causes, these being task resource and task

surroundings conditions.

1.3.2 Objectives

Six objectives have been proposed to achieve the main aim of this study as the

following:

1.

Identify the factors relevant to quality deviation and defect occurrence in the
construction industry from literature review (Chapter 2).

Measure the susceptibility of individual STRs to quality deviations to
determine if isolated STRs exhibit different deviation patterns (Chapter 5).
To address this objective, the researcher identified design specifications for
specific sub-tasks from requirements from building codes (e.g. SBC and ACI)
and project documentation (e.g. drawings, specifications, bill of quantity,
etc.), and used these parameters to set targeted measurements and range of
tolerance and maximum/minimum boundaries for each specific sub-task.
These points then used to measure deviation degree.

Classify each STR into one of six novel classes as a means to better
understand patterns of deviation occurrence (Chapter 6). To address this
objective, an anatomical analysis for each isolated STR is conducted to
present performance for each STR. The frequency of occurrence for each of
the six classes is determined and used to assist and better understand patterns
of deviation occurrence; identification of deviation source as either design
phase or execution phase through classifying the degree of sub-task deviation

against design specifications and building code requirements.



4. Measure and rank the sensitivity towards each class from one STR across all
STRs; to determine accurately the level of the variation and sensitivity
between the STRs (Chapter 6).

5. To develop and test a novel BBN-based model capable of simulating realistic
interaction of quality deviation with its causes at the STR level (Chapter 7
and 8).

6. Provide recommendations with respect to the nature of STRs in concrete
structural construction and model quality deviation and defects (Chapter 8

and 9).

1.4 Scope of the Research

There is already a large body of literature available on deviation and defects in
construction projects due to inappropriate quality practices that focus on the type of
defect (e.g., cracks, functionality, entrapped water, floor moisture) (Ilozor et al.,
2004). It is argued that studies to date have neglected the role of the nature of tasks.
There has been an absence of investigating the susceptibility of different tasks to
deviation. Specifically there have been very few studies in the field interested in the
relationship between satisfaction of requirements of building codes (e.g., the
acceptable ratio of cross-sectional area of rebar steel Ag: 0.01> Ay <0.08) and defect
occurrence. The scope of this research is the sub-task requirement as a unit of
analysis. The approach represents preciseness compared to other studies in the field.
The unit of analysis was chosen to attempt to show relationships between quality
deviation, defects, the nature of tasks involved in construction and causes that

leading to deviations and defects in each STR.

At the level of concrete structure members, the study focuses on the STRs of sub-
tasks related to column construction. Column construction was chosen as a focus as
columns are important as the compression members of construction concrete
structures. Furthermore, as implementing the sub-tasks of columns tends to be rapid,
data collection from a range of cases is therefore convenient. Finally, the sub-tasks
related to columns are accessible and each construction structure has a number of

different columns within the design which enables the comparison of variations. The



investigation focused on multiple on-site cases studies, targeting 17 STRs related to

column construction.

In relation to geographical area, the scope of the study is limited to residential project
locations in Saudi Arabia. Two building code requirements (Saudi Building Code
SBC-305A & B and American Concrete Institute Code ACI-318A & ACI-117) often
adopted in Saudi Arabia are used. Saudi Arabia has been chosen to apply the

multiple cases studies in order to achieve the research objectives.

1.5 Significance of the Study and Research Contributions

Even though a large body of research has sought to investigate different aspects of
construction quality control practices (Robinson-Fayek et al., 2004), there have been
few, if any, studies that have focused on the nature of relevant tasks in the
construction process, their specifications and/or their requirements. Love et al
(2009) argued that although deconstructing the package of work or specific activity
into smaller manageable tasks or sub-tasks is not a difficult process, organisations
find it time-consuming procedure. The implication is a need for exploring the nature
of relevant tasks in construction processes. The present study attempts to address the

need, by examining the sensitivity of STRs to deviation.

Overcoming issues arising from quality deviation and defects in construction, in
particular those arising from STRs, depends on identifying significant causes. By
investigating which STRs previously experienced high variations in quality, analysts
will develop a better understanding of patterns inherent to each STR. Such an
appreciation of a STR's sensitivity to deviation will help to develop more proactive
means of quality management. Those STRs most susceptible to deviation can be

prioritized for control.

There are very few studies concerned with the measurement of quality deviation
against building code requirements at the sub-task level. This study applies a
capability process index (CPI), a rigorous Statistical Control Process (SPC) tool and

popular in manufacturing, as a benchmark. The SPC tool is used in manufacturing



and construction and aims to reflect the extent quality practices are consistent across
two industries. The tool also serves to give insight on quality practice in construction
projects in Saudi Arabia. The study also will provide considerable generalizations of
the quality practices in Saudi Arabia and make recommendations for the future of

quality control and construction inspection.

Another contribution is the classification of relevant construction-based tasks into
micro-level manageable STRs. By focusing on the STR level, it is possible to
develop an understanding of the respective deviation patterns for all STRs. The
advantage is being able to use knowledge of STR deviation patterns to determine
more appropriate allocation of inspection resources to avoid deviation occurrence at
the earliest instance. The study provides a six-class classification system, which
provides a platform for researchers to model future investigations into accurate

defect analysis.

The study also provides a dynamic model for the prediction of direct causes of
deviation related to STRs. The model uses a BBN approach to assess relationships
between STRs and quality deviation. The study also provides analytical
generalizations with respect to the model proposed based on the BBN and
recommendations concerning the proposed model and causes of quality deviation in
Saudi Arabia. These recommendations are aimed at improving QC processes and
inspection performance through permitting the use of deviation pattern information

for each STR.

The study also enables the visualization of causation paths of quality deviation.
Analysts using QC software based on the development of a wide database of STRs
relevant to building construction could use visualization of causation as an inspection
tool. Added value could arise from further research simulating STR deviation
patterns and the development of an augmented reality platform. Solutions to aid the
prevention of quality deviation and construction defects could be developed based on

the history of each STR.
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1.6 Research Approach and Design

A multiple-case design is applied. Seventeen (n=17) separate case studies (at 27
construction projects) were analysed. The research instrument's purpose and format
were developed. The precise direct measurements that would be conducted were
ascertained, and observation checklists and schedules, and document analysis
techniques (i.e., drawings, specifications, and bill of quantities) were developed. An
interview structure for project supervisors (project or quality manager) and labour
was developed. Once instruments and processes were determined, data collection

commenced.

A number of inferential statistical procedures were applied. The first, as mentioned,
was a CPI analysis. The analysis sought to determine the capability of a process C,
and Cy, a statistical index referring to process performance based on pre-set specific
requirements. Susceptibility of each STR to exposure to quality deviation was
identified and SPC amounts C, and Cy were employed to measure quality practices
(as described in Chapter 5). The Chi-Square (x%) test of contingencies was another
inferential statistical procedure conducted. Chi-Square (y°) analysis is used to
investigate association between two or more categorical variables. In this research,
Chi-Square (yx°) analysis was used to determine association between degree of

deviation and the STR (as described in Chapter 6).

Odds ratio analysis was also used in this study (also described in Chapter 6). Odds
ratio analysis is a flexible and robust statistical parameter of how strongly are two
variables related. It quantifies variable relationship strength or effect size. It is also
used to evaluate ratio between odds of an outcome occurring against the odds of it
not occurring. In this research, odds ratio analysis was used to rank the sensitivity

degree of all STRs.

Finally, a Bayesian-belief-network BBN approach was used to quantify the most
significant causes through observing and predicting of interaction between deviation
level in terms of quality practices for each STR (five STRs have been examined:
STR.1, STR.5, STR.13, STR.15 and STR.16) and which kind of causes that related
to the deviation for each STR (as described in Chapter 7 and 8).

11



1.7 Structure of Thesis

The thesis consists of nine chapters. Chapter 1 introduces the study through
providing a background and statement of the research problem. The chapter outlines
the primary aim of the research as well as its six objectives. The scope and
significance are explained, and an overview to the research approach, design, and

structure are provided.

Chapter 2 provides a topic-by-topic review of the construction literature related to
quality practices. The review in particular focuses on research and commentary
concerning quality deviation and construction defects, and especially in relation to
concrete structure requirements. A review of causes of deviation and existing models
of quality deviation is provided. The chapter aims to identify issues yet to be
adequately explored, and to isolate the most important variables to the research

problem.

Chapter 3 presents the method of the study. The chapter starts by providing the
conceptual framework of the research and the philosophical assumptions applied to
the development of the framework. The chapter also provides the research design
and elaborates on the justification for the selection of a multiple-case approach
involving 17 cases (at 27 construction projects). The development of the data
collection instrument is described including the role of documentation, structured
interviews, observation, and direct measurement processes. The processes for
attesting the instrument's content validity are also outlined. The rationale for, and
application of, data analysis techniques applied in the study are discussed in the
chapter. Finally, the chapter outlines the tests of data validity and reliability that were

conducted.

Chapter 4 presents descriptive analysis results. The chapter begins by screening of
the data. The data is analysed in terms of frequency and numerical qualitise, and is
visualised. A discussion of initial findings is included in the chapter. Importantly, the

chapter provides the results to an ANOVA test on quality and a reliability test
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involving each of the 17 STRs for the first 5 projects. The results were satisfactory

and supported subsequent statistical analysis.

Chapter 5 incorporates what the researcher proposes is an objective benchmark
(design specifications, building code requirements, and actual output) from which
deviation in construction can be better understood. The chapter explores the nature
and pattern of tasks and their susceptibility to deviation by dividing the tasks into
sub-tasks. Seventeen STRs are defined in a quantitative approach to case studies of
27 residential structures. The chapter outlines to the use and results of SPC
parameters C, and Cp. The susceptibility of each STR to deviation is presented in

the chapter along with recommendations.

Chapter 6 proposes an anatomical classification approach to defect management
based on design specification, building code requirements, and actual output of 17
STRs related to compression concrete members (i.e., columns) at 27 construction
projects. The chapter also provides results to tests of the application of such an
approach. The chapter proposes six classes of deviation based on the extent that sub-
task was prone to be “perfect”, “acceptable” or “defective” in relation to acceptable
tolerance, and the source of deviation, namely, either the design or execution phase.
The chapter also presents the results of Chi-square and Odd Ratio tests which were

employed to measure and analyse the sensitivity of each STR to exposure to quality

deviation and construction defects.

Chapter 7 discusses the development of a Bayesian-belief-network BBN model with
the capability of linking interaction between the nature of task with the direct factors
related to the task resources and surrounding conditions. The chapter presents a
description of Bayes theorem and its applications providing a conceptual background
on BBN on which the proposed models have been based. The chapter also discusses
the different metrics that were used in the development of the model, and examines
the way BBN has been used in the construction industry to date. The chapter
contributes to the body of construction defect knowledge through discussing quality

deviation and defects analysis using the proposed BBN model.
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Chapter 8 extends on the work in Chapters 5 and 6. The chapter reports on
quantification of causes through observation and prediction of interaction between
deviation level in terms of STR quality practice and related causes using a BBN
approach. The chapter reports on the significant causes of deviation for five STRs
identified using a data set of 135 cases for each STR from 27 construction projects.
The chapter provides the patterns of causes amongst STRs and discusses
implications of the results with the aim to assist quality managers in the detection
and control of deviation. The chapter provides analytical generalizations with respect
to the model proposed based on the BBN, and recommendations as well as

visualization tool to clarify causes paths of quality deviation.

Finally, Chapter 9 provides a summary of the key research findings, highlighting
contributions made to pre-existing body of knowledge, and implications for quality
practices in construction industry. The chapter also discusses the limitations of the
study, and provides recommendations for future research. Following the reference

list, supplementary information is provided in the Appendices.

1.8 Chapter Summary

The chapter provided a background and statement of the research problem, namely,
construction defects prediction. The chapter presents the research objectives based
on gaps identified in the pre-existing literature. The scope, significance, and research
design of the research project are also described. The thesis structure including nine

chapters is outlined based on each chapter’s purpose and methods.
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CHAPTER 2: Literature Review

2.1 Introduction

Chapter 2 reviews the existing literature in relation to quality practices in
construction industry, in particular, residential building projects. The importance of
the construction industry and quality management interventions applied in the sector
were overviewed. The chapter seeks to identify issues of deviation and defect
manifestation that have been inadequately investigated by previous studies. Past
research efforts into the causation of quality deviation and defects are reviewed and
the most salient factors influencing deviation from quality are identified. The chapter
is also concerned with the task-level of construction with the characteristics of
specific tasks being analysed. Finally, this chapter provides a review of pre-existing

modeling approaches to quality deviation and defects causation.

2.2 Construction Industry

Construction is the preparing for and forming of buildings and other structures, is an
essential sector of every economy (Hillebrandt, 2000; Su, Lin, & Wang, 2003).
Construction, driving other interdependent sectors, and having a significant impact of
the quality of life of the population, is typically considered a leading sector of an
economy (Forbes & Ahmed, 2011; Su et al., 2003). There are a number of unique
aspects of the sector, which reflect its importance. Firstly, the construction sector is
vital for growth. The sector is closely associated with socio-economic development
providing residential, commercial, and industrial spaces (Ofori, 2012). In relation to
residential spaces, the activities of construction provide people with shelter, security,
and protection from environmental and climatic hazards (Ofori, 2012). In relation to
commercial and industrial spaces, the construction sector provides a significant
proportion of the infrastructure that is required for goods and services to be produced
in an economy (Forbes & Ahmed, 2011). Thus the construction section underpins
development across a broad range, if not all, industries. This development leads to

employment and income.
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The second aspect of the construction sector, which is of interest, is its size. The
construction industry is one of the largest product-based industries in the world
(Loushine, et al., 2006). In the United States, it is reported that the value of the
volume of the industry is approximately $1 trillion per annum (Forbes & Ahmed,
2011). In Australia, expenditure on residential buildings alone in 2006 was reported
to be more than $30.9 billion according to the Australia Bureau of Statistics (Mills et
al., 2009). The size of the construction sector can also be appreciated through
reflecting on its direct contribution to gross domestic product (GDP). In the majority
of settings, the sector contributes between 5 and 10% of GDP (Lopes, 2012). For
example, in the United States, the sector, new construction has been reported as
accounting for up to 8% of GDP in relatively recent years (Forbes & Ahmed, 2011).
In the United Kingdom, construction has been reported as responsible for 5.4% of
the GDP according to the Department of Trade and Industry, (Delgado- Hernandez
& Aspinwall, 2005; DTI, 2003). And again, in some settings, such as Australia, the
sub-sector of residential construction alone has been reported as accounting for

>3.8% of GDP (Mills et al, 2009).

Thirdly, the construction sector is typically a target for investors. It has been reported
that investment in the construction industry can equate to approximately 10% of all
global investment (The Construction Industry Development Board [CIDB], 2004).
Investment in residential housing alone, a sector reliant on construction activities,
accounts for between 2 and 8 % of GDP, up to 50% of accumulated wealth, and up
to 40% of household expenditure (Badiane, 2001). This large size of the sector, and
sectors reliant on the sector, such as real estate, highlight the potential of the
construction industry to contribute to economic growth (Ofori, 2012). In fact, due to
the construction sector’s potential to act as a macro-economic instrument,
governments are typically the major investors. Governments being responsible, to a
large extent, for the construction of airports, bridges, hospitals, irrigation systems,
ports, roads, schools, water and power infrastructure are thus reliant on the

construction sector to a great extent (Hillebrandt, 2000).

Governments can also vary the levels of their level spending into construction for the

purposes of inducing desired changes in the economy. This has been carried out
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noticeably in Japan and Taiwan in recent decades (Su et al., 2003). For this reason,
the construction sector is often referred to as “the balance wheel of the economy” or
“an economic regulator” (Hillebrandt, 2000). The effects that additional central
investment into construction can have on the economy are referred to “pull effects”
which refer to expansion in the overall economy that occur after expansions in
construction, and “push effects” which refer to the expansion of the overall economy
before expansions in the construction (Su et al., 2003). In other words, not only does
construction provides places for manufacture to occur, leading to “pull effects”, but it
also requires products from the manufacture sector, leading to “push effects” (Ofori,

2012).

Construction is also a labour-intensive industry. This means that can be an important
source of employment and distribution of wealth. In some settings, the construction
industry employs as much as 10% of the labour force (Lopes, 2012). With over one
million corporations operating in the construction sector worldwide and at least 10
million persons employed in these industries it is an important sector for human
resources (Forbes & Ahmed, 2011). It is also an industry characterised by high
fluctuations and employee turnover, which means that it is a context in which new

employment is generated rapidly (Forbes & Ahmed, 2011).

Given the importance of construction with respect to the health and economic vitality
of populations, it is critical that the sector is one, which incorporates technological
advances and best practices (Ofori, 2012). The management of outcomes in this
sector is also particularly important due to the substantial investment required and

the high risks associated with construction failure (Loushine, et al., 2006).

Construction is typically divided into four sub-sectors. The two dominant sub-sectors
and residential construction (accounting for approximately 30 - 35% of the industry),
including the preparation and formation of single-family homes, multi-unit
townhouses, high-rise units, and condominiums, and building construction
(approximately 35 - 40 %) related to the construction of schools, hospitals,
universities, and commercial malls, amongst other buildings (Halpin & Senior,
2010). The remaining two sub-sectors are typically smaller in proportion and include

heavy engineering construction (approximately 20 - 25 %), involving dams, tunnels,
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airports, highways and ports, amongst other buildings and structures, and industrial
construction (approximately 5 - 10%) which refers to the construction of petro-
chemical plants, heavy manufacturing plants, and mills (Halpin & Senior, 2010).
This research will focus generally on the residential sub-sector and in particular on
structural concrete building. This sub-sector has been chosen due to its size,

importance, and the propensity for the occurrence of defects.

Residential Industrial
Construction Construction
30-35%,\ /5-10%

J
¥\ 20-25%

Heavy
Engineering
Construction

Building
Construction
35-40%

Figure 2.1 Breakdown of construction industry segments

The traditional approach to project delivery in the residential construction sector can
be thought as having five stages. The first stage can be referred to as “project
concepts” (Forbes & Ahmed, 2010). This is the initial stage and is the time that the
owner conceptualises the project. The broad objectives of the project are
contemplated and eventually planned, and the technical and economic feasibility of
the project is considered (Meredith & Mantel, 2009). The second stage of project
delivery can be referred to as the “preliminary design” (Forbes & Ahmed, 2010;
Meredith & Mantel, 2009). This stage is a planning and design stage and concerns
programming of concepts related to the intended use and size of particular spaces
within the construction zone. This stage is characterised by the development of a
scope of the project document, a preliminary budget, and a schedule. This is
followed by “detailed design” (Meredith & Mantel, 2009). Between the second and

third stages, engineering tasks will become more relevant and complete drawings and
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specifications will be made available. These documents and similar documents are

then prepared in order to solicit bids from construction contractors.

The shift from the third stage to the four stages is signified by a transition from
engineering to construction. This stage can be referred to as “construction” and
involves the construction contractors given formal access to the site and contractual
obligations commence (Forbes & Ahmed, 2010). This stage is also the time when
sub-contractors may be engaged, and other matters of procurement of equipment,
materials, and tools are finalised. The final stage is known as “start-up” and refers to
the construction team conducting final inspections and the owner, through their
agents typically, conducting inspections and owner acceptance and then the project

turned over formally to the owner (Meredith & Mantel, 2009).

Errors in building have been found to arise primarily in the design and construction
stages. For example, the United Kingdom's Building Research Establishment found
that 50% of the errors occurred during the design phase and 40% of errors occurred
during the construction phase (Building Research Establishment [BRE], 1982).
Given that the design phase could include the three stages of “project concepts”,
“preliminary design”, and “detailed design” as outlined previously, the suggestion is
that of the five previously mentioned stages, the “construction” stage may be a
dominant stage where actions lead to the occurrence of defects. This is supported by
other studies such as Burati et al. (1992) who found that 78% of quality deviations
are attributable to deviation from design specifications. In other words, poor
adherence to design specifications in the “construction” stage was found to underpin
departures from established requirements (Balson, Gray, & Xia, 2012). For these

reasons, this research will focus on the “construction” stage of project delivery.

Construction as part of the project delivery, and in general, is an activity that is
coordinated using hierarchical levels. As in other commercial areas, the first, or top
hierarchical level is the “organizational” level in which the business structure and
strategy is the core focus (Halpin & Senior, 2010). Legal matters and the various
areas of functional management are also an important part of this level. Field
managers will also be a focus on this level. The next subordinate hierarchical level is

the “project” level. At this level, the focus is determining and organising resources
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for a specific project. Schedules are developed at this level (Whyte, 2014). Moving
closer to labour onsite is the “operation” level. This level is also known as the
“process” level and focuses on the field. At this level, identifying optimal processes,
procedures, and protocols for construction is the target (Whyte, 2014). Also, at this
level there is a focus on technology and the sequence of work tasks. Some
taxonomies refer to the “process” level as the level which focuses on the sequence of
work tasks, and they position this level under the “operation” level (Halpin & Senior,

2010).

The “task™ level is the most discrete level. According to Halpin and Senior (2010)
this level is concerned with “the identification and assignment of elemental portions
of work to field units and work crews”. The “task” level requires knowledge of
fundamental field actions and work units. At this level, the focus is also on having
knowledge and skill at the field crew member level (Whyte, 2014). The research
project will focus on the “task™ level investigating the anatomy of small manageable
sub-tasks, and propose an analytical model to predict the occurrence of quality

deviations and construction defects.

2.3 Definitions of the Quality Deviations and Construction Defects

There is arguably no general consensus in the construction literature concerning
nomenclature for the description of unsatisfactory works (Sommerville, 2007). The
range of interchangeable terms used in construction project management can
complicate efforts to understand unsatisfactory performance (Love, 2002; Mills et
al., 2009; Sommerville, 2007). Error, fault, failure, non-conferment, rework,
deviation and defect are just some of the terms used to describe technical problems
(Cheetham, 1973; Knocke, 1992; Love, 2002). This collection of terms, however, are
not arguably not strictly synonymous each tending to indicate a different severity of
problem and different for rectification (Mills et al., 2009). Thus, a lack of a more
precise use of such terms underpins poor understanding of construction problems and
compromises efforts to resolve performance issues (Mills et al., 2009). The upshot is
that there is a need to delineate these terms so that their use more accurately

represents the quality level of presented practices and output. The following
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paragraphs review these terms highlighting compatibilities and contradictions in their

usc.

A deviation is any “departure from established requirements” according to Burati
and Farrington (1987). This definition is a broad one and does not in itself
necessarily provide information on the need for rectification of a given issue. Burati
and Farrington (1987) definition arguably implies that if the level of deviation is
sufficient then rectification actions will be required depending on the context. Other
definitions expressly state that a deviation is a departure from established
requirements that is not so severe that rectification is required. For example, Davis et
al. (1989) proposed that a deviation is a “result that does not fully conform to all
specification requirements does not necessarily constitute an outright failure”. Here,
Davis et al. (1989) suggest that a deviation is a departure less severe than a departure
from established requirements that would be necessary for a failure to have occurred.
Deviation is a term that has been associated with manufacturing for some time. Some
authors have used this custom to suggest that the use of the term should be limited to
manufacturing (Burati et al., 1992; Farrington, 1987). However, at least since the use
of formal building codes the concept of deviation, particularly as it related to
tolerance, has become important to the construction sector (American Concrete

Institute Code ACI-318).

A defect is “a deviation of a severity sufficient to require corrective action”
according to Burati and Farrington (1987). This definition expressly provides that the
deviation, that is, the departure from established requirements, must be so severe that
rectification is mandatory. In other words, a defect is a departure from established
requirements, which is unacceptable to the context. Georgiou et al. (1999) argued
that defects could be divided into major and minor defects. With the former being
any defect, which makes “the building unsafe, uninhabitable, or unusable for the
purposes for which the building was designed or intended”, and the latter occurring
due to non-optimal performance of people, such as poor workmanship, or
inappropriate material use, but importantly definitional, the latter not rendering the
building uninhabitable or otherwise dangerous (Porteous, cited in Georgiou et al.,
1999). The same authors argued that defects could be alternatively characterised in

terms of their adverse impact on project cost and time. For example, those defects
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which cost more than $500 and/or more than 12 months for rectification actions
would be considered major defects (Georgiou et al., 1999). Others place different
emphases on the definition. For example, Atkinson (1987) suggested that a defect
was “a shortfall in performance which manifests itself once the building is
operational”. The focus of this definition is the late emergence of consequences as
opposed to a significant departure from established requirements. Knocke (1992) and
Mills et al. (2009) proposed definitions with similar conditions. With the first
arguing that a defect was “the physical manifestation of an error or omission”, and
the second, seeing a defect as “a tangible occurrence that can be rectified” (Knocke,
1992). Thus, there is a temporal difference with these types of definitions and that of
Burati and Farrington (1987). While Atkinson (1987), Knocke (1992), and Mills et
al. (2009) emphasize the need for the manifestation or consequence of the departure,
in order for it to be classified a defect, Burati and Farrington (1987) arguably merely

require the departure to require corrective action, and appear to not necessarily

require evidence of manifestation of a consequence.

Failure is a term that is less commonly applied to the construction sector and more
typically used with respect to the manufacturing sector. Atkinson (1987), however,
referring to the construction industry, argues that a failure and a defect are not
interchangeable concepts. According to this author a failure is “a departure from
good practice, which may or may not be corrected before the building is handed
over” (Atkinson, 1987). This can be contrasted with the author’s definition of a
defect, which is again, “a shortfall in performance which manifests itself once the
building is operational.” Thus, the author appears to focus on the manifestation of an
issue once the building is operational with respect to defects however, failures are
departures from good practice which may remain unknown or at least possibly
uncorrected at the time of building handover. Ahzahar et al. (2011) used a simpler
definition for the concept of failure interpreting it as “an unacceptable difference
between expected and observed performance”. The expression “unacceptable” refers
to the product condition or severity of risk. Arguably it is difficult to distinguish
between concept of failure as defined by Ahzaher et al., (2001) with concept of
defects as defined by Burati & Farrington, (1987). Other authors focus less on the
difference between expected and observed performance in relation to tasks and

products and focus more on a set of events that lead to unacceptable results. For
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example, Kaminetzky (1991) defined failure as involving any one or more of the
following “a human act; omission of occurrence or performance; lack of success;
nonperformance; insufficiency; loss of strength; and cessation of proper functioning
or performance”. Wardhana and Hadripriono (2003) definition of failure represents a
more functional view of the concept stating it is “the incapacity of a constructed
facility or its components to perform as specified in the design and construction

requirements.”

Error is another term that is often associated with the actions of humans. Busby
(2001) defines an error as an occurrence which was “unexpected and which could
not be attributed entirely to chance or circumstances”. Thus, this definition focuses
on the existence of an act or omission by a human, which caused the unexpected
occurrence. The unexpected occurrence however is not caused, or at least not
primarily caused, by chance. This is reflected in Reason and Hobbs (2003) definition
of error, which shares similarities to Busby's and reads “the failure of planned
actions to achieve their desired goal, where this occurs without some unforeseeable
or chance intervention”. For simplicity, errors could be thought of as human
mistakes. This notion is expressed in Reason (1990) definition of errors, which reads
“all those occasions on which a planned sequence of mental or physical activities did
not follow as intended or if that sequence of plan could proceed, it still failed to
achieve its desired outcome”. Other definitions linked errors with poor human
performance. For example, Hagen and Mays, (1981) defined errors as the “failure of
the human to do a designated task within specified limits of exactness, sequence, or
time”. Errors can arise due to persons departing from established norms and
standards of care. In this regard, errors may be negligent or even reckless. Knocke
(1992) definition of an error within the construction sector is “any departure from
correct construction (including checking and supervision) technical inspection; and

absence of adequate instructions for maintenance and operation of the building”.

Nonconformance is a term that appears to sit between deviation as defined by Burati
and Farrington (1987) and defect as defined by the same authors. Nonconformance is
arguably an operational term. For example, nonconformance is defined as “a
deviation that occurs with a severity sufficient to consider rejection of the product,

process, or service” (Burati & Farrington, 1987). The basis for rejection is the
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departure from established, or agreed upon, requirements. This is reflected in
definition of the term by Battikha (2008) considers that “non-conformance occurs
when the finished state of a project and/or its components deviates from established
requirements and necessitates decisions to be made regarding their acceptance and/or
rectification.” Thus, nonconformance is a term closely tied into quality management.
In the ISO 9000:2005 Quality management systems - Fundamentals and vocabulary
publication, nonconformance is defined as the “non-fulfilment of a requirement”,
where that requirement is “expression in the content of a document conveying
criteria to be fulfilled if compliance with the document is to be claimed and from
which no deviation is permitted” (ISO 9000: 2005). Thus, the term noncompliance
tends to have contractual connotations as opposed to functional connotations. For
example, as Burati and Farrington (1987) argue, “In some situations the product,
process, or service may be accepted as is; in other situations it will require corrective
action.” Thus, noncompliance is related to agreed upon conditions of quality as

opposed to the consequences or manifestations of such as departures.

The definitions promoted by Burati and Farrington (1987) and ISO 9000:2005
provide the most convenient conceptual framework to to further explore the concept
of quality deviations and construction defects for the purposes of this research
project. For Burati and Farrington (1987), a deviation is “a departure from
established requirements”, whereas a defect is more significant event in itself being
“a deviation of a severity sufficient to require corrective action”. The point of
distinction is thus whether the departure is such that corrective action is mandated.
Where no rectification action is required the occurrence will be a deviation where
actions is mandated then it will be a defect. This research project will also use the
concept of nonconformance as per ISO 9000:2005, namely, the “non-fulfilment of a
requirement”, where requirement is “expression in the content of a document
conveying criteria to be fulfilled if compliance with the document is to be claimed

and from which no deviation is permitted”.

As mentioned, to date, quality deviations and defects in construction industry impact
significantly on the overall profitability and viability of the construction sector.
Preventing and reducing the quantum of quality deviations and defects in this sector

will mitigate the adverse consequences of additional cost and time overruns.
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Isolating specific definitions for deviation, defect, and nonconformance, is an
important starting point for a more in-depth and appropriate investigation into the
quantity and nature of these departures in relation to construction. The dimensions of
causes and sub-causes of these departures need to be better understood. Further, the
interaction between causes and specific construction tasks also needs to be better
understood. To date, there have been few studies that have reported on the
relationship between deviation/defects, the nature of construction tasks, that is, the
specific task characteristics, and task-related factors, such as the task resources and

surrounding environment.

2.4 Quality Deviations

2.4.1 Overview of quality management practices in construction

Quality is the “degree to which a set of inherent characteristics fulfils requirements”
according to the ISO 9000:2008. Despite this often taken for granted definition, the
term is used broadly. For example, the concept is often used differently in different
contexts. It can be used to refer to a standard, or a characteristic of something. The
commercial use of the term in marketing has further expanded understandings of its
meaning(s) (Djebarni & Al-Abed, 1998). Thus, arguably for the most part there is
often a lack of awareness of the precise meaning of the concept, and there is no
general consensus on which definition should be used when measuring construction

quality (Djebarni & Al-Abed, 1998).

Having said this, Mpambane (2008) argue that while quality is interpreted broadly
and with some inconsistencies, overall, issues related to quality, from the provider's
perspective each affect profitability and business viability. The author argue that a
conception of quality that considers its affect on the bottom line can have advantages
as principals are able to appreciate the impact that quality issues have on client
satisfaction and business reputation (Mpambane, 2008). The author, also argue that it
is important that the management of quality is not merely seen ensuring a “degree of
excellence” or “gold-plating”, and that in fact, the management of quality is a critical
part of commercial risk management. It is commented that the management of
quality with respect to commercial housing construction involves expenditure of at

least 1% of total project cost (Mpambane, 2008).
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Quality management is designed to ensure that business practices meet the needs of
clients and other stakeholders, such as policy makers who will enforce statutory and
regulatory requirements related to the products or services (ISO 9000: 2008).
However, it is also helpful to conceptualize quality management as essentially the
prevention of deviation. Whether quality management interventions are client-
focused or product-focused, preventing departure from established requirements will
generally underpin high quality. In other words, where defects are present, the
implication is an absence of quality, and the consequence is at least dissatisfaction,
and in the context of construction, potentially life-threatening structures (Shammas-

Tomma, et al., 1998).

Quality management is, thus, concerned with achieving high quality, which, in other
words, simply refers to fulfilling client requirements whether those requirements are
instructional or functional (Evans & Lindsay, 2008). For a long time, proponents in
the construction industry have struggle to consistently achieve high quality
outcomes. Residential building projects, an important sub-sector of construction, are
often characterised by excessive resource inputs and less than optimal end products
(Mpambane, 2008). Kazaz et al. (2005) note that the situation is markedly worse
with respect to the construction of large scale housing products targeted at low and

middle-income deomographics.

The earliest well-known quality management interventions were arguably linked to
what is now known as scientific management. Taylorism is the name that is used to
refer to a type of management in which the tasks or processes in a business or
activity are divided up into micro-tasks (Boxall & Macky, 2009). In other words, it is
a type of quality management concerned with understanding workflows (Boxall &
Macky, 2009). Taylorism gains its name from one of its founders, Frederick Taylor,
who together with his firm promoting the approach to management calling it
scientific management. The practice was popular between 1900 and 1920 (Alder,
2007). It involved first-line supervisors and operational level managers ceding
authority and power to more senior managers, and tasks and quality requirements
being expressly prescribed (Alder, 2007). Taylorism is known as being a quality

management strategy of high intensification and low involvement (Boxall & Macky,
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2009).

Outside of construction, Henry Ford and Karl Friedrich Benz were making important
gains in productivity and commercial success through adopting quality management
strategies to production lines for automobiles (Dietsche & Kuhlgatz, 2015). After
this time, Walter Shewhart proposed an important quality management technique
known statistical process control through measuring day-to-day productivity
(Mawson, 1993). This technique has been largely adopted to the manufacture sectors
however, its application in the construction sector has been supported by a number of
researchers. Crosby (1979), Juran (1981) and Deming (1986) each made important
contributions to the understanding of quality management. Crosby (1979) argued that
quality improvement was a crucial tool for process cost reduction. He advised that
high quality outcomes where important for not only high-end products but also low-
end products. Juran (1981), shortly after, developed quality management framework,
which involved three stages of activities, namely, quality planning, quality control,
and quality improvement. Juran (1981), as Stewhart earlier, emphasized the
advantages of using statistical tools as an approach to eliminate defects. Deming
(1986) famously argued the relevance of organisation behaviour and quality
management. The philosopher developed a framework, which emphasizes the
importance of leadership, the systemic nature of organizations, and a need to reduce

and prevent deviation in organizational processes (Dean & Bowen, 1994).

The work of these previous proponents, including Crosby (1979), Juran (1981) and
Deming (1986) led to the development of key principles in quality management,
these principles being that customer focus is required, improvement must be
continuous, and that teamwork is essential. The development of these key principles
led to the promotion of the total quality management (TQM) approach to quality
management (Loushine, et al.,, 2006). TQM is a well-known approach to quality
management in the construction sector. TQM is said to have arisen in popularity as a
result of competitive pressures facing firms such as increased accountability
concerning project quality (Abdelsalam & Gad, 2009). TQM has been reported to be
a suitable approach to manage quality in the construction sector due to the industry's
complexity. As Abu Baker & Onyeizu (2011) note TQM “has proved to be a useful

tool in ensuring the achievement of set standard and successful productivity
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improvements in the construction industry.”

Continuous improvement (CI) is another approach to quality management. One of
common undercurrents of TQM and CI is the use of measurement. The well-known
quality management saying is that if it is not measurable, it is not manageable
(Abdelsalam & Gad, 2009; Feigenbaum, 1990). Some authors have noted that the
nature of CI as a quality management approach means that it can face significant
resistance from top management due to the emphasis on organisational renewal.
Savolainen (1999) notes CI practices “imply a challenge to management: the
progress in developing CI capabilities is embedded in a rooted managerial ideology

through which inimitable competitive advantages can be realized.”

Prevention, appraisal and failure (PAF) is another quality management approach
which is recently began used in the construction sector (Abdelsalam & Gad, 2009).
The PAF method is based around a set of assumptions. The first assumption is that
investment in prevention and appraisal activities reduces the cost of failures. The
second assumption is that additional investment towards prevention activities will
reduce the cost of appraisal activities (Juran & Gryna, 1993). The PAF approach is
therefore interested in four categories of non-compliance costs. The first category
refers to any costs associated with the prevention of failure (Tsai, 1998). This
includes the cost of appropriate employee recruitment and selection, employee
induction, training and development, and the study of processes. Collectively, these
are known as prevention costs. The second category refers to costs incurred in an
effort to prevent nonconforming products from being dispatched, shipped, or
otherwise used (Tsai, 1998). These costs may be assessment costs, accreditation
costs, grading costs and other related costs. The third and fourth categories refer to
costs that are incurred once the nonconformance has already been recognised. The
third category refers to costs that are arise internally prior to delivery (Tsai, 1998).
These include the costs due to the reworking of defective components, costs of
scrapping, and the costs of contractual breaches arising from delivery delay. The
fourth category refers to costs that arise externally after delivery and include matters
of compensation in the case of defective products, as well as the cost of repairs and
dealing with client complaints (Tsai, 1998). The cost of lost business arising from

client dissatisfaction should also be included in this category.
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Quality assurance (QA) is another quality management intervention that is applied in
construction projects. The International Organization for Standardization (ISO) 9000
family advocates the use of QA interventions for the purposes of better ensuring that
on-paper requirements and specifications are met (Delgado- Hernandez &
Aspinwall, 2005; Pheng, 1993). QA as a quality management intervention is based
on the assumption that there is risk involved in any construction project. QA, based
on the ISO 9000 guidelines, involves the research, formulation, and promotion of a
complex collection of procedural documents (Chelson, 2010). However, the
application of the QA approach to quality management in construction is challenged
by some of the typical conditions in construction, such as high employee turnover
and high complexity (Bubshait & Al-Atiq, 1999). These will be discussed further in

section 2.4.2.

Quality control (QC) is another approach to quality management in construction.
Demarcation of QA and QC can be challenging however, it is generally accepted that
quality assurance tends to refer more to instrumental quality whereas quality control
refers more to the quality of personnel (Abdul-Rahman, 1995; Sinha, Harrington,
Voehl & Wiggin, 2012; Whyte, 2014). QC can involve the use of an inspector
(Satterfield, 2005). QC is usually focused on ensuring conformance to original and

approved planning decisions and designs (Toh, 2006).

Building codes have been increasingly used and promoted in the construction sector
since at least 1963 (Poston & Dolan 2008). As a quality management device,
building codes help to make explicit statutory and regulatory requirements (Love, et
al., 2013). Over time, building and engineering standards have been modified based
on stakeholder feedback and improved in many countries such as Australia, United

Kingdom (UK), United States (US) and Singapore (Love, et al., 2013).

Quality management practices applied in the construction have been found to attain a
number of benefits. For example, demonstrable evidence of cost benefits has been
reported in studies. The United Kingdom's Building Research Establishment has
estimated that eliminating rework, a goal of quality management in construction,

would result in at least a 15% saving on total construction costs (Building Research
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Establishment [BRE], 1982; Love & Edwards, 2004b). Barclay Construction
corporation in Australia reported that pre-quality management intervention their
rework costs were approximately 5% of contract value, however, post-quality
management intervention these costs were roughly 1%. For this entity, the reduction
in rework led to cost savings of $4.2 million (Lomas, 1996). Construction Industry
Development Agency [CIDA] (1995) reported similar reductions in proportion of
rework as a result of introducing quality management interventions. Prior to the
adoption of quality interventions, the average rework proportion was 6.5% of
contract value, however, post-intervention, the average cost was 0.72%. Tucker et al.

(1996) and Love et al. (1999) reported similar findings.

Quality management interventions in the construction sector has also been reported
as leading to less direct cost savings such as a reduction in occupational health and
safety related expenditure. In a recent study by Wanberg et al. (2013) it was found
that defects underpinned as much as 60% of safety issues in the construction sector
and that there was a significant relationship between quality and safety. Also
recently, Borg and Song (2014) argued that there was a statistically significant
relationship between quality and productivity noting that quality management
interventions not only increased incidence of desirable quality but also led to cost
savings due to increased productivity. Others such as Naoum and Behbehani (2005)
argue that given the close nexus between quality and the achievement of customer
satisfaction in competitive markets, such as the housing projects market, quality is
often the principal differentiating factor, and therefore represents an important

competitive advantage.

2.4.2 Barriers to adoption of quality management in construction industry

While quality management interventions do appear to be increasingly applied in
construction projects, particularly larger projects, barriers to the uptake of these
methods and techniques exist. Despite potentially dramatic benefits, resistance still
exists as proponents in the construction sector perceive that quality management
tools and techniques require substantial investment (Bubshait & Al-Atiq, 1999;
Tchidi, He, & Li, 2012; Turk, 2006). Poorly developed or superficial quality

management interventions, such as quality assurance based on post-production, have
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also contributed to some negative views towards such interventions in the
construction sector according to Jaafari (1996). Other financial, practical, and
perception constraints are also reported to underpin slow adoption of quality
management interventions in some settings (Delgado- Hernandez, & Aspinwall,
2005; Irani & Holt, 2000; Jaafari, 1996; Love, Li, Tchidi, He, & Li, 2012). The
upshot of slow adoption is the continuation of sub-optimal and dangerous practices

on construction sites.

As mentioned, TQM is a quality management intervention and philosophy that is
aimed at improving the organisation’s likelthood of fulfilling requirements
(Delgado- Hernandez, & Aspinwall, 2005; Mclntyre & Kirschenman, 2000; Polat,
Tatar, & Damci, 2011). However, a number of barriers to the adoption of TQM in
the construction sector have been identified in the literature. One category of barriers
arise from the conservative nature of the construction sector in that managers are not
eager to move away from established conventional practices. In fact, in a study of
120 contractors in Turkey, “lack of top management commitment”, “lack of top
management support”, and “lack of top management leadership” were found to be
the top three barriers to TQM from a selection of 18 barriers (Polat et al. 2011).
Prevailing organisational culture in the construction sector can be another barrier to
TQM. The philosophy is that not only should the quality of products be in issue but
in fact the quality of all issues within the organisation (Polat et al. 2011). The
reactive and short-term nature of the construction industry and the focus on one-off
complex projects has been identified as a condition not conducive to the adoption of

TQM.

Haupt et al., (2004) investigated barriers to the implementation of TQM and found
that high turnover of construction employees, difficulties in measuring outcomes of
TQM and doubts concerning the relevance of the intervention to construction were
significant obstacles. The researchers also noted that the construction industry
typically involved a high proportion of sub-contractors and these parties were more
often than not disinterested with principal company quality interventions (Haupt et
al., 2004). Another example, low bid-subcontracting is another established practice is
that construction companies typically practice (Harrington, Voehl & Wiggin, 2012).

It is often reported that clients in the construction sector are heavily price sensitive
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placing emphasis on engaging a contractor with the lowest overall price (Harrington,
et al., 2012). This focus can lead to a situation where reputation for quality, past
experience, and current workload are overlooked as selection criteria. The
consequence of this can be that contractors seek to make heavy cost cuts and are
reluctant to invest in activities, which they perceive are not directly related to

completing the project (Harrington, et al., 2012).

QA, based on the ISO 9000 guidelines, as mentioned, involves the research and
formulation of complex collection of procedural documents. The goal is that
members of the organisation will follow the directions providing in this collection of
protocol and procedure related content, and that as a result there will be an
improvement in quality (Auchterlounie, 2009). Construction companies reportedly
struggle to implement QA in some instances due to the documentation and
assessment requirements (Auchterlounie, 2009; Delgado- Hernandez & Aspinwall,
2005). Some commentators have noted that QA is often perceived as “pervasive”

and/or “daunting” by proponents in the construction sector (Chelson, 2010).

Superficial adoption of QA is reportedly undermining the effective use of the
intervention. While ISO 9000 has attracted a good reputation and positive client
reactions in most settings, researchers have observed a tendency for contractors and
subcontractors to “pay lip service” to QA (Love & Edwards, 2004a). In other words,
QA is only implemented through the words of these principals, but it is not being
implemented in substance. This issue is potentially likely to be related to the barrier
found in relation to TQM that low bid subcontracting leads to a situation where
quality may be neglected while cost savings are reveled (Haupt et al., 2004). It has
also been suggested that the perceived increased administrative workload is also a

reason underpinning superficial adoption (Love et al., 1999; Tucker et al., 1996).

Lengthy time and high cost requirements to adoption were also identified as barriers
to QA implemention (Turk, 2006). The ISO 9000 certification process has been
found to be one with onerous obligations. One of the issues is that the ISO 9000
approach involves a standardised approach to a wide range of quality elements.
Bubshait and Al-Atiq (1999) note “ISO 9000 consultants look at all quality elements

in the same way.” The problem is that in the construction sector some quality
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elements are more pressing or more immediately important. Thus, authors
recommend that the prioritization of quality elements relevant to the specific

construction context may be helpful.

As mentioned, QC is also an important quality management intervention. As
mentioned, QC typically involves inspection of processes and products to detect any
deviations from requirements (Kakitahi, et al., 2011). However, barriers to the
adoption of successful QC in the construction sector also exist (Jafari & Love, 2013).
For example, the United Kingdom's Building Research Establishment noted that
participants in the QC process are often not sufficiently motivated to carry out the
QC task appropriately or in good faith (Love & Edwards, 2004b). They also found
that time, onsite, for QC is usually scarce. They noted that the results of QC events
were not usually factored into contractual arrangements. And amongst others, they
also noted that designers tended not to provide sufficient information for contractors

to be able to achieve high quality (Love & Edwards, 2004b).

Overall, a barrier to perhaps all of the quality management interventions is a
perception that the costs will not be justified. Some studies have indicated the cost of
supervisory activities can be as high as more than 6% of total project cost (Jafari &
Love, 2013). For example, Dolan and Schuler (1987), found that the cost of onsite
supervisory personnel alone could be in excess of 3% of total project cost. Chen et
al. (2008), similarly, found that cost of onsite supervisory activities could vary from

0.6 to 6.1% of total project cost (Jafari & Love, 2013).

2.4.3 Analytical reasoning and quality management

Analytical reasoning refers to use of deduction, top-down logic, and induction,
bottom-up logic, to come to conclusions about premises/representations that are
made available (Patokorpi, 2006). The connotation of the phrase is that additional
thought-processes are required, and not only is information seen in the context of a
problem, it is also considered in the context of finding a solution to the problem (Cox
& Thompson, 1997; Patokorpi, 2006). The process of construction requires inputs,
not limited to, human resources, know-how, management, materials, tools, and

favourable environmental conditions. In short, it is a challenging task to determine
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what events or conditions have led to a particular quality issue and what approaches
may be helpful to improve the situation (Tchidi, He, & Li, 2012). This task of
understanding causation is also complicated by matters prior to construction such as
design, regulatory matters such as building codes, and other confounders leading to
quality deviation (Cheng & Li, 2015). Yet while the importance of determining
causation and factors that contribute to quality deviation is an acknowledged issue
for proponents in the construction industry, particular due to the high cost of
rectification actions and their related consequences including cost and time overruns
and exposed to claims for damages, the quest to improve quality management
interventions has arguably lacked enthusiasm (Love & Edwards, 2004a; Mcintyre &
Kirschenman, 2000; Polat, Damci & Tatar, 2011; Tchidi, He, & Li, 2012).

Thus, despite the complexity of the construction industry, authors believe there is
insufficient sophistication used in prevailing quality management interventions,
primarily due to a lack of analytical reasoning (Cheng & Li, 2015; Tchidi, He, & Li,
2012). For example, Tan and Abdul Rahman (2011) argued that experiments,
inspections and other traditional quality management techniques continue to be relied
upon by the majority of proponents in the construction sector do not offer insight into
the mechanisms, organisational behaviours, and conditions that lead to deviation, and
therefore offer limited practical value. Bubshait and Al-Atiq (1999) argued that
experiments, inspections and other traditional quality management techniques only
offer construction companies “elements” of a quality management system, and
without interventions that inspire further analytical reasoning, are, as noted more

recently by Tan and Abdul Rahman (2011), limited in value.

Noting the issue, Al-Tmeemy, Abdul Rahman, and Harun (2012) reflecting on issues
with low value quality management interventions, conducted a study on increasing
concerns with respect to a lack of what they referred to as “optimized quality
solutions” in the construction sector. The authors argued that current research in
quality management in construction was limited, and that “construction practitioners
do not yet have the basis for optimizing quality efforts and resources” (Al-Tmeemy
et al., 2012). The authors proposed that an “optimized quality solution” would
require (1) systematic identification of factors affecting quality, (2) analysis and

quantification of the importance of each of these factors, (3) identification and
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quantification of interventions to improve quality, such as increased inspections,
audits, and review, or increased control over the supply chain, and (4) a final
assessment of feasibility and optimisation. One of the strengths of Al-Tmeeny et al.
(2012) appears that their framework focuses on the quantification identification of
factors and solutions. In line, Aljassmi & Han (2012) in a recent study concluded that
aspirations to optimise resources for quality management in construction should
focus on specific quality improvements, such as the reduction of defects, in order for

any optimum solution to be possible.

The suggestion is that measurement is necessary to encourage analytical reasoning
and enhance the value of quality management interventions. The need for
measurement systems is increasingly being acknowledged (Aljassmi, Han & Davis,
2013). Some modern quality management interventions puts emphasis on the
measurement of indicators of quality throughout the production process and not
merely with respect to the final product processes (Tchidi, He, & Li, 2012). Other
authors have noted that there is a lack of adoption of quality management
interventions that are focused on the analysis of defects. For example, Cheng & Li,
(2015) noted that traditional quantitative analytical methods, which respect to defects
tended to not be useful for the purposes of identifying direct and indirect causes. The
same authors also noted that there was limited opportunity for proponents in the
construction sector to review databases about defects, as the development of such

resources had been neglected thus far.

Others have noted a need for more research towards developing an effective defect
management model. For example, Cheng & Li, (2015) believe that measurement and
analytical reasoning is required to isolate and assess key factors causing defects, and
the relationships between these factors, so that operatives are better positioned to
control relevant factors and reduce defects. The emphasis on relationships and
interconnections between factors is supported by systems-approach theorists, and
authors in the project construction field who note that such projects are “tightly
coupled systems”, where events happening in one sphere of the system are often
likely to trigger or exacerbate events in other spheres (Perrow, 1984). In line, some
authors argue that factors must be tracked so that system pathways and conditions

leading to quality success or failure can be understood (Aljassmi, Han & Davis,
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2013; Cheng & Li, 2015).

Given that some have argued that a lack of analytical reasoning undermines the value
of traditional quality management interventions, it is important to review some of the
trends with respect to this in the construction industry. Traditionally, risk analysis
has assumed the dominant position in quality interventions (Tah & Carr, 2000).
Quantitative risk analysis derived from estimating probabilities and probability
distributions for time and conventional cost analysis have been popular techniques
(Sato, Kitazume, & Miyamoto, 2005). However, the limitation of these approaches
has been a neglect of qualitative features of the circumstances which may be
significant and reliance on subjective inputs. This methodological issues have lead
researchers to move towards approaches which feature risk quantification and risk
modeling (Tah & Carr, 2000). These approaches, particularly the latter, are reported
as suitable vehicles for the promotion of communication, effective teamwork and

risk-response planning.

Other approaches include defect analysis, which typically focuses on using statistical
techniques to isolate relevant design, environment, materials, craftsmanship, and
maintenance factors (Chong, & Low, 2005; Rounce, 1998). The approaches to defect
analysis that have been conducted so far have generally reported two limitations
(Cheng & Li, 2015). The first is that researchers report that it has been difficult to
develop models and propose hypotheses in investigations where data on defects is
large. The second is that the causation of defects is usually characterised by multiple
factors. As a combination of two or more determinants are believed to underpin the
causation of defects, it is considered that even after traditional defect analysis
methods have been used, particular patterns or phenomena of causation may be

hidden (Cheng & Li, 2015).

The next section reviews the literature of the factors and causes of the deviation and
defects in construction industry, and further highlights the industry need for
developing an anatomy analytical understanding of the micro-level of the task (i.e.,
sub-tasks or sub-task requirements) in order to measure its sensitivity towards the

quality deviation and construction defects as well as identify which factors that have
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most influence toward the deviations and defects.

2.5 Construction Defects

2.5.1 Defects causes

While investigations derived from a quality management approach have been used to
identify, reduce and prevent defects, the occurrence of these deviations in
construction is still universal (Love, Lopez & Edwards, 2013; Turk, 2006). The
occurrence of defects in the construction sector has been described as “an inevitable
and entrenched” phenomenon underpinned by a general lack of supervisory attention
(Sommerville, 2007). The peculiarity of the situation is that while analysts report
insufficient management of defect proliferation, these deviations can have a wide-

scale impact on the success of construction projects (Busby & Hughes, 2004).

A typical approach to understanding defect occurrence is to analyse their causation
(Busby & Hughes, 2004). As mentioned, authors have attempted to achieve this in
different ways, however, one of the more recommendable approaches, has been to
trace defects back to the latent conditions in the project responsible for generating
such error. Authors refer to these latent conditions as “pathogens”, and argue that
they exist within projects incubating until they become distinct actual failures. The
Building Research Establishment (Building Research Establishment [BRE], 1982)
found that up to 90% of defects were caused by latent conditions. Other researchers
have reported that a lack of awareness of potential adverse latent conditions tends to
exacerbate pre-existing issues such as project miscommunication (Al-Hammad,
Assaf & Al-Shihah, 1997). Including latent conditions and defects on the agenda for
pre-contractual discussions has been recommended by some analysts as a means to
increase awareness of the need to eradicate defects (Davey et al., 2006; Huovila et
al., 1997). Underpinning such discussions on project conditions and defect

prevention and reduction is knowledge of defect systems.

Pena-Mora et al. (2003) argued that defects are usually caused by latent conditions
related to organisational operational issues and/or uncertainty. With respect to
organisational operational issues, it is argued by latent conditions can be attributable

to people, process and project structures. For example, construction is a sector, which
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relies on different departmental experts and extensive sub-constructing. When these
different groups of persons contribute towards the planning and execution of a
construction project, there is a significant risk of interference (Pena-Mora et al.,
2003). As the project moves from stage to stage, the risk of interference can be
increased. Thus, as it has been argued that conflict is inherent in organisations, some
researchers argue that the occurrence of defects will then be inherent (Meredith &
Mantel, 2009). With respect to uncertainty, the authors argue that the complexity and
scope of construction projects typically means that there are a number of variables
outside the immediate control of the project manager, which generate potentially

adverse latent conditions (Pena-Mora et al., 2003).

The reference to uncertainty also reflects a risk probability approach to defect
analysis that some analysts have used (Reason, 1990; Tah & Carr, 2000). For
example, due to a perceived relationship between uncertainty levels and the reactions
of personnel, one approach has been to predict how employees would be likely to
respond to given construction environments and any latent conditions that may exist
(Reason, 1990). This approach was referred to as “predictable errors”, and was based
on the assumption that managers would be able to predict the behaviour of personnel
with respect to a sequence of conditions (Busby & Hughes, 2004). It was also argued
that this approach could be used to develop sequence of actions for personnel to
follow so that unwanted, defect causing actions, could be eradicated (Aljassmi, Han

& Davis, 2013; Love, Edwards, Irani & Walker, 2009; Reason, 1990)

The nomenclature has not been limited to latent conditions and pathogens. Almost
interchangeable terms include “origin causes” and “root causes” (Josephson &
Hammarlund, 1999; Sommerville, 2007). The latter term of “root causes” is often
used in conjunction with “causes” or “direct causes”. The terms are differentiated
based on their proximity to the erroneous action. While a root cause may take on the
appearance of an undesirable condition that on own its has any negative consequence
hidden, a “cause” will be direct, identifiable, and provable (Love, Edwards, Irani &
Walker, 2009). This will be described more following in Section 2.5.2.1. To
understand this more it is convenient to review these positions of these concepts in
relation to the series of construction defect events model proposed by Brunsson

(1985, cited in Josephson & Hammarlund, 1999). The author argued that the
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phenomenon of defects could be best understood as a series of events. The first being
“causes”. These ‘“cause(s)” would led to “erroneous action(s)” which would
subsequently led to “manifest defect(s)”” and related “consequences”. Consistent with
the definition that defects need rectification action, the final stage of the model,
following from “consequences”, is “corrective measures” (Brunsson, 1985, cited in

Josephson & Hammarlund, 1999). This is shown in the following figure, Figure 2.2.

Erroneous | Manifest Corrective

Cause Action Defect Consequence Measure

Figure 2.2 A series of construction defect events

(Source: Brunsson, 1985, cited in Josephson &Hammarlund, 1999)

While in the previous figure (Figure 2.2), “causes” is referred to as one stage, it has
become more popular, and/or it is arguably more accurate to differentiate root causes
from direct causes (Busby & Hughes, 2004; Sommerville, 2007). While a starting
point then may be a recognition that root causes should be distinguished from direct
causes, it is argued that there is a great deal of research required to better understand
the origins of defects (Sommerville, 2007). Firstly, as Sommerville (2007) argue the
origins of defects, that is, the root causes, are “inextricably linked” to the ‘“causes”
and it can be difficult to discern the two. Moreover, there are typically multiple root
causes each with different relative strengths that eventually led to defects.
Additionally the genesis of sources of defects is not typically agreed upon which can
further complicate comprehensions of the origins of defects. Love, et al., (2009) and
Aljassmi, et al., (2013) investigated root causes of defects as part of their study on
rework pathways. The following figure, Figure 2.3, reveals potential root causes that
could contribute to a “cause”, “flawed action”, “manifest defect”, “consequence” and

eventual “corrective action” (Sommerville, 2007).
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Figure 2.3 The multiplex rework pathway (Source: Sommerville, 2007)

2.5.1.1 Causes of defects
A “cause” in general a term is “something that brings about an effect” (Merriam-
Webster, 2012). From a construction perspective, a “cause” can be operationally
defined as “a proven reason for the existence of a defect” (Gryna, cited in Juran, &
Gryna, 1988). For the purposes of this research the concept of cause will be divided

into root causes and direct causes, and will be discussed following.

25.1.1.1 Root causes (Origins causes — Latent conditions)

As mentioned, root causes, also known as latent conditions, origin causes, or
pathogens, are those conditions that are typically hidden but can contribute to the
occurrence of a defect (Busby and Hughes 2004). Root causes have been referred to
as “the most basic reason for an undesirable condition” (Josephson & Hammarlund,
1999). Traditional construction projects by their nature are highly prone to conditions
and acts that can lead to defects (Tan & Abdul Rahman, 2011; Tchidi, He & Li,

2012). This is due to a number of conditions inherent to the industry, such as its
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complexity, its fluctuations in supply and demand, one-off projects, high dependence
of sub-contracting, and rapid employee turnover. These conditions, and others, have
been repeatedly found to underpin the proliferation of error and construction failure
(Love et al. 2009). It has been argued that deviation can better understood and
therefore managed through viewing occurrence of defects in the construction setting
as a phenomenon similar to the onset of disease in living organisms. Busby and
Hughes (2004) use this analogy and use the term “pathogens” to the refer to root
causes of construction defects. Similarly, authors note how “pathogens” in this sense
are able to contribute to the breakdown of complex technical systems (Reason 1990).
One of the advantages of this view of root causes is that it highlights that within
project systems exist areas of vulnerability and where these conditions form
aggregates there can be a high risk of defects (Aljassmi, et al., 2013; Sommerville,
2007).

Busby and Hughes (2004), using the nomenclature of “pathogens” has argued that
three categories exist, namely “organisation pathogens” which arise from the
operation or structure of the organisation, “system pathogens” which arise from the
system(s) of the organisation, and “industry pathogens” which arise from the
regulatory and structural aspects of the industry. An example of an “organisation
pathogen”, that is one that relates to the operation of the organisation, according to
Busby and Hughes (2004), could be poor information exchange leading to tentative
assumptions and delay in task onset. A “system pathogen” example that is relating to
the systems could be reliance on obsolete engineering information due to change
control system latency. Finally, a “industry pathogen” example could be mandatory
government/central contracting regulations leading the firm to deal with contractors
whom they have never dealt with before (Busby and Hughes, 2004). Others have
considered the theoretical relationship between root causes and other constructs
relevant to construction. For example, Tah and Carr (2000) investigated defects as
part of their study of risks in the construction sector. Specifically, the pair sought to
establish a hierarchical relationship between risks, however, in doing so their
findings also revealed information about pathways of defect causation within
construction. Tah and Carr (2000) argued that risks could be divided into internal
risks and external risks. Internal risks were divided into local and global risks. The

local risks included labour, plant, sub-contractor, materials, a site. Arguably these
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internal local risks provide a good indication of source of direct causes of defects in
construction (Tah and Carr, 2000). It is likely that the proven reason(s) for the

existence of a defect could be isolated from this group of risks.

In contrast, the global risks that Tah and Carr (2000) refer to including client,
contractual, design, management, location, timeframe, financial, amongst others
arguably more accurately reflect root causes in that they appear to be more latent and
more likely to indirectly contribute to defects. Similarly, the external risks that the
pair refer to including technical change, physical, political, and economic matters not
internal to the project also appear to be consistent with root causes of defects (Tah
and Carr, 2000). Thus, while the following figure, Figure 2.4, shows Hierarchical
Risk Breakdown Structure (‘HRBS’) arguably it could also be useful for providing a
suggestion of the topology of root causes and direct causes of defects in construction

(Tah and Carr, 2000).
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Figure 2.4 The Hierarchical Risk Breakdown Structure (Source: Tah and Carr, 2000).

The vast majority of adverse events that can occur in construction typically are
attributed to departures from established requirements whether they be technical,
supervisory, regulatory or otherwise (Georgiou, 2010). Josephson & Hammarlund

(1999) concluded that root causes were “difficult to identify” but nonetheless could
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include cost pressure, time pressure, client project control, instability, inexperience,

lack of top management support amongst others.

Thus, arguably one difference between root causes and direct causes is the extent that
they can be rapidly identified (Sommerville, 2007). The former may be particularly
difficult to isolate. Root causes essentially as latent conditions, will lay dormant until
the manifestation of a defect. Personnel will typically remain unaware of the adverse
consequences of particular decisions that are made with respect to the project
(Aljassmi, et al., 2013). In other words, the significance of particular vulnerabilities
is unclear until actual failure occurs (Busby and Hughes, 2004). Often root causes
will lay dormant because of a system defense, such as managerial precaution.
However, when aggravating internal conditions or external circumstances interact
with the root cause condition, or several, erroneous action can be more likely

(Sommerville, 2007).

The interactions of root causes have also been investigated by other researchers. The
following figure, Figure 2.5, shows Love et al., (2013) conceptual framework of
pathogens, errors, and failure. This theory is similar to earlier conceptions that have
noted that root causes tend to operate in combination or even in a chain of events that
typically leads to the direct cause of adverse events (Busby and Hughes, 2004;
Josephson & Hammarlund, 1999; Sommerville, 2007).
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Figure 2.5 Pathogens, errors and failure (Source: Love et al., 2013)
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One approach to managing defects is then to focus on basic reasons that lead to
undesirable conditions. As point out by Busby and Hughes (2004) the early stages of
project delivery can be fertile ground for vulnerabilities, which later lead to defects.
Thus, measures should be implemented to prevent and remove potential root causes
as early as possible during the construction project’s lifecycle so that defects and
rework are minimised (Aljassmi, et al., 2013; Huovila et al., 1997; Sommerville,
2007). Despite root causes by definition being latent and often hidden, there are a
number of identifying characteristics according to Busby and Hughes (2004) and
Sommerville (2007). Root causes tend to be stable. This means that they tend to be
conditions that have existed for some time prior to an erroneous action. Moreover,
they tend to be overlooked stages of sequences of failure. In other words, prior to the
occurrence of an erroneous action, the existence of the root cause is not obvious.
However, once the error occurs then the relationship between the root cause and the

direct cause is readily identifiable (Aljassmi, et al., 2013).

A number of researchers have investigated root causes in relation to defects in the
construction industry. During the years of 1986 and 1990 and later the years of 1994
and 1996, Josephson and Hammarlund (1999) conducted a study into the causes of
and costs of defects in the construction industry. The researchers conducted formal
interviews with 92 representatives from 7 seven building projects in Sweden, and
collected and fully described 2879 defects. The authors preliminary conclusions were
that stability in the client organisation, the client’s control of the project, the
timeliness of feedback, time pressures, the composition of the organisation, cost
pressures, top management support, and levels of motivation were relevant root
causes (Josephson & Hammarlund, 1999). The authors noted that their findings were
not significantly different from earlier studies and advised further deeper analysis be

conducted.

Tilley and McFallen (2000) also found that client actions, such as demanding early
completion, could also act as root causes to error. The authors found that related cost
and time pressures led designers to produce unsatisfactory contractual and design
documentation. Similarly, cost and time pressures were noted as underpinning
neglect of audits, inspections, reviews and other quality management measures

throughout the project delivery. These results have since been found in other studies
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(Aljassmi, et al., 2013; Love et al., 2009). Waldron & Association (2006) specifically
noted that design documentation was increasingly incomplete at the time of
construction due to client led desires to accelerate the construction schedule, and that
these are other shortcuts were compromising performance during the construction

stage.

Gherardi and Nicolini (2000) investigated error prevention in the construction sector
and noted that that failing to view error prevention as a process tended to underpin
errors. Failing to embrace quality assurance interventions has been repeated referred
to by recent authors (Lopez, Love, Edwards & Davis, 2010; Love et al. 2008). The
authors argued that any error prevention system needed to involve a thorough
exploration of the organisation, systems, and industry in which it was to be applied.
The work, consistent with other quality management interventions, argued that every
aspect of the project needed to be taken into consideration, and that the causes and
effects of errors were not linear. Tsang and Zahra (2008) conducted a similar
investigation and concluded that there was a need to understand how root causes
could be “reciprocal or looped in their relationships”. (Lopez, Love, Edwards &

Davis, 2010).

More recently, Love et al. (2009), through conducting 59 in-depth interviews with
participants from construction and engineering firms in Australia, investigated root
causes with respect to omission error. The researchers found that pressures imposed
by clients relating to increased capital costs, increased expectations and increased
competition tended to act as root causes. They also noted that repetitive economic
pressures, scheduling, and regulatory matters also tended to act as root causes.
Interestingly, the respondents in the study also referred to broader societal issues
such as environmental matters and the pressure to accommodate an increasing
domestic population as latent conditions, which could contribute to omission error
(Love et al., 2009). The authors concluded that the substantial influence of latent
conditions lead to a situation where traditional quality control methods targeting
variation in the final alone could “never achieve the significant low nonconformance

levels” (Love et al., 2009).
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Other studies to date have noted that information flows (Aram & Noble, 1999),
interdependencies (Williams, 2002), unclear project goals/objectives (Williams,
2002), top-down leadership amongst other things (Love et al., 2010), can impact on
the likelihood of erroneous action occurring. It has been noted that scarcity of skilled
labour, and corporate liquidity can also underpin the occurrence of errors (Aljassmi,

et al., 2013; Hwang, Zhao & Ng, 2013; Love et al. 2010).

25.1.1.2 Direct causes

Direct causes are those causes, which can “primarily be attributed to individuals”
(Josephson & Hammarlund, 1999). In Love et al. (2013) model presented previously
a proposed relationship between pathogens, errors, and failure was provided. Love et
al. (2013) listed that pathogens could be project-based, such as those relating to cost
and time pressures, organisation-based, such as, lack of training or culture, or people-
based such as issues concerning stress management, cognitive ability, and
personality type. It is argued that the project-based and organisation-based pathogens
can be referred to root causes while people-based pathogens may be more akin to
direct causes with respect to construction defects (Love et al., 2013). The dichotomy
was also discussed previously in relation to Tah and Carr (2000) investigation of the
relationship between risks in construction. As mentioned, the external risks and the
global category of the internal risks appeared to better reflect root causes whereas the
local risks including labour, plant, sub-contractor, materials, and site tended to have a
closer relationship to individuals (Tah & Carr, 2000). As mentioned, arguably these
internal local risks provide an indication of source of direct causes of defects in
construction, and it is likely that, in most circumstances, the proven reason(s) for the

existence of a defect could be isolated from this group.

Busby and Hughes (2004) study of defects in construction provides useful taxonomy
of direct causes. Busby and Hughes (2004), through interviews with 22 engineering
personnel in a United Kingdom firm, argued the existence of eight categories of
pathogens, of which four represent categories of direct causes. Practice was the first
category in this taxonomy. This included direct causes that arose from the deliberate
practices of people. This was suggested to be the most significant area of direct

causes with 62% of errors relating to this category in the study (Busby & Hughes,
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2004). This category thus also includes matters of direct supervision and
communication. Poor assignment of labour for tasks may also be a direct cause
within this category. Chung (1999) found that ambiguous instructions,
misinterpretation of drawings, unqualified operators/workers, poor communication
with architect(s)/engineer(s), poor sub-contracting coordination, inadequate
supervision and neglect of onsite verification were typical causes of defects. Love et

al. (2009) noted that this could include a failure to review design documents.

“Task™ was a second category. This included direct causes that arose from the nature
of the task being completed (Busby & Hughes, 2004; Tserng, Yin & Ngo, 2013). The
following figure, Figure 2.6, shows Tserng, et al., (2013) the input flows for a
construction task. This could include allocating disproportionate time for tasks (Love
et al. 2009). In the original study, 13% of errors related to this category (Busby &
Hughes, 2004). However, the authors conceded that due to the fact that determining
the precise cognitive process involved in carrying out complex tasks is difficult, it is
challenging to identify the specific causes of failure in relation to this category
(Aljassmi, et al., 2013; Cheng & Li, 2015). Nonetheless, the authors recommend that
breaking down tasks into sub-tasks and their respective requirements would be a
difficult but important process for the purposes of reducing task-related direct causes

of defects (Love et al. 2009).
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Figure 2.6 Input flows for a construction task (Tserng, et al., 2013)

In addition to this, authors have noted other task-related conditions that would be
likely to increase the incidence of error (Busby & Hughes, 2004). Norman (1988)
noted that the higher the informational loading, that is, the greater the complexity of
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each step, the higher the incidence of error. This is because the short-term memory
demands could be too high (Love et al. 2009). Similarly when sequential procedural
steps are not cued by the preceding procedural steps, or when the succession of tasks
is not linear, there can be a greater incidence of error (Reason, 2002). Reason (2002)
noted that steps that involve an actionable item that is concealed is likely to be
omitted. Busby and Hughes (2004) found that tasks, which require planned
departures from customs, habitual actions, or conventions are highly likely to be
erroneously completed. Similarly tasks, which involve a repetition of sub-tasks, are
likely to suffer error due to a tendency for the repetition to be omitted (Herrman,
Weigartner & Searleman, 1992). Premature exits due to preoccupation with the next
task, or early completion of the task, by the actor, can lead to steps located near the
end of the task sequence to be omitted (Reason, 1998). Moreover, a combination of
any of the previously mentioned events can lead to a recurrent error trap (Love et al.

2009).

“Circumstance” was the third category. This category included direct causes related
to the situation or environment in which the project was being completed (Busby &
Hughes, 2004). In the original study, 6% of errors were due to circumstance. This
meant that an extreme weather event, in this sense, would be considered a direct
cause and therefore is an example of a direct cause that not primarily attributable to
individuals (Love et al. 2009). Another example of a direct cause of an error due to
circumstance would be a contractor procuring products in a market where there was
insufficient information about the nature and quality of the products (Busby &
Hughes, 2004). The “Tool” category referred to direct causes which arose from a
technical tool(s). In the original study, 6% of errors were due to convention (Busby
& Hughes, 2004). Incompatibility of software would be an example (Love et al.
2009). Technical matters tend not to be a major cause of error in the construction

sector according to the authors (Busby & Hughes, 2004).

2.5.1.2 Erroneous actions — Defective works

The term, erroneous action, can be used to refer to any act(s) or omission(s) that
constitute a departure from established practices (Josephson & Hammarlund, 1999).

There is a close relationship between this concept and the notion of a defect, which
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as mentioned refers to a deviation from the established requirements that requires
rework. Sommerville (2007) argues that erroneous actions generate defects, or
alternatively, that the outcome of erroneous actions are defects. Nonetheless,
erroneous actions, as defects, are typically underpinned by one or multiple causes
(Josephson & Hammarlund, 1999; Love et al., 2013). A substantial amount of past
research has been conducted for the purposes of better understanding erroneous
actions (Reason, 1998; Josephson & Hammarlund, 1999; Busby & Hughes, 2004).
Discussions in the construction literature have included concepts such as
miscalculations, misinterpretations (Lopez et al., 2010), omissions, departures (Bea
cited in Atkinson, 1998), failures (Hagan & Mays, 1981), deviations (Kaminetzky,
1991), unsafe acts (Reason, 1990) and unexpected occurrences that cannot be

entirely attributed to circumstances or chance (Busby, 2001).

There has also been substantial study into the extent that liability for errors can be
attributed to humans. Reason (1990) argued that if people accept that making
mistakes is a fundamental characteristic of human beings then it is a matter of
contention whether individuals can justifiably be blamed for all errors. As part of
this, it has even been argued that the concept of errors itself is a social construction.
It has been noted “the concept of errors may not exist, as they are a product of a
person’s cognitive capability” (Reason & Hobbs, 2003, cited in Lopez et al., 2010).
It has also been noted that while some argue errors arises due to psychological,
physiological, and cognitive limitations, the most severe errors tend to be committed
by person’s with the highest competencies (Atkinson, 1998; Love, Edwards & Han,
2011; Reason, 2000). It is also argued that error is an innate part of design and other

stages of project delivery (Atkinson, 1998; Love et al., 2009).

Notwithstanding this, it is important to outline leading conceptual frameworks in
relation to erroneous actions. Arguably The leading view is that poor adaption to
cultural, social, and physical environments can lead to impaired human cognitive
ability which underpins situational erroneous actions (Henneman & Gawlinski, 2004;
Stock et al., 2007; Reason, 2000;). It is argued that erroneous actions can be divided
into three categories (Lopez et al., 2010). The first of these are those that arise from
an acceptable plan but the actions not being performed as planned. These are referred

to as “skill/performance errors”. The second category is those that arise from actions
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being performed as planned but the plan itself being ineffective. These are referred to
as “rule/knowledge based errors”. Finally, a third category includes actions which
representing overt noncompliance with standards. These are referred to as
“violations” (Lopez et al., 2010). The three categories are shown in the following

conceptual taxonomy (see Figure 2.7) as adopted by Lopez et al. (2010).
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Figure. 2.7 Conceptual taxonomy of error (Lopez et al., 2010)

2.5.1.2.1 Errors

As can be noted two-thirds of the previous taxonomy relates to errors. The authors
argue that the most encompassing definition of error is that which was provided by
Reason and Hobbs (2003) and reads “an outcome that essentially involves a
deviation of some kind, whether it is a departure from a path of actions planned
toward a desired goal or deviation from the appropriate behaviour at work.” Other
definitions are narrower focusing notions of surprise and human liability. For
example, Busby and Hughes (2004) argue an error is an act “in which the outcome
was appreciably worse than the expectation, could not be put down entirely to chance
or circumstances, and involved some element of surprise”. Thus, one of the key

recurrent issues appears to be determining the extent that an error can be rightfully
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attributed particular individuals. As mentioned previously, some argue that error is
inevitable despite the skills, knowledge, and/or experience of the proponents
(Atkinson, 1998). Recognising this, Hagan and Mays (1981) argued that human error
could occur anytime and the precautions were needed, and that understanding the

sources of error would support such an effort.

a) Skill-/Performance-Based Errors (Lapses and Slips)

As mentioned, errors that arise from an acceptable plan but the actions not being
performed as planned are referred to as “skill/performance errors” (Lopez et al.,
2010). This category of errors can also be referred to as “execution deviations™ as the
error arises due to a departure from the plan (Cheyne et al. 2006), however,
importantly they are largely unintentional errors. For this reason, “skill/performance
errors” are typically referred to as slips or lapses, and are associated with
forgetfulness, memory failures, unconscious routine activity, mental programming
(Henneman & Gawlinski 2004), distraction, and preoccupation (Reason, 1995). This
is not to say that “skill/performance errors” due to their lack of intent are necessarily
minor events. Slips and lapses can lead to significant negligence, carelessness, and

recklessness (Henneman & Gawlinski 2004).

Errors that arise from an acceptable plan but the actions not being performed as
planned, that is, execution deviations, are said to often occur in patterns regardless of
the individuals involved (Love et al, 2009). This may be a result of
absentmindedness which results in attentive lapses or slips on a daily basis for many
individuals combined with working systems which feature error-provoking
conditions (Lopez et al., 2010; Love et al., 2009). Thus, while on one hand, lapses
and slips which are characterised as errors where knowledge is correct but failure
occurs, and those errors which are typically attributable, to one individual, as Sasou
and Reason (1999 cited in Lopez et al., 2010) note “errors in the action process of a
single individual and are likely to be divorced from the activities of the team as a
whole,” on the other hand, there may be a host of contributory factors (Zhang et al.,

2004).
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b) Rule-/Knowledge-Based Errors (Mistakes)

The second category, as mentioned, are those errors that arise from actions being
performed as planned but the plan itself being ineffective. These “errors” are referred
to as “rule/knowledge-based errors”. Concerning rule-based errors, Reason (1995)
notes that this class of errors may occur simply because someone has misapplied a
rule. It may have be course of action, that is a rule, that had worked previously but
that was not applicable for the current situation, or alternatively it could have been a
course of action that did not work and had remain uncorrected. The descriptor
“knowledge” is used in the name “rule/knowledge-based errors” to refer to
information scarcity and its impact on decision-making. For example, Sunyoto and
Minato (2003) comments noting “errors committed of this nature arise from absent
or faulty inferences for the correct information that is available.” Errors that arise
from actions being performed as planned but the plan itself being ineffective are
often referred to as “mistakes” (Lopez et al., 2010; Zhang et al. 2004). A justification
for this term is that rule/knowledge-based errors are errors that arise unintentionally
due to matter being beyond the capabilities of the individual (Kletz, 1985). In other
words, the individual may be dealing with a situation in which the he or she
possesses incomplete knowledge, and therefore is unable to achieve an effective

outcome.

2.5.1.2.2 Intentional Violations/Noncompliances

The third group, as mentioned, is actions, which represent overt noncompliance with
standards. These are referred to as “violations” (Lopez et al., 2010). The
differentiating aspect of violations is that they are intentional. Van Dyck et al. (2005)
refers to violations as “intentional deviations from standards, norms, practices, or
recommendations.” Similarly, Sunyoto and Minato (2003) in the context of
occupational health and safety, define violations as “deliberate ... deviation from
those practices deemed necessary to maintain the safe operation of a potentially
hazardous system.” The intentional nature of violations reflects potentially more
serious issues within the organisation. For example, it is noted that violations
typically proliferate in environments where there is poor supervision, poor

leadership, a perceived lack of concern, and low employee morale (Reason, 2002;
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Van-Dyck et al.,, 2005). In other cases, violations may be underpinned by
opportunistic actions of individuals including those which are enacted out of self-
interest and those which based on beliefs about improving operational productivity

(Love, Edwards, Irani & Walker, 2009).

2.5.1.3 Manifest Defects

The delivery of construction projects involves numerous sub-tasks, which ideally
would be carried out adhering to acceptable plans, featuring satisfactory
performances, and resulting effective outcomes. In practical terms, an effective
outcome would be a product that adheres to established requirements such as the
relevant building codes and regulations (Love et al., 2013). However, it is often the
case that products do not adhere tightly to these established requirements (Concrete
Reinforcing Steel Institute [CRSI], 1996; Fox, Marsh & Cockerham, 2003).
Sometimes, the specifications of the final product will differ from the ideal standard
in some measures, but still be within an acceptable range (Forcada, Macarulla &
Love, 2012). In other words, deviation may exist, but the extent of departure from
established requirements is not such as to require rectification actions. The amount of
tolerance that is permitted when depend on the relevant regulatory regime as
mentioned, as well as client specifications, and practical structural and safety matters
(Fox, Marsh & Cockerham, 2003; Jannery 1979). However, once deviations occur
that are outside of acceptable tolerances, referred to here on as construction defects,
then there can be a much greater risk present and remedial actions will be required.
Josephson and Hammarlund (1999) referred to such a type of non-conformity as a
“manifest defect” which they defined as “a non-desired condition in the product or

process” and “the non-fulfilment of intended usage requirements”.

Manifest defects can be categorised broadly. With respect to adhering to the relevant
building code, contractors need to ensure that the dimensions and materials are as
specified (Love et al., 2013). There are also broader regulations which need to be
applied to including laws and by-laws relating to land use, lighting, ventilation,
electricity and plumbing facilities, drainage, treatment of materials for corrosion and
pest infestation (Ahzahar, Karim, Hassan & Eman, 2011). There may also be

additional regulations, which relate to fire protection systems, sound proofing and
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installation. The improper use of installation materials, for example, may result
significant legal liability (Ahzahar, Karim, Hassan & Eman, 2011). Contractors also
need to be away of liability that may arise due to defective materials or
manufacturing flaws (Ahzahar, Karim, Hassan & Eman, 2011). With respect to client
specifications, any deviation from established requirements, which potentially
reduces the value of the building, would most likely considered a manifest defect
(Ahzahar, Karim, Hassan & Eman, 2011). Concerning structural and safety matters,
deviations from established requirements, which could lead to cracks, or collapse

will be manifest defects (Love et al., 2013).

As mentioned, human actions and omissions whether in the form of lapses, slips,
mistakes, or deliberate violations during delivery of the construction project created
systemic deficiency, which can result in, manifest defects (Love et al., 2013). These
actions and omissions occur at all stages, however, most notably, it is believed to be
during the design and construction stages that origins of most manifest defects can be
traced (Tilley 2005). As mentioned, one study in the United Kingdom, found that
50% of errors occurred in the former while 40% occurred in the latter (Building
Research Establishment [BRE], 1982). Another more recent study, this time in
Russia, found that 30% occurred in the former and 50% occurred in the latter
(Volkovas, & Petkevicius, 2011). While the mentioned previous studies reported on
the origins of manifest defects for a large number of cases, where the origin of a
manifest defect arises with respect to one case, especially when the origin is
disputed, the typically procedure is for an independent expert analysis to be
undertaken (Comerford and Blockley, 1993). This is typically a cautious and

expensive forensic event (Love et al., 2013).

The cost of post-incident investigation is cited as a reason for increased pre-incident
quality interventions (Jannery 1979). In one study, it was found that internal design
checks could detect 32% of errors, and independent design checks could detect up to
55% of errors present in the design documents (Schneider, 1997). Others have
argued that pre-incident quality interventions are most effective when they involve
training and skill development to support practices that avoid actions and omissions
that ultimately lead to manifest defects (Kvitrand et al. 2001; Love et al., 2013).

Nonetheless, despite the origin of manifest defects, their existence in products almost
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unavoidably results in exposure to cost and time overrun risk, wastage, rework, legal
liability including claims on warranties, and adverse implications for client
satisfaction and company good will (Fox et al, 2003), as is discussed in the

following section.

2.5.14 Consequences

The term, consequences, has a negative connotation, and refers to undesirable
results, which arise from the existence of a manifest defect. Thus, in this context,
“consequence” is therefore broad and refers to, as stated by Josephson and
Hammarlund (1999) “all consequences of a manifest defect, which includes

consequences for both the product and the process.”

As mentioned, the existence of manifest defects in products almost unavoidably
results in exposure to cost and time overrun risk, wastage, rework, legal liability
including claims on warranties, and adverse implications for client satisfaction and
company good will (Cheng & Li, 2015; Forcada et al., 2012; Fox et al., 2003; Love
et al., 1999; Mills et al., 2009). Each of these outcomes share a unifying
characteristic in that they are very likely to increase the cost of completing the
project from the point of view of the principal contractor, and as a consequence,
decrease the value of the project to that contractor. The research conducted in
different settings to date suggests that the consequences of manifest defects increase
the cost of completing projects by between 2 and 20% (Burati et al., 1992; Jafari &
Love, 2013; Josephson & Hammarlund, 1999; Love & Li, 2000; Mills et al., 2009).
In line, one estimate suggested that contractors spent $1.5 trillion towards
completing building projects in the United States in 2004, and that $75 billion of that
figure was attributable to rework mandated by defects (Hwang, 2009). Consequences
of manifest defects have been found to increase project completion costs more
sharply in the residential construction sector compared to the industrial sector (Love

& Li, 2000).
Manifest defects by definition require rectification actions, known as rework. These

actions where unplanned for can severely impact on scheduling as additional

resources will need to be obtained often through hiring arrangements (Davis, 1989;
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Love & Edwards, 2004b). Depending on the nature of the defect and rework required
there may be substantial interruptions in the roll out of project delivery events. The
creation of waste is one of the consequences that impacts on the time required for
project completion (Aljassmi, Han & Davis, 2013; Love et al., 2013). Waste, defined
as “the loss of any resource, including materials, time (labor and equipment), and
capital, that is produced by activities that generate direct or indirect costs but do not
add any value to the final product for the client” (Tserng, Yin & Ngo, 2013), once
generated can result in out-of-proportion flow-on effects such as delays created by

the waste handling process (Tserng, Yin & Ngo, 2013).

Depending on the nature of the manifest defect and the rectification actions required
it is probable that the occurrences will adversely affect the relationship between the
parties to the project (Love & Edwards, 2004b). The direct consequences of a
manifest defect will typically be rework and adversely implications for the cost and
timeliness of the project's completion. Indirect consequences arise when parties seek
compensation for deviations in budgets and schedules which constitute breaches of
contract, and/or when stress, motivation, and/or reputation-related issues result in
conflict (Almusharraf & Whyte, 2012; Love & Edwards, 2004b; Palaneeswaran,
2006). While such legal and non-legal disputes will threaten relationships between
parties to the project, the occurrence of manifest defects and rework is also likely to
suggest to the client that the contractor is unreliable or at least unprofessional and
may cause the client to question the overall quality of the work (Eden et al., 2000;
Palaneeswaran, 2006). A study in Finland focused on client satisfaction and the
“repair of defects and deficiencies noticed during handover inspection,” found that
when clients perceive a project to be very poor in one area then they are likely to
conclude that the project is poor in all areas (Kérnd, Sorvala & Junnonen, 2009). The
authors noted “negative experiences seem to have a great impact on the customer’s

entire image of the project” (Kérni, Sorvala & Junnonen, 2009).

2.5.1.5 Corrective Measures - Rework

Rework refers to the construction-related activities that have to be done more than
once due to prior non-conformance (Ashford 1992). It is considered to be a logical

last step of defect rectification following root causes, direct causes, erroneous
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actions, manifest defects, and consequences (Sommerville, 2007). The term is often
used interchangeably with rectification actions or corrective measures however, the
later is arguably a broader term, as Josephson & Hammarlund (1999) note,
encompassing “all actions performed with a view to completely or partly remedying
manifest defects, and their consequences”. Nonetheless, the different definitions
provided for rework contain different themes. For example, rework needed to occur
“in the field” according to the Construction Industry Institute [CII] (2001) and
expressly included “activities that remove work previously installed as part of the
project.” Other definitions highlighted the unnecessary aspect of rework. For
example, Love (2002) described the concept as “the unnecessary effort of redoing a
process or activity that was incorrectly implemented the first time.” and, the
Construction Industry Development Agency [CIDA] (1995) who define the term as
“doing something ‘at least’ one extra time due to non-conformance to requirements”.
Other definitions emphasized the potential for rework to be required at any time
during the project delivery. For example, it was noted that rework may occur at any

stage in any conceived project (Oyewobi, Ibironke, Ganiyu & Ola-Awo, 2011).

The discovery of a need for rework is a critical development in the delivery of a
project. The earlier defects are identified, assessed, and treated, the lower the relative
expense of such intervention (Eden et al., 2000). Rework will typically be less
comparably expensive when it occurs during the planning stages of project delivery
such as the preliminary design steps as opposed to rework that occurs during the
construction phase (Love & Edwards, 2004b). Similarly, defects that are identified
during or after client handover, are likely to involve more complicated rework and
expose the contractor to significant financial consequences (Forcada, Macarulla &
Love, 2012). The mitigation of risk associated with rework typically takes the form
of contract, project, quality and value management interventions (Palaneeswaran,

2006).

2.6 Task Components/Factors and Analysis

A task is defined as “a piece of work that has been given to someone” or
alternatively and more broadly “a job for someone to do” (Merriam-Webster, 2012).

Another functional definition of a task is that it is an activity that people “should
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conduct to move their work and life on” (Liu & Li, 2012). In the context of
construction, successful project delivery requires that the contractor is able to plan,
coordinate, and execute, or have executed, essential tasks (PMI, 2008). Given the
increasing importance of goal setting with respect to construction project delivery, it
should not be surprising that the concept of a “task” has taken on substantial
theoretical significance (Campbell, 1988). Contractors are required to take into
consideration the nature of tasks relevant to the project in order to overcome
practical barriers which would otherwise led to cost and time overruns and/or poor
quality, and ultimately project failure, and use this task reflection to plan a viable
plan of execution (Lopez et al., 2010; Love et al., 2009; Priemus and Ale, 2010; Tah
& Carr, 2000).

However, task analysis is often absent. Some organisations fail to appropriately
break down packages of work into smaller manageable tasks and sub-tasks. Such
decomposition is not a difficult process, however, it is reported as time-consuming
(Love et al.,, 2009). In other cases, despite the significance influence of the
characteristics of tasks on organisational behaviours, there can be disagreement as to
the nature of each task (Liu & Li, 2012; Wood, 1986). Moreover, in the construction
sector, research typically focuses on after-the-fact defect and quality issues at the
expense of in-depth task analysis (Forcada, Macarulla & Love, 2012; Mills, Love &
Williams, 2009; Tah & Carr, 2000). As part of this, the authors note that the
sensitivity and susceptibility of tasks are typically under-analyzed (Aljassmi, Han &
Davis, 2013; Love et al., 2009). Finally, it is also noted that there is a lack of
investigation concerning the nature aspects of tasks. For example, Priemus and Ale
(2010) note that misunderstanding of the nature of a task can be a source of

construction defect which can occur at any stage of the project's lifespan.

Outside of construction, task analysis has been conducted to some depth. Task-
related research appears extensively in the literature of social sciences. The medical
industry is one in which is underpinned by considerable research into the pivotal
aspects of essential tasks (Bird, 2010; Pittet & Boyce, 2001). Manufacturing is also a
sector where task-analysis has been used in depth to streamline processes, remove
quality issues, and generate a more successful outcome (Boxall & Macky, 2009). A

number of conceptual models have been proposed for better understanding the tasks

58



and in particular likely human performance in relation to tasks. Some of these
models focus on structural themes such as the complexity of the task alone whereas
other interaction-based approaches focus on the product of the interaction of human

agents and the task (Liu & Li, 2012).

A leading approach appears to be considering tasks as comprised by their
characteristics (task characteristics), the resources required (task resources), and the
environmental conditions (task environment) (Bonner, 1994; Fayek et al., 2003; Liu
& Li, 2012; Pitz & Sachs, 1984). The characteristics of a task, also referred to as the
nature of a task, encompasses the size of the task, level of dependency, complexity,
difficulty, urgency, and information load (Bonner, 1994; Forcada, et. al., 2013;
Mitropoulos & Memarian, 2012; Pitz & Sachs, 1984). The resources required refers
to the inputs needed and includes personnel, materials, tools, documentation amongst
others (Fayek et al., 2003; Liu & L1, 2012). Finally, the environmental conditions of
the task, also referred to as the surroundings, or surrounding conditions include
matters of climate, wind, noise, site conditions, external interference and even

political and social instability (Fayek et al., 2003; Liu & Li, 2012).

The likely strong relationship between task pattern and its susceptibility to quality
deviation is the assumption on which this research is based. It is presumed that a
more thorough exploration of tasks can lead to accurate characterization of tasks and
in particular the respective sensitivities of different tasks to deviation. Moreover, it
is expected that close inspection will be able to assist in the identification of sources
within sub-tasks that are susceptible to quality deviation. The following section
reviews the role of task characteristics, task resources, and task environment, and

investigates how these areas interact during action time (task formation).

2.6.1 Identify factors for task elements
2.6.1.1 Task characteristics
As mentioned, task characteristics, also referred to as the nature of a task, are the
size, interdependency, complexity, difficulty, urgency, and information load related

to the task. Earlier studies in the construction sector tended to focus on the link

between construction defects and macro-level issues related to tasks such as whole
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component quality (Fayek et al., 2003; Macarulla, et al., 2012; Mills et al., 2009).
For example, investigations were concerned with deviations in relation to columns,
doors, walls, windows, slabs and so on (Forcada, et. al., 2013; Mills et al., 2009).
There was a lack of studies focusing on more narrow task or sub-task specifications
(Love et al, 2009), and it is believed that the present understanding of task
characteristics, particular those characteristics that may have a significant association

with quality deviation, is limited (Aljassmi, 2014; Davis, 1989; Love et al., 2009).

Thus, there is a need to better understand the characteristics of tasks. Love et al.
(2009) studying causation of error in construction found that 13% of deviation
appeared to caused primarily by the nature of the task. Jafari and Love (2013) noted
that certain tasks in construction were repetitive and the root of non-conformance
could be determined through investigation of such tasks. The size or the scope of a
task is a convenient starting point (Priemus and Ale, 2010). This has been defined as
“the extent of the area to which the task refers and which is affected by the task
outcome” (Whitley & Frost, 1972). Another characteristic of task found in the
literature is task interdependence (Aljassmi, 2014; Liu & Li, 2012), which is defined
as “the degree to which individuals need to work with other individuals in order to
accomplish their tasks” (Tushman, 1978). Task urgency refers to the degree it is
necessary to complete the task within a time frame, and task information load, also
referred to as task analyzability or task determinacy relates to the extent that
information is required to complete the task successfully (Daft & Macintosh, 1981;
Liu & Li, 2012).

The task characteristics of task complexity and task difficulty are regarded as critical
in their respective effects on task performance. However, they are concepts, which
have been interpreted differently. Liu and Li (2012) note “although there are some
similarities between these two concepts, they are neither independent or equivalent.”

The following section inspects these constructs.
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2.6.1.1.1 Task Complexity and Difficulty

There are at least five viewpoints on the delineation of task complexity and task
difficulty. The first is that the terms are synonymous (Hendy et al., 1997). The
second is that task difficulty is a larger concept and that task complexity is a sub-
concept (Rouse and Rouse, 1979). This view holds that difficult tasks are not
necessarily complex whereas complex tasks are almost always difficult. The third
view 1is that task complexity is the larger concept, which is made up of the
components of task structure and task difficulty (Bonner, 1994). Another view is that
task complexity is an overarching concept. Altering characteristics may have a
greater or lesser impact on task complexity. For example, increasing task size might
not alter task complexity whereas increasing the information load will (Campbell,

1988).

Arguably the most convincing and most recent conceptualisation of the terms is that
they are different characteristics. Task complexity has been recently linked with the
objective cognitive demands of a task whereas task difficulty has been linked to the
subjective accessibility of resources to complete the task (Bedny et al., 2012; Liu &
Li, 2012). In a study on information searching behaviours, it was stated that task
complexity was “an objective property of the search task” and task difficulty was
“the context of the individual searcher” (Kim, 2008 cited in Liu & Li, 2012). This
objective-subjective dichotomy is consistent with Ajzen (1991) earlier arguments
that task difficulty was compatible with perceived self-efficacy. Task difficulty has
been linked with subjective temporal perception in other studies (Auli et al., 2010;

Silvia, 2003).

2.6.1.2 Task resources

Task resources refer to necessary inputs to complete the task. Human resources,
materials, tools/equipment, and documentation are categories (Liu & Li, 2012;
Tserng, Yin & Ngo, 2013). Task resources are typically pre-requisites to successful
task completion. Numerous studies have investigated relationships between the
occurrence of quality deviations and task resources (Pheng & Wee, 2001;

Sommerville, 2007).
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Human resources appear to the most commonly reported on category, and the
category with the broadest items. Love et al. (1997) investigating defect occurrence
in construction projects found that trade skills and knowledge, interpersonal skills,
communication, experience, coordination, cooperation and collaboration were
important resources. Josephson and Hammarlund (1999) study on origins of
construction defects in Sweden noted that in addition to knowledge, resources of a
psychological or emotional nature including employee commitment, motivation,
sense of time pressure, and managerial support were important. The authors also
distinguished individual, such as the previously mentioned, and group resources such
as effective site organisation. Fayek et al. (2003) study also identified resources
relating management such as leadership, supervision, commitment to quality, and

clear instruction provision, as salient.

Concerning resources relating to materials, tools and equipment, Tserng, et al. (2013)
noted that high quality resources were important. Fayek et al. (2003) studied defect
occurrence and noted that compliance with specifications relating to materials, tools
and/or equipment, appropriate placement and/or storage of materials, tools and/or
equipment materials, and appropriate construction and fabrication of elements were
necessary to minimise deviation. Fayek et al. (2003) also noted that reliable and
timely supply of materials, tools and equipment was important, and that engineering
of materials and review of such engineering was relevant. Documentation resources
were found to be essential for successful task completion. Love et al., (2013) noted
that specification drawings, information platforms, contracts, and written procedures
for internal checks were important resources. Fayek et al. (2003) noted that

documentation needed to be accurate and complete.

2.6.1.3 Task environment

Task-condition/surroundings elements are used in literature to describe the
surroundings, or surrounding conditions, of the task. This area of consideration may
include matters of climate, wind, noise, site conditions, external interference and
even political and social instability (Chong & Low, 2006; Fayek et al., 2003; Liu &
Li, 2012). As above, these factors may influence task performance, and studies have

been conducted investigating relationships between these elements and the
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occurrence of defects. In Love et al. (1999) and Chong & Low, (2006) studies
weather and site conditions were noted as influential on task completion. Josephson
and Hammarlund (1999) similarly noted that site organisation could impact on task
performance. Fayek et al. (2004) linked elements in the environment that affected
task completion to issues of construction, planning and scheduling. The team also
noted that surrounding conditions that affected task completion could be
characterised as constructability problems. Within this category, the authors listed

9 ¢ 2 e 2 ¢,

“safety issues”, “access to work location”, “unforeseen ground conditions”, “adverse

<

weather conditions”, ‘“unexpected environmental concerns” and “working

environment” (Fayek et al., 2004).

Pheng and Wee (2001) considered the role of surrounding conditions as part of their
study on building defect occurrence in Singapore. The authors listed that overlooked
site conditions and poor site practices and supervision tended lead to deviation. For
the former, the authors noted that “the condition of the soil, the weather, and the
amount of space available on the construction site...directly affect the construction
methods to be employed as well as the ability to store and prevent material damage
prior to use” (Pheng & Wee, 2001). The authors also noted that inadequate soil
compaction was an environmental condition that affected the successful completion
of tasks on site. With respect to site practices, while these could be attributed to
human resource issues, rather than directly to surroundings, the authors noted that
“poor material storage” and ‘“handling practices” were issues that could adversely
affect the environment in which tasks are carried out, and thereby threaten successful

completion of tasks (Pheng & Wee, 2001).

2.6.2 Task analysis

2.6.2.1 General methods for task structure and analysis

Task analysis techniques refer to techniques that are used to describe the goals,
operator behaviour, structure, and/or mental processes important to a particular task.
Embrey (2000) argues that task analysis techniques should at least provide “a
description of the observable aspects of operator behavior at various levels of detail,
together with some indications of the structure of the task.” Primarily, task analysis

techniques have been introduced to reduce risks stemming from particular tasks
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whether those arise due to human and non-human factors (Kratzer, Gemuenden &
Lettl, 2008; Priemus and Ale, 2010). In such cases, task analysis is used proactively
aiming to eliminate pathogens or latent conditions that can give rise to erroneous
actions and consequences (Busby & Hughes, 2004). Reactive use of task analysis can
involve comparing the actual performance of a task with the prescribed performance
as part of an incident investigation (Embrey, 2000). Hierarchical task analysis,
cognitive task analysis techniques, and decision/action flow diagrams are three

commonly applied task analysis techniques.

Hierarchical task analysis is a task analysis technique which focusing on describing
the organisation of work in order to meet the organisation’s objective in relation to
that work (Salmon, Jenkins, Stanton & Walker, 2010). As the name suggests it is a
technique that is highly structured requiring that goals, events, operations, and plans
for each level are articulated (Kirwan & Ainsworth, 1992; Stanton, 2006). In this
sense, hierarchical task analysis typically becomes a representation of the hierarchy
of operations within a system (Salmon, et al., 2010). This technique’s origins can be
traced to Taylorism also known as the scientific management movement, a type of
management in which the tasks or processes in a business or activity are divided up
into micro-tasks (Boxall & Macky, 2009; Kratzer, et al., 2008; Salmon, et al., 2010).
The hierarchical task analysis technique is one, which is flexible. Annett and Duncan
(1967), the two authors that much the theory of the technique is attributed to, argue
that the depth of description should be justified with respect to the difficult of the
task and cost-critical aspects of performance of the task. The authors also recognized
inherent weaknesses of the technique noting that generalisation and discrimination
tended to exist at higher levels of the structure of tasks. The Annett and Duncan
however noted that hierarchical task analysis could be written in an authoritarian
manner emphasizing control mechanisms on sub-ordinates, in a delegatory-sub-goal
manner emphasizing feedback and sub-functions, or a simply descriptive manner to
deal with some of class concepts. More recently, hierarchical task analysis, in
addition to its use in error assessment and reduction, is typically applied for human
resource purposes such as job design, training program design, team work planning,
workload assessment and the design of procedures (Kirwan & Ainsworth 1992;

Stanton, 2006).
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Cognitive task analysis techniques are concerned with underlying mental processes
(Ryder & Redding, 1993). This approach to task analysis is most relevant to the
analysis of higher-level mental functions such as those which require professional
judgment including diagnosis and complex problem solving (Mcllroy & Stanton,
2011). As workplaces are become increasingly automated and reliant on knowledge,
it is also more common that employees need to deal with complex situations not
anticipated by designers (Salmon, et al., 2010). One characteristic of cognitive task
analysis techniques is that they need to assess covert thinking processes. This can be
challenging as the evidence of observable actions will need to be interpreted in light
of inferences that can be made concerning mental processes. Embrey (2000) argues
that effective cognitive task analysis techniques are those, which are able to
accurately predict the types of decision errors that are likely to occur in a given
setting. Cognitive work analysis is an example of a cognitive task analysis technique.
Cognitive work analysis is a task-centered technique, which analyses the constraints
and goals that are likely to exist in relation to a task (Salmon, et al., 2010). Cognitive
work analysis involves an assessment of the information behaviour in a system and is
based on a theory of adaptive control (Fidel and Peijtersen 2004; Hajdukiewicz and
Vicente 2004).

Using cognitive work analysis and the strategies analysis diagram to understand
variability in road user behaviour at intersections charts are another type of task
analysis technique. Decision/action flow diagrams are a type of flow chart, which
highlight action and question sequence in relation to complex tasks (Ahlstrom, 2005;
Embrey, 2000). As the name suggests, there is a focus on decision making related to
the given task. Decision/action flow diagrams tend to be able to developed easily and
individual employees typically find them useful for better understanding their own
mental pathways (Cornelissen, Salmon, McClure & Stanton, 2013). However, one
limitation of this type of flow chart is that the task needs to be relatively simple. This
is because complex tasks can lead to decision/action flow diagrams, which are
cumbersome and difficult to follow (Embrey, 2000). While the aforementioned three
task analysis techniques are common techniques from which there are numerous
extensions and adaptations, there is also a wide collection of alternative task analysis
techniques available in the broader literature (Ahlstrom, 2005; Cornelissen, Salmon,

McClure & Stanton, 2013). While a wider examination of task analysis technique
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categories is outside of the scope of this review, the following section will deal with

task analysis techniques typically applied in construction project management.

Flow charts are another type of task analysis technique. Decision/action flow
diagrams are a type of flow chart, which highlight action and question sequence in
relation to complex tasks. As the name suggests, there is a focus on decision making
related to the given task. Decision/action flow diagrams tend to be able to developed
easily and individual employees typically find them useful for better understanding
their own mental pathways. However, one limitation of this type of flow chart is that
the task needs to be relatively simple. This is because complex tasks can lead to
decision/action flow diagrams, which are cumbersome and difficult to follow
(Embrey, 2000). While the aforementioned three task analysis techniques are
common techniques from which there are numerous extensions and adaptations,
there is also a wide collection of alternative task analysis techniques available in the
broader literature. While a wider examination of task analysis technique categories is
outside of the scope of this review, the following section will deal with task analysis

techniques typically applied in construction project management.

2.6.2.2 Task analysis in project management context in construction
industry

Task analysis with respect to the management of construction projects typically
begins with the “identification of project scope” according to the Project
Management Book of Knowledge (2008). This is the first step of project
management and requires an identification and analysis of the project's assumptions,
constraints and deliverables and the tasks required to achieve them. Formally, the
“identification of project scope” will require the drafting of a “project scope
statement” which includes product scope description, product acceptance criteria,
project deliverables, project exclusions, project constraints, and the project
assumptions (PMI, 2008). The “product acceptance criteria” outline the processes
and criteria for accepting the completed products based on the applied standards. The
drafting of the “product acceptance criteria” is an important task analysis activity
formally providing the project team with details about the work to be performed and

how well can it be controlled (PMI, 2008).

66



The “project deliverables” section of the “project scope statement” describes the
required project outputs in detail. A work breakdown structure (‘WBS’), a
deliverable-oriented hierarchical decomposition of the work, is used as part of this
process to subdivide project deliverables into smaller manageable components called
“work packages” (PMI, 2008). Each work package is decomposed into a number of
necessary activities to achieve the work package. Activities are defined as “the
process of identifying the specific actions to be performed to produce the project
deliverables” (PMI, 2008), and must include required resources (such as people,
material, and equipment) for each activity, the expected duration, activities sequence
based on priority, and the appropriate schedule. Furthermore, each activity is
described in sufficient details to ensure that the work members understand all the
requirements for successful completion of the activity (PMI, 2008). The depth of
work package details differ depending on the project’s size. However, as far as the
WBS approach is concerned, the work-package level is the lowest level from which

time can be scheduled, costs can be estimated, and work can be controlled.

2.7 Previous Studies on Modeling the Defects Prediction

The relationship between defect occurrence in the construction industry and adverse
consequences such as cost and time overruns and stakeholder disputes is well-
documented (Cheng & Li, 2015). However, defects rarely arise as an outcome of an
isolated cause. In fact it is the combination of interrelated direct causes where much
of the attribution of defects lies. This combination is referred to as a defect pathway.
As there are numerous pathways from which defects can occur, analysts have argued
that the frequency, that is the number of risks, that is the severity of the risk to the
pathway formation, can be determined (Aljassmi & Han, 2013). To date, the focus of
inquiry has typically been the identification of generic defect causes. However, it has
been argued that an in-depth analysis of the comparable frequency of risk of defect
causes is lacking (Aljassmi & Han, 2013). Moreover, it is also argued that an
adequate analytical model is lacking to make sense of information from the database
of generic construction defect causes (Cheng & Li, 2015). Thus, to date, the
challenge of developing association rules for effective causation analysis and defects

prediction appears to remain.

67



Dissatisfied with the fundamental flaws and practical difficulties of multivariate
regression techniques to measure quality concepts, concepts which are not easily
quantified, Molenaar et al. (2000) investigated the use of an extension to
standardised regression modelling developed to deal effectively with independent
variables which are typically poorly measured. The technique was referred to as
structural equation modelling (SEM) analysis. Based on qualitative and quantitative
surveys of 159 construction projects, the team was able to investigate a number of
quality issues and their suspected causes. The authors concluded that in comparison
to the original logistic regression modeling methodology, the SEM analysis was able
to provide information with respect to the interaction between suspected causes, and
was able to better deal with errors in measurement. The qualitative component of the
model was reported to assist in explanations of correlations. The authors noted
“There was unanticipated correlation among variables that were necessary to produce

a well-fitting model” (Molenaar et al., 2000).

Kim et al., (2009) also dissatisfied with the lack of accuracy and coordination of
early models, investigated the use of SEM analysis in the context of construction.
The team attempted to predict the success of construction projects operating in
uncertain international settings. The team compared multiple regression analysis,
artificial neural network, and SEM analysis and reported that the latter was best
equipped to analyse and represent causation variables in a realistic manner. The team
also noted that SEM analysis aided effective visual representations of risk pathways
enabling proponents to achieve “critical” early understanding of project conditions

(Kim et al., 2009).

Another approach to model analysis, which has been applied to the construction
sector, is system dynamics (SD) modelling. This approach focuses on the non-linear
behaviour of complex systems. This area of study focuses on the longitudinal
structure of relationships using feedback loops and time delays, as opposed to
predicting a specific output such as an erroneous action leading to a defect. This
means that the strength of SD modelling lies in demonstrating sequence non-
linearity. Chapman (1998) reported on his use of SD modelling to demonstrate the

effects of the loss of key personnel and issues, which aggravated assimilation of new
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recruits in construction. Chapman concluded that the technique “offered a way of
modelling the design process which reflects the underlying pressures and the critical
issues which erode productivity” (Chapman, 1998). In the context of defect
prediction and causation analysis, the use of SD modelling could enhance
understanding of interdependencies between latent conditions and direct causes of

deviation.

Love et al. (2002) applied SD modelling in relation to changes that affect project
management and specifically the incidence of rework. The team identified decision-
making, techniques and technology, behavioural responses, project structure as four
dynamics that were typically attended to by construction project management teams.
Similarly, five internal unattended dynamics were identified and eight external
unattended dynamics. The team concluded that the approach was helpful in
identifying the impact of unattended dynamics, so that actions can be implemented to
increase dynamics that positively affect operations and decrease those that negatively
do so. With respect to SD modelling, the team noted that it was a useful approach to
investigate “whether the project objectives are compatible with overall company

objectives” and “strategic alternatives of an individual project” (Love et al., 2002).

Han, Lee, and Pena-Mora (2012) investigated the use of a SD modelling analysis
approach for the identification and assessment of non-value-adding effort in the
context of the construction of a bridge. The team trace previous research in the sector
distinguishing microlevel analysis, that is, an analysis of the unnecessary steps
within an action, such as waiting, or moving, causing non-value, and macrolevel
analysis, that being an analysis of external factors, such as change orders or site
conditions. Combining a qualitative feedback mechanism model and a quantitative
computerised simulation model, the authors reported that the SD modelling approach
was successful in capturing the propagation of non-value-adding effort between
interdependent activities. Moreover, the authors reported that the modelling approach
could be used to assist managers in planning construction. Project management could
theoretically reduce non-value-adding effort by “inserting an appropriate time lag or
assigning a smaller number of resources where a significant amount of interruption is

expected” (Han et al., 2012).
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Li and Taylor (2014) also investigated the use of SD modelling to identify points of
high leverage with respect to the mitigation of rework and its consequences. The
authors noting “available knowledge is not always successful in improving project
managers’ understanding of the feedback mechanisms,” (2014) reviewed interactions
across different phases on project delivery. By applying SD modelling, the authors
were able to describe the likely effect of undiscovered rework as it combines with
other variables, referred to as “ripple effects” on overall productivity. The authors
further reported discoveries in relation to potential solutions based on feedback from
the SD model. The authors reported that the model aided in the development of an
empirical explanation of the relationship between rework discovery timing and

rework consequence magnification (Li & Taylor, 2014).

Palaneeswaran et al. (2008) investigated the use of an artificial neural network
(ANN) -based technique to predict defects. ANNs are typically a family of statistical
learning algorithms that are used to estimate or predict functions or events. ANNs
operate by following specific learning rules and ultimately learning the behaviour,
which underlies a given system. ANNs are trained on a set of known patterns and are
then tested on a distinct test set. The team focused on identifying defect root causes,
which had some likelihood of occurring during the construction phase. The team
used back propagation neural network (BPNN) and general propagation neural
network (GRNN) architectures, and data from 112 construction projects in Hong
Kong in an attempt to identify relationships between causes of errors and
consequences of errors in construction. While the team identified practical
limitations with their study including data set shortcomings, non-optimal
explorations of modelling, and problems with impracticability of measurements, the
team was able to conclude that ANN modelling would most likely lead to
development of effective performance prediction models in construction and that

particular critical decision-support resources could be developed.

Path analysis is a sub-set of SEM, and only deals with measured variables. Path
analysis can be distinguished from other linear equation models due to its ability to
understand the comparative strengths of direct relationships as well as indirect
relationships with respect to a variable set. As Love et al. (2009) note “In path

analysis, mediated pathways (those acting through a mediating variable, i.e. ‘Y’, in
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the pathway X — Y — Z) can be examined” Love et al. (2009) used this technique
with data from 147 completed buildings and 113 completed civil engineering
projects to identify and assess path coefficients that predicted rework. A structural
model was developed and it was found that “client-directed changes, site
management and subcontractors, and project communication” were the pathways that
were most statistically significant in terms of contribution to rework costs. One
interesting result of the pathway analysis was that there was no significant difference
between direct and indirect cost of rework incurred by the civil engineering projects
and that of the construction projects. Similarly the analysis revealed that factors
causing rework were also not significantly different between the civil engineering
projects and the building construction projects. The researchers concluded that path
analysis was a useful technique to inform matters of causation, however there was

also a need to focus to investigation best practice mitigation of rework.

Despite the aforementioned attempts to model quality issues in construction,
Aljassmi and Han (2013) argued the need for a sophisticated quantification of
independent variables, namely latent conditions and direct causes with respect to
their effect on dependent variables, namely, erroneous actions and defects. Applying
a fault-tree approach and data from four residential projects the authors investigated
latent conditions and causes of defect in terms of their risk importance, namely their
frequency and magnitude. The fault-tree approach involves the quantitative analysis
of instances of erroneous actions and defects and studying the combinations of
contributing latent conditions and/or causes. The technique also uses practitioner
observations about specific defect causes as an input. Probabilistic parameters are
constructed and a fault tree is developed. Important from a practical point of view the
fault tree includes the use of measures of risk importance. Thus, latent conditions are
characterised in terms of frequency and magnitude. While high frequency latent
conditions can theoretically contribute to a high number of defect pathways, it is the
latent conditions with high magnitudes, which poses the most immediate threat due
to high sensitivity of the defect occurrence in relation to the presence of the high

magnitude latent condition.

Aljassmi, Han and Davis (2014) extended on the fault-tree approach of Aljassmi and
Han (2012), and used a social network analysis (SNA) approach to identity and
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evaluate defect cause interrelationships. Moreover, the team developed SNA metrics
so that the “pathogenicity” of each latent condition could be mathematically
expressed. The authors referred to the novel approach as a project pathogens network
(PPN) methodology. The team reported that the PPN approach was able to provide a
mathematical and visual representation of the “pathogenic capabilities” of latent
conditions in terms of the their propensity to cause defects. Nonetheless, the
researchers reported that limitations of the approach were that its effectiveness
depending on the ability of interviewers to guide interviews and that the data

collection process was time-consuming.

Another approach used to identify the frequency and magnitude of latent condition
and/or causes and defect occurrence was carried out by Forcada et al. (2013) who
used a contingency and correlation analysis with respect to 2351 post-handover
defects from a four builders and seven residential development projects. The
statistical approach aimed to identify and test associations between defects and their
sources, namely, design, lack of protection, workmanship, and materials, and defects
and their origins, namely, change, damage, error, or omission. With respect to the
source of defect cause it was found that bad workmanship, namely the execution or
construction stage was most relevant while in terms of origin of defect errors and
omissions were found to be the most relevant. While studies based on statistical
approaches have been found to provide reliable and valid information with respect to
defects, they have been criticized for neglecting relationships between multiple

defect variables (Cheng & Li, 2015).

One of the most recent approaches to causation analysis and defect prediction was
reported by Cheng & Li, (2015) who investigated the application of a Genetic
Algorithm (GA)-based approach incorporating construction defect concept hierarchy
for the purposes of identifying multi-level patterns of defects. The team applied to
GA-based approach to data concerning defects in a ten-year period (2000 to 2010) in
China. The team incorporated domain knowledge relevant to a defect into a concept
hierarchy. This enabled an adjustment of the data retrieval depending on the
concentration of data and relevance of a rule. The team reported that the GA-based
approach was able to generate association rules without minimum confidence

thresholds enabling a more flexible search capability. Cheng & Li, (2015) reported
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that the technique was particularly useful for discovering previous hidden knowledge
in the form of significant relationships between causes and defects in historical

projects.

There is a need for a more organised and systematic approach to causation analysis
and defect prediction. A vital addition to the current body of knowledge would
appear to be the development of a database compilation of historical cases of defects.
The development of this resource would enable preprocessing and reuse of
information. This approach has already been applied in different contexts such as
safety management, chemical accident analysis, and accident investigations. As part
of this, there is a need to develop domain ontology that is specific to defects and a
data collection system that permits the effective use of information concerning
defects and defect factor patterns (Cheng & Li, 2015). Preliminary work has
commenced in these areas with Park et al. (2013) proposing a domain ontology to
search and retrieve defect information from historical projects. Similarly, Lee et al.

(2013) have developed a relational database to store quality and defect related data.

2.8 Chapter Summary

The chapter provided background to the research and commentary relevant to the
broader topic of the construction industry and the more narrow topics of deviation
and defect causation. The chapter provided a topic-by-topic review of quality
management in the construction sector providing definitions to key concepts such as
quality deviation and construction defect. The chapter also reviewed the prevailing
theoretical frameworks that have been presented to help understand quality issues in
the construction process. A significant portion of the chapter was dedicated to
reviewing the notion of the task within construction. Definitions were provided and
an analysis of task characteristics such as task resources and task environment was
also presented. The chapter provided a review of modeling approach(es) that have

been used within the field of deviation (from quality norms) in construction to date.
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CHAPTER 3: Research Methodology

3.1 Introduction

The purpose of this chapter is to present the theoretical framework and methodology
of the research and to tie these concepts to the objectives of this study. The chapter
attempts to achieve this through outlining the conceptual framework and the research
aim. The philosophical assumptions and claim to knowledge of the research are
presented. The chapter presents the rationale for and application of a mutliple-case
study approach. The unit of analysis selected, namely, the sub-task requirements
STR, is described at length. The chapter also elaborates on the justification for the
selection of a multiple-case approach involving 17 cases (across 27 construction
sites). The chapter describes the development of the data collection instrument
including the role of documentation, structured interviews, observation, and direct
measurement processes. The processes for attesting the instrument's content validity
are also outlined. The rationale for, and application of, data analysis techniques
applied in the study are discussed in the chapter. Finally, the chapter outlines the
tests of data validity and reliability that were conducted and provides a summary and

the main conclusions.

3.2 Research Conceptual Framework

The review of the literature outlined the background to quality deviation and defect
occurrence in the construction industry. Most studies refer to the existence of
complex pathways of events from root causes, to direct causes, erroneous actions,
and defect occurrence. In the relation to the direct causes, the majority of these
studies have identified and evaluated the role of non-task factors, such as worker,
supervision, resources, documentation and surroundings conditions with respect to

quality deviation or/and defect occurrence.

To date, there are have been relatively few empirical investigations focused on the

role of task-related factors (i.e., task requirements), such as, sensitivity towards
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deviation (see Figure 3.1). Moreover, while isolated research and commentary
focuses on the task-related factors, these reports tend to view the task from a
superficial level. In other words, there appear to be very few empirical publications
concerned with the specific requirements of sub-tasks and how performance of these
sub-tasks can provide information useful for understanding deviation and defect
occurrence. While STRs are available in building codes there appears to be failure
from the research community in terms of using these standards to better understand
how discrete aspects of tasks can affect the likelihood of defect occurrence. In other
words, while it appears building code STRs provide a useful benchmark from which
performance can be evaluated, and the sensitivity of different sub-tasks to deviation

can be ascertained, such an approach appears not to have been investigated thus far.

To address this gap in the research, the sensitivity of each of the STRs towards
quality deviation will be quantified. Then the direct causes leading to deviation for
each STRs, as shown in Figure 3.1, will be investigated in order to understand the
most influential causes of deviation for each respective STR. These measurements
will be achieved through the development of a model capable of simulating actual

interaction between each STRs and the relevant direct causes leading to deviation.
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Figure 3.1 Research Framework

3.3 Research Aim and Objectives

3.3.1 Study’s Aim

The main objective of this study is to develop an approach to determine patterns of
the quality deviations and defect occurrence in the construction industry using a
novel quality deviation classification system and novel model to simulate interaction
between deviations of STR and direct causes (see Figure 3.1), these being task
resource and task surroundings conditions. Six objectives (restated below) are

proposed to achieve the main aim of this study as the following:
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3.3.2 Objectives

1.

Identify the factors relevant to quality deviation and defect occurrence in the

construction industry from literature review (Chapter 2).

Measure the susceptibility of individual STRs to quality deviations to
determine if isolated STRs exhibit different deviation patterns (Chapter 5). To
address this objective, the researcher will identify design specifications for
specific sub-tasks from requirements from building codes (e.g. SBC and ACI)
and project documentation (e.g. drawings, specifications, bill of quantity,
etc.), and use these parameters to set targeted measurements and range of
tolerance and maximum/minimum boundaries for each specific sub-task.
These points will be used to measure deviation degree.

Classify each STR into one of six novel classes as a means to better
understand patterns of deviation occurrence (Chapter 6). To address this
objective, an anatomical analysis for each isolated STR will be conducted to
present performance for each STR. The frequency of occurrence for each of
the six classes will be determined and used to assist better understand patterns
of deviation occurrence. Also, identify deviation source as either design
phase or execution phase through classifying the degree of sub-task deviation
against design specifications and building code requirements.

Measure and rank the sensitivity towards each class from one STR across all
STRs. This is to determine accurately the level of the variation and sensitivity
between the STRs (Chapter 6).

To develop and test a novel BBN-based model capable of simulating realistic
interaction of quality deviation with its causes at the STR level (Chapter 7
and 8).

Provide recommendations with respect to the nature of STRs in concrete
structural construction and model quality deviation and defects (Chapter 8

and 9).
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3.4 Philosophical Assumptions and Research Strategy

Research must be underpinned by a satisfactory examination of relevant
philosophical matters. This is done in order to ensure that the research objectives are
addressed using the most appropriate data collection and analysis techniques given
the context (Easterby-Smith et al., 2002). More specifically, review of competing
philosophical positions is a helpful technique to detect limitations of the anticipated
research, and allow for such to be minimised through modifications of inquiry

methods.

3.4.1 Claim of knowledge

The claim of knowledge of a research project is the starting point of any satisfactory
philosophical examination (Lincoln & Guba, 2000). The purpose of articulating a
claim of knowledge is to help ensure that the researcher has investigating
philosophical matters such as “how they will learn” and “what they will learn”
during the research project (Creswell, 2009). An investigation’s claims of knowledge
is also referred to as its paradigm (Lincoln & Guba, 2000; Mertens, 1998), its
philosophical assumptions (Crotty, 1998), its ontology or epistemology (Crotty,
1998), or as its methodology (Neuman, 2003). A thorough claim of knowledge will
include the researcher's beliefs about what there is in the world (ontology),
researcher's beliefs about how one can know knowledge, (epistemology), as well as
the values which shape knowledge (axiology), the language that can be used to
convey knowledge (rhetoric), and processes that can be used to investigate

knowledge (methodology) (Creswell, 2009).

It is most convenient to summarise the history of positivism as an introduction to the
evolution of schools of thought on examinations of relevant philosophical matters. It
was the work of Francis Bacon and Augusto Comte rejecting that knowledge could
be gained from theology, metaphysical speculation and deduction that led to the
development of positivism. These philosophers argued that in order for knowledge to
be gained it must be observed and tested (Collen, 1992). Positivism is the scientific
tradition that sees science itself as a “organised method for combining logic with
precise empirical observations of individual behaviour, in order to discover and

confirm a set of probabilistic causal laws that can be used to predict general patterns
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of human activity” (Neuman, 2003). Positivism has since become known as the
approach of the natural scientist (Neuman, 2003). In many ways, positivism, was the
first of the scientific traditions, being a method based on rational and empirical
philosophy (Mertens, 1998). Positivism is also deterministic in the sense that the
paradigm assumes that one reality is possible (Creswell, 2003). This belief of
universal truths is further underpinned by an assumption that the data collection and
analysis processes are independent and objective. This presumption of objectivity
leads researchers adhering to this paradigm to adopt measures, which are believed to
be exact and rigorous (Neuman, 2003). The problem with positivistic approaches to
research is that they tend to oversimplify complex systems. In other words, while
providing rigorous assessment of a particular dependent and independent variable,
potential confounding conditions can be neglected. These extraneous variables may
include critical practical and ethical issues relevant to the subject matter (Collen,
1992). The notion of the “absolute truth” was attacked on these grounds by a number

of philosophers including Karl Marx.

The response to these criticisms was the evolution of the post-positivism paradigm
(Lincoln & Guba, 2000). Primarily this paradigm argued that while the real world
exists, it needs to be discovered by researchers and is it open to different
interpretations (Gray, 2009). The primary distinction between positivism and post-
positivism is the while the former holds out that a sole source of knowledge is
achieveable, the latter argues that perceptions of researchers are not reality, and
instead are merely perspectives of specific reality. The post-positivism approach
while maintaining many of the principles of positivism further adds that triangulation
and consideration of source of bias are required to achieve a more accurate depiction

of reality (Godfrey & Hill, 1995).

While positivism and post-positivism together constitute one of the two major
scientific traditions, on the other side, are claims of knowledge based on
constructivism. This second scientific tradition holds that participants are able to
construct their own understandings and meanings for phenomena. The construction
of these understandings is moderated by that individual's exposure to social and/or
historic events. Three claims of knowledge derived from the constructivism tradition

warrant description. The first is socially constructed knowledge claims. This an
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approach based on inductive reasoning in which the researcher focuses on the
expression of the participants' lived experience. Crotty (1998) identified that the
interaction of a person with his or her external world is influenced by that persons’
social and historical perspective. Humans are socially programmed by their own
unique cultures. Another perhaps more radical claim of knowledge based on the
constructivism tradition are participatory knowledge claims. These claims of
knowledge arose in response to a perception that positivist and post-positivist
assumptions led to a situation whereby disadvantaged and marginalised persons in
society more systematic neglected. Most researchers within this field draw
inspiration from Marx (Creswell, 2009). These approaches have also been referred to
as emancipatory approaches and share similarities with post-modern philosophies.
The pragmatic claim of knowledge is the third paradigm based on constructivism and
tends to advocate a “free” approach to methodology rejecting the post-positivism

importance of antecedent conditions and causation.

Due to the focus on observation and measurement, this study adopts a post-

positivism claim of knowledge.

3.4.2 Strategies of inquiry

The strategy of inquiry of a research project refers to a more applied level of
considerations that relate to the specific direction of the research. Strategies of
inquiry are also referred to as “traditions of inquiry” (Creswell, 1998) or
“methodologies” (Mertens, 1998). Strategies of inquiry, as claims of knowledge have
diversified over time. Notwithstanding this, the dominant strategies are the
quantitative strategy, in which the researcher deals with data in the form of numbers
and statistics and uses to equipment to collect such data, and the qualitative strategy,
in which the researcher deals with data in the form of words, and uses instruments to
gather such data. A third strategy of inquiry which requires mention is the mixed-
methods approach in which quantitative and qualitative data sources are used in

order to neutralise the inherent limitations of each approach (Creswell, 2009).

The strategy of inquiry for this research project is the quantitative strategy. This
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strategy is reported to be appropriate within the post-positivist perspective of
knowledge. Quantitative strategies are typically applied in the context of
experimental studies, and quasi-experimental studies. However, the quantitative
strategy 1is also increasingly applied in non-experimental designs, those
investigations without treatment or random assignment, including surveys,
questionnaires, structured interviews, and other assessment based on careful
observation and numeric measures (Creswell & Clark, 2007). It is also possible for a
number of these non-experimental quantitative data collection and analysis
techniques to be conducted and presented in the form of a case study. While the case
study approach is commonly aligned with qualitative strategies, Yin (2009) notes
that “case studies can include, and even be limited to, quantitative evidence.” Yin
argues in this regard that “any contrast between quantitative and qualitative evidence
does not distinguish the various research methods (2009).” Yin further noted that the
case studies are appropriate in situations where the situation is technically distinctive
and multiple sources of evidence are available. Moreover, the case study approach,
including a quantitative case study is appropriate where “the prior development of
theoretical propositions” can be used to guide data collection and analysis (Yin,

2009).

3.4.3 Research methods

Having adopted a post-positivist claim of knowledge and a quantitative strategy of
inquiry, the next area for consideration is the nature of the specific research methods
to be applied. Creswell & Clark (2007) advises that researchers adopting such as
claim and strategy pattern need to develop data collection techniques, which have
their parameters, pre-determined and which collect numeric data. Where data are
collected from surveys, interviews or observations of human participants schedules

should use close-ended questions and/or use numeric ranking systems.

The claim and strategy chosen also infer a responsibility on the researcher to adopt
approaches to data collection, which are as free as possible from bias. The use of
technical equipment for objective measurement may be appropriate in this context. In

order to increase the reliability and validity of the results of the study, investigators
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adopting a post-positivist quantitative approach are typically required to employ

statistical procedures (Creswell & Clark, 2007).

3.5 Research Design

The research design is often thought of as the blueprint of the study and refers to the
planning and organisation of data collection and analysis techniques (Poilt and
Hungler, 1985). The research design as a “blueprint” is a key strategic document
aimed at assisting the researcher in meeting his or her objectives (Mohamed, 2004).
The research design will provide detailed information about the size, nature,
selection, and recruitment of the sample used, as well as the methods that will be
applied to collect/gather data, and how specific variables and concepts will be

measured and interpreted (Cavana et al., 2001).

Creswell & Clark (2007) advises that each research design should be selected based
on a consideration of best match between the problem and the strategy (as shown in
Table 3.1). In other words, the approach should be appropriate and proportionate to
the topic. Creswell & Clark (2007) also advises that the researcher's personal
experiences and the addressees or intended audiences of the research should be taken
into consideration. To improve appropriate research design selection, Creswell &
Clark (2007) provides the following table. The non-experimental yet quantitative
nature of the proposed research suggests that the first three items, “Identifying
factors that influence of an outcome”, “Understanding the best predictors of
outcomes”, and “the utility of an intervention” are most relevant and have therefore

been selected (as shown in Table 3.1).
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Table 3.1 Match between problem and approach

Criteria for Selecting an Approach

o Identifying factors that influence of an outcome
Quantitative e The utility of an intervention

approach ¢ Understanding the best predictors of outcomes
e Testing theory or explanation

e Understanding concept or phenomenon
e Understanding on little research done on its
e Understanding on problem that important factor is unknown (being new

Qualitative topic)
approach p . . . - .
¢ Understanding the particular sample or studied group that existing theories
do not apply for
e [n natural setting
Mixed . . . . .
Methods e Wanting of both generalization and detailed view of the meaning of
approach phenomenon or concept for individuals

The researcher’s personal experiences and the addressees expectations have also
been taken into consideration. With respect to the former, the principal researcher
and supervisor have extensive experience using quality management tools and
techniques and statistical analysis, and this experience has been drawn upon towards
ensuring the most appropriate techniques. With respect to the former, conducting a
thorough literature review has helped ensure that the research is planned, conducted
and presented in accordance to prevailing academic and industry conventions as far

as practicable.

Thus, as mentioned, a positivist/post-positivist claim of knowledge and a quantitative
strategy of inquiry have been adopted for this study. To address the objectives of the
study, it has been determined that a number of data collection and analysis
techniques will be applied including but not limited to direct measurements, checklist
observation, document analysis (i.e., drawings, specifications, and bill of quantities)
and structured interviewing. To encompass these techniques in a coherent manner a
quantitative multiple-case studies methodology was applied. An overview of the

research design is provided in the following table, Table 3.2.

83




Table 3.2 Overview of research design

Research Claim of Strategy of Analysis
Objectives Knowledge inqu%zy Research Method Metlfod

Identify the quality N/A N/A Literature Review N/A

deviations causes + Interview

Measure Field study—

susceptibility of the Direct Statistical

quality deviations Measurements for | Analysis - CPI

of STRs 17 STRs

ggl‘i:‘i‘l‘vrﬁ;'(‘ff e Field study— Statistical

quality deviations o o Self-observation Analy51s2 - Chi-

of STRs Postpositivism — | Quantitative for 17 STRs square
Empirical Research Field studv—

Rank the observation and | Multiple-Case Documenty Statistical

sensitivity of the measurement Studies . .

quality deviations analy St . Analysis - Odd

of STRs gatherm(g'7 design Ratio OR

information
. Field Interview —
Nfl(;(liiil“:igil:tions Structure interview | Statistical
(clausesy with supervisors Analysis — BBN
and workers
Validation and N/A N/A Interview + Spearman's rho
reliability Statistics Analysis p & MMRE

As mentioned, it is possible for multiple-case studies to be based entirely on
quantitative data (Bryman, 1989; Yin, 2003). The central defining features of case
studies are that they involve the evaluation of multiple sources of evidence and that
they investigate a phenomenon in its real-life context (Yin, 2003). Matters of
production control in the construction sector and often researched applying a case

study methodology due the contextual complexities of the subject matter.

Here, while a quantitative case study methodology is applied, the unit of analysis is
the amount of deviation compared to permissible tolerance per sub-task requirement.
In all, 17 sub task requirements were investigated and therefore it could be said that
the research design, was a multiple-case design, or more specifically, an analysis of

17 case studies.

A research approach can be considered as consisting of seven phases. The first phase
involved the identification of the research topic, the development of a research plan,
and the submission of a formal proposal. The second phase involved an in-depth

review of the literature with respect to quality practices in construction industry,
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deviation and defects, the nature of tasks relating to construction, approaches to task
analysis, and the relevant modeling of such phenomena. Thirdly, the research
instruments’ purpose and form was developed. This included the precise direct
measurements that would be conducted, observation checklists and schedules,
document analysis techniques (i.e., drawings, specifications, and bill of quantities)
and interview structure for project supervisors (project or quality manager) and labor.
Once these instruments and processes were determined, the research moved into the
fourth phase namely the data collection processes. The fifth phase concerned the data
analysis activities. This involved capability process index CPIL chi-square %% odd
ration OR, and Bayesian belief network BBN. Statistical packages, such as Matlab,
SPSS, and BaysialLab, were used to perform the required analysis. The sixth phase
involved consideration, discussion, and reflection on the results of the study
particularly with respect to quality deviation and defects issues and modeling the
interaction between the nature of tasks, task-resources and the workplace condition.
Finally, in the final phase, the conclusion and recommendations of the study were
considered. The objectives, data collection techniques, data analysis techniques, and

relevant pathways are shown in the following figure, Figure 3.2.

3.6 Literature Review

As can be seen the literature review assumes an important preliminary position with
respect to this research project. In addition to identifying and evaluating the research
problem more generally, the purpose of the literature here was to provide a solid
background concerning prevailing quality practices and challenges faced by the
construction industry in particular quality deviations and defects, building-project
task analysis and task analysis more broadly, and current leading approaches to
modeling quality deviations and defects in the building sector. Part of the literature
review here was also dedicated to the operation of statistical analysis techniques in

order to better understand subsequent data preprocessing and steps of analysis.
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3.7 Case Study

As mentioned, a multiple-case design, or more specifically, an analysis of 17 case
studies is applied. The advantages of a multiple-case approach are that the results are
more likely to provide an outcome with a higher external validity and a lower
exposure to observer bias depending on the collection and analysis techniques
(Leonard-Barton 1988). A multiple-case design is said to be a useful approach when
there is a need to capture complexity across a setting (Adams, Day & Dougherty
1998). To achieve methodological rigour, multiple-case designs should use

replication logic (Yin 2003).

3.7.1 Case selection

The selection of cases should take into consideration theoretical and practical
matters, such as contribution to knowledge and access to subject respectively
(Silverman, 2005). To understand the cases being investigated in this study, it is
convenient to review the levels of organisation with respect to construction activities.
At the level of concrete structure members, columns are the compression members in
construction concrete structures. The construction of columns involves a number of
tasks, For example, “rebar” is one such task. The performance of “rebar” itself
involves a number of sub-tasks. For example, “longitudinal bar fabrication” is one
such sub-task. At this level, the sub-task level, each sub-task, such as “longitudinal
bar fabrication” should adhere to specific requirements as provided in building
codes. Each requirement, for the purposes of this study will be referred to as a sub-
task requirement (‘STR’). It is this sub-task requirement level that is of interest in
this study. In other words, each sub-task requirement included in the study represents
a case. As there are 17 sub-task requirements included in this study, there are 17
cases. The 17 sub-task requirements included in this study are sequential and are

related the first two column tasks, these being, “rebar” and “framework”.

The reasons this study focuses on the sub-task requirements of sub-tasks related to
column construction are as follows:

e Columns are a very important member, as the compression members, of

construction concrete structures. The tasks involved are some of the most

difficult and important tasks of civil engineering (Tchidi, He & Yan, 2012).
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This means that contractors will most likely demonstrate a commitment to
high quality.

e Implementing the column's sub-tasks often takes short time (with average one
week), making data collection from a range of cases convenient and rapid

e Similarly, for the above reason, the sub-tasks are accessible. Columns are a
common feature of concrete buildings and are therefore easy to find

e (iven that each construction structure has a number of different columns, the
different dimensions will mean that the work carrying out by operatives is
varied and not routine. This may mean that defects are caused by variety and
that different variations can be compared. This follows Perry’s (1998) advice
that cases should be selected so that literal replication, namely, similar results
due to predictable reasons, and theoretical replication, namely, different

results also due to predictable reasons and included.

3.7.2 Number of cases

The number of cases, which is appropriate for a given study, depends on the actual
aim of the study (Hamel et al., 1993). One approach for determining case number is
theoretical saturation, the point where no new according to Glaser and Strauss (2009)
the point where no new properties or relevant patterns emerge from the data. In this
study, 17 cases (sub-task requirements) were selected for inclusion. This quantity
was selected in order to cover a range of sub-task requirements so that patterns of
deviation could be obtained. Similarly, it was decided that for each of the 17 cases
(sub-task requirements) a number of measurements will be taken (n = 68 - 135). This
reason for selecting this range of measurements was to ensure that a more reliable
pattern of results could be obtained. The varying number of measurements relates to
practical considerations for each sub-task requirement. As mentioned, Yin (2003)
notes in order to achieve methodological rigour, multiple-case designs should use
replication logic. It is also noted that each case in a multiple-case design should not
be thought of as part of a sample but more correctly as another experiment. Thus, the
results of the first case can be compared to the results of the results of the second
case. Where two or more cases are shown to support the same theory, then
replication of the results may be claimed. This is a known as a mode of

generalisation, namely analytical generalisation according to Yin (2003).
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3.7.3 Unit of analysis

The unit of analysis with respect to case study methodology refers to scope and scale
of each case (Yin, 2003). As mentioned, in this study, the case, or unit of analysis, is
a sub-task requirement. This level of unit of analysis represents a high preciseness
compared to other studies in the field of defect occurrence in construction. This
specific unit of analysis was chosen in order to attempt to show a connection
between quality deviation, defects and the nature of the tasks involved in
construction. As mentioned in the literature review, it is argued that studies to date
have neglected the role of the nature of tasks generally in relation to defect

occurrence and have also specifically neglected the sub-task requirement level.

3.8 Data Collection

3.8.1 Procedures used for data collection

The effectiveness of a study is significantly affected by the nature of data collection
processes (Cavana et al., 2001). In this study each measurement for each case was
conducted using a four-step procedure. Firstly, documentation was collected. This
involved collecting information about design specifications in order to make
comparisons with building code requirement for specific sub-tasks. The second step
was for a structured interview to be conducted with of labor about their knowledge of
sub-task requirement. The third step involved the researcher observing the work
process. The fourth step was the direct measurement of the sub-task performance.
These procedures are represented in the following figure, and are explained in more

depth following.
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Case Study 1: STR.1

Case Study2: STR. 2

Multiple-Case Studies Case Study 17:
STR.17

Figure 3.3 Data collection plan: Multiple-case studies

3.8.1.1 Documentation

Documentation is likely to be relevant to every case study according to Yin (2003).
Records of information in the form of documents existing independent of the
research process and may provide important insights into the participants or
processes being studied (Morse and Richards, 2002). Here, information about design
specifications was collected in relation to each measurement of each case in order to
make comparisons with building code requirement for specific sub-tasks. This was
conducted as a first step and before the labor starts the work for each STR (see
Figure 3.3). The documents collected for design information included drawings,
specifications and bill of quantity for all 17 STRs. The specific information, which
needed to be recorded, related to the task's dimensions, quantity, and requirements

generally.

3.8.1.2 Structured interviews

Structured interviews are a formal type of interviewing based on close-ended

questions or items. This data collection tool is typically applied in quantitative
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studies where numeric data is collected (Yin, 2003). Here, structured interviewing of
labor was the second step, and was conducted prior to labor commencing
performance of each STR (see Figure 3.3). For each of the 17 STRs two structured
interviews were conducted, one with the supervisors (e.g., project manager, quality
manager or contractor), and another with labor, who performed the sub-task. Five
questions relating to their knowledge of required dimensions, materials, equipment

and so on were asked.

3.8.1.3 Observations

Observation is a common data collection method used in case studies. Observation is
often referred to as being either non-participant, or direct, observation whereby the
researcher observes the subject without interaction, and participant observation
where the researcher participates in the relevant activity under observation (Yin,
2003). Having said this it is recognised that there are a range of combinations of the
two types as the researcher's presence can be more or less overt (Morse and
Richards, 2002). Here, direct observation of the performance of the sub-task was
performed (see Figure 3.3). An observation schedule was adopted including items
such as recording the task-resource factors and the workplace factors, labor
performance, the supervisors performance, the usage of the materials, the usage of
the equipment, the workplace condition either the weather or site condition, and

commitment doing the work.

3.8.1.4 Direct measurements

Direct on-site measurements were conducted. This was the fourth and final step and
was conducted at the completion of each sub-task performance (see Figure 3.3).
Measurements include recording the dimensions of the actual work for each STR in

order to compare it with the design specification and building code requirements.

3.8.2 Instrumentation for data collection

An inspection checklist and an structured interview/observation schedule were
developed for the purposes of this research, namely, to measure quality deviation and
to identify factors which may be relevant to the causation of deviation with respect to

each STR (refer to Figure 3.1).
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3.8.2.1 Inspection Checklist (direct measurement)

The inspection checklist (Appendix A) was developed to collect data relevant to the
design and actual work on the project site(s). This checklist included multiple data
sources from project documentations in drawings, specifications, and bills of
quantities, two building code requirements (Saudi Building Code SBC-305A & B
and American Concrete Institute Code ACI-318A & ACI-117). The two building
codes were considered as it was noted anecdotally that the majority of organisations
use the ACI code in lieu of the SBC (which was developed with reference to the ACI

code).

The inspection checklist was used to collect research data. This work addressed
multiple on-site cases studies, targeting 17 specific sub-tasks requirements (STRs)
related to typical (concrete structure) compression members. The compression
members analysed in detail for this research were archetypical column elements,
with data generated through structured site-visits to 27 project locations in the city of
Riyadh, Saudi Arabia, December 2013 to April 2014. Table 3.3 below lists the 17
STRs selected specifically for this study. The targeted measurements’ range of
tolerances and the maximum and minimum specification boundaries for each sub-
task can be drawn from this data and thus, a future degree of deviation can be

measured on-site.

Table 3.3 below details in column 1, the tasks for: (i) reinforcement-bar
supply/installation; and, (ii) formwork (false-work) supply/installation. Table 3.3
also describes in column 2, the respective subtasks for (i) rebar, namely: longitudinal
bar fabrication; installation of ties, stirrups and hooks, and, cage-assembly; and (ii)
formwork subtasks of: shuttering; levelling; and, column installation/positioning.
Table 3.3, column 3 describes the targeted Sub-Task Requirements (STR). Table 3.3,
column 4 describes the minimum tolerance, lower-specification-limit (LSL). Table

3.3, column 5 describes the maximum tolerance, upper-specification-limit (USL).
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Table 3.3 Building code requirements for the selected column’s sub-tasks

Sub-task
requirements STR

Min. tolerance —

Task Sub-task LSL

Max. tolerance—
USL

STR.1: Steel cross-section
area (Ay) *4°

Rebar Longitudinal

Bars Fab. Ay =0.01A,"

Aq=0.08A,

STR.2: Bars Length:

designed length x *&° Designed length x (-50mm)

Designed length x (+50mm)

STR.3: Lap splices **° x*0.83 (-25mm) or 300mm

x*0.83 (+25mm)

STR.4: Bars Offset -

longitudinal bars ¢ l'in 1 (Slope)

1 in 6 (Slope)

Ties, Stirrups  STR.5: Ties width: D**¢ D <200mm -10mm

D <200mm +10mm

& Hooks D> 200mm -15mm D> 200mm +15mm
STR.6: Ties depth: d **¢  d <200mm -10mm d <200mm +10mm
d> 200mm -15mm d>200mm +15mm
STR.7: Ties: Hooks x <16¢ (6d, -15mm) x < 16¢ (6d, +15mm)
: : _ .a&ec
dimensions, Bar ¢ = x x =204 - 25¢ (12d, -15mm)  x=200-25¢ (12d,+15mm)
STR.8: Ties Angular °, x <25¢ (90° or 135° -2 %4 x<25¢(90° or 135° +2 %
Bar ¢ =x *°%¢ degrees) degrees)
x>25¢ (90° -2 Y% degrees) x>25¢ (90° +2 % degrees)
STR.9: Ties: Bend N x <166 (4d, -25mm), x <160 (4d, +25mm),
dimensions, Bar ¢ = x x=16¢-25¢ (6d, -25mm)  x=16¢-25¢ (6, +25mm)
x=28p-36¢ (8, -25mm) x=28¢-36¢ (8, +25mm)
x> 40¢ (10d, -25mm) x> 400 (10d, +25mm)
Cage ' §ECI{.10: Horizontal spacing Xe>15 d, or 40mm < 150mm
Assembling
STR.11: Vertical spacing x, * x, = 16d,, 48d,, or least x, = 16d,, 48d,, or least
&e column width (-25mm) column width (+25mm)
STR 12 Jpacingabovethe g5« 1, (-25mm) x=0.5 % x, (+25mm)
Form Formwork STR.13: Cross-sectional x= 30cm, -0.9525¢cm x= 30cm, +0.9525¢m
work Shuttering dimensions: width x ® &4 30cm<x <90cm, -1.27cm 30cm<x <90cm, +1.27cm
x> 90cm, -2.54cm x>90cm, +2.54cm
STR.14: Cross-sectional x< 30cm, -0.9525cm x< 30cm, +0.9525¢cm
dimensions: depth x *° &d 30cm<x <90cm, -1.27cm 30cm<x <90cm, +1.27cm
x> 90cm, -2.54cm x>90cm, +2.54cm
STR.15: Concrete cover x ** °d <200mm, x=40mm -10mm d <200mm, x=40mm
d>200mm, x=40mm -15mm +10mm
BUT not less than 1/34>200mm, x=40mm +15mm
Cover
Formwork STR.16: Deviation from 0.00 26m and less, x = 0.3% of
leveling plumb for column x¢ ’ high until max +2.5 cm
COI.“?““. STR' 17: Df:Vlatlorhbetween x>30cm (12 in), x = -5cm x>30cm (12 in), x =+5cm
positioning horizontal items x

Source: “SBC-A; "SBC-C; ‘ACI-318; ‘ACI-117
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3.8.2.2 Structured interview/observation schedule

A structured interview/observation schedule (Appendix B) was developed to collect

data relevant to task resource and workplace conditions. The structured
interview/observation schedule developed consisted of 65 items placed into three
sections, (1) items to be answered through structured interview; (2) items to be
answered through direct observation of work process and workplace condition; and

(3) items to be checked through review of project documentation.

The items for each section were developed based on a review of the literature related
to defect occurrence. Prior empirical studies in this regard have focused on cause
either direct or root causes (Busby & Hughes, 2004; Georgiou, 2010; Josephson &
Hammarlund, 1999; Love P. E. et al., 2009; Sommerville, 2007; Tah & Carr, 2000;
Tilley & McFallen, 2000); rework or consequences (Ayudhya, 2011; Chung, 1999;
Fayek et al., 2004; Love P. E. et al., 2004; Tserng, et al., 2013); the modeling and
prediction techniques (Love et al., 2002; Love et al., 2009; Cheng et al., 2015; Han,
et al.,, 2012; Palaneeswaran et al., 2008); and the quality practices (Burati et al.,
1992; Jafari & Love, 2013; Love & Edwards, 2004b; Tchidi, He, & Li, 2012).

The items were tested for content validity. This process involved judgment by a

panel as described following in section 3.6.3.2.

Table 3.4 Direct Factors and Causes of the Quality Deviation and Defects

Direct Factors, Causes and Variables of the

Quality Deviation Reftians

XB. Task Resource Factors

1 [XB.1 Worker-related underperformance Factors

2 XB.1.1 Lack of knowledge Josephson & Hammarlund, 1999, Burati
3 XB.1.1.1 Material size/type etal., 1992, Hwang, 1995, Fayek et al.,
4 XB.1.1.2 Material quantity 2004; Lopez et al., 2010.

5 XB.1.1.3 Dimensions required

6 XB.1.1.4 Tolerance required

7 XB.1.2 Lack of commitment Reason J. 2002, Love P. E. et al., 2004,
8 XB.1.2.1 Communication with supervisory Wang, Chan & Suen, 2005, Ayudhya,
9 XB.1.2.2 Adherence to procedures 2011, Diekmann & Girard, 1995, Burati
10 XB.1.2.3 Adherence to design & standard (SBC) et al., 1992, Abdul-Rahman, 1995,

11 XB.1.2.4 Collaboration with Teamwork Fayek et al., 2004; Lopez et al., 2010.
12 XB.1.3 Lack of experience Kumaraswamy, 1997, Diekmann &

Girard, 1995, Abdul-Rahman, 1995,
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Fayek et al., 2004.

13 XB.1.4 Lack of skills Reason J. 2002, Love P. E. et al., 2004,

14 XB.1.4.1 Communication/language barrier Wang, Chan & Suen, 2005, Ayudhya,

15 XB.1.4.2 Handle with material/equipment 2011, Davis et al., 1989, Kumaraswamy,

16 XB.1.4.3 Well understanding of information 1997, Pefia-Mora et al., 2003, Diekmann

17 XB.1.4.4 Work Accurately & Girard, 1995, Abdul-Rahman, 1995,
Fayek et al., 2004; Lopez et al., 2010.

18 | XB.2 Supervisor-related underperformance Factors

19 XB.2.1 Lack of knowledge Josephson & Hammarlund, 1999, Burati

20 XB.2.1.1 Material size/type et al., 1992, Hwang, 1995, Fayek et al.,

21 XB.2.1.2 Material quantity 2004; Lopez et al., 2010.

22 XB.2.1.3 Dimensions required

23 XB.2.1.4 Tolerance required

24 XB.2.2 Lack of commitment Reason J. 2002, Love P. E. et al., 2004,

25 XB.2.2.1 Communication with labors Josephson et al., 2002, Wang, Chan &

26 XB.2.2.2 Adherence to procedures Suen, 2005, Ayudhya, 2011,

27 XB.2.2.3 Adherence to design & standard (SBC) | Kumaraswamy, 1997, Pefia-Mora et al.,

28 XB.2.2.4 Excessive supervisory absenteeism 2003, Burati et al., 1992, Abdul-

Rahman, 1995, Fayek et al., 2004;
Lopez et al., 2010.

29 XB.2.3 Lack of experience Kumaraswamy, 1997, Diekmann &

Girard, 1995, Abdul-Rahman, 1995,
Fayek et al., 2004.

30 XB.2.4 Lack of skills Reason J. 2002, Love P. E. et al., 2004,

31 XB.2.4.1 Communication/Language barrier Wang, Chan & Suen, 2005,

32 XB.2.4.2 Well understanding of information Kumaraswamy, 1997, Pefia-Mora et al.,

33 XB.2.4.3 Handle with Documents/Resources 2003, Diekmann & Girard, 1995, Fayek

34| [XB.2.4.4 Work Accurately et al., 2004; Lopez et al., 2010.

35 |XB.3 Materials-related problems Factors Love P. E. et al., 2004, Josephson et al.,

36 XB.3.1 Materials availability 2002, Josephson & Hammarlund, 1999,

37 XB.3.2 Inadequate quantity of material Abdul-Rahman, 1995, Fayek et al.,

38 XB.3.3 Noncompliance with specification 2004.

39 XB.3.4 Hard to deal with material

40 |XB.4 Equipment-related problems Factors Josephson et al., 2002, Josephson &

41 XB.4.1 Equipment availability Hammarlund, 1999, Abdul-Rahman,

42 XB.4.2 Inadequate quantity of equipment 1995, Fayek et al., 2004.

43 XB.4.3 Noncompliance with specification

44 XB.4.4 Hard to deal with equipment

45 |XB.5. Documentation-related underperformance

Factors

46 XB.5.1 Drawings-related underperformance Love P. E. et al., 2004, Josephson et al.,

47 XB.5.1.1 Missing Information 2002, Wang, Chan & Suen, 2005,

48 XB.5.1.2 Misleading/Clash information/details Ayudhya, 2011, Davis et al., 1989,

49 XB.5.1.3 Wrong Information Kumaraswamy, 1997, Pena-Mora et al.,

50 XB.5.1.4 Unavailable documentations 2003, Fayek et al., 2004.
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51 XB.5.2. Specifications-related Love P. E. et al., 2004, Josephson et al.,
underperformance 2002, Wang, Chan & Suen, 2005,

52 XB.5.2.1 Missing Information Ayudhya, 2011, Davis et al., 1989,

53 XB.5.2.2 Misleading/Clash information/details Kumaraswamy, 1997, Pefia-Mora et al.,

54 XB.5.2.3 Wrong Information 2003, Diekmann & Girard, 1995, Fayek

55 XB.5.2.4 Unavailable documentations et al., 2004.

XC. Task Surroundings Factors

56 |XC.1 Inappropriate surroundings conditions Factors

57 XC.1.1 Inappropriate weather Factors

58 XC.1.1.1 Temperature Ayudhya, 2011, Pefia-Mora et al., 2003,

59 XC.1.1.2 Rain Diekmann & Girard, 1995, Semple et

60 XC.1.1.3 Wind al., 1994, Fayek et al., 2004.

61 XC.1.2 Inappropriate site condition Factors

62 XC.1.2.1 Crowded, Traffic, or Noise Josephson & Hammarlund, 1999,

63 XC.1.2.2 Access to work location Ayudhya, 2011, Pefia-Mora et al., 2003,

64 XC.1.2.3 Unforeseen ground-site conditions Diekmann & Girard, 1995, Abdul-

65 XC.1.2.4 External Uncertainty Rahman, 1995, Fayek et al., 2004.

3.8.3 Content validity of the research instrumentations for collection the data

Content validity refers to the extent that the research instrument on its face appears to
experts to be able to measure what it purports to measure (Polit & Beck, 2006). In
this research, the inspection checklist (direct measurement) and structured
interview/observation schedule were tested for their content validity through a

process of expert consultation prior to commencing the data collection.

3.8.3.1 Expert consultation of inspection checklist

The target cases were specific requirements from column’s sub-tasks, thus the
checklist was developed based on the building code by the researcher, with support
from his supervisor, both are civil engineers. The process of expert consultation also
involved four face-to-face interviews with industry experts (three academic lectures
from Curtin University and PhD student in Curtin University with 15 years’
experience in the construction industry and building code) to discuss the content and
form of the inspection checklist, with a specific focus to ensure the
comprehensiveness and realistic of the instrument. The experts agreed with the
proposed instrument for the purposes of measuring quality deviations and defects

objectively. However, while the group agreed that deviation falling short of the
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minimum tolerance specifications would typically result in potentially catastrophic
defect occurrence, two experts pointed out that deviation exceeding maximum
tolerance specifications would result in wastage of materials, the creation of extra
work, and exposure to cost overruns, but not necessarily the causation of unsafe
defects. These recommendations were taken into consideration when drafting this

dissertation.

3.8.3.2 Content validity of the structured interview/observation schedule
form

A process of expert consultation was also conducted in relation to the structured
interview/observation schedule form. Three expert were involved each of them
academic lecturers; two from Curtin University and one from UAE University. Two
face-to-face semi-structured interviews (open-ended questions) were undertaken with
academic lectures from Curtin University and one email word document file with the
lecturer from UAE University to evaluate the wvalidity of the structured
interview/observation schedule form. The interview was conducted through seeking
the experts' responses to seven questions (shown in Appendix C). As a result of this
process the number was reduced from 82 items to 65, and the wording of a very few
items was added, deleted and revised. Overall, the content validity of the structured
interview/observation schedule form for the purposes of measuring the quality

deviations and defects was endorsed.

3.9 Data Analysis

Data analysis is this study adopted the conventional quantitative approach of
exposing the data to statistical procedures. Descriptive statistical procedures and

inferential statistics procedures were conducted.

3.9.1 Descriptive statistics & data preparation

Descriptive statistical procedures are used typically to summarise data sets to enable
them to be read and interpreted more easily. Descriptive statistical procedures
involve the use of different multi-item scales. In this research mean, descriptive

statistical procedures were conducted with respect to the demography and frequency
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of the data collected. Numeric statistical procedures were conducted to evaluate the
extent that the data sets were robust and sensitive against assumptions of outliers and
normality. One-way ANOVA was used to measure the consistency of the data
collected. Pedhazur (1997) notes that in situations when violations of assumptions
exist, extracted understanding and knowledge under these cases are vulnerable to

serious biases and may reduce the validity and credibility of results.

3.9.2 Data analysis / inferential statistics

Inferential statistics are used to test the statistical significance of the results that have
been obtained from descriptive statistical procedures. Inferential statistical
procedures are used to enable the researcher to gain awareness of the data set through
testing central tendency and dispersion, to test data reliability and validity, and to test
the proposed research model (Sekaran, 2003). Inferential statistical procedures in this

sense are used to support or refute the existence of a generalisable phenomenon.

In this research, a number of inferential statistical procedures were applied to meet
the objectives of the investigation. The first of these was a capability process index
analysis, a statistical process control tool. This analysis assumes normal distribution
of the process output. The analysis seeks to determine the capability of a process C,
and C,, which is a statistical index referring to process performance based on pre-set
specific requirements. Capability process index analysis is a process based on
calculations, which are used to evaluate if a system is capable of meeting a set of
requirements or specifications. It is an analysis, which can be used to represent
process improvement. Capability analyses are able to summarize information, show
process capability, show required improvement, and show whether such
improvement was achieved. Here, the susceptibility of each STR to exposure to
quality deviation was identified and statistical process control amounts C, and Cpx

were employed to measure quality practices as described in Chapter 6.

Chi-Square (x*) Test of Contingencies - Pearson Chi-Square x> & Cramer’s V was
another inferential statistical procedure conducted as part of this study. Chi-Square
(x°) analysis is used to investigate association between two or more categorical

variables. In this research, Chi-Square (y’) analysis was used to determine the
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association between the degree of deviation and the STRs as described in Chapter 7.
The use of odds ratio analysis in this study is also described in Chapter 7. Odds ratio
analysis is flexible and robust statistical parameter of how strongly are two variables
related. Therefore, it quantifies the variable relationship strength or the effect size in
a similar manner to Pearson correlation coefficient analysis. It is also used to
evaluate ratio between odds of an outcome occurring to the odds of it not occurring.
In this research, odds ratio analysis was used to rank the sensitivity degree of all

STRs.

Finally, a BBN approach is used to quantify the most significant causes through
observing and predicting of the interaction between the deviation level in terms of
the quality practices for each STR (five STRs will be examined: STR.1, STR.5,
STR.13, STR.15 and STR.16) and which kind of causes that related to the deviation
for each STR. This method will be discussed further in Chapter 7.

3.10 Statistical Validity and Reliability

Quality criteria are typically applied to establish the appropriateness of any empirical

research.

3.10.1 Content validity

Being a quantitative study, this investigation applied tests of content validity (as
mentioned previously), external validity, and reliability. The content validity, as
mentioned, involved two processes of expert consultation, one for each of the data
collection instruments, namely, the inspection checklist and the structured

interview/observation schedule form.

3.10.2 External validity

External validity tests are concerned with “knowing whether a study’s finding can be
generalised beyond the immediate [investigation]” (Voss et al, 2002). In other
words, the extent that the findings of a study are applicable to other cases is the focus

of tests of external validity. Generalisability is typically divided into the statistical
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generalization, which is dependent on the sample size, and analytical generalisation,
which is dependent on the number of cases (Yin, 2003). This study aimed to achieve
statistical generalisation with respect to STR deviation through the use of statistical
process control analysis, specifically the capability of a process C, and Cy, and
analytical generalisation with respect to the model proposed based on the use of

Bayesian Belief Network.

3.10.3 Reliability

Reliability refers to the reproducibility of the study. As Voss et al. (2002) it is “the
extent to which a study’s operations can be repeated, with the same results.”
Reliability is a concept related to consistency as it is assumed that where a test is
reliable free of errors and bias, the repetition of the test will yield similar results
(Yin, 2003). The lower the variation that an instrument produces application to
application the higher the reliability (Polit and Hunger, 1985). In this study,
measurements from five different columns were obtained for each of the projects
involved. For each setting, three sets of measurements were taken on the first day
and two measurements were taken the following day. The measurements collectively

were then statistically analysed using Spearman test to evaluate consistency.

3.11 Chapter Summary

The chapter described that due to a focus on observation and measurement, the study
adopted a post-positivism claim of knowledge and quantitative strategy of inquiry.
The chapter discussed the rationale for the use of multiple case studies in order to
examine the sensitivity of STRs and to simulate the interaction of direct causes and
sensitivity degree for each STR. The chapter discussed how the research instruments
to collect data set included collecting information about design specifications from
the building code requirement, structured interview, direct observing the work
process and the direct measurement to address the objectives of the study. Finally,
the data analysis methods and tests of statistical validity and reliability that employed

in the research have been described.
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CHAPTER 4: Data Preparation

4.1 Chapter’s Purpose and Framework

The purpose of this chapter is to present the data screening procedures. This is a
preliminary data management stage towards conducting additional specific analyses.
Section 4.2 provides details of data collected relevant to the sites and instruments
included in the project, namely an inspection checklist measurements and a
structured interview/observation schedule. Section 4.3 outlines the data screening
methods adopted in this study for the purposes of ensuring the data sets were
appropriate and ready to use. This involved examining data set normality, outliers,
standard deviation and standard error. Section 4.4 presents numerical descriptive
statistics, and interprets these results for the purposes of the objectives of the study.
Section 4.5 describes the application of a one-way analyses of variance (ANOVA)
testing to determine the existence of significant differences between the means of
two independent categories in single sample. Finally, Section 4.6, presents the results
of data reliability tests, and Section 4.7 provides a summary and the main

conclusions of the chapter.

Data preparation concerns ensuring collected data's scientific quality. Data
preparation processes will be applied to serve a number of purposes. Firstly, the
processes should aim at ensuring that the effect of any missing data is limited.
Secondly, extreme outlier values (those far away from the mean distribution) should
be eliminated. Thirdly, processes should ensure the assumption of normal
distribution for each sample will be upheld. And finally these processes should go
towards ensuring that deviation of the mean value of different categories within
specific sample is limited. Such constraints are necessary in order to apply univariate
and multivariate analyses (Capability process index, Chi-square, Odd ratio and
Bayesian belief network). In this study, data analysis processes were conducted by
IBM® SPSS® Statistical Standard Grad Pack Version 22.0, Matlab® 2013a,
BayesiaLab" 5.3, and Minitab® 17.
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4.2 Descriptive of the Instrumentation for Data Collection

This section provides details of data collected relevant to the sites and instruments
included in the project, namely an inspection checklist measurements and a
structured interview/observation schedule. As mentioned in Chapter 3, an inspection
checklist (direct measurement) was developed and data was collected relating to
project documentation, which involved collecting information about design
specifications in order to make comparisons with building code requirement for
specific sub-tasks and the direct measurement of the sub-task performance. A
structured interview/observation schedule was also developed and data collected
through structured interviews conducted with labor about their knowledge of sub-

task requirement and observations of the work process.

Data was collected for 8 hours a day and two projects were visited per week between
December 2013 and April 2014. The geographical setting was Riyadh, the capital
city of Saudi Arabia, and in total 27 residential building projects were included in the
study. At each the residential building projects, 5 columns (a compression member in
construction concrete structure) of a variety of dimensions were selected. Non-
uniform columns were selected to generate a rich database. In total, 135 columns

were selected.

4.2.1 Inspection Checklist (direct measurement)

The inspection checklist was concerned with items specific to 17 STRs (see section
3.6.2.1 in Chapter 3). These requirements were sourced from the Saudi Building
Code (305A&B) and American Concrete Institute Code (ACI-318A & ACI-117).
Performance of the sub-task was compared to its corresponding requirements and
design specifications where relevant. See Table 4.2. In total, 3030 sub-task events
(17 STRs % 135 columns) were measured. The inspection checklist was completed

onsite for each sub-task event by the principal researcher.
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The number of sub-task events that were measured for each of the sub-task
requirement is present in the following figure (Figure 4.1). As can be seen while STR
4 was only measured 68 times, STR 15 was measured on 516 occasions. The
variation was a result of the quantity of sub-tasks available to be measured in each
column. While STR 4 (off-set bar) was not measurable in every column, STR 15

(concrete cover) was able to be measured multiple times for each column.

The following figure (Figure 4.2) presents the number of projects in which each STR
was able to be measured. The majority of STRs were measurable in at least one of
the columns for each of the sites. Figure 4.3 presents the proportion of projects that
were apartments construction projects (14 from 27) and the number that were villas
construction projects (13 from 27). The projects included in the study were found to
have either permanent inspectors onsite or temporary inspectors who would visit
weekly or fortnightly. Permanent onsite inspectors were associated with apartment

construction (Figure 4.4).

4.2.2 Structured Interview/Observation Schedule

A 65-item structured interview/observation schedule was developed. The items were
organised into sections, namely, items (n = 5) to be answered through structured
interview (workers concurrently asked questions concerning their understanding of
specific STR protocol and the worker’s expectance); items (n = 5) for supervisors
(quality managers and/or inspectors); items (n = 8) to be checked through review of
project documentation and the remaining items (n= 43) to be answered through direct

observation of work processes and workplace conditions (see Table 4.1).

The researcher initially used the schedule to investigate each of the 17 STRs, and to
apply the results of the investigation to the BBN model (as described following in
Chapter 7). The immense complexity of the analysis suggested that using a restricted
number of STRs would be favourable for the purposes of understanding the STR-by-
STR interactions. The researcher analysed nine STRs and found that the results were

still too voluminous for meaningful publication. Finally, the researcher decided that
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an investigation of five out of the 17 STRs would provide a satisfactory
demonstration of the proposed model. This sample size was considered to
appropriate given the complexity of the networks involved, the purposes of the study
and the need to attain sufficient data saturation (Glaser & Strauss, 2009; Hamel et
al., 1993). The results for STR.1, STR.5, STR.13, STR.15, and STR.16 are shown
following in Chapter 7 (see Figure 7.12).

It can be noted in Table 4.1 that the descriptive data for STR.13 involved 65 factors
consistent with the 65-item schedule. The other four STRs included less than 65
factors due to the fact that only related or direct factors were included in the schedule
for those STRs. Descriptive data for STR.1 included 60 factors as equipment-related
factors (n = 5) were not applicable to this STR. Similarly, STR.5, STR.15, and
STR.16 contained less than 65 factors as material-related factors (n = 5) were not

applicable to these STRs.

Table 4.1 Data Descriptive structured interview/observation schedule

STR.1 STR.S STR.13 STR.15 STR.16

Number of factors 60 60 65 60 56
Number of projects 27 27 27 27 26
Number of columns 131 134 131 135 130

This study includes multiple-case studies where each case study includes 135
samples. According to Collins et al. (2006), the minimum sample size suggestion for
a causation study is 64 samples; however, this study includes 135 samples, which is

sufficient to meet the minimum requirements.
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Number of sub-task events that were measured for each of
the sub-task requirement
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Figure 4.1 Pie chart for number of sub-tasks requirements.
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Figure 4.2 Pie chart for number of projects per sub-task requirement
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Figure 4.3 Pie chart for villas vs. apartments
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Figure 4.4 Pie chart for project supervision types
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4.3 Data Numerical Descriptive Statistics

Statistical analysis processes can be applied to ensure the sensitive and robustness of
the data set against assumptions of normality, outlying cases and missing values of
samples. Where violations of such assumptions are found, bias may be present
undermining the validity of the data and the credibility of conclusions (Pedhazur,
1997). Thus, it is critical to screen data sets for quality through an evaluation of the

distribution of variables. (Kline, 2005; Tabachnick & Fidell, 2007).

Two data collection instruments were numerical examined. The first was an
“Inspection Checklist (direct measurement)” and the second was a “Structured

Interview/Observation Schedule”.

4.3.1 Numerical Descriptive of Inspection Checklist (direct measurement)

4.3.1.1 Test normality of data set

An assessment of the normality of data is a fundamental test determining whether
necessary assumptions exist in parametric testing for normal data. In the current
study, an assessment of the normality of data is also conducted to test the normality
of sub-tasks requirements practices at projects sites. Normality evaluation can be
performed either statistically or visually. Visual screening of normality through
displaying and checking data distribution can helped with judging the assumption of
normality of the data set (Pallant, 2010). The histogram is a popular visual screening
methods used to check normality. Data may be considered as a normal distribution
where the data represented as an appropriate bell-shaped curve. A P-P plot is another
method. Data may considered as a normal distribution where the data represented as
a straight diagonal line. Another method is the boxplot. Data may considered as a
normal distribution where the data represented as a symmetric boxplot with the
median line and the as a symmetric edges (Pallant, 2010). However, boxplot is
considered unreliable as it fails to ensure appropriate and precise distribution of the

data set.
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In more effective and efficient modality, two statistical techniques, which are
skewness and kurtosis, are vastly used to evaluate the assumption of normality
(Allen & Bennett, 2012). The concept behind skewness technique is to assess the
degree of the symmetry of the probability distribution, where the mean of the
variable is skewed from the center of the distribution (Allen & Bennett, 2012; Hair et
al., 2006). Whilst, the concept behind kurtosis technique is to assess the peakedness
of the distribution, which evaluates the shape of the normal distribution of the data
either it is peaked or flat shape (Hair et al., 2006; Tabachnick & Fidell 2001). The
values for both skewness and kurtosis relative to the data should be equal to zero to
be considered as an ideal case of the normal distribution (Tabachnick & Fidell 2001).
However, to ensure the normality of the data distribution, the index values for both
skewness and kurtosis relative to the shape of the distribution should fall between the
critical values of +1.96 (Tabachnick & Fidell, 2007). The index values that are
greater than the critical value of £1.96 for univariate seems they have serious

problem related to the data distribution.

Through screening the distributions of data set visually via histogram, P-P plot and
boxplot, it is seemed that all data for the sub-tasks requirements roughly are well
distributed. The bell-shaped curve of the histogram, straight diagonal line for P-P
plot and symmetric of the median line and edges of the boxplot of the majority of the
univariate had an appropriate distributions and were significantly normal and for the
rest univariate almost convenient. On the other hand, the results show that all
skewness and kurtosis values for all regions fall between the recommended critical
values of £1.96 (see Table 4.2). Consequently, the visual inspection and results of all
the univariate of the data set prove and justify the necessary assumption of normality
of the distribution of the data set. Furthermore, promote using the data set for further

statistical analysis.

4.3.1.2 Outliers screening

Outliers are observations within a data set that are essentially different and

significantly deviates from the rest of the observations scores (Hair et al., 2006).
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According to (Tabachnick & Fidell, 2007), the outliers’ cases might occur due to
four causes: 1) data-entry mistakes; 2) Insert the missing values in calculations; 3)
data-collection mistakes by researcher; and 4) collecting an anomalous or rare data
from source. Cases one and two have been avoided through review the data
frequently during data analyses, while a few cases identified in this study related to

the case four due to quality practices in project site.

Therefore, screening the outliers within data set is an essential procedure due to the
research results are highly influenced by very few deviated values within the data
that may bias the mean of distribution from the true value (Field, 2009). Univariate
outliers, which are outliers that occur within a single variable, are detected by
inspecting all the cases that exist at outer areas of the distribution with values more
than three standard deviations (Hair et al. 1998; Kline, 2005). Univariate outliers can
be calculated by converting all the values of the univariate into standardized z-scores
and then check the absolute value of z-scores (|z|) (Tabachnick & Fidell, 2007). If the
absolute value is greater than 3.29, this means the value exist at outer areas of the

distribution and considered as univariate outliers.

In this research, all observations of the 17 univariate were investigated against
univariate outliers. The standardized z-scores were examined for the entire values of
all the sub-tasks requirements. All absolute z-scores were found under the critical
value 3.29 that means the data set are free for all 17 univariate outliers (see Table

4.2). Consequently, the data set is appropriate for further analyses.

4.3.1.3 Standard deviations and standard errors of the mean

Standard deviation (SD) and standard error (SE) of the mean are common indices
used to estimate the variation and variability of random samples. SD estimates the
extent that variation in a random sample within specific variable may effectively
represent the mean of that variable through computing the amount of spread values
around the mean (Field, 2009). If the SD value is large, the implication is that values

within random sample spread widely around the mean. In contrast, an appropriate
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mean will be represented by a small value, which is indicative of less spread of

values within random sample.

SE estimates the extent an individual sample within specific variable may effectively
represent the population of that variable. SE is measured through dividing the SD by
the square root of the sample size (n) (Field, 2009). If SE value is large, the
implication is that the variation between individual samples within specific variable
is high. In contrast, a good population will be represented by a small SE value, which

is indicative of limited variation (Field, 2009).

Generally, in this research, SD and SE results indicate appropriate values in all but a
few cases. The few cases are investigated in Chapter 5 using quality process control
analysis. Numerical descriptive analyses results for all STRs are presented in Table

4.2.
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Table 4.2 The numerical descriptive analyses for all the sub-tasks requirements

Variables/Tasks: Description (|323|e>s3v.v;tg Mean SD SE Skewness Kurtosis
1 STR. 1 - Sub-task requirement 1 0.0% 0.0128 0.00277 0.00025 0.4101 -1.7448
2 STR. 2 - Sub-task requirement 2 0.0% 0.0094 0.03218 0.00295 -0.3378 0.5432
3 STR. 3 - Sub-task requirement 3 0.0% 9.9479 18.0697 1.65645 0.04955 1.1772
4 STR. 4 - Sub-task requirement 4 0.0% 0.1300 0.11131 0.01350 1.9278 -0.9059
5 STR. 5 - Sub-task requirement 5 0.0% -0.3377 0.66351 0.06214 -1.2035 -0.2962
6 STR. 6 - Sub-task requirement 6 0.0% 0.0149 0.48255 0.04169 -1.5072 0.8990
7 STR. 7 - Sub-task requirement 7 0.0% 1.9765 2.39070 0.15212 1.5419 0.8770
8 STR. 8 - Sub-task requirement 8 0.0% 1.0297 2.53042 0.25561 1.8975 0.2381
9 STR. 9 - Sub-task requirement 9 0.0% -0.8082 0.80076 0.06917 1.9043 -0.9615
10  STR.10 - Sub-task requirement 10 0.0% 12.652 3.51342 0.21542 -0.5168 1.2449
11 STR.11 - Sub-task requirement 11 0.0% 17.031 2.07156 0.12823 0.7285 -0.0033
12 STR.12 - Sub-task requirement 12 0.0% 6.8370 4.01266 0.35890 -1.2074 -1.8488
13  STR.13 - Sub-task requirement 13 0.0% 0.9466 2.61944 0.22886 0.5283 1.8286
14  STR.14 - Sub-task requirement 14 0.0% 0.1667 0.49647 0.05851 1.2191 1.8265
15  STR.15 - Sub-task requirement 15 0.0% 0.3300 1.46396 0.06323 1.5377 -1.9052
16 STR.16 - Sub-task requirement 16 0.0% 0.2965 0.23205 0.02164 1.9336 -1.7561
17  STR.17 - Sub-task requirement 17 0.0% 0.4193 3.10761 0.19935 -0.0705 0.7235
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4.3.2 Numerical descriptive of structured interview/observation schedule

4.3.2.1 Determining the missing values

Only the assessment of missing values is presented in the following chapter. The
researcher used data set generated from the structured interview/observation
schedules for BBN analysis, an approach appropriate for nonparametric data and for
multivariate analyses (Conrady & Jouffe, 2011c). The statistical analyses of the
numerical descriptive of the data collected from the structured interview/observation

schedules are discussed following in Chapter 7 and 8.

The assessment of missing data is an important step for empirical researchers
(Conrady & Jouffe, 2011c; Kline, 2005). The current study avoided the omission of
data through reinforcing the purposes of the study and through continuous review of
data gathering forms. There were no missing values identified. An assessment of

missing data for STRs used for the proposed model is outlined in Table 4.3.

Table 4.3 Assessment of Missing value for Structured Interview/Observation Schedule

STR.1 STR.S STR.13 STR.15 STR.16

Number of factors 60 60 65 60 56
Number of columns 131 134 131 135 130
Missing Values 0.0% 0.0% 0.0% 0.0% 0.0%

4.4 Discussion of the Initial Findings of the Numerical Descriptive Statistics

The numerical descriptive analyses presented in Table 4.2 indicates data set quality.
The data set satisfied several assumptions of normality of samples and supported
visual inspection of distribution for each STR. Further initial findings can be
extracted from Table 4.2. It can be noted that the degree of the tolerance of each STR
impacts on the mean values. Moreover, the various designs of columns in the 27

different projects appear to contribute to forming the mean values.
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The mean values vary across the 17 STRs and the boundary values ranged between
0.0094 and 17.031. One interpretation of the finding is that the tolerance for each
STR varies based on the Saudi Building Code (SBC) and American Concrete
Institute (ACI). Another interpretation is that the sub-task design for each column
varies across the gathered samples. The mean values of STR.11, STR.10, STR.3, and
STR.12, were 17.031, 12.652, 9.9479, and 6.8370 respectively, and were high
compared to the other STRs.

The required tolerance values for these four sub-tasks requirements were also high
compared to the values of the other STRs. Similarly, SD values for the four were
also high at 2.07156, 3.51342, 18.0697, and 4.01266 respectively for STR.11,
STR.10, STR.3, and STR.12. The SD value for STR.3 at 18.0697 was very high.
These findings are discussed further in the following chapter (see Section 5.3). Some
STRs with high tolerance values featured more moderate SD such as STR.17, and

STR.2, which had values of 0.4193, and 0.0094 respectively.

STR mean values generally fell between the required tolerance values. The
exceptions were STR.3 and STR.12 with means outside of tolerance. These cases are
discussed further in the following chapter (see Section 5.2). The majority of STR
mean values fell on the positive side of tolerance values except for STR.5 and STR.9

which were found to have mean values falling on the negative side.

4.5 ANOVA Analysis of the Data Quality Examination

It is important to investigate sampled-data relationships with the aim of identifying
differences in the ways data was gathered. As mentioned previously (see Section
4.2.1), data was gathered from two types of residential buildings, namely, villas and
apartments. An important difference between villas and apartments tended to be
supervision patterns on site with the former tending to feature periodic (i.e.,
temporary) supervision and the latter featuring permanent supervision. A one-way
analysis of variance (ANOV A) was used as part of a statistical comparative analysis

for these differences and to examine the means equality and reliability of the data set.
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One-way ANOVA enables the researcher to test population equality between two or
more sample means for a specific categorical variable through the use of variances.
The variance ratio (F statistic or Fisher statistic) of the overall test indicates whether
a significant difference between the means exists. A significant difference is likely to
exist where F statistic is larger than 1 (F>>1). F statistic output can also be examined
using a statistical test for significance (P-value). A significant difference between
groups is likely to exist when P-value is less than a: 0.05 (P < 0.05). In such cases,

the sample size must be taken into account (Yin, 2009).

The effect size n? (Eta squared) is used to measure the extent the independent
variable (IV) has affected the dependent variable (DV). The effect size n* (Eta
squared) equals the treatment Sum of Squares (between groups) divided by the total
Sum of Squares. If the value of the effect size n?> < 0.014, the effect size is assumed
small; n? > 0.014, the effect size is assumed medium; or if n? > 0.059, the effect size
is assumed large (Cohen, 1988; Pallant, 2010). Typically, the effect size n? (Eta
squared) will be small. In the case of significant difference between the groups, F

statistic value is often of little practical importance.

The normality test and homogeneity of variance are important pre-requisite
assumption that should be satisfied before conducting an ANOVA test. The
normality test was satisfied and discussed previously (see Section 4.3.1.1.)
Homogeneity of variance means “there should be an approximately equal amount of
variability in each set of sources” (Allen & Bennett, 2012). The assumption of
homogeneity of variance of ANOVA test has been violated where the value of the

Levene’s statistic is less than a: 0.05 (P <0.05) (Berenson, et al., 2012).

The assumption of homogeneity was examined. The value of Levene’s statistic was
found to be greater than o: 0.05 (P > 0.05) for the STRs, suggesting the assumption
of homogeneity of variance of ANOVA test has been satisfied. The ANOVA test
results per type of residential buildings, namely villa (n = 13) and apartment (n = 14)
are presented in Table 4.4. No STR was found to have a significant value of F

statistic. Additionally, the statistical test (P-value) for significance indicated no
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significant difference existing between groups. The implication is that the AMean
values were reasonable and the effect size was generally small with the exception of
STR.3, which exhibited a slight difference between villas and apartments (with the
AMean value of 6.1728).

Similarly, results based on supervision pattern differences, namely, periodic (i.e.,
temporary) (n = 14) and permanent (n = 13) are presented in Table 4.5 and indicate
that no STR had a significant value of F statistic. Additionally, the statistical test (P-
value) for significance indicated that there was no significant difference between
groups. Again the implication is that AMean values were reasonable and the effect
size was small with the exception of STR.3, which exhibited a slight difference

between periodic and permanent supervision (with a AMean value of 5.6729).

It was found that only STR.3 had a slight difference on two ANOVA tests. The
causation could be design problems, quality practices (violation the requirements)
or/and the STR itself. The investigation of the result using SPC analysis is discussed

in the chapter following (Chapter 5).
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Table 4.4 The numerical descriptive analyses for buildings types

Variables/Tasks: Description Homog_jeneity F Sig. Mean A Mean n?
of Variances Apartment Villa
1 STR. 1 - Sub-task requirement 1 0.371 0.415 0.521 0.012596 0.012918 0.000321 0.003
2 STR. 2 - Sub-task requirement 2 0.084 3.041 0.084 0.0046 0.0148 0.0102 0.025
3 STR. 3 - Sub-task requirement 3 0.187 3.544 0.062 13.1121 6.9393 6.1728 0.029
4 STR. 4 - Sub-task requirement 4 0.665 3.157 0.080 0.1213 0.0786 0.0427 0.046
5  STR. 5 - Sub-task requirement 5 0.531 3.719 0.056 -0.2193 -0.45610 0.2368 0.032
6  STR. 6 - Sub-task requirement 6 0.894 1.540 0.217 0.0643 -0.0391 0.1034 0.012
7 STR. 7 - Sub-task requirement 7 0.055 3.656 0.057 1.6765 2.2555 0.5790 0.015
8 STR. 8 - Sub-task requirement 8 0.192 0.706 0.403 1.2008 0.7595 0.4413 0.007
9 STR. 9 - Sub-task requirement 9 0.255 3.795 0.054 -0.6863 -0.9541 0.2678 0.028
10 STR.10 - Sub-task requirement 10 0.803 3.192 0.075 12.2796 13.0465 0.9823 0.012
11 STR.11 - Sub-task requirement 11 0.068 1.776 0.184 17.1893 16.8471 0.3422 0.007
12 STR.12 - Sub-task requirement 12 0.072 1.163 0.283 7.1743 6.3935 0.7808 0.009
13 STR.13 - Sub-task requirement 13 0.893 1.657 0.200 1.2209 0.6318 0.5891 0.013
14 STR.14 - Sub-task requirement 14 0.369 0.025 0.875 0.1750 0.1563 0.0187 0.000
15 STR.15 - Sub-task requirement 15 0.990 1.019 0.313 0.3911 0.2633 0.1278 0.002
16 STR.16 - Sub-task requirement 16 0.157 3.465 0.065 0.2603 0.3404 0.0801 0.030
17 STR.17 - Sub-task requirement 17 0.054 0.234 0.629 0.3316 0.5255 0.1939 0.001
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Table 4.5 The numerical descriptive analyses for supervisory styles

Homogeneity Mean
Variables/Tasks: Description of Variances F Sig. — A Mean n’
Visit Permanent
1 STR. 1 - Sub-task requirement 1 0.054 3.736 0.056 0.012362 0.013328 0.000966 0.030
2 STR. 2 - Sub-task requirement 2 0.064 0.286 0.594 0.0110 0.0079 0.0031 0.002
3  STR. 3 - Sub-task requirement 3 0.066 2.800 0.097 7.8027 13.4756 5.6729 0.023
4 STR. 4 - Sub-task requirement 4 0.071 2.512 0.118 0.1531 0.1106 0.0425 0.037
5  STR. 5 - Sub-task requirement 5 0.115 2.669 0.105 -0.4333 -0.2315 0.2018 0.023
6  STR. 6 - Sub-task requirement 6 0.356 0.061 0.806 0.0063 0.0273 0.021 0.000
7 STR. 7 - Sub-task requirement 7 0.733 3.673 0.056 2.2300 1.6449 0.5851 0.015
8 STR. 8 - Sub-task requirement 8 0.791 2.847 0.095 0.6279 1.4839 0.856 0.029
9 STR. 9 - Sub-task requirement 9 0.055 2.017 0.158 -0.8899 -0.6909 0.199 0.015
10 STR.10 - Sub-task requirement 10 0.419 4.247 0.040 12.9940 12.0830 0.9110 0.016
11 STR.11 - Sub-task requirement 11 0.061 3.791 0.053 17.2296 16.7206 0.5090 0.014
12 STR.12 - Sub-task requirement 12 0.052 2.185 0.142 7.2753 6.2010 1.0743 0.017
13 STR.13 - Sub-task requirement 13 0.054 1.070 0.303 1.1575 0.6810 0.4765 0.008
14 STR.14 - Sub-task requirement 14 0.875 0.029 0.865 0.1600 0.1818 0.0218 0.000
15 STR.15 - Sub-task requirement 15 0.306 2.910 0.089 0.2402 0.4591 0.2189 0.005
16 STR.16 - Sub-task requirement 16 0.407 2.165 0.144 0.3205 0.2548 0.0657 0.019
17 STR.17 - Sub-task requirement 17 0.069 0.2720 0.597 0.5396 0.3263 0.2133 0.001
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4.6 Reliability Test

The test-retest reliability technique offers a simple measure of longitudinal
reliability. A researcher would expect the results of tests of a group of measurements
to remain relatively consistent if same tests are applied to the same group of
measurements over time. A necessary condition is that the group of measurements is

not altered by confounders during the relevant time interval.

In this study, the researcher obtained measurements from five different columns for
each of the projects involved. The test-retest reliability technique was applied on
data from the first five projects to check reliability of the instrument [Inspection
Checklist (direct measurement)] over time. One group of events (n =3) were tested at
the beginning of each STR and another group of events (n = 2) were tested the
following day. Such an approach was necessary as duration of the tasks in focus
often took two days to complete. The results of the tests were expected to be broadly

consistent.

The researcher then used Spearman's rho test to analyse the measurements for
consistency. The researcher generated test-retest reliability data through the
application of a statistical test (Spearman's rho) to the data so that a coefficient of
correlation could be established (Allen & Bennett, 2012). Such an approach is a
conventional means of expressing reliability degree, and provides an indication of
the probability that first testing and subsequent testing of the same subjects with the

same instrument will result in similar scores (Allen & Bennett, 2012).

Spearman's rho Test is calculated using the following equation:

6 X Auf
Where,
p: Spearman's rho
Ay difference between the mean values for test-retest measurements A mean [ plest —
Hre-test]
i=1,2,3,...,n
n: number of STRs
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The researcher generated a test-retest calculation of the reliability coefficient of the
STRs by applying a Spearman's rho calculation. The researcher used the initial and
re-test responses determined for five measurements for each STR in each project to
generate the rank correlation. The correlation coefficients derived from the data-set
were found to range from between 85.58 and 99.75% (as shown in the following

table, Table 4.6).

Table 4.6 Reliability test re-test

STRs Project 1 Project 2 Project 3 Project 4 Project 5
Ap Ap”2 Ap Ap”2 Ap Ap”r2 Ap Ap”r2 Ap Ap”2
STR.1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
STR.2 -0.010 0.000 0.000 0.000 0.000 0.000 0.013 0.000 0.003 0.000
STR.3 10.800 116.64 5.200 27.040 -0.770 0.593 -0.300 0.090 0.700 0.490
STR A4 0.000 0.000 0.000 0.000 0.015 0.000 -0.003 0.000 -0.015 0.000
STR.S -0.167 0.028 -0.333 0.111 0.000 0.000 0.000 0.000 0.250 0.063
STR.6 -0.167 0.028 -0.167 0.028 0.083 0.007 0.000 0.000 -0.083 0.007
STR.7 -0.400 0.160 -0.830 0.689 0.000 0.000 -0.580 0.336 -0.170 0.029
STR.8 -0.170 0.029 0.330 0.109 0.170 0.029 -0.200 0.040 -0.580 0.336
STRJI9 0.133 0.018 0.167 0.028 0.300 0.090 -0.133 0.018 -0.033 0.001
STR.J10 0330 0.109 0.000 0.000 0.000 0.000 0.670 0.449 0.830 0.689
STR.11 -0330 0.109 0.250 0.063 0.083 0.007 1.000 1.000 -1.080 1.166
STR.12 -0.080 0.006 -1.000 1.000 -0.830 0.689 0.330 0.109 -0.333 0.111
STR.13 0510 0.260 0.330 0.109 -0.500 0.250 -0.500 0.250 -0.330 0.109
STR.14 0.250 0.063 -0.167 0.028 0.000 0.000 0.167 0.028 -0.083 0.007
STR.15 -0.030 0.001 0.500 0.250 -0.420 0.176 0.670 0.449 -0.170 0.029
STR.16 -0.033 0.001 0.033 0.001 -0.100 0.010 0.000 0.000 -0.050 0.003
STR.17 0430 0.18 -0.300 0.090 0400 0.160 2.320 5.382 0.930 0.865
ZAur2 117.64 29.54 2.01 8.15 3.90
n 17 17 17 17 17
p % 85.58% 96.38% 99.75% 99.00% 99.52%

These correlation coefficient values suggested a strong relationship between original
results obtained with the Inspection Checklist, and re-tested results obtained from the
same instrument the following day. The Inspection Checklist was considered reliable

and suitable for use.
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4.7 Chapter Summary

The chapter outlines the procedure applied to gather data sets using two instruments
(inspection checklist measurements and a structured interview/observation schedule).
Data screening and additional specific analyses implemented to ensure a statistically
acceptable data set are discussed. The two gathered data instruments have been
discussed and visually described. The chapter describes the application of tests of
normality, outlier values, and missing values. The chapter also explains how one-
way (ANOVA) was used to conduct the statistical comparative analysis for these
differences and examine the means equality and the reliability of the data set. The
test-retest reliability method has been adopted to examine the stability and reliability
of an instrument over time. These data sets were found to be appropriate and ready to

used in operations described in the following chapters.
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CHAPTER 5: Building-Project Sub-Task Requirements (S7Rs):
Measuring Susceptibility to Quality-Deviation and Defect

5.1 Introduction

The purpose of this chapter is to provide a method and result of an investigation into
the susceptibility of STRs to quality deviation and defect. The chapter seeks to
address the status quo of inaccurate evaluation of quality deviations. The chapter
specifically aims to measure the susceptibility of on-site STRs to quality deviation
and construction defect, and their respective exposure to component failure. The
chapter further elaborates on how to achieve the aims of the study data was collected
at 27 residential structures in Saudi Arabia, through systematic site inspection of 17
STRs for each structure. The chapter outlines how examination of each sub-task
occurred with reference to respective project documentation. The chapter also
describes how analyses of respective quality practice was conducted using SPC (C,
and Cpy). Importantly, the chapter provides a summary of the results achieved for
each STR in terms of its susceptibility to deviation. The chapter discusses the results

and finishes with a series of conclusions.

5.2 Methodology

In this study, on-site analysis sought the degree of deviation by calculating the
difference between the design specifications and code requirements, versus the actual
work (i.e. output dimensions) on-site. Subsequently, the susceptibility of the sub-
tasks requirements (STRs) to quality deviations and construction defects, and
exposure to component failure is identified through detailed determination and
understanding of STR patterns. This work addressed multiple on-site case-studies,
targeting 17 specific sub-tasks requirements (STRs) related to typical (concrete
structure) compression members. The compression members analysed in detail for
this research were archetypical column elements, with data generated through
structured site-visits to 27 project locations in the city of Riyadh, Saudi Arabia,

December 2013 to April 2014.
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The researcher assessed 3030 individual STRs between December 2013 to April
2014. The assessment required the targeting of each sub-task, multiple data sources
from project documentations in drawings, specifications, and bills of quantities,
building code requirements (Saudi Building Code SBC-305A & B and American
Concrete Institute Code ACI-318A & ACI-117), and the inspection checklist of the
actual work on the project site(s). Two building codes were considered as it was
noted anecdotally that the majority of organisations use the ACI code in lieu of the
SBC (which was developed with reference to the ACI code). Table 3.3 lists the 17
STRs selected specifically for this study. The targeted measurements’ range of
tolerances and the maximum and minimum specification boundaries for each sub-
task can be drawn from this data and thus, a future degree of deviation can be

measured on-site.

5.2.1 Capability process index

Statistical Process Control (SPC) is a quality management tool that monitors
activities to facilitate a feedback-loop towards operational management efficiency
(Whyte, 2014). SPC includes two popular techniques to measure the capability of the
process, namely: control charts; and, histograms (Montgomery, 2009). This study
deems the histogram technique as relevant to assess and measure sample frequency
distribution within a specific range that includes the mean, the spread of the data and

the lower/upper specification limits.

Previous studies have sought to examine performance levels with the inspection
process (Jafari 2013; Yates, 2002). This work seeks similarly to address
performance; such that the capability of a process, C,, is a statistical index that refers
to the performance of the process based on pre-set specific requirements and assumes
normal distribution of the process output (where the standard deviation is represented
by “c” and the upper and lower specification limits are USL and LSL respectively).

It is calculated by using the following equation:

USL — LSL

Process Capability; Cp = =

(5.1)
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Comparison of required tolerances, with specification limits of a process, identifies a
level of tolerance. If the value of sigma equals 1.5, the capability process value C,
will be 2, which implies that the process opportunity to exceed a specification limit
is: 3.4 defects, parts-per-million (ppm). However, for the process to be assumed as
capable, the minimum value of the capability process C, is > 1 (Montgomery, 2009).
The main shortfall in the C, technique seems to be that it does not take into account
the shift of the process centre, thus a more rigorous technique for cases to get more
precise results and a Cy index, which is similar to the C, is adapted here. The
difference between the two indices is that C indicates the response of the process
average to the centre of the specification limits (Montgomery, 2009). If the process

mean is represented by “p”, Cp is calculated by using the following equation:

USL — p p — LSL
3¢ ' 3o

Process Capability; Cp = min (5.2)

The capability process control technique utilised here to analyse the data set is
argued as sensitive to assumptions related to the missing values, outlying cases and,

normality of the samples.

5.3 Analysis and Findings

Quality control statistics measure and analyse the proximity of quality practice to
project specifications, relative to a natural variability of the process. The smaller the
value of a capability process index (Table 3.3), the more likely it is for the element
(STR1-17 in Table 3.3) to exceed LSL/USLs and fall outside tolerance. Exceeding
pre-set design specifications/building codes implies violation of the required
tolerance and the output is classified as a defective work:
— The violation of the LSL of STRs often leads to a seriously unsafe component,
while the violation of the USL can be classified as an economic issue &/or as a

potentially unsafe element depending upon the STR.
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Table 5.1 Capability process index

STR P Pl Pu Cp Cpl Cpu Cpk PPM<LSL PPM<USL PPM Total
STR.1 0.8404 0.1596 0.00 4.2106 0.3320 8.0892 0.3320 129032.29 0.00 129032.29
STR.2 0.8636 0.0326 0.1038 0.5174 0.6147 0.4200 0.4200 50420.17 92436.97 142857.14
STR.3 0.1881 0.2041 0.6079 0.0922 0.2757 -0.0913 -0.0913 193277.31 605042.00 798319.33
STR4 0.6394 N/A 0.3591 0.5563 0.9923 0.1203 0.1203 0.00 500000.00 500000.00
STR.5 0.9573 0.0399 0.0028 0.7536 0.5839 0.9232 0.5839 26315.79 0.00 26315.79
STR.6 0.9981 0.0008 0.0010 1.0362 1.0465 1.0258 1.0258 0.00 0.00 0.00
STR.7 0.5561 0.0306 0.4133 0.3486 0.6242 0.0730 0.0730 20242.91 380566.80 400809.72
STR.8 0.6379 0.0815 0.2806 0.3293 0.4650 0.1937 0.1937 71428.57 275510.20 346938.78
STR.I9 0.9827 0.0173 0.0001 1.0407 0.7042 1.3771 0.7042 0.00 0.00 0.00
STR.10 0.7412 0.0069 0.2519 0.5218 0.8208 0.2228 0.2228 11278.20 199248.12 210526.32
STR.11 0.9241 0.0000 0.0759 1.2873 2.0968 0.4778 0.4778 0.00 68965.56 68965.56
STR.12 0.1299 0.0100 0.8601 0.2077 0.7756 -0.3603 -0.3603 0.00 784000.00 784000.00
STR.13 0.3504 0.1987 0.4509 0.1616 0.2821 0.0412 0.0412 114503.82 366412.21 480916.03
STR.14 0.7741 0.0532 0.1728 0.4263 0.5382 0.3144 0.3144 41666.67 125000.00 166666.67
STR.15 0.7331 0.0863 0.1806 0.3795 0.4546 0.3043 0.3043 74626.87 194029.85 268656.72
STR.16 0.8084 N/A 0.1903 0.6464 1.0005 0.2923 0.2923 0.00 182608.70 182608.70
STR.17 0.8892 0.0406 0.0702 0.5363 0.5813 0.4913 0.4913 41152.26 78189.30 119341.56
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5.3.1 STR.1: Steel cross-section area (Ay)
The acceptable range of the tolerance to meet the pre-set requirement or
specifications is between 0.01-0.08 times the gross area A, of the concrete section
(Table 3.3). Table 5.1 shows that the probability P of the samples being within the
specification limits nearly equals 84.04%, while 15.96% (P;: 15.96% - P,: 0.00%)

fall out of the specifications limits (Figure 5.1).

Probability Between Limits = 0.84037
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Figure 5.1 Steel cross-section area (Ay)

Based on the measured values of the capability process indices as provided in Table
5.1, it can be found that the C, = 4.2106 >> 1 (Cp: 0.3320 - C,,: 8.0892), which
indicates that the specification spread is 4.2106 times greater than the 6-sigma o
spread in the process. The value of C, indicates that the capability process of the
variability of STR.1 is tighter than the specification limits, with a very low chance of
exceeding the minimal capability. On the other hand, the value of C = 0.3320 << 1,
causes the mean p of the capability process index to skew to the left side (n =
0.0128). This implies an industrial design practice of designing the steel cross-
section area Ay of longitudinal bars to be closer to the lower specification limit to cut
costs in terms of the steel quantity. This causes roughly 15.96% of the samples
violating the minimum specification limit. The results suggest that there are
approximately 129032.29 parts per million (ppm) non-conforming and that the
process is not capable.

— Two improper actions were identified: reducing or increasing either the number

of longitudinal bars or the bar diameter ¢. Therefore, an improvement action,
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especially for the lower specification limit in this case is required to reduce the
variability of the STR.1 to attract the p of the capability process index into the
target.

5.3.2 STR.2: Longitudinal Bars Length

The acceptable range of tolerance for STR.2 to meet the pre-set
requirement/specifications is between +50mm of the designed length of the bar
(Table 3.3). Table 5.1 shows that the probability P of the samples are within the
specification limits, nearly equaling 86.36%; whist 13.64% of the samples (Py: 3.26%
- Py: 10.38%) fall out of the specifications limits (Figure 5.2).

Probability Between Limits = 0.86358
14 T T T

121

10+

Nk

-8.1 -0.05 0 0.05 0.1 0.15

Figure 5.2 Longitudinal Bars Length

Based on the values of the capability process index in Table 5.1, it is found that C, =
0.5174 <1 (Cpi: 0.6147 - Cpu: 0.4200), which indicates that the specification spread
is 0.5174 times less than the 6-sigma ¢ spread in the process. The lower value of C,
implies that the capability process of the variability of STR.1 is broader than the
specification limits and possesses a high chance of exceeding the minimum and
maximum capabilities. Here, the value of C, = 0.4200 << 1 and the mean p of the
capability process index is skewed to the right side (n = 0.0128) (as shown in Figure
5.2).
— Poor workmanship during the actual execution of on-site activity often causes the
mean L of the capability process index to shift from the centre. This suggests that
roughly 13.64% of the samples violate both the minimum and the maximum

specification limits. The results suggest that there are approximately 142857.14
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parts per million (ppm) non-conforming and that the process is not capable.
Therefore, to counter this error, an improvement action is required for the upper
and lower specification limit, so that the variability of the STR.2 can be reduced

and the mean p can be attracted into the target zone.

5.3.3 STR.3: Lap splices

The acceptable range of tolerance for STR.3 is recommended to be multiplied by
0.83 with allowance of +25mm, but the lap length cannot be less than 300 mm
(Table 3.3) to meet the pre-set requirements. Table 5.1 and Figure 5.3 shows
probability P of the samples as within specification limits equalling 18.81%, while
81.19% (P1: 20.41% - Py: 60.79%) fall out of the specification limits (Figure 1).

Probability Between Limits = 0.18806
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Figure 5.3 Lap splices

Based on the values of the capability process index as measured in Table 5.1, it is
found that Cp = 0.0922 << 1 (Cpi: 0.2757- Cpy: -0.0913), which indicates that the
specification spread is 0.0922 times less than the 6-sigma ¢ spread in the process.
The value of C, reflects that the capability process of the variability of STR.1 is
broader than the specification limits and has a high chance of exceeding the
minimum and maximum capabilities. Conversely, the value of C, =-0.0913 << 1,
and the mean p of the capability process index is skewed to the right side (n =
9.9479) as shown in Figure 5.3.
— This reveals that workers are prone to increasing the length of the lap splice
between the longitudinal bars greater than the upper specification limit. This

denotes that roughly 81.19% of the samples violated both the minimum and the
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maximum specification limits. Moreover, it also indicates that there are
approximately 798319.33 ppm are non-conforming and reveal that the process is
not capable. Therefore, there is a need for an improvement action for the lower
and upper specification limits to reduce the variability of the STR.3 and to attract

the mean p of the capability process index into the target.

5.3.4 STR 4: Offset bars - longitudinal bars

The acceptable range of tolerance for STR.4 shall not exceed 1 in 6 (Table 3.3) to
meet pre-set requirement or specifications. Table 5.1 shows that the probability P of
the samples being within the specification limits nearly equals 63.94%, while

35.91% (Py: N/A - Py: 35.91%) fall out of the specification limits (Figure 5.4).

Probability Between Limits = 0.63943
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Figure 5.4 Offset bars

Based on the values of the capability process index as provided in Table 5.1, it is
found that the Cp = 0.5563 < 1(Cpi: 0.9923- Cpy: 0.1203), which indicates that the
specification spread is 0.5563 times less than the 6-sigma ¢ spread in the process.
The value of C, implies that the capability process of the variability of STR.4 is
broader than the specification limits and with a very high chance of exceeding the
maximum capability. Whilst, the value of C, = 0.1203 << I, due to that the mean p
of the capability process index is skewed to the right side (un = 0.1300) as shown in
Figure 5.4.
— This means that the workers are usually prone to violate the maximum
specification limit. This shows that roughly 35.91% of the samples violated both

the minimum and the maximum specification limits. It also shows that there are
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approximately 500000.00 ppm are non-conforming and reveals that the process is
not capable. Improvement action, especially for the upper specification limit, is
required to reduce the variability of the STR.4 and to attract the mean p of the

capability process index to target.

5.3.5 STR.5: Ties width

The acceptable range of tolerance for STR.5 is recommended to be less than £10mm
(D £200mm) or =15mm (D > 200mm) (Table 3.3) as per the pre-set requirement or
specifications. Table 5.1 shows that the probability P of the samples being within the
specification limits nearly equals 95.73%, while 4.27% (Pi: 3.99% - P,: 0.28%) fall

out of the specification limits (Figure 5.5).

Probability Between Limits = 0.95728
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Figure 5.5 Ties width

Based on the value of the capability process index as have been measured in Table
5.1, it can be stated that the Cp value is 0.7536 which is less than 1 (Cp: 0.5839 - Cpy:
0.9232), which indicates that the specification spread is 0.7536 times less than the 6-
sigma o spread in the process. The value of C, refers that the capability process of
the variability of STR.5 is somewhat broader than the specification limits and with
medium chance of exceeding the minimal capability. On the other hand, the value of
Cp = 0.5839 << 1, causing the mean p of the capability process index to be skewed
to the left side (u = -0.3377) as shown in Figure 5.5. The p value marginally shifted
from the center and this may reflect that the susceptibility of the STR pattern to

deviation is very low.

— This implies that roughly 4.27% of the samples violated both the minimum and
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the maximum specification limits. The results suggest that there are
approximately 26315.79 parts per million (ppm) non-conforming and that the
process is not capable. However, an improvement action for the upper and lower
specification limits is still needed to reduce the variability of STR.5 and to attract

the mean p of the capability process index to the target.

5.3.6 STR.6: Ties depth
The acceptable range of tolerance for STR.6 is recommended to be not higher than
+10mm (d < 200mm) or =15mm (d > 200mm) (Table 3.3) to meet the pre-set
requirement or specifications. Table 5.1 shows that the probability P of the samples
being within the specification limits is nearly 99.81%, while 0.19% (P;: 0.08% - Py:
0.10%) fall out of the specification limits (Figure 5.6).

Probability Between Limits = 0.99811
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Figure 5.6 Ties depth

Based on the values of the capability process index in Table 5.1, it can be said that
the value of Cp = 1.0362 > 1 (Cpi: 1.0465 - C,y: 1.0258), which indicates that the
specification spread is 1.0362 times greater than the 6-sigma ¢ spread in the process.
The value of C, implies that the capability process of the variability of STR.6 is
tighter than the specification limits and has a low chance of exceeding the maximum
and minimum capabilities. Whilst, the value of C; = 1.0258 > 1 and the very close
values of C, and C,, indicate that the capability process index is centred and the
value of p is very low (0.0149) as shown in Figure 5.6.

— This shows that roughly 0.19% of the samples violated both the minimum and

the maximum specification limits (i.e. £10mm or £15mm). It also indicates that
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there are roughly 0.00 ppm are non-conforming and reveal that the process is
incapable. Since the mean p is only slightly shifted from centre, output work

usually hits the target point.

5.3.7 STR.7: Ties: Hooks dimensions

The acceptable range of tolerance for STR.7 is recommended to be (bar ¢ = x) x <
16¢ (6dp, £15mm) or x = 20¢ - 25¢ (12d, £15mm) (Table 3.3) to meet the pre-set
requirements or specifications. Table 5.1 shows that probability P of samples within
spec. limits nearly equals 55.61%, while 44.39% (P;: 3.06% - P,: 41.33%) fall out of
the specification limits (Figure 5.7).

Probability Between Limits = 0.55609
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Figure 5.7 Hooks dimensions

Based on the values of the capability process index in Table 5.1, it can be stated that
C, = 0.3486 < 1, (Cpr: 0.6242 - Cpy: 0.0730), which indicates that the specification
spread is 0.3486 times less than the 6-sigma o spread in the process. The value of C,
shows that the capability process of the variability of STR.7 is broader than the
specification limits and with high chance of exceeding the maximum and minimum
capabilities. Whilst, the value of C; = 0.0730 << 1, due to that the mean p of the
capability process index is skewed to the right side (n = 1.9765) as shown in Figure
5.7.
— This clearly reflects that the workers are more prone to increase the length of the
ties hooks. This denotes that roughly 44.39% of the samples violated both the
minimum and maximum specification limits. The results suggest that there are

approximately 400809.72 ppm non-conforming and that the process is not

131



capable. Therefore, improvement action for both specification limits requires to

reduce the variability of STR.7 and attract the mean p into the target.

5.3.8 STR.8: Ties Angular’

The acceptable tolerance range for STR.8 is to be (bar ¢ =x) x < 16¢ (6d;, =15mm) or
x<25¢ (90° or 135° £2 ¥ degrees) or x >25¢ (90° +2 ¥ degrees) (Table 3.3) to meet
the pre-set requirements or specifications. Table 5.1 shows that the probability P of
samples as within specification limits is nearly 63.79%, while 36.21% (P;: 8.15% -
Py: 28.06%) fall out of the specification limits (Figure 5.8).

Probability Between Limits = 0.63787
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Figure 5.8 Ties Angular®

Based on the values of the capability process index in Table 5.1, C; = 0. 3293 < 1

(Cpi: 0.4650- C,y: 0.1937), which indicates that the specification spread is 0.3293

times less than the 6-sigma o spread in the process. The value of C, refers that the

capability process of the variability of STR.8 is broader than the specification limits
and with very high chance of exceeding the maximum and minimum capability
limits. Conversely, the value of C, = 0.1937 << I, and the mean p of the capability

process index is skewed to the right side (n = 1.0297) as shown in Figure 5.8.

— In terms of ties, workers are likely to increase the degree of the hooks ends, thus
roughly 36.21% of the samples violated both min. & max. specification limits. In
addition, roughly 346938.78 ppm are non-conforming and reveal that the process
is not capable. Consequently, counter measures are needed for the lower and
upper specification limits to reduce the variability of STR.8 and attract the mean

u into the target.
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5.3.9 STR.9: Ties: Bend dimensions

The acceptable tolerance range of STR.9 has to be (bar ¢ = x) x < 16¢ (4d, £25mm),
x = 16¢-25¢ (6dp £25mm), x = 28¢-36¢ (84, +25mm) or x > 40¢ (10d, £25mm)
(Table 3.3) to meet the pre-set requirements. As per Table 5.1, the probability P of
the samples being within the spec. limits is nearly 98.27%, while 1.73% (Py: 1.73% -
Py: 0.01%) fall out of the specification limits (Figure 5.9).

Probability Between Limits = 0.98267
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Figure 5.9 Bend dimensions

Based on the values of the capability process index in Table 5.1, C, = 1.0407 > 1

(Cpi: 0.7042 - Cpu: 1.3771), which indicates that the specification spread is 1.0407

times greater than the 6-sigma o spread in the process. The value of C refers that the

capability process of the variability of STR.9 is tighter than the specification limits
and has low chances of exceeding the minimal capability. Whilst, the value of C, =

0.7042 < 1, due to that the mean p of the capability process index is skewed to the

left side (u = -0.8082) as shown in Figure 5.9. The shift of the mean p from the

centre is somewhat small and this may reflect that the probability of STR.9 to be
prone to deviation as very low.

— This denotes that roughly 1.73% of the samples violated both the minimum and
the maximum specification limits. The results suggest that there are
approximately 0.00 ppm non-conforming and that the process is not capable.
Therefore, action remains required for lower spec. limits to reduce variability of

STR.9 (re-target mean p).
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5.3.10 STR.10: Horizontal spacing between longitudinal bars

The acceptable tolerance range for STR.10 is minimum 1.5d, and not less than
40mm (Table 3.3) to meet requirements. Table 5.1 shows that the probability P of
the samples being within specification limits equalling 74.12%, while 25.88% (P:
0.69% - Py: 25.19%) fall outside spec. limits (Figure 5.10).

Probability Between Limits = 0.74117
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Figure 5.10 Horizontal spacing between longitudinal bars

Based on the values of the capability process index in Table 5.1, C, = 0.5218 < 1

(Cpi: 0.8208 - Cpu: 0.2228), which indicates that the specification spread is 0.5218

times less than the 6-sigma o spread in the process. The value of C, shows that the

capability process of the variability of STR.10 is broader than the spec. limits and
has a high chance of exceeding min. & max. capability limits; the value of C, =

0.2228 << 1, causes the mean p to skew to the right (u = 12.651) as Figure 5.10.

— The majority of the designers are prone to often design the spacing between the
longitudinal bars (in project drawings) to be between 100mm to 150mm. This
denotes that roughly 25.88% of the samples violated min. & max. specification
limits. It also shows that roughly 210526.32 ppm are non-conforming and the
process is ‘not capable’. Therefore, again improvement action is needed for both
the lower and upper specification limits to reduce the variability of STR.10 and

attract the mean p into the target.

5.3.11 STR.11: Vertical spacing between ties

The acceptable range of tolerance for STR.11 provides the maximum limit of 16

longitudinal d, (x = 16 dp), 48 tie d, (x = 48 dp), or least dimension of the
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compression member (x = least column width) £25mm (Table 3.3) as the pre-set
requirements. Table 5.1 shows that the probability P of the samples being within the
specification limits nearly equals 92.41%, while 7.59% (P;: 0.0% - Py: 7.59%) fall

out of the specification limits (Figure 5.11).

Probability Between Limits = 0.92413
0.2 T r .

0.15

0.1+

0.05-

00 S 10 15 20 25

Figure 5.11 Vertical spacing between ties

Based on the values of the capability process index from Table 5.11, it can be found

that Cp = 12873 > 1 (Cp: 2.0968 - Cpi: 0.4778), which indicates that the

specification spread is 1.2873 times greater than the 6-sigma ¢ spread in the process.

The value of C, shows that the capability process of the variability of STR.11 is

tighter than the specification limits and with very low chance of exceeding the

minimal capability. Whilst, the value of C,, = 0.4778 < land the mean p of the
capability process index is skewed to the left side (u = 17.030) as shown in Figure

5.11.

— The main reason behind this observation suggests that the majority of the
designers usually design the vertical spacing between the ties to be 6/m or 5/m,
which implies a spacing of 160mm or 200mm respectively. This denotes that
roughly 7.59% of the samples have violated both the minimum and the maximum
specification limits. Furthermore, roughly 68965.56 ppm are non-conforming and
reveal that the process is not capable. Therefore, an improvement action is
required especially for the upper specification limit so that the variability of
STR.11 can be reduced and the mean p of the capability process index can be

attracted into the target.
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5.3.12 STR.12: Spacing above the slab

The acceptable tolerance range for STR.12 is one-half tie spacing above the slab
(0.5*x) £25mm (Table 3.3) to meet the pre-set requirements or specifications. Table
5.1 shows that the probability P of the samples being within the specification limits
nearly equals 12.99%, while 87.01% (P;: 1% - P,: 86.01%) fall out of the

specification limits (Figure 5.12).
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Figure 5.12 Spacing above the slab

Based on the values of the capability process index in Table 5.1, it can be found that

the Cp = 0.2077 << 1 (Cpi: 0.7756 - C,u: -0.3603), which indicates that the

specification spread is 0.2077 times less than the 6-sigma ¢ spread in the process.

The value of C, refers that the capability process of the variability of STR.12 is

broader than the specification limits and with very high chance of exceeding the

max. & min. capability constrains. Whilst, the value of Cpk =-0.3603 << 1, due to

that the mean p of the capability process index skewed to the right side (u = 6.8371)

as shown in Figure 5.12.

— This reflects that the practitioners are usually prone to violating the maximum
specification limit. This denotes that roughly 87.01% of the samples violated
both the min & max. specification limits. The results suggest that there are
approximately 784000.00 ppm non-conforming and that the process is not
capable. Therefore, an improvement action must be employed for both upper and
lower specification limits so that the variability of STR.12 can be reduced and the

mean L of the capability process be re-targeted.
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5.3.13 STR.13: Cross-sectional dimensions: formwork width

The acceptable range of tolerance for STR.13 is; if width x <30 cm, +0.9525 cm and
-0.635 cm; if width 30 cm <x <90 cm, +1.27 cm and -0.9525 cm); or if width x > 90
cm, +2.54 cm and -1.90 cm (Table 3.3) to meet the pre-set requirements. Table 5.1
shows that the probability P of the samples within spec. limits nearly equalling P
=35.04%, while 64.96% (P;: 19.87% - P,: 45.09%) fall out of the specification limits
(Figure 5.13).

Probability Between Limits = 0.35041
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Figure 5.13 Cross-sectional dimensions: formwork width

Based on the values of the capability process index in Table 5.1, it can be found that

the Cp = 0.1616 << 1 (Cp: 0.2821 - C,: 0.0412), which indicates that the

specification spread is 0.1616 times less than the 6-sigma ¢ spread in the process.

The value of C, refers that the capability process of the variability of STR.13 is

broader than the specification limits and with very high chance of exceeding the

maximum and minimum capability constrains. Whilst, the value of C, = 0.0412 <<

1, due to that the mean p of the capability process index skewed to the right side (n =

0.9466) (Figure 5.13).

— This reflects the extent to which carpenters, are usually prone to violating the
specification limits, especially the maximum limit. This denotes that roughly
64.96% of the samples violated both the minimum and maximum specification
limits with roughly 480916.03 ppm as non-conforming, revealing that the process
is incapable. Therefore, improvement action needed for lower and upper spec.
limits to reduce the variability of STR.13 and to attract the mean p of the

capability process index into the target.
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5.3.14 STR.14: Cross-sectional dimensions: formwork depth

The acceptable range of tolerance for STR.14 is recommended as; if depth x < 30
cm, +0.9525 c¢cm and -0.635 cm; if depth 30 cm < x <90 cm, +1.27 cm and -0.9525
cm; or if depth x > 90 cm, +2.54 cm and -1.90 cm (Table 3.3) to meet the pre-set
requirement or specifications. Table 5.1 shows that the probability P of the samples
being within the specification limits nearly equals P =77.41%, while 22.59% (P:
5.32% - Py: 17.28%) fall out of the specification limits (Figure 5.14).

Probability Between Limits = 0.77406
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Figure 5.14 Cross-sectional dimensions: formwork depth

Based on the values of the capability process index (Table 5.1), it can be found that

the C, = 0.4263 <1 (Cpi: 0.5382 - Cpy: 0.3144), which indicates that the specification

spread is 0.4263 times less than the 6-sigma o spread in the process. The value of C,

refers that the capability process of the variability of STR.14 is broader than the

specification limits and has high chance of exceeding the maximum and minimum

capability constrains. Whilst, the value of C, = 0.3144 << 1, due to that the mean p

of the capability process index is skewed to the right side (u = 0.1667) as shown in

Figure 5.14.

— This reflects that carpenters are likely to violate the specification limits,
especially the maximum limit. This denotes that roughly 22.59% of the samples
violated both the minimum and maximum specification limits. he results suggest
that there are approximately 170k- ppm (166666.67 ppm) are non-conforming
and reveal that the process is not capable. Again improvement action should be

adapted for both upper and lower specification limits so that the variability of
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STR.14 can be reduced and the mean p of the capability process index can be

attracted into the target.

5.3.15 STR.15: Concrete cover

The acceptable tolerance range for STR.15 is d < 200mm, x = 40mm (+10mm) or d >
200mm, x = 40mm (+15mm); but not less than 1/3 of the cover (Table 3.3) to meet
the pre-set requirements or specifications. Table 5.1 shows a probability P of
samples within the specification limits as 73.31%, while 26.69% (P;: 8.63% - Py:
18.06%) fall out of the specification limits (Figure 5.15).
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Figure 5.15 Concrete cover

Based on the values of the capability process index as have been measured in Table
5.1, it can be said that the Cp = 0.3795 < 1 (Cp: 0.4546 - Cpy: 0.3043), which
indicates that the specification spread is 0.3795 times less than the 6-sigma o spread
in the process. The value of C,, refers that the capability process of the variability of
STR.15 is broader than the specification limits and with very high chance of
exceeding the maximum and minimum capabilities. Whilst, the value of C, =
0.3043 <<'1, due to that the mean p of the capability process index is skewed to the
right side (u = 0.3300) as shown in Figure 5.15. Even though the mean p is only
slightly shifted from the centre, the STR pattern is still somewhat highly prone to
deviation from sides.
— This denotes that roughly 26.69% of samples violate min. & max. specification
limits. Furthermore, it shows that roughly 268656.72 ppm are non-conforming

and reveal that the process is again not capable, necessitating improvement action
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for lower and upper spec. limits, to reduce the variability of STR.15 and re-target

the mean .

5.3.16 STR.16: Deviation from plumb for column: Column levelling

The acceptable range of tolerance for STR.16 for the top of foundation for height of
26m is 0.3% of the height until a maximum dimension of +2.5cm (26m and less, x =
0.3% of high until maximum +2.5 cm) (Table 3.3) to meet the pre-set requirements
or specifications. Table 5.1 shows that the probability P of the samples being within
the specification limits nearly equals 80.84%, while 19.03% (P: N/A - Py: 19.03%)
fall out of the specification limits (Figure 5.16).

Probability Between Limits = 0.80838
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Figure 5.16 Deviation from plumb for column

Based on the values of the capability process index from Table 5.1, it can be stated
that the value of Cp is 0.6464, which is less than 1, (Cpi: 1.0005 - Cpy: 0.2923), which
indicates that the specification spread is 0.6464 times less than the 6-sigma o spread
in the process. The value of C, refers that the capability process of the variability of
STR.16 is broader than specif. limits with a very high chance of exceeding the max.
capability. Whereas, the value of C,, = 0.2923 << 1, causing the mean p of the
capability process index to be skewed to the right side (iu = 0.2965) (as Figure 5.16).
— Even thought, the mean p is marginally shifted from the centre, the chance of
STR pattern to be prone to deviation is somewhat high from the upper side. This
denotes that roughly 19.03% of the samples violated the maximum specification
limits. In addition, roughly 182608.70 ppm are non-conforming suggesting a

‘non-capable’ process. Improvement action is again needed, especially for one-
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side (upper spec. limit), to reduce the variability of STR.16 and attract the mean

u of the capability process index on-target.

5.3.17 STR.17: Deviation between horizontal elements - Column

The acceptable range of tolerance for STR.17 is to be equal, for distance greater than
30cm (12 in), x = +5cm (Table 3.3) to meet the pre-set expectations. Table 5.1 shows
a probability P of samples within spec. limits as 88.92%, while 11.08% (P;: 4.06% -
Py: 7.02%) fall out of spec. (Figure 5.17).
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Figure 5.17 Deviation between horizontal elements

Based on the values of the capability process index measured in Table 5.1, C, =
0.5363 <1 (Cpi: 0.5813 - Cpy: 0.4913), which indicates that the specification spread
is 0.5363 times less than the 6-sigma o spread in the process. The value of C finds
that the capability process of the variability of STR.17 is broader than specification
limits, with a very high chance of exceeding the max. & min. capability limits.

Whilst, the value of C = 0.4913 < 1, due to that the mean p of the capability

process index is skewed to the right side (u = 0.4193) as is shown in Figure 5.17

above.

— The mean p is nominally shifted from the centre; likewise, the susceptibility of
the STR pattern to deviation is somewhat low. This denotes that roughly 11.08%
of the samples violated the maximum specification limits. The results suggest
that there are approximately 119341.56 ppm non-conforming and that the process
is not capable. Improvement action is recommended for both upper and lower

specification limits to reduce the variability of STR.17 and attract the mean p of
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the capability process index once more into the target spec.

5.4 External Validity

External validity refers to “knowing whether a study’s finding can be generalised
beyond the immediate [investigation]” (Voss et al, 2002). External validity is
concerned with the extent an experimental effect itself is capable of generalization,
and in such cases, to what populations, treatment, settings, or measurement variables
is the experimental effect generalisable (Chen, 2010). External validity is a research
quality related to the extent to which the results of a study can be generalized from a
specific sample to a broader population. Researchers attempt to ensure external
validity through selecting a sample size and composition that provides an accurate
representation of a given population. Such attempts are necessary as it is rare that the

total population is available to the researcher.

The researcher used the statistical process control analyses of the capability of a
process C,and Cpy to achieve statistical generalisation in relation to STR deviation.
The researcher used a split-half approach to divide the data into two groups with
each group retaining 50% of the original data (Bollen, 2014; Drost, 2011; Nunnally,
1978). The split-half method involved the division of the data set based on the
chronological sequence of data collection with the first 14 projects constituting the
first group and the later 13 projects constituting the second group. Generalisation
data was then generated through the application of Mean Magnitude of Relative
Error (MMRE) test (Fenton et al.,, 2008; Foss et al., 2003). Conventionally, the
degree of generalisation can be understood through investigating the variation
between two similar groups. In this study, the results suggest that the findings can be
generalised to situations involving the same conditions and location. The MMRE test

is calculated as follows:

Mean Magnitude of Relative Error MMRE:

n
MMRE = %z MRE, (5.3)
i=1
Where, MRE: Magnitude of Relative Error
n: number of STRs
i=1,2,3,...,n
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Magnitude of Relative Error MRE:

MRE,; = |y" — yi| (5.4)
Vi
Where,
y: First group (1*half)
$: Second group (2™half)
i=1,2,3,....n
Table 5.2 MMRE Test for Cp & Cpk
Cp Cpk

1" halfy 2" half§ MRE; 1" halfy 2" half§ MRE;
Cpl 3.9514 4.1940 0.06 Cpkl 0.3238 0.3405 0.05
Cp2 0.5299 0.5073 0.04 Cpk2 0.4522 0.3923 0.13
Cp3 0.0006 0.0006 0.00 Cpk3 -0.2207  -0.2399 0.09
Cp4 0.1646 0.1784 0.08 Cpk4 -0.4405 -0.4634 0.05
Cps 0.0175 0.0176 0.01 Cpk5s -0.1975 -0.151 0.24
Cpo6 0.0379 0.0367 0.03 Cpko -0.0413  -0.0421 0.02
Cp7 0.0053 0.0049 0.08 Cpk7 -0.3048  -0.2315 0.24
Cp8 0.0077 0.0081 0.05 Cpk8 -0.1327  -0.1278 0.04
Cp9 0.0135 0.0147 0.09 Cpk9 -0.4022  -0.3983 0.01
Cp10 0.0049 0.0052 0.06 Cpk10 -1.3666  -1.1777 0.14
Cp11 0.0055 0.0059 0.07 Cpkl11 -2.6965 -2.8074 0.04
Cp12 0.0044 0.0042 0.05 Cpk12 -0.6943  -0.6694 0.04
Cp13 0.0055 0.0058 0.05 Cpk13 -0.1021 -0.092 0.10
Cpl4 0.0282 0.0275 0.02 Cpk14 -0.1049 -0.1042 0.01
Cpl5 0.0111 0.0118 0.06 Cpk15 -0.0939 -0.0959 0.02
Cplé6 0.0543 0.0496 0.09 Cpk16 -0.3441 -0.2814 0.18
Cp17 0.0057 0.0058 0.02 Cpk17 -0.0533 -0.059 0.11

2 MRE; 0.8675 2 MRE; 1.4962

n 17 n 17

MMRE 0.0510 MMRE 0.0880

MMRE Y% 5.10 % MMRE Y% 8.80 %

The previous table, Table 5.2 shows the degree of variation between the first and
second group indicated by C, and MMRE was 5.10% while C, was 8.80%. The
upshot is the presence of error less than 10% for C, and C, which is acceptable with
respect to the generalization of empirical research results. The similarity between the
two groups for C, was 94.90% (100% - 5.10% = 94.90%). Cy was 91.20%. Values
of 91.20% and greater indicate theoretically that more than 90% of residential
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projects in Saudi Arabia demonstrate the same quality practices for the 17 STRs.

These results are discussed in the following section.

5.5 Discussion

This study finds that there are significant variations in susceptibility to quality
deviation of building sub-task requirements (STRs); in other words different STRs
within an overarching task have different susceptibilities to construction defect as a
result of their respective on-site installations. It is argued that each STR must be
taken into account explicitly in any detailed analyses of (quality deviation in)
overarching site-tasks, since STRs with more sensitivity to stray from requisite
specifications, have a direct relationship to potential exposure to a building element’s

failure.

Focus must be placed upon STRs to ensure task, element or component quality
compliance. Findings above reveal that previous literature’s (Forcada et al., 2013;
Mills et al., 2009) concentration upon (and lack of consensus about) failure as a
function of the ratio of all construction activities (&/or ratio of constituent elements)
may stem from a lack of awareness of the (measurable) importance of sub-task

(STR) sensitivity towards quality deviation.

In the findings above (based upon 3,030 actual STR on-site measurements), supply
of cross-section area steel (STR.1), rebar tie depth (STR.6), rebar tie bend
dimensions (STR.9) and vertical cage spacing (STR.11) were noted as least prone to
deviation, thus requiring less attention by site-manager reps when seeking compliant
components. Conversely a site-manager might be justified in requesting that foremen
keep a watch upon sub-tasks that typically exceed specification limits such as: rebar
lap splices (STR.3), rebar tie hook dimensions (STR.7 & STR.8): cage spacing above
slabs (STR.12); formwork cross-sections & coverage (STR.13, STR.14 & STR.15).

Indeed site-managers, in their quest for compliant components, would be justified in
closely monitoring several sub-activities with a high susceptibility to deviation,
namely: bar lengths and offsets (STR.2 & STR.4); rebar tie widths (STR.5); cage

horizontal spacing (STR.10); and, formwork levelling and column positioning
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deviations from plumb (STR.16 & STR.17).

It is noted that sub-task complexity characteristics (rigorous spec. tolerances)
influence potential quality deviations and construction defects. For example,
tolerances of cross-sectional dimensions of a column (STR.13 & STR.14) are very
constricted, resulting in higher chance of deviation, necessitating close site
monitoring. Size/magnitude also pose issues; for example, deviation from plumb of
columns (STR.16) reflect the size of the column. In the 27 site locations studied here
the larger the size of column, the greater the susceptibility to quality deviations and

future defect.

The complex relationship between two or more STRs also impacts upon quality
practices; the relationship between concrete cover (STR.15) and the width of tie
dimensions (STR.5) and the width of cross-sectional dimensions for formwork
(STR.13) are linked. If one or both STR.5 and STR.13 exceed or nearly exceed
required tolerances, the probability of STR.15 to exceed tolerance also increases and
thus is more vulnerable to quality deviations and defect. Case-study on-site analyses
notes humanistic (worker/supervisor) installation degrees-of-error as a variable of:
training received; experience in years; experience of location(s); charge-hand
supervision; and, inclement site conditions; the correlation between worker
competence and STR susceptibility to error (in these case-studies) shall be discussed

in detail under separate (future) cover.

Findings show that there is no benefit to be gained in conducting uniform inspection
procedures (the same inspection effort) across all STRs. Site inspectors can be
advised explicitly of comparatively lower or higher susceptibilities (potential
respective exposure) to defect. For example, C,, values for tie depth (STR.6) can be
expected to hit target, while C, values for rebar lap splicing (STR.3) generally
violate specifications. Resultantly to achieve the desired quality control for columns,
an inspector would allocate more attention and effort to rebar splicing, without need

to be present at tie depth preparations.

This study provides insight into the construction elements and task activities in terms

of their sub-task sensitivities to spec. deviations and defect, although it is recognised

145



that in a minority of cases inspection remains vital even if a C, value is high (such as
confirmation of steel cross-section-areas, STR.1), and that other parameters must be
factored-in including degree of risk severity related to key sub-tasks’ position on a

critical-path, high supply-cost or involved work-method.

Whilst the manufacturing industry is well suited to using Statistical Capability
Processes (SPC measurements of C, and C,i) in order to test quality practices on a
factory-floor production line of repetitive automated techniques, it is argued that the
less repetitive processes in the construction industry can also benefit from SPCs.
Appropriate quantification and analysis of typical on-site sub-task factors in terms of
quality deviation and susceptibility to defect can help to draw the big picture and

assist in prioritising the attention demand of STRs during the inspection process.

5.6 Conclusion

The comparative vulnerability of sub-tasks to quality deviations and defects on-site,
influence a built element’s overall potential to violate design specifications and code
requirements. The susceptibility of sub task requirements (STRs) to quality deviation
and construction defect was explored for 17 STRs for a typical column member, at
27 new residential-building locations, accumulating over 3,000 STR on-site
measurements. On-site quality practices were assessed against SBC and ACI design

specifications, through the statistical process control indices Cp and Cpy.

A need exists for each building-site task to be broken down into sub-tasks to assess
requirements towards accurately analysing the potential for quality deviation and
construction defect. The susceptibility of STRs within any specific task varies with
respective complexity. The majority of SRTs showed low Cp values due to central

deviation from pre-set specification targets.

The capability process index technique was applied to the data set generated, and
finding that: 23.5% of sub-task requirements, STRs [supply of cross-section area
steel (STR.1), rebar tie depth (STR.6), rebar tie bend dimensions (STR.9) and
vertical cage spacing (STR.11)] showed low susceptibility to deviation from project

design documents, whilst 41% of STRs were more likely to exceed the design
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specification limits [namely, rebar lap splices (STR.3), rebar tie hook dimensions
(STR.7 & STR.8): cage spacing above slabs (STR.12); formwork cross-sections &
coverage (STR.13& STR.14& STR.15)], while the remaining 35.3% of STRs [bar
lengths and offsets (STR.2 & STRA4); rebar tie widths (STR.5); cage horizontal
spacing (STR.10); and, formwork levelling and column positioning deviations from
plumb (STR.16 & STR.17)] showed high levels of susceptibility to deviation from the
requisite contract specifications. The findings provide a way forward for more

effective, targeted inspection to achieve compliance.

Task characteristics dictate the susceptibility of each STR to quality deviations, with
complexity (technical application/ appreciation of design codes), size and
constraining tolerance limits affecting the chances of quality non-conformances
(such that column dimension STRs that have tighter constraining limits have a higher
chance of deviation for target specifications). The inter-relationships between
different STRs influence quality practices and cause some sub-tasks to have higher

risk severity.

These observations confirm that on-site inspection cannot be employed equally (nor
uniformly) across all STRs; the complexity of STRs inter-relationships, the level of
understanding of the pre-set requirements and, offsets from respective tolerance
limits that take into account C, values, must be factored into on-site inspection to
achieve (a more efficient inspection programme and) optimum levels of quality

control and component conformance.
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CHAPTER 6: Task-Based Defect Management: Anatomical

Classification

6.1 Introduction

The purpose of this chapter provides the method and result of an investigation into
the sensitivity of each STR towards six proposed classes of deviation. The classes
were differentiated by whether they represented perfect, acceptable, defective work
in relation to acceptable tolerance and the sources of deviation whether design phase,
execution phase or both. Chi-square statistical analysis was used to determine the
association between the six classes of deviation and each STR. Odds ratio tests were
applied to rank the STRs in terms of their proneness to be classified as either:
perfect, acceptable, or defective. In total 3030 cases were included in the analysis.
The chapter provides the results to each of the mentioned analyses, a discussion of

salient findings, and conclusions.

6.2 Background

Defect management is an important activity for project managers in construction. As
part of this, defect classification has been seen a necessary step towards improving
quality (Davies et al. 1989; Mills et al. 2009). As alluded to above (section 1.2) to
date, numerous approaches have been applied towards the classification of defects.
Each has paid has particular attention to factors relating to construction elements,
such as floors, ceilings, or roofs (Forcada et al. 2013; Georgiou, 2010;), location,
such as kitchens, bedrooms, or garages, (Forcada et al. 2013), type of defects, such as
leaking roofs, cracking, or footings (Georgiou, 2010; Mills et al. 2009), and type of
building, such as residential, commercial, or industrial (Mills et al. 2009). While
these studies have illuminated the landscape of defect occurrence, they have tended
to neglect formal industry benchmarks such as building code regulations, and as a

result have arguably produced results with limited generalisability.

Davis et al. (1989) defining quality as “conformance to requirements” argued that

deviations could be better managed through measurement. As part of this the authors
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proposed an “anatomy of deviation.” The authors argued that managers needed to
ask “which specific tasks were involved in the deviation?”” While the team concluded
that an objective basis was required for measuring quality, the specific nature of
tasks and their sensitivity to deviation was not empirically examined. Since this time
the majority of studies of defects have failed to incorporate an objective benchmark
from which deviation could be better understood. For instance, Tang et al. (2004)
studied deviations related to tasks involved with placing a typical floor. However, the
study was based on costs of non-conformance as opposed to frequency and severity

of non-conformance with prescribed requirements.

Applying a hierarchical decomposition approach decomposing packages of work
(e.g., 1" flour structure), into components (e.g., columns), into tasks (e.g., rebar), into
sub-tasks (e.g., longitudinal bars), and then considering the sub-task requirements as
prescribed by building codes (e.g., steel cross-section Ay : 001A; > Ay < 0.08A,),
this study aims to bridge this gap through proposing and testing the application of an
anatomical classification approach to defect management based on 17 sub-tasks and

their respective building code requirements.

An important aspect of task characteristics is their prescribed requirements. In the
construction sector these are provided in project-specific design specifications and
building codes, such as Saudi Building Code and the American Concrete Institute
Code. The likely strong relationship between task pattern and its sensitivity to quality
deviation is the assumption on which this research is based. It is presumed that a
more thorough exploration of tasks and their performance in terms of conformance to
building code requirements, can lead to accurate characterization of tasks and in

particular their respective sensitivities to deviation.

6.3 Research Methodology

It can be restated that this study applied a quantitative approach to calculate sub-task
requirement deviation. The severity of deviation was obtained by calculating the
difference between design specifications, building code requirements, and the actual
dimensions of output work. As mentioned, a data set was developed from data

collection at 27 construction project sites in Saudi Arabia between December 2013
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and April 2014. By focusing on 17 sub-tasks (Table 1) related to rebar tasks in
column element construction, a total of 3030 sub-tasks were investigated. Sub-task

drawing, bills of quantities, design specifications and building code requirements

(Saudi Building Code SBC-305A&B and American Concrete Institute Code ACI-

318A & ACI-117), and an inspection checklist was used.

6.3.1 Classification of the severity of deviation

Six classes of deviation were proposed (Table 2). This classification was based on

2 ¢,

the extent that the sub-task was prone to be “perfect”, “acceptable” or “defective” in

relation to acceptable tolerance, as well as the source of any deviation, namely, either

the design or execution phase.

Table 6.1 Six classes of deviation

Class 1

Where the design is within the required tolerance and the actual work matches the
design, then, there is no deviation in the sub-task and the quality output will be
considered as perfect work.

Class 2

Where the design is within the required tolerance and the actual work does not
match the design but is still within tolerance, then, there is some deviation in the
sub-task and the quality output will be considered as an acceptable. In this class,
the source of deviation is in the execution phase while the design is valid.

Class 3

Where the design is within the required tolerance and the actual work does not
match the design and falls out of the required tolerance, then, there is high
deviation with defect in the sub-task and the quality output will be considered as a
defective. In this class, the source of deviation is in execution phase while design
is valid.

Class 4

Where the design is out of the required tolerance and the actual work does not
match the design but is still within tolerance, then, there is some deviation in the
sub-task and the quality output will be considered as an acceptable. In this class,
the source of deviation is in design phase while execution process is valid.

Class 5

Where design and the actual work are out of the required tolerance and the actual
work matches the design, then, there is high deviation with defect in the sub-task
and the quality output will be considered as a defective. In this class, the source of
deviation is in design phase while execution phase is valid.

Class 6

Where design and the actual work are out of the required tolerance and the actual
work does not match the design, then, there is high deviation with defect in the
sub-task and the quality output will be considered as a defective. In this class, the
source of deviation is in both the design and execution phases.
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For instance, the design and building code requirements of STR.1, cross-sectional

area of rebar steel (Ay) for column with A, as gross concrete cross-sectional area,

specifies the ratio between Ay and A, as:

0.014, = Ay < 0.084,

The lower ratio limit specifies the minimum rebar steel to resist bending moments

and shrinkage or creep issues caused by sustained compression at concrete column.

The upper ratio limit, however, avoids placement difficulties due to reinforcement

crowding as well as reduces overall budget (Saudi Building Code, 2007). Thus, if the

actual project site work longitudinal steel area ratio (Ay) was found to be 0.04A,

then this would be within the parameters of tolerance and in the absence of design

error, be perfect (Class - 1).

Study’s Classifications

Components Class-1:
4 A =004,

o A=004A
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4 A -o008a,
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Figure 6.1 Example of STR.1 shown against six classes of deviation
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6.3.2 Chi-Square (%2) test of contingencies and Cramer’s V

The six Classes of the study’s classifications

Perfect Work
No deviation

Acceptable work
Deviation due to actual

phase

Defective Work
Deviation due to actual
phase

Acceptable Work
Deviation due to design
& actual phase

Defective Work
Deviation due to design
phase

Defective Work
Deviation due to both
design & actual phase

Statistical examination of variation between categorical or nominal groups is

commonly conducted through chi-square analysis. It investigates association

between categorical variables (Pallant, 2010). Two assumptions must be satisfied for
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proper application of a chi-square test. Samples must be randomly drawn from
population and the sample size must be large. Maximum 20% contingency cells can
have expected values less than 5 (Pallant, 2010). The numbers of degrees of freedom
affect chi-square statistical distribution. The chi-square independence test of two
variables requires one variable is classified in row and the other in a column to
produce a contingency table (row X column). The table tests the relationship between
the mutually exclusive categories of column and row variables. The table also shows

the frequency distribution between the cells of the table.

The y” statistic is the sum of all (0 — E)2 / E values for all row X column cells.

0:: — E..)?
x2=z Z ( UE ij) 61)
il ij
Where

Oyis the observed cell frequency for the (ij)" cell.
Ej is the expected cell frequency for the (ij)* cell.
i is number of columns

Jj is number of rows

Statistical distribution is governed by the Pearson’s y° law having the degree of
freedom as (row-1) X (column-1). The test evaluates association between two

categorical variables to determine difference between the observed and expected

frequencies in a distribution (Pallant, 2010).

The y° test is significantly influenced by the size of the sample. The value can be
overestimated if sample is small and can be underestimated if large. Cramer’s V test
is more suitable in such cases where column and row dimensions are higher than 2
(Allen & Bennett, 2012). Cramer’s V value can range from 0 to 1. The higher the
value of Cramer’s V, the higher the association between variables (Allen & Bennett,

2012).

6.3.3 Odds Ratio (OR) test

The odds ratio (OR) test is a flexible and robust statistical parameter of how strongly

two variables relate. The test quantifies variable relationship strength or effect size as
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Pearson correlation coefficient (Bland & Altman, 2000; Davies, Crombie &
Tavakoli, 1998). OR is also used to evaluate the ratio between odds of an outcome
occurring and it not occurring. It can be considered as the measurement of the ratio
between the odds of the presence of a certain quality deviation from a particular task
or sub-task and the odds of the absence of that specific quality deviation (Bland &
Altman, 2000; Davies, Crombie & Tavakoli, 1998).

Where there are two groups as Group 1 and Group 2 and the probabilities of the
events of interest for the two groups are P, and P, respectively (Bland & Altman,
2000; Davies, Crombie & Tavakoli, 1998), the formula of the odds ratio will be as

follows:

P
/a1-p)

Odd ratio = [ E— (6.2)
/(1-p)

6.4 Results

The STRs deviations were examined and the study’s classifications were evaluated
via 3030 cases. The analysis uses the chi-square test (%) to examine the relationship
between the type of the quality deviation and the deviation sources for 17 STRs.
Moreover, the odds ratio test was used to rank the sensitivity for all STRs towards
perfect-work, acceptable-work and defective-work. The study results list the sub-task
deviations from the requirements of the design and tolerance; the deviational
condition as either a merely simple deviation or a defective-work; the ratio of each
deviational source; and the sensitivity rank of perfect-work, acceptable-work and

defective-work for the STR.

6.4.1 Frequency of STRs by class
The occurrence frequency and the ratio of STRs against the six classes of deviation
are shown in Table 6.2 It can be noted that some of the STRs were conducted more
frequently than others. This was due to the nature of each sub-task. For example, a
high number of STR.15 (17.2%) were collected as this sub-task involved

measurements on two sides.
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Table 6.2 The frequency of STRs by the study classification

STR | STR | STR | STR | STR | STR | STR | STR| STR | STR | STR | STR | STR | STR | STR | STR | STR Total Ratio
1 2 3 4 5 6 7 8 9 10 | 11 12 | 13 | 14 | 15 | 16 | 17 %
Frequency of the six cases
Case1 |Perfect, No Deviation 20 | 44| 0 [ 14| 43| 73| 5 [ 53] 0| 7 [20] 3 [27 94|67 |35 8 |513]169
Case?2 |Acceptable, Actual Deviation 95 | 58 | 23 3 68 | 61 143 | 11 | 134 | 177 | 237 | 24 | 41 19 [ 330 | 74 | 208 | 1706 | 56.3
Case3 |Defective, Actual Deviation 6 | 177 [100| 51 | 23 | 0 [120| 36 | 0o [ 36 | 7 [103| 63 | 18 | 119 | 21 | 30 | 750 | 24.7
Case4 |Acceptable, Design-Actual Deviation| O 0 0 0 0 0 0 0 0 29 0 0 0 0 0 0 0 29 1
Case 5 |Defective, Design Deviation 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 3 0.1
Case 6 |Defective, Design-Actual Deviation 8 0 0 0 0 0 0 0 0 18 0 3 0 0 0 0 0 29 1
Frequency of the expected output work
Case 1 |Perfect work 20 | 44 | 0 |14 | 43 | 73| 5 | 53| 0 | 7 | 20| 3 |27 | 94|67 |35| 8 |513|169
Case 2+4 |Acceptable work 95 | 58 | 23 | 3 | 68 | 61 143 | 11 [ 134|206 | 237 | 24 | 41 | 19 | 330 | 74 | 208 | 1735 57.3
Case 3+5+6 [Defective work 16 | 17 100 | 51 | 23 | 0 [120| 36 | 0 |55 | 7 |106| 63 | 18 [ 119 | 21 | 30 | 782 | 25.7
Frequency of the deviation sources
Case 1 INo Deviation 20 | 44 | 0 |14 |43 | 73| 5 [ 53] 0 | 7 [20] 3 |27 | 94|67 | 35| 8 |513|169
Case 2+3 |Actual 101 | 75 [ 123 | 54 | 91 | 61 | 263 | 47 | 134 | 213 | 244 | 127 | 104 | 37 | 449 | 95 | 238 | 2456 | 81.1
Case 4+6 |Actual & Design s|lo|lo|lo|o|o|]o|o|[o[47] 0|3 |o0o|o0o]|o0]| 0] 0] 58]19
Case5 |Design 2l oflolo|o|lo|]o|o[o]1]o0oflo|lo|o|o0o]|o0o]| o] 3010
Total 131|119 | 123 | 68 | 134 | 134 | 268 | 100 | 134 | 268 | 264 | 133 | 131 | 131 | 516 | 130 | 246 | 3030 | 100
Ratio % 43 139|141 122 |44 |44 |88 |33 |44 |88 |87 |43 |43 |43 |17.2| 43 | 8.1 | 100 | 100
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6.4.2 Relationship between STR and deviation class

The frequency of the six classes is also shown in Table 6.2. As can be seen, Class 2,
acceptable deviation in execution phase, was the most common deviation occurrence
(56.3%). This was followed by Class 3, unacceptable deviation i.e. defective in
execution phase, (24.7%), which had a higher occurrence than Class 1 perfect

(16.9%). Class 4, 5, and 6 had very low occurrence at 1.0, 0.1, and 1.0 respectively.

Table 6.3 shows that, one of the y* test assumptions has been violated (50 cells
[46.0%] have expected count < 5). In this case, the value of likelihood ratio Cramer’s
V shall be used. The likelihood ratio Cramer’s V test for independence found within
indicates an insignificant association between the classification and STRs. This is
based on the Cramer's V value of (80, n =3030) = 0.372, (p< 0.05), which indicates a
medium to low association. Therefore, it can be concluded that the general pattern of
the study’s classification, i.e. six classes, for STRs is a predominantly independent
relationship. Having said this, isolated STRs were found to have atypical frequencies
of classes and this may suggest a need for higher caution when dealing with these

tasks.

Table 6.3 Chi-Square y° Test for relationship between STR and deviation class

Ratio of the six classes

Value df Asymp. Sig. (2-sided)
Pearson Chi-Square 2102.56 2 80 0.000
Likelihood Ratio 1835.45 80 0.000
Linear-by-Linear Association 7.398 1 0.007

Value Approx. Sig.
L|keI|ho'od Ratio 0.372 0.00
Cramer's V
N of Valid Cases 3030

50 cells (46.0%) have expected count < 5. The minimum expected count is 0.07.

6.4.3 Analysis of the expected output works for all Sub-tasks Requirements

Table 6.2 displays the distribution and the ratio of the frequencies of all the expected
deviation degrees by all STRs. This table displays that the acceptable, i.e. classes 2

and 4 constituted over half of the cases (57.3%). The unacceptable deviation i.e.
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defective, classes 3, 5 and 6 constituted approximately a quarter of the cases

(25.7%). While the perfect, i.e. class 1 was recorded with the lowest ratio (16.9%).

Table 6.4 shows that, the data analysis fulfilled the assumptions of y* test and the
outcomes of the y* test that examined the significant difference in the degree of
deviation for all STRs indicated that a significant association between the degree of
deviation and the STRs; y* (32, n = 3030) = 1601.085, (p< 0.05). The Cramer's V
value of V (32, n =3030) = 0.514, (p< 0.05), indicating a high to medium association
suggests a statistically significant association between degree of deviation and STRs.
Therefore, it can be concluded that the general pattern of the degree of deviation; i.e.
perfect, acceptable or defective; for all STRs is a predominantly dependent
relationship. However, some cases might be somewhat deviated and demand higher

attention and more caution from the workers on inspectors of these STRs.

Table 6.4 Chi-Square y* Test for the expected output works for all STRs

Ratio of the expected output work

Value df Asymp. Sig. (2-sided)
Pearson Chi-Square 1601.08 @ 32 0.000
Likelihood Ratio 1567.38 32 0.000
Linear-by-Linear Association 3.934 1 0.047

Value Approx. Sig.
Likelihood Ratio
Cramer's V 0.514 0.00
N of Valid Cases 3030

%0 cells (0.0%) have expected count < 5. The minimum expected count is 11.52.

The frequency of the perfect work is 16.9% (513 cases), which represents the lowest
ratio. This implies that the requirements cannot be easily applied accurately as per
the design and building code requirements. Some of the STRs; in particular STR.3,
STR.9 and STR.12; have zero or low frequencies. This indicates the presence of
some complexities related to these STRs that challenge their production as per the
design and building code requirements. In contrast, the frequency of acceptable is
57.3% (1735 cases) that represents the highest ratio comparing to the rest criteria. As
some of STRs are harder to fabricate precisely as per the specifications (ACI-318,
2008), some degree of deviation is acceptable as long as the outcome of the final

product falls within the tolerance. The majority of the STRs have a high frequency of

156



acceptable; however, some of them were noted with very low frequencies such as
STR.3 and STR.11. Finally, the frequency of defective equals 25.7% (782 cases) of
the total cases. This indicates that the quality practice is poor and almost quarter
cases are classified as defective. Only two STRs out of the 17 STRs were recorded
with no defects, which are STR.6 and STR.9. The rest of the STRs violated the
tolerance of the design and the building code requirements with different degrees of

severity and risk.

6.4.4 Analysis of deviation sources by STR

Table 6.2 displays the frequency and ratio of all deviation sources. It displays that the
“actual” dominated majority of the cases (81.1%). The class of “no deviation” was
recorded as nearly 16.9%. The ratio of “the actual and design” was recorded to be

around 1.90%. Finally, the ratio of “the design” was recorded to be only 0.1%.

Table 6.5 shows that, one of the y* test assumptions has been violated (30 cells
[41.0%] have expected count < 5). In this case, the value of likelihood ratio Cramer’s
V shall be used. The likelihood ratio Cramer’s V test for independence found within
indicates an insignificant association between the classification and STRs. This is
based on the Cramer's V value of (48, n =3030) = 0.368, (p< 0.05), which indicates a
medium to low association. Therefore, it can be concluded that the general pattern of

the deviation sources for all STRs is predominantly independent relationship.

Table 6.5 Chi-Square y° Test of the deviation sources by STR

Ratio of the deviation sources

Value df Asymp. Sig. (2-sided)
Pearson Chi-Square 1232.76 2 48 0.000
Likelihood Ratio 972.59 48 0.000
Linear-by-Linear Association 2.137 1 0.144

Value Approx. Sig.
leellho'od Ratio 0.368 0.00
Cramer's V
N of Valid Cases 3030

30 cells (41.1%) have expected count < 5. The minimum expected count is 0.07.

The frequency of “the actual source” class equals 2456 cases (81.1%) that represent

the highest ratio. The projects quality practices and control during the STRs
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fabrication process as the major source of quality deviations. However, this does not
mean that the outcomes of all STRs have a similar or convergent ratio from this class
(i.e. the actual work). In contrast, the frequencies of “the actual and design source”
and “the design source” classes equal 58 cases (1.90%) and 3 cases (0.1%)
respectively and both represent very low ratios. Two aspects are indicated by this.
Firstly, the design errors in these STRs rarely occur. Secondly, some design
specifications directly followed the building code requirements and the designers
copied the STR from the building code requirements without any changes. For
instance, in STR.4 (ie. bar offset for longitudinal bars), the designers often
mentioned the required slop in the drawings as the building code requirements (i.e.
the slop 1 of 6) without any change. Contrarily, for STR.10 (i.e. horizontal spacing
for cage assembling), the designer often changed the steel quantity of each or a
number column as a new sub-task. Thus, the quality of STR.10 is more likely to
deviate and 48 cases have been recorded as quality deviation for STR.10. Finally, the
frequency of “no deviation” class equals 513 cases (16.9%) that represent the zero
deviation source or the cases that were conducted perfectly without any quality

deviation.

6.4.5 Sensitivity of STRs towards deviation

This analysis addressed the sensitivity of STRs towards exposure to deviation. The
odds ratio test was applied to rank the STRs in terms of their proneness to be
classified as perfect, acceptable and defective. STR.17 was taken as the sensitivity
benchmark, i.e. STR.17 odds ratio = 1, to compare the STRs. Higher sensitive STRs
have odds ratio > 1 while lower sensitive STRs have odds ratio < 1; as compared
with STR.17. Table 6.6 displays the sensitivity ranks for STRs for three criteria:

perfect-work, acceptable-work and defective-work.

To calculate the odds ratio (OR) for two STRs, for example STR.1 relative to
STR.17, the frequencies of event occurrence and nonoccurrence should be
determined. Table 6.2 shows that the frequency of the perfect works for STR.1 is 20
cases out of the total 131 cases, while 111 cases represent the rest of the cases; which
are acceptable and defective work deviations. Similarly, the frequency of the perfect
works for STR.17 is 8 cases, while the remaining 238 (i.e. 246 — 8 = 238) cases are

not perfect works deviation. Then the occurrence probability of the perfect works for
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both STRs is computed. For example, the probability of occurrence of perfect works
for STR.1 is 20, and 8 for STR.17; therefore, the ratio of STR.1 relative to STR.17
equals is 2.5 (20/8 = 2.5). Then, the probability of nonoccurrence of perfect works
for both STRs is computed. For example, the probability of nonoccurrence of the
perfect works is 111 for STR.1, and 238 for STR.17. Therefore; the ratio of STR.1
relative to STR.17 equals 111/238 = 0.4664. Finally, the OR value for STR.1 relative
to STR.17 equals 2.5/0.4664 = 5.360.

Table 6.6 shows that the OR value of STR.1 under the perfect-work criteria is 5.360,
95% CI: 2.144-11.87, with STR.17 as benchmark. This means that STR.1 is 5.360
times more likely than STR.17 to achieve perfect-work status, i.e. no quality
deviation. Moreover, the sensitivity of STR.1 to be classed as perfect-works has been
ranked at the 9™ most likely to achieve perfect status overall. Based on the OR value,
STR.14 (OR: 75.58, 95% CI: 33.93—168.3) was ranked 1* being found to be the most
likely STR to achieve perfect-work status, and 75.58 more times likely than STR.17.
In contrast, STR.7 (OR: 0.111, 95% CI: 0.014-0.897) was noted as having the least
likelihood to achieve perfect-work status than STR.17 and ranked on the 17" level

comparing with the rest of STRs.

Similarly, Table 6.6 shows that with respect to the acceptable-work criterion, the
highest sensitivity to exposure to acceptable deviation of the STR.9 is (OR: 24.29,
95% CI: 3.297-179.1) and was ranked 1*. This indicates a more likely exposure of
STR.9, 24.29 times, to the acceptable-work deviation than STR.17. In contrast, the
least sensitive to exposure to acceptable-work criterion of the STR.4 is (OR: 0.009,
95% CI: 0.003-0.029) and was ranked 17" for this criterion. This means that the
likelihood of STR.4 to acceptable works deviation is less, 0.009 times than STR.17.

Finally, Table 6.6 shows that concerning STRs and the defective-work criterion, the
most sensitive to exposure to defective-work of the STR.3 is (OR: 30.60, 95% CI:
17.03-54.99) and was ranked 1% level. This means that STR.3 is more likely to
exposure to the defective-work deviation, 30.60 times than STR.17. Contrarily,
STR.6 is noted as the least sensitive defective works exposure (OR: 0.054, 95% CI:
0.007-0.402) and was ranked 17" level. This means that STR.6 is less likely to the

defective works deviation exposure, 0.054 times than STR.17.
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Table 6.6 STR sensitivity ranks for three criteria

Perfect-work Acceptable-work Defective-work

95% Confidence 95% Confidence 95% Confidence

STRs OdQs Interval Sensitivity OdQS Interval Sensitivity Odds Interval Sensitivity
Ratio Rank Ratio Rank Ratio Rank

Lower  Upper Lower  Upper Lower Upper
STR.1 5.360 2.144 11.87 9 0.501 0.298 0.842 5 1.002 0524 1914 12
STR.2 16.83  7.581 37.37 4 0.180 0.109 0.296 10 1.200 0.633 2.276 10
STR.3 0.238 0.029 1.924 15 0.043 0.024 0.076 13 30.60 17.03 54.99
STR.4 8.010 3.195 20.07 7 0.009 0.003 0.029 17 20.75 1061 40.59 3
STR.5 14.06 6.365 31.04 5 0.188 0.116 0.305 9 0976 0.511 1.864 14
STR.6 3560 16.28 77.84 2 0.153  0.094 0.248 11 0.054 0.007 0.402 17
STR.7 0.111 0.014 0.897 17 0.222 0.146 0.338 8 5838 3.717 9.169 5
STR.8 33.55 14.97 75.15 3 0.023  0.011 0.046 16 4.050 2316 7.084 6
STR.9 0.224  0.028 1.808 16 2429  3.297 179.1 1 0.054 0.007 0.402 16
STR.10 0.798 0.285 2.234 13 0.620 0.396 0.971 4 1.817 1.119 2.950 8
STR.11 2439 1.054 5.644 11 1.604 0.946 2.717 2 0.196 0.084 0.455 15
STR.12 0.703 0.183 2.695 14 0.041 0.024 0.073 14 2747 1553 48.59 2
STR.13 7.724  3.395 17.57 8 0.083 0.050 0.138 12 6.671 3.993 11.14 4
STR.14 75.58 33.93 168.3 1 0.031 0.017 0.056 15 1.147 0.613 2.147 11
STR.15 4439 2.097 9.396 10 0.321 0.218 0.475 6 2158 1.399 3.329 7
STR.16 10.96 4.905 24 .49 6 0.241  0.148 0.394 7 1.387 0.759 2.536 9
STR.17* 1.000 0.369 2.708 12 1.000 0.613 1.631 3 1.000 0.622 1.607 13

* The reference category is: STR.17
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Figure 6.2 Sensitivity towards deviation for all STRs with STR.17 as reference

Figure 6.2 shows that based on the values of the odds ratio; the deviation sensitivity
variations of all STRs towards perfect-work, acceptable-work and defective-work is
measured with taken STR.17 as benchmark. For the perfect-works criteria, it seems
that the majority of STRs are more sensitive than STR.17, especially STR.6 and
STR.14. For the acceptable-works criteria, it seems that the majority of STRs have
lower sensitivity than STR.17 except STR.9 and STR.11. For the defective-works
criteria, majority of STRs are more sensitive than STR.17, especially STR.3 and
STR.12. It can be extracted from these results that the nature of each STR differs in
terms of its sensitivity to the quality deviations and construction defects. This
variation should be considered during the design and the implementation of each
STR. An appropriate proactive strategy can be developed from the understanding of

this variation to avoid or at least limit the degree of the deviation.

6.5 Discussion

Conventionally, task, sub-task or design specifications are not necessarily
implemented as ‘perfect’ in the construction industry if compliance falls within
building code tolerance (Concrete Reinforcing Steel Institute, 1996). Many of STRs

variations cannot be noticed during the implementation stage or even the inspection
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process. However, some of deviations can lead to unsafe structures or at the very
least result in future economic knock-on issues. Therefore, some STRs should
receive more attention to ensure the STR compliance with the design specifications
and building code requirements, especially if they lead to cost and time overruns.
Construction industry quality control strategies and practices still suffer from quality
process verification difficulties (Jafari & Love, 2013), particularly at the micro level
or the STRs. The nature of specific STR can be more complex than the others.
Therefore, increase in the complexity may lead to increased tolerance violation

probability and higher STR sensitivity towards deviation.

The classification of tasks into small and manageable STRs makes it easier to
identify and understand the individual and overall pattern of STRs. Love et al. (2009)
stated the decomposition of work or activity package into manageable smaller sub-
tasks as a probably easier but a time consuming long procedure. According to Assaf
et al. (1995), poor inspection is partly responsible for construction defects as it
ignores some important tasks or specifications. However, the nature of STR to be
inspected has been given less attention by the researchers. Therefore, the study
classification has been applied to remove this uncertainty and reveal the sensitivity
degree for those STRs towards the quality deviations. The findings of this study
show that the general pattern for the majority of the total 17 STRs is proneness to
deviation either as acceptable, 10 STRs; or defective, 4 STRs whereas the tendency
to be produced as perfect had a lower ratio, 3 STRs out of 17 STRs. Nonetheless,
variation exists in terms of sensitivities towards deviations of STRs. The variation
can increase the degree of difficulty in conduction of controlled inspection and
uncertainty about which STR needs more attention. It can also increase uncertainty
for the prediction process or proactive and preventive actions, especially for STRs
often leading to high-risk outputs; such as unsafe and unusable buildings; or leading

to high expenditure due to rework or delay.

The sources of deviation have been classified into four criteria. The ratio for each
class is also identified. Surprisingly, the study found that the deviation due to the
actual process during the fabrication works of STR dominated the majority of the
deviated cases, i.e. 81.1% of cases. However, not all of the cases that deviated due to

the actual process are considered construction defects as deviations are from the
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building code requirements. The majority of these cases were classified as merely
quality deviations and acceptable. This outcome corresponds to some extent with
some previous studies. Jafari and Love (2013) estimated that the construction-related
activities, including quality deviations and construction defects, have a non-
conformance frequency of about 70% while engineering and procurement-related are
20% and 10% respectively. In contrast, the Building Research Establishment [BRE]
(1982) reported that 50% of construction defects arise from the design stage. This
variation between the previous studies can be attributed to the degrees of accuracy or
level of the STRs investigation. Another surprising result is that only 2% of the
deviations were due to two deviation source criteria; 1) both actual and design
processes and 2) only design process. The low deviation ratio can be from the direct
design of most STRs based on the building code requirements without any changes
or deeper understanding of some STRs by designers. These could reduce the STRs

sensitivity towards deviation.

Most importantly, this study implies that the deviation pattern of all or even groups
of STRs in construction industry cannot be generalized as none of the investigated
STRs have same quality deviation sensitivity. This may highlight the need for defect
management research to focus at the sub-task requirement level in order to generate
meaningful representations of the likelihood of defect occurrence. In other words,
analyses of defects which focus on larger conditions such as whole element, location,
materials or otherwise may be providing an incomplete and largely unhelpful
representation of the likelihood of defects given a particular construction project. It
may be noted that many studies thus far concerning defect occurrence in construction
provide widely varying results (Cheng, & Li, 2015) Therefore, the study suggests a
dynamic strategy or tool that can predict the different types of STRs. Furthermore, it
may improve the quality control and inspection performance through the use of
available deviation patterns information of each STR. In this study, some limitations
have been encountered related to severity of risks of each STR. Therefore, the study
recommends that in order to build a comprehensive picture about the deviation

degree of each STR, the severity risks of all STRs must be identified.
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6.6 Conclusion

Construction practices often contain quality deviations and construction defects that
are mostly tolerable if they are within the design and building code tolerance limits.
Nonetheless, some deviations can lead to on-going and future risk knock-on work, in
terms of cost, time and safety. Further classification of a task into micro level
manageable STRs can produce better understanding about the deviation patterns of
all the STRs, resulting in appropriate allocation of inspection effort to rectify the
deviation occurrence. This study classifies the deviation sources in four criteria based
on the study’s classification; no deviation, deviation from actual work, deviation
from design, and deviation from both design and actual work. 3,030 cases of 17
STRs from elements under compression, i.e. column, of the erected 27 concrete
residential building construction projects were studied. The study has also
investigated the deviation pattern and the sensitivity to deviation of the STRs. The
main findings of this study are:

e Most of the STRs were found to be prone to deviations. 10 of the 17 STRs
were observed as acceptable works and 4 STRs as defective works. While
only 3 STRs could be classified as perfect works.

e The sensitivities of the STRs towards deviations and defects are varied across
all STRs, reducing the control over STRs and increasing the uncertainty
about the STR attention requirements. Due to this inability of STR pattern
generalisation, severity risks of all STRs must be identified and suitable
proactive actions can, therefore, be developed.

e Deviations from the actual fabrication works formed 81.1% of the
investigated cases but most of the cases were acceptable deviations from the
building code requirements.

e The design phase and the design and actual process produced only 2% of the

deviations.
This six-class classification approach contributes to the body of defect-occurrence

knowledge by providing a platform for researchers to model future investigations

into accurate defect analysis.
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CHAPTER 7: Research Framework Using Bayesian Belief Networks

Technique

7.1 Introduction

The interaction between the requirements of construction tasks and the causes of
quality deviation and defects is somewhat poorly understood. The previous chapters
focused on the nature of quality deviation in relation to STRs. In Chapter 5, the
measurement of quality deviation in relation to STRs using quality control process
was discussed. In Chapter 6, the classification of quality outputs possible/options
into perfect work, acceptable with actual work, defective with actual work,
acceptable with actual work, defective with actual work and defective with actual
work was discussed. The work that the previous two chapters refer is limited to
investigating the sensitivity of STRs to quality deviation and defects. In the

following chapter, the factors that underpin such sensitivity are investigated.

The principle of association states that the constant concurrence of events will be the
result of an underlying assumption (Hume, 2008). In other words, observed events
may suggest a causal relationship, which can predict future events. The notion
highlights the importance of determining what factors impact upon the sensitivity of
STR to quality deviations and defects. Recent research in construction industry has
described mathematical models explaining causal relations amongst direct and root
causes giving rise to quality deviations, defects or rework. The following chapter
introduces a method that applies Bayesian belief networks BBN to quantify
causation of quality deviation and defects in construction projects. The method
provides means to determine direct factors, such as workers and materials and so on
that have most likely influence on quality deviation for each STR. The method takes
into account the quality output of each STR, namely, perfect-work, acceptable-work,
and defective-work as presented in Chapter 6. It is anticipated that the method
provides Quality-Managers and Building-Inspectors with reliable information from

which inspection efforts can be prioritized. In other words, greater effort may be
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expended to overcome causes, which have a high likelihood leading to the quality

deviation for each STR and reduced attention of those with low likelihood.

The following chapter is an extension to the proposed classification in Chapter 6. In
particular, the quality deviation for specific STR based on the frequency of the
expected output work, namely, perfect, acceptable and defective work. The chapter
discusses the development of a new model utilizing Bayesian Belief Network (BBN)
to link the nature of task with the direct factors related to task's resources and
surrounding conditions. The chapter presents a description of Bayes theorem and its
applications providing a conceptual background on BBN on which the interpretation
of the models has been. It also discusses the different metrics that were used in the
development of the model, and examines the way BBN is used in the construction
industry. The contribution of the chapter to knowledge is its discussion of the quality

deviation and defects analysis using a suggested BBN model.

7.2 Background - Bayesian Belief Network (BBN)

The Bayesian framework (analysis) was developed with the aim of providing a
practical illustration of knowledge for reasoning in uncertain situations. It was in
1921 that the representation was first presented by the researcher, Wright for
examining crop failure (Wright, 1921). The framework was presented in various
studies subsequently, using a variety of names (Hackerman & Wellman, 1995;
Jensen, 1996; Majumdar, 2004; Marsh & Bearfield, 2007; Neapolitan, 2004; Neil,
Fenton, & Tailor, 2005; Pearl, J., 2000; Spiegelhalter, Dawid, Lauritzen & Cowell,
1993; Winkler, 2003).

The Bayesian Belief Network (BBN) was originally formulated in the later part of
1970s in order to model the top-down (semantic) and bottom-up (perceptual)
arrangement of evidence in reading (Conrady & Jouffe, 2011b). There was rapid
development of Bayesian networks because of its capacity to make bi-directional
inferences, along with an arduous probabilistic base. It soon took the place of
preceding, ad hoc rule-based systems to become the key method for providing

uncertain reasoning in Artificial Intelligence (AI) and expert systems (Conrady &
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Jouffe, 2011b). Bayesian Belief Network (BBN) is also known as generative model,

causal model and probabilistic cause-effect models.

The Bayes Theorem is used as the basis of all inferences carried out in BBN
(Conrady, Jouffe & Elwert, 2014). Bayes Theorem entirely concentrates on how to
review our beliefs keeping in view the latest evidence. Bayes Theorem can be
demonstrated by first depicting two simple nodes as can be seen in Figure 7.1. These
nodes signify the combined probability of the variables, evidence E and hypothesis H
in a certain population. This case employs conditional probabilities of H, considering

the values of its parent, evidence E.

T ez

Evidence Hypothesis

Figure 7.1 A Bayes Theorem representing the statistical relationship between to two
variables

When used in this form, Bayes Theorem mathematically illustrates how the

conditional probability of event E, given H is linked to the converse conditional

probability of H, given E. The Bayes Theorem is mathematically represented as

follows:

P(E|H) P(H)
P (E)

P(HIE) = (7.1)

Where:

e P (H) denotes the prior probability of event H;

e P (E) denotes the prior probability of event E, and functions as a normalizing
constant;

e P (E|H) refers to the conditional probability E, with given H. It is also known
as likelihood.

e P (HIE) refers to the conditional probability of H, with E given. It is also
known as the posterior probability since it is obtained from, or relies on the

given value of E.

A Bayes theorem that has n nodes (i.e. events), in the order X o X, is considered
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(see Figure 7.2). A certain value in the joint distribution is shown by P(X = x;, X,=

X2,X=

= X3 e, X = Xp), OF in short, P(x;, x2, x3,... Xx,). Joint probabilities can be

factorized using the chain rule of probability theory. Therefore,

P(x1,X5,X3, o) Xp)
= P(x1) X P(xz]x1) X P(x3|x1,x2) X ...

X P(xy|xq, %5, ey Xnoq) (7.2)

P(x1,X0, X3, ) Xp) = 1_[ P(x;|x1, X2, X3, ey Xi—1) (7.3)
i

Figure 7.2 A Bayes Theorem representing the statistical relationship between to n nodes

When the structure of a Bayes theorem suggests that the value of a certain node is

only dependent on the values of its parent nodes, then:

P(x1,X0, X3, ) Xp) = nP(dearents(Xi)) (7.4)
i

For instance, the Bayes theorem for the conditional probability of x; given x, for n
events P(x;, X2, X3,... X,), With P(x;) # 0 for all i, and for 1 <i < n, is illustrated as

follows:

P (x3|x3)P(x3)
P (x31x1)P(x1) + P (xz|x2)P(xz) + =+ + P (X|x,) P (x,)

P(x3lx;) = (7.5)

Bayesian analysis refers to the process of inductive reasoning. This kind of analysis
allows for integrating the sample data as well as past information (expert judgement)
to carry out inferences (Gelman et al.,, 2003). This can be accomplished by using
Bayes’ Theorem to develop posterior probability distributions for model parameters
while carrying out the model learning process. Bayesian evaluation then involves a

BBN (Winkler, 2003). BBN refers to graphical illustrations in which pairs of nodes
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are connected to each other through conditional probabilities. Analyses are carried
out by BBN without requiring an entire set of values for all predictors. A BBN
structure can be created from a dataset with help of a learning algorithm. The model
structure can also be created by a domain professional who use a dataset to calibrate
the unconditional and conditional probabilities. Ultimately, expert analysis is used to

explain the model structure and the probability distributions (Gelman et al., 2003).

It needs to be mentioned that BBN does not involve any causal assumptions, the
explanation is only statistical (informational) (Conrady & Jouffe, 2011b). The

subsequent sections extensively elaborate on the BBN features and metrics.

7.3 BBN Model

The task of developing an illustration of a real world situation is called modeling
(Millan et al., 2010). The formal nature of the Bayesian framework makes it possible
to highlight the assumptions linking knowledge at various levels of abstraction
(Gelman et al., 2003). The Bayesian inference over this model explains an ideal
learner of abstract knowledge (Tenenbaum et al., 2006). Although actual learning is
limited by resources, the workings of an ideal learner can reveal unexpected
properties of the knowledge that can be acquired from the information available. In
this section, the BBN features are recognized, including variables, structure, and
inference with a few BBN metrics, after which the way BBN is used in construction

projects is assessed. The research model is ultimately developed.

7.3.1 BBN variables

It is possible to disintegrate the variables into common states and values like
nominal, binary, continuous and discrete on the basis of the nature of the phenomena
being examined, or the properties of our measuring instrument (Conrady et al., 2014;

Neapolitan, 2004).

e Binary (Boolean) — when there are just two states of the variable, it is known
as binary (e.g. Yes & No or True & False);
e Nominal (labelled) — the states are written in the form of words, which cannot

be converted into a numerical scale, (like short, tall, low, medium, high);
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e Discrete — A finite set of values can be adopted by a discrete variable. The
states include point real numbers, and each individual value of the variable is
going to be classified as a state (such as 0, 1, 2, 3);

e Continuous — A continuous variable can adopt any value from the range
provided. The states consist of intervals between real numbers, the values are
believed to be numerical and are going to be discretized (such as -3~0, 0~0.5,

0.5~1, 1~5), etc. or point real numbers;

A Bayesian network in which both discrete and continuous variables are involved is

known as a ‘Hybrid Bayesian Network’ (Russell & Norvig, 2003).

7.3.1.1 Conditional Probability Tables (CPT):

The preceding section explained the states (values) of the nodes involved in the
Bayesian networks (BBN). The relationships between the linked nodes should then
be quantified. This can be done by identifying a conditional probability distribution
for each node (Neapolitan, 2004), which are explained as follows:
e Conditional Probability Tables (CPT) — for binary, nominal and discrete
variables,

e Conditional Probability Distributions (CPD) — for continuous variables.

The Conditional Probability Tables (CPT) are used as expressions in this study with
the goal of developing and constructing the research model on the basis of the nature
of data set that comprises of binary and discrete variables (Neapolitan, 2004). Every
node in a BBN should have a CPT linked to it. The likelihoods given by conditional
probabilities are on the basis of past information, with all likely combinations of
values of the parent nodes being given for each node. Each instantiation of parent
values has a single row, which explains the likelihood that the child is going to adopt

each of its values.

Figure 7.3 illustrates a simple example of the Conditional Probability Tables (CPT)
of the states (values) of the variables (nodes) of the Bayesian networks (BBN). It is
presumed for the sake of simplicity that there are just two states (occurred and not

occurred) of the three nodes. The arc from ‘worker-related underperformance’ and
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‘documentation-related underperformance’ to sub-task requirements ‘STR.1’
basically shows that the former has an effect on the latter. BBN is calculated by
developing the Conditional Probability Tables (CPT) as shown in Figure 7.3.

Worker-related Documentation-related
underperformance (W) underperformance (D)

Not Occurred Not Occurred
Occurred 0.4 Occurred 0.8

underperformance (W) underperformance (D)

(STR1)

| Task(STR1) | P(STR1|W,D) _
(W) (D) Not Occurred  Occurred

Not Occurred  Not Occurred 0.8 0.2

Not Occurred  Occurred 0.9 0.1

Occurred Not Occurred 0.6 0.4

Occurred Occurred 0.3 0.7

Figure 7.3 Conditional Probability Tables (CPT) between the variables

Figure 7.3 shows that ‘worker-related underperformance’ and ‘documentation-
related underperformance’ are direct cause variables which might lead to the quality
deviations and defects to ‘STR.1’. In the example, the state of ‘worker-related
underperformance’ node was observed to be ‘not occurred’ as a cause of problem
was 0.6 and ‘occurred’ was 0.4 and the ‘‘documentation-related underperformance’
node was observed to be ‘not occurred’ was 0.2 and ‘occurred” was 0.8. The
meaning is that the probability of the ‘documentation-related underperformance’
node was observed to occurred was 0.8 double the probability of the ‘worker-related

underperformance’ node, which equaled 0.4.

For the ‘STR.1’ state, the probability of the quality deviations and defects to occurr

for ‘STR.1” was 0.2 when the ‘documentation-related underperformance’ and
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‘worker-related underperformance’ were observed to not occurred. In the second
case, the probability of the ‘STR.1’ state was 0.1 where ‘documentation-related
underperformance’ was observed to be not occurred and ‘worker-related
underperformance’ was observed to be occurred. In the third case, the probability of
the ‘STR.1’ state was 0.4 where the ‘documentation-related underperformance’ was
observed to be occurred and ‘worker-related underperformance’ was observed to be
not occurred. Finally, the probability of the ‘STR.1’ state is 0.7 where
‘documentation-related underperformance’ and ‘worker-related underperformance’

were observed to be occurred.

7.3.1.2 Target variables:

Target variables are used to create a model for objects of interest, especially those
things for we require reasoning. They are also known as faults, particularly with
respect to technical diagnosis (Millan et al., 2010). Normally those phenomena are
modelled by target variables that are latent (cannot be observed), which implies that

they cannot be directly measured.

7.3.1.3 Observations variables:

Observation variables, also known as evidence variables or tests, are used for
modelling those phenomena that are observable, and normally give information

related to target variables.

7.3.2 BBN structure

Once the variables have been defining, the structure of the model needs to be
explained. For this purpose, variables (i.e. nodes) are connected through arcs (also
known as links). Arcs are directed in Bayesian networks, and when an arc’s direction
is altered, its meaning changes (Daly, Shen & Aitken, 2011). When a directed arc is
used to link two nodes in a graph, one of the variables is called a parent (the
antecedent), while the other is known as a child (the successor) (Figure 7.4).
Normally when there is an arc moving from a variable X to a variable Y, it is shown
that X is a direct cause of Y. When there is no arc between X and Y, it is suggested

that X is not directly causing Y (and vice versa) (Daly, Shen & Aitken, 2011).
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However, it is possible to connect variables using other variables, and in these cases,

the central idea is that of conditional independence.

The diagnostic direction is frequently suggested (explicitly or implicitly) as an
alternative method to the causal arc direction (Figure 4). Diagnostic direction shows
the relationship between various pieces in a reasoner’s knowledge (Millan et al.,
2010). The observation variable is a parent of the target variable when this direction
is being used. Therefore, it is assumed that the structure of the BN is explained with
the help of a human expert (Neapolitan, 2004). Another alternative method that can

be used is making inferences of the structure using a group of past cases.

Causal Diagnostic
‘\,__(;:-" e
- - = “ "

Figure 7.4 The two arc direction options

The possible arrangements of the three neighboring variables’ independence
relationships that exist in a BBN are shown in Figure 7.5. In the chain arrangement
(also known as linear or serial), there is dependency between A and C when we are
not aware of the state of B (Nadkarni & Shenoy, 2001; Neapolitan, 2004). After we
find out the state of B, A and C become independent. The state of C is affected only
by B’s state, and no change in A is transferred to C (Millan et al., 2010). We can

hence say that C is independent of A, when B is known.

The common cause arrangement (also known as diverging) shows dependency
between B and C when the state of A is not known. Once we find out the state of A;
B and C become independent (Nadkarni & Shenoy, 2001; Neapolitan, 2004). If we

are not aware whether the common cause A is in effect or not, observing B modifies

173



the likelihood of C and vice versa (Millan et al., 2010). Once A is observed, the

effects are no longer dependent.

Chain Common cause Common effect
W/ ‘JQPV *qes-" o
/ \ \ //
‘ / \\ /
v / \ \ /
\ \ /
// \
/ \ \ /
/ 7
‘/ \Y \\
" \/
|
!
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Figure 7.5 Possible configurations of three adjacent variables in a Bayesian network

The common effect arrangement (also known as converging) shows that A and B are
independent when there is no observation with respect to the common effect C
(Nadkarni & Shenoy, 2001; Neapolitan, 2004). Once the state of C becomes known,
A and B become independent. When we know that the common effect is effective,
observing one of the causes in effect is going to provide explanation for other causes

(Millan et al., 2010).

7.3.3 BBN inference

BN can be used to explain the cases it is modelling once it has been created. The
inference involved in the Bayesian model involves calculating the probability
distribution over all variables, considering the evidence at hand (or a group of
observations). This process is often called beliefs update. A posterior probability
distribution is connected to each variable following beliefs update (Neapolitan,

2004). This distribution signifies the impact of evidence.

BNs inference makes it possible to have two types of reasoning: diagnostic and

predictive inference (Millan et al., 2010). In diagnostic inference, the most probable
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causes are recognized from amongst a group of observations. In this context,
observations are often called symptoms or faults. In contrast, predictive (or
forecasting) inference tries to distinguish the most possible event occurrence from a
set of observations. Diagnosis observes the past and the present to explain the
present, whereas prediction looks at the past and present to explain the future
(Neapolitan, 2004). Any variable in a BBN can either provide information (if its
value is observed) or object of inference (considering the set of values adopted by
other variables in the network) (Millan et al., 2010). Depending on the existing

evidence, reasoning is going to be diagnostic or predictive in nature.

Different BBN metrics exist for the purpose of modelling, all of which essentially
pertain to evaluating how network nodes are related and the comparative significance
regarding the information gain transferred by the node to the knowledge of the target
node (Millan et al, 2010; Neapolitan, 2004). These metrics are useful in

comprehending and inferring the BBN framework as given below.

7.3.3.1 Statistical examination (Mean and independence Chi-square y’
test):

This shows the mean value of the nodes’ observed variable. The following method is
used to calculate each node’s mean: when the values of nodes are linked to its state,
the mean is obtained through them. However, if the node is continuous in nature, the
mean is calculated from the intervals, whereas when the node is discrete with integer

or real states, the mean is calculated using them.

Using the network over each variable and the target variable, the independence tests
Chi—square ){2 are carried out. The extent of freedom between each variable and the
target variable in the network is denoted by the degree of freedom (df) (Pallant,
2010). In addition, the probability of independence between each variable and the

target variable within the network is denoted by the p-value.

The mean values of the variables: ‘worker-related underperformance’ and
‘documentation-related underperformance’ for the observed variable: STR.1, for the

example in figure 7.2, are 0.4000 and 0.8000 respectively (see Table 7.1). The
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independence tests Chi—square y’indicates a significant association between ‘worker-
related underperformance’ and the STR.1; x> (1) = 15.1231, (p< 0.05), and an
insignificant association between ‘documentation-related underperformance’ and the

STR.1; %* (1) = 0.1334, (p>> 0.05).

Table 7.1 Statistical analyses of the direct factors of STR.1

Node Mean Value Chi-squarey’  df  p-value
Worker-related underperformance 0.4000 15.1231 1 0.0001
Documentation-related underperformance 0.8000 0.1334 1 0.7149

7.3.3.2 Prior probability value:

In this section, the findings of carrying out a simple example using the BayesialLab
5.3 Software are presented so that the model suggested and the metrics used can be
discussed. The histogram columns show the likelihood of obtaining all observed
variables  (i.e.  ‘worker-related underperformance’, ‘documentation-related

underperformance’ and ‘STR.1”) for the simple network in Figure 7.6.

worker-related underperformance

60.00%L Not Occurr...
worker-related ntation-related | 40.00% Occurred

und erperformance

documentation-related underperf...
20.00% Not Occurr...
80.00% Occurred
STR.1
67.20% Not Occurr...
STR.1 32.80% Occurred

Figure 7.6 Prior probabilities value for the model

Without entering any observations, and uses just the past probabilities to forecast the
likelihood that the quality deviation and defect taking place for STR.1 is equal to
32.80%. This is calculated with the help of equation 7.4 (each mix of ‘worker-related
underperformance’ ‘W’ and ‘documentation-related underperformance’ ‘D’ are

multiplied with the relevant conditional probability in STR.1) as shown below:
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P(STR.1|W, D)
= P(W) x P(D) x P(STR.1|W,D) + P(W) x P(D)
x P(STR.1|W,D) + P(W) x P(D) x P(STR.1|W,D) + (W)
x P(D) x P(STR.1|w,D)

P(STR.1|W, D)
= 0.40 X 0.80 X 0.70 + 0.40 X 0.20 X 0.40 + 0.60 X 0.80 x 0.10

+ 0.60 x 0.20 x 0.20
P(STR.1|W,D) = 0.224 + 0.032 + 0.048 + 0.024 = 0.328 = 32.80%

Where, STR.1: the quality deviation and defect is occurred; W: ‘worker-related

underperformance’ to be direct cause is occurred; W : ‘worker-related

underperformance’ to be direct cause is not occurred; D: ‘documentation-related

underperformance’ to be direct cause is occurred; D : ‘documentation-related
underperformance’ to be direct cause is not occurred. The model predicts that the
probability that the quality deviation and defect is not occurred for STR.1 equals
67.20%. This is computed using the equation (7.4) as following:

P(STR.1|W,D)
= P(W) x P(D) x P(STR.1|W,D) + P(W) x P(D)
x P(STR.1|W,D) + P(W) x P(D) x P(STR.1|W,D) + (W)
x P(D) x P(STR.1|W,D)

P(STR.1|W,D)
= 0.40 x 0.80 x 0.30 + 0.40 x 0.20 x 0.60 + 0.60 X 0.80 x 0.90

+0.60 x 0.20 x 0.80
P(STR.1|W,D) = 0.096 + 0.048 + 0.432 + 0.096 = 0.672 ~ 67.20%

Where, STR. 1: the quality deviation and defect is not occurred.
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7.3.3.3 Maximal positive/negative variation:

This measure (towards Maximal positive/negative variation) is used to suggest the
variation between the priori model and the modal value when we are aware of the
target variable value. In Information Theory, this measure denotes the number of
‘bits’ won which indicates the likelihood of X occurring once the target value is
identified (BayesialLab, 2010). The state that has the highest increase is represented
by the maximal positive variation is, while the state with the highest decline is
represented by the maximal negative variation. The following formula is used for

maximal variation:

Maximal Variation =
(P(X = modal value | Target = observed value)) — (P(X
= modal value)) (7.6)

When STR.1 has taken place (i.e. there has been quality deviation and defect in
STR.1), and considering STR.1 to be the target node, there is variation in probability
of the ‘worker-related underperformance’ to bring about an increase from 40% to
78.05%, while the ‘documentation-related underperformance’ showed an increase

from 80% to 82.93% (see Figure 7.7).

worker-related underperformance
21.95% Not Occurr...
. 78.05%;; Occurred
worker-related ntation-related
documentation-related underperf...
17.07% Not Occurr...
82.93% Occurred
STR.1

0.00% ~ Not Occurr...

100.00% Occurred

STR.1
Figure 7.7 The observed that the STR.1 is occurred
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This is computed using the equation (7.1 and 7.5) as following:

For the change of the probability of the ‘worker-related underperformance’
P(STR.1|W) = P(D) x P(STR.1|D,W) + P(D) x P(STR.1|D, W)
P(STR.1|W) = 0.80 x 0.70 + 0.20 X 0.40 = 0.56 + 0.08 = 0.64

P(STR.1|W) x P(W) _ 0.64x 0.40  0.256
P(STR.1) ~ 0328  0.328

~ 78.04%

P(W|STR.1) = = 0.7804

For the change of the probability of the ‘documentation-related underperformance’
P(STR.1|D) = P(W) x P(STR.1|W,D) + P(W) x P(STR.1|W, D)
P(STR.1|D) = 0.40 x 0.70 + 0.60 x 0.10 = 0.28 + 0.06 = 0.34

P(STR.1|D) x P(D) _ 0.34x0.80 _ 0.272
P(STR.1) ~ 0328  0.328

~ 82.92%

P(D|STR.1) = = 0.8292

Taking in account the STR.1 is the target node and its state is occurred, the maximal
positive variation for ‘worker-related underperformance’ is computed using the

equation (7.6) as following:

Maximal Variation = 78.04% - 40% = 38.04% (‘worker-related underperformance’

is occurred).

The maximal positive variation for ‘documentation-related underperformance’ is

computed as following:

Maximal Variation = 82.92% - 80% = 2.92% (‘documentation-related

underperformance’ is occurred).

Figure 7.8 shows that despite ‘documentation-related underperformance’ having a
high probability of occurrence, however the maximal variation for ‘worker-related

underperformance’ is greater, which indicates ‘worker-related underperformance’ is
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more likely to be the cause of quality deviation and defect for STR.1. Table 7.2

displays the maximal positive/negative variation for occurrence for STR.1.

Table 7.2 Maximal positive/negative variation for occurrence of STR.1

Node Priori Modal Value Modal Value Maximal Variation
State % State % Positive  Negative
STR.1 Scenario 1: Occurred
Worker-related Occurred 40.00% Occurred 78.04%  38.04%  38.04%
underperformance
Documentation-related , .., 80.00% Occurred 82.920%  2.92%  2.92%
underperformance
worker-related underperformance documentation-related underperformance
Value: 0.78 Value: 0.829
78.05% B Not Occurred 82.93%) _g B Not Occurred
— B Occurred Occurred
39.02%f — a priori 41.46% — a priori

O.OO%I—— 0.00%]——

Figure 7.8 Maximal variation of the direct factors of STR.1 (Scenario 1: Occurred)

In contrast, Table 7.3 shows that taking in account the STR.1 is the target node and
its state is not occurred, the maximal positive variation for ‘worker-related
underperformance’ is computed using the equation (7.6) as following:

Maximal Variation = 18.45% (‘worker-related underperformance’ is not occurred).

The maximal positive variation for ‘documentation-related underperformance’ is
computed as following:
Maximal Variation = 1.42% (‘documentation-related underperformance’ is not

occurred).

Figure 7.9 shows that ‘worker-related underperformance’ having a high probability
of non-occurrence, and the maximal variation for ‘worker-related underperformance’
is greater than ‘documentation-related underperformance’, which indicates ‘worker-

related underperformance’ is more likely to non-occurrence of quality deviation and
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defect for STR.1. Table 7.3 displays the maximal positive/negative variation for non-

occurrence for STR.1.

Table 7.3 Maximal positive/negative variation for non-occurrence of STR.1

Node Priori Modal Value Modal Value Maximal Variation
State % State % Positive  Negative
STR.1 Scenario 2: Not Occurred

Worker-related Not Occurred ~ 60.00% Not Occurred ~ 78.57%  18.54%  18.57%

underperformance
Documentation-related /- oieq  80.00% Not Occurred  78.57%  1.42%  1.42%
underperformance
worker-related underperformance documentation-related underperformance
Value: 0.214 Value: 0.786
78.57% B Not Occurred 80.00%, — B Not Occurred
B Occurred Occurred
39.29% — a priori 40.00% — a priori

0.00% 0.00% ]——

Figure 7.9 Maximal variation of the direct factors of STR.1 (Scenario 2: Not Occurred)

7.3.3.4 Direct Effect:

This enables calculating the direct impact De, of definite variable X using the target
node Y. The target variable Y is considered to be locally linear and the direct effect
De, is a calculation of the derivative of the target Y in terms of the variable X
(Conrady & Jouffe, 2011a). The direct effect De, denotes the effect of a slight
variation of the “mean” of a variable X over the “mean” of the target Y, and refers to

the ratio obtained. It can formally be explained as follows:

De, =2 (7.7)

Where o, denotes the impact of a unit-change (i.e. mean) of variable X, while
keeping all other variables constant (J, = X; — Xo), and J, is the difference in the
‘mean’ of a target variable Y (J, = Y| — Yo) because of the variation in the change of

variable X. For the example above, the change of the ‘mean’ of the ‘worker-related
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underperformance’ De, is 0.52, where J, equals 0.12 at J, is 0 and J, equals 0.64 at
0y 18 100. On the other hand, the change of the ‘mean’ of the ‘documentation-related
underperformance’ De, is 0.06, where J, equals 0.28 at J, is 0 and J, equals 0.34 at J,
is 100 (see Table 7.4).

Table 7.4 Direct Effects on Target STR.1

Node oyatd,=0 Jyatd, =100 Direct Effect De,
Worker-related underperformance 0.12 0.64 0.5200
Documentation-related underperformance 0.28 0.34 0.0600

Figure 7.9 shows the direct effect De, for ‘worker-related underperformance’ on the
target node‘STR.1’ is higher than the direct effect for ‘documentation-related

underperformance’.

Variables

STR.1 Mean ® worker-related underperformance
A documentation-related underperformance

0 10 20 30 40 S0 60 70 80 90 100
Normalized Variable Means
Figure 7.10 Direct effect for ‘worker-related underperformance’ and ‘documentation-related
underperformance’ on the target node ‘STR.1’

7.3.3.5 Mutual Information MI:

Mutual information MI provides information regarding the share of X and Y. It
determines the extent to which the knowledge of one of the variables decreases
uncertainty about the other variable (Jaladi & Devarapalli, 2012). MI also determines

the extent of information provided by each variable to the target variable. For
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instance, when X and Y are independent, then being aware of X does not provide any
information regarding Y and vice versa, hence their mutual information is nil. On the
other hand, if X is a deterministic function of Y while Y is a deterministic function
of X, then all of the information given by X is shared with Y: being aware of X gives
the value of Y and vice versa (Kekolahti & Karikoski, 2013). In formal terms, the
mutual relationship between the continuous random variables X and Y can be

explained as follows:
oy p(x, y)
I(X;Y) = LLP(X, y)log <m> dx dy (7.8)

Where p(x,y) refers to the joint probability density function of X and Y, p(x) and p(y)
denote the marginal probability density functions of X and Y respectively (He, Guan
& Qin, 2015; Zheng, 2010). With respect to the discrete random variables X and Y, a
fixed summation substitutes for the double integral.

I(X;Y) = ZZp(x Y1 g< ?x() p}gl)> (7.9)

YEY x€X

Where p(x, y) now refers to the joint probability distribution function of X and Y, and
p(x) and p(y) denote the marginal probability distribution functions of X and Y
respectively (Bonella, et al., 2009; Jaladi & Devarapalli, 2012).

Mutual information provides information regarding the intrinsic dependence shown
in the joint distribution of X and Y compared to the joint distribution of X and Y that
follow the assumption of independence (Church & Hanks, 1990; Jaladi &
Devarapalli, 2012; Kekolahti & Karikoski, 2013). Mutual information hence
measures dependence as follows: I(X; Y) = 0 if and only if X and Y are independent
random variables. This can easily be observed in a single way: if X and Y are
independent, then p(x,y) = p(x) p(y), hence:

( p(x,y)

In addition, there is non-negative /(X;Y) >0 and symmetric I(X;Y) = I(Y;X) mutual
information (Bonella, et al., 2009; Church & Hanks, 1990).
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Figure 7.10 provides the mutual information (MI) amount of information brought by
‘worker-related underperformance’ and ‘documentation-related underperformance’

to the target variable°‘STR.1°.

erperformance documentation—rela underperformance

0.0019

Figure 7.11 MI amount brought by ‘worker-related underperformance’ and ‘documentation-
related underperformance’ to the ‘STR.1’

The MI amount of information brought by ‘worker-related underperformance’ to the
target variable‘STR.1’ is I(‘worker-related underperformance’; ‘STR.1’) = 0.2182,
while, MI amount from ‘documentation-related underperformance’ to the target
variable ‘STR.1’ is I(‘documentation-related underperformance’; ‘STR.1”) = 0.0019.
This means that the relationship between ‘worker-related underperformance’ and
‘STR.1’ is dependent while between ‘documentation-related underperformance’ and

‘STR.1’ is independent.

7.4 Strengths and Limitations of Bayesian Belief Networks

The strengths of Bayesian belief networks BBN over alternative techniques

(Fineman, 2010) are:

1. Explicit incorporation of uncertainty.

2. Forward and backward inference.

3. BNs are intuitive, conceptual and easily understandable. This helps at the
development stage when the model is being discussed between the project
manager and the various parties.

4. BNs can be used to perform sensitivity or "what-if" analyses to examine the

sensitivity of predictions, or conclusions against initial assumptions.
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5. BNs are capable of modelling highly complex systems. The areas of
application mentioned earlier demonstrate this.

6. Ability to run with missing data.

These characteristics suggest that a BBN approach is more appropriate for causation
analysis of quality deviation. Also, Bayesian belief networks BBN do have some
limitations (Fineman, 2010):

1. Calculation time.

2. BN model is only as good as the modeller and experts who produced it, since
it is a representation of the modeller and the experts' perceptions of reality.
Therefore best fit is chosen given the modeller and experts.

3. Centres on the extent of the quality and reliability of the prior beliefs used in
Bayesian inference processing.

4. Difficulty in empirically validating model estimates in models built only on

expert knowledge.

7.5 Review BBN Models and Applications in Construction Projects

It is felt that discussion at this point of BBNs might be deemed relevant as a pre-
cursor to this study’s findings (to somewhat supplement chapter 2). BBNs have
become popular tools for supporting decision-making processes (Farmani et al.,
2009; Panthi & Ahmed, 2015). They have been applied for the comparison of
alternative management options, the analysis of adaptive management, resource
management including resource quality management, and even in the diagnosis of
disease (McKendrick et al., 2000). Other specific applications of BBNs include the
prediction of student’s behavior who studies biology (McCann et al., 2006), and even
the assessment of environmental and ecological risk (Marcot et al., 2006; Smith et

al., 2007).

In construction industry, McCabe et al. (1998) developed a BN to improve modelling
of construction performance. The BN was used to evaluate performance at each
resource interaction/queuing location based on performance indices. Queue length
index, queue wait time index, customer delay index, server utilisation index and
server quantity index were the developed indices. Remedial action needs to be

performed where values of any of the performance indices does not fall between the
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lower and upper bounds of the given indice. The cost and duration nodes were added
to allow different approaches to be applied to performance diagnosis. Resource
variables are those causal nodes that represent changes to the construction project
that are within the control of the project manager. The causal variables in McCabe et

al.'s model are the following Boolean nodes.

Fan and Yu (2004) incorporated BNs in a risk management decision support system.
The pair based the incorporation on an assumption that if more resources were added
to project activities the cost of these activities would increase while at the same time
the risk would be lower. The BNs operate within a feedback loop that accommodates

resources to control risks after data is observed and updated in the network.

Fineman (2010) consider quantification in a broader sense by measuring risk in the
context of large projects. The authors provide(s) that conventionally risk is seen as an
abstract concept, which is difficult to measure. Improved risk management offers the
possibility to identify and control risks in such a way that the project is completed
successfully despite risks. The team considered the time, cost and quality trade-offs
that may be made in project risk management. The authors proposed the use of a
causal risk framework based on BNs to mitigate classical modelling problems and

enable better decision-making.

Lee et al. (2009) applied BNs to results of surveys conducted with 252 experts from
11 Korean shipbuilding companies for the purposes of better understanding large
project risk management. The authors found that BN application helped to represent
complex relationships and conditional probabilities of risk items, and for these
reasons was a preferable risk management tool to influence diagrams and cross

impact methods.

Nasir et al. (2003) applied BNs to the schedule of construction projects. Their model
provides recommendations for upper and lower activity duration limits based on the
characteristics of the project. Environment, geotechnical, labour, owner, design, area
conditions, political, contractor, contractor non-labour resources and material were
the ten categories for building construction schedules identified based on the

literature and expert opinion. Nasir et al. identified detailed risk variables (n = 69
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risks) within each category, and divided the risk variables into schedule risk
variables and activity variables. The first type of variables were input nodes where
the evidence may describe the project condition. The second type of variables were
output nodes. Activity variables were divided into mobilization/demobilization,
foundation/piling, labour intensive, equipment intensive, mechanical/electrical,
roof/external, demolition and commissioning. Each group was modelled with two
nodes where one node represented a pessimistic value and the other node represented

an optimistic value.

Luu et al. (2007) later continued Nasir et al's work by applying BNs to the
quantification of schedule risk in construction projects. They also modified McCabe
et al.’s BN model where the sixteen most significant causes of schedule delay in
construction projects in Vietnam were identified. Following this, the researchers
established 18 cause and effect relationships based on expert opinion. The BN model
developed was applied to two case studies, and performed well in predicting the

probability of the construction schedule delay.

Khodakarami (2009) extended Nasir et al.’s work by presenting a general framework
for the application of BNs to project scheduling using critical path method (CPM)
calculations. The model provides a novel interpretation of activity criticality under
uncertainty. Comparable to standard CPM, the criticality of an activity can be
measured by its total float, that is, the difference between the Latest Finish and the
Earliest Finish. Khodakarami proposed a BN model for the duration of a prototype
activity to demonstrate how different types of uncertainty could be modelled, and
concluded that activity duration depended directly on how much money is spent
and/or what level of quality is achieved, and that trade-off exists between uncertainty

associated with duration and uncertainty associated with cost.

Khalafallah et al. (2005) apply BNs to a system for estimating cost contingencies
relevant to tender preparations. The team used the results of a survey of 22 factors
believed to be associated with cost overruns in the residential construction sector to
develop a risk-contingency model. The authors reported that the benefits of the

model were that it avoided complexity such as high-level mathematical treatment
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and therefore was easier to apply than conventional approaches to estimating cost

contingencies.

Hearty (2008) presented a risk analysis methodology integrating schedule and cost
uncertainties through consideration of the effect of correlations. Conventionally,
approaches dealing with correlation use a correlation matrix in input parameters.
While conceptually correct, the number of correlation coefficients to be estimated
grows combinatorially with the number of variables. Moreover, the analyst is forced
to elicit values for the variances and the correlations from expert opinion where
historical data are unavailable. Most experts are not trained in probability and have
difficulty quantifying correlations. An alternative is the integration of BNs within an
integrated cost-schedule Monte Carlo simulation (MCS) model. BN’s can be used to
implicitly generate dependency among risk factors and to examine non-additive
impacts. The MCS is used to model independent events, which are propagated
through BN’s to assess dependent posterior probabilities of cost and time to
completion. BN’s can also include qualitative considerations and project
characteristics when soft evidence is acquired. The approach builds on emerging

methods of systems reliability.

Panthi and Ahmed (2015) applied BNs to analyzing construction accident reports for
the purposes of preventing future accidents. The pair identified causal factors from a
database of construction accidents and interactions amongst casual factors using data
mining. The pair were able to quantify safety risk in a probabilistic form, and were
further able to develop a predictive model from which preventive measures could be

developed and applied proportionately.

There is lack of research applying BNs to quality deviation modelling in construction
industry. A gap in the literature specifically appears to exist in relation to interaction
between the requirements of construction tasks (the sub-task requirements) and the
causes of quality deviation and defects. The next chapter discusses interaction
between quality deviation and defects and the direct causes of such, and will

introduce an approach to BN modelling.
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7.6 BBN Specific Research Model Structure

The aim of the research is to apply a BBN approach to the assessment of the
relationship between STRs and quality deviation. As mentioned in Chapter 3,
seventeen STRs forming a column member were used as cases to analyze each STR's
respective sensitivity towards the quality deviation. Each STR is understood in terms
of its description in relevant building codes and the most minute level of
specification from such building codes is applied (see Figure 7.12, repeating its
earlier introduction in Fig 1.1). Figure 7.12 also presents the division of project
phases into a number of STRs through the use of WBS and hierarchy technique. The
analysis is narrowed from super-structure phase, to building element (column), to
project task (rebar), and then to sub-task 1 (tie fabrication), and then to the specific
sub-task requirement (tie width/depth, bend, hooks). As mentioned, the results of
quality output, namely, perfect, acceptable or defective-work for each STR were
provided in Chapter 6 (described in Figure 7.12 directly below, which re-

contextualises the previously presented Figure 1.1).

Column

Sub-Task:
Cage assembling

Figure 7.12 Project dividing into small events and their quality output and causes
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The structure proposed in this research for categorizing the causes of the quality
deviation is based on classification systems from previous studies. As mentioned in
Chapter 2, Brunsson (1985, cited in Josephson & Hammarlund, 1999) proposed a
series of construction defect events model, which the author argued that the
phenomenon of defects could be best understood as a series of events. Fayek et al.
(2004) applied a cause and effect method, namely, fish-bone classification diagram,
to analyze quality deviation in construction projects (Construction Owners
Association of Alberta [COAA], 2002; Love, 2002). The method is based on
mapping first-level, second-level, and third-level causes and aims to present complex
relationships in an effective manner. The principles of the general approach were

adopted for the present study (see Figure 7.13).

Second-level Causes First-level Direct Factors
Causes

Task Resources

Task
Surroundings

Figure 7.13 The structure proposed
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In this research, factors considered in direct contact with STR were categorized into
‘Task Resources’, which included worker, supervisor, materials, equipment and
documents; and ‘Task Surrounding Conditions’ as shown in Figure 7.13. Together
such factors were referred to as ‘Direct Factors’. Such factors were considered to
directly interact with each STR with the output based on the interaction leading to
varying degrees of quality practice, as classified as perfect, acceptable or defective-
work. Following ‘Direct Factors’ are ‘First-level Causes’ and ‘Second-level Causes’.
The following diagram (Figure 7.13) shows that STR.1 has a number of Direct
Factors (such as worker), First-level Causes (such as worker commitment) and the
determinants of such causes referred to as ‘Second-level Causes’ (such as
‘Adherence to procedures’). In Chapters Five and Six, 17 STRs were described in
terms of their sensitivity towards deviation. Due to the complexity of each network
and practical constraints, 5 out of the 17 STRs were investigated in terms of their
application to the model proposed in this chapter. STR.1, STR.5, STR.13, STR.15,
and STR.16 are shown in Figure 7.13. It was considered that five would be a

sufficient numbers of cases in light of previous studies (Yin, 2009).

The quality practices (i.e., perfect-work, acceptable-work or defective-work) for each
STR was analyzed in terms of its direct factors, first-level and second-level causes.
Figure 7.14 following shows the state of the quality output of STR.1 is ‘defective-
work’ and the likely direct factors to be occurred based on their frequency are
‘worker’ or ‘material’. For the first-level causes, there was a high probability that
‘commitment’ would affect worker performance. ‘Commitment with design
dimensions’ was found to be the most relevant second-level cause occurring and
affecting worker ‘commitment’. The research framework/model is further explained

in Chapter 8.
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Second-level Causes First-level Direct Factors
Causes

Task Resources

#.

Task
Surroundings

Figure 7.14 The state of the quality output of STR.1 is ‘defective-work’

7.7 Registering the Causes for Quality Deviation

As BayesialLab 5.3 was used for the analysis, the registration procedure of the data
on the model was as follows. First, probability distributions of the second-level
causes were registered as single variables based on their frequency occurrence from
the data collected through structured interviews with workers/supervisors, direct
observations of performance, reviews of related project documentation (i.e.,
drawings and specifications) and measuring/observing the surroundings conditions.
Table 7.5 shows that the probability distribution of the second-level cause ‘Design
dimensions required’ for the ‘knowledge’ of the worker (i.e., the first-level causes) is

40% (2 of 5) for state of ‘occurred’ and 60% (3 of 5) for state of ‘not occurred’.

Secondly, probability distributions for first-level causes were registered based on the
combination of the frequency occurrence of the second-level causes. If one or both of
the second-level causes (e.g., ‘Design dimensions required’ and ‘Tolerance
required’) was observed as ‘occurred’, the state of the first-level causes ‘knowledge’

was registered as ‘occurred’ (see Table 7.5). In contrast, the state of the first-level
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causes ‘knowledge’ was registered as ‘not occurred’ only if both of the second-level
causes observed as ‘not occurred’ (see Table 7.5). The probability distribution of the
first-level cause ‘knowledge’ is 80% for state of ‘occurred’ and 20% for state of ‘not

occurred’.

Table 7.5 The probability distribution for first-level causes

Second-level cause for  First-level cause Second-level cause for First-level cause
‘knowledge’ for ‘worker’ ‘commitment’ for ‘worker’
. Des1gn Tolerance Adherence to Adhe{'ence to .
dlmen.smns el Knowledge T design & Commitment
required standard SBC
1  Occurred Not Occurred Occurred Occurred Not Occurred Occurred
2 Not Occurred Occurred Occurred Not Occurred Occurred Occurred
3 Not Occurred Occurred Occurred Not Occurred Not Occurred Not Occurred
4 Not Occurred Not Occurred Not Occurred Not Occurred Not Occurred Not Occurred
5 Occurred Occurred Occurred Occurred Occurred Occurred

The probability distributions of direct factors were registered based on the
combination of the frequency occurrence of the first-level causes. So, the probability
distribution of the direct factors ‘worker’ for STR is 80% for state of ‘occurred’ and

20% for state of ‘not occurred’ as shown in Table 7.6.

Finally, the probability distribution of each STR was registered based on the
interaction of the frequency occurrence of direct factors and quality practices (i.e.,
perfect-work, acceptable-work or defective-work) as described in the previous
chapter. If 'perfect-work' occurred two times and the state of the direct factor
‘worker’ was ‘not occurred’ initially and was ‘occurred’ the second time, the
frequency occurrence of the direct factor ‘worker’ was observed 50% to be direct
factor and 50% to be not direct factor for the pattern of 'perfect-work' for the STR (as
shown in Table 7.6). However, the frequency occurrence of the direct factor ‘worker’
for both 'acceptable-work' and 'defective-work' only observed to be ‘occurred’ 100%.
This means the direct factor ‘worker’ is highly sensitive and often leading to quality
deviations and defects. This procedure will be used for the registration of the data on

the research model as described next chapter.
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Table 7.6 The probability distribution of each STR

First-level cause First-level cause Direct factor for
for ‘worker’ for ‘worker’ STR

Knowledge Commitment Worker AU
1 Occurred Occurred Occurred Acceptable work
2 Occurred Occurred Occurred Defective work
3 Occurred Not Occurred Occurred Acceptable work
4 Not Occurred Not Occurred Not Occurred Perfect work
5  Occurred Occurred Occurred Perfect work

The majority of factors were differentiated on their state, namely, ‘occurred’ or ‘not
occurred.” Examples include ‘adherence to procedures’, and ‘adherence to design &
standard SBC’. However, other factors such as experience of workers were divided
into ‘high’, ‘medium’, and ‘low.” Wind speed (seconds per metre) was calculated
with an instrument and data was divided into ‘“W<3’ (three seconds per metre) ‘W3-

7> and ‘“W>7". The results of these procedures are provided in the following chapter.

7.8 Chapter Summary

In this chapter we have reviewed Bayes Theorem and how it is used when building
BBN. This chapter has provided an introduction to BBN and the different types of
BBN structure in order to enable further contextualisation and background
understanding for the model development to come. Also, some statistical metrics
have been discussed related to the research model, alongside review of the
advantages and the disadvantages of BBN; the structure proposed that would be used
in this research has been explained. The registration procedure of the data set on the
model, based on the Software program BayesialLab 5.3, has been discussed. In the
next chapter, discussion shall describe application of the BBN models, which address
the quality deviation from standard norms, and defects analysis, as well as BBN

models’ validity.
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CHAPTER 8: Analysis of Quality Deviations and Defects Using a
Bayesian Belief Network BBN Technique

8.1 Introduction

Overcoming the quality deviation and defects for construction projects, in particular
for the sub-task requirements, depends on identifying and classifying the most
significant causes that previously experienced high variation of the quality practice,
especially those who leads serious problems. This leads to understand their patterns
and limit the likelithood of their occurrence through controlling the most sensitive
causes via proactive actions in order to improve the system processes. On the basis
of this principle, Chapter 5 examined 17 STRs using statistical process control
analysis to identify the most sensitive STR towards the quality deviation and defects
issues. As a complementary work, Chapter 6 introduced a new classification system
able to apply on all STRs to determined which quality practices outputs (i.e., perfect-
work, acceptable-work or defective-work) that has highest frequency across all

STRs.

This chapter is an extension for previous work on chapters 5 and 6. The BBN
approach was utilized to quantify the most significant causes through observing and
predicting of the interaction between the deviation level in terms of the quality
practices for each STR and which kind of causes that related to this deviation. Based
on the statistical examinations and metrics include the significant association
between variables, direct affect and mutual information be side the of the maximal
variation values, the significant causes for five different STRs will be identified
using data set includes 135 cases for each STR from 27 construction projects. Such
deep patterns insights, which inherent of each STR, are expected to detect implicit
prevention and proactive strategies that help to control the quality deviation and
defects through prioritize for the most significant causes for each STR in order to

improve overall quality and inspection system.
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8.2 The Bayesian Belief Network BBN Model

Based on the presented structure of the STR in Chapter 7 (Figure 7.12 — 7.13) and its
direct factors, first-level and second-level causes, the research model has been built
as shown in figure 8.1. This structure has been applied for five STRs (STR.1, STR.5,
STR.13, STR.15 and STR.16), as mention in chapter 7. The data used as input for
BayesialLab 5.3 based on the frequency occurrence of the variables form the data
collected through the structured interview with the worker/supervisor, direct
observation on their acts, review the related project documentation (i.e., drawings

and specifications) and measuring/observing the surroundings conditions.

At the beginning, the interaction between the nature of each STR in terms of the
quality variation (i.e., perfect, acceptable or defective work) and the direct factors is
reviewed: the task resources and the task surroundings will be analyzed to identify
which direct factors are more sensitive for the quality variation. For example, Figure
8.1 shows the interaction between STR and all direct factors ‘worker’, ‘supervisor’,
‘materials’, ‘equipment and tools’, ‘documentation’ and ‘surroundings condition’. At
this stage, the most significant factors will be determined. Next, the first-level
causes will focus only on those factors that have high sensitive with the quality
variation for STR. Finally the second-level causes will focus only on those first-level
causes that have high sensitive with the determined direct factors. Model validity
will be conducted end of this chapter. Recommendations for the quality practices

will be discuss based on the results generated from this analysis.
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Figure 8.1 STR model using BBN

8.3 Result Analysis

8.3.1 STR.1
8.3.1.1 Direct Factors with STR.1

8.3.1.1.1 Statistical examination for direct factors with STR.1

Table 8.1 provides prior probability values, before entering observations, and mean
values of direct factors (e.g., ‘worker-related underperformance’, ‘supervisor-related
underperformance’, ‘materials-related problems’, ‘documentation-related
underperformance’ and ‘inappropriate surroundings conditions’) based on their own

states for the observed target node STR.1.

The independence tests Chi—square x° show a significant association between
‘documentation-related underperformance’, ‘supervisor-related underperformance’
and ‘materials-related problems’ with the STR.1; y* (2) = 10.508, (p< 0.05); * (2) =
5.7593, (p< 0.05) and; y* (2) = 4.4551, (p< 0.05) respectively (as shown in Table
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8.1). The Chi—square y° test results for the remaining direct factors, namely, ‘worker-
related underperformance’ and ‘inappropriate surroundings conditions’ failed to

show a significant association (p>> 0.05).

The results support that only ‘documentation-related underperformance’,
‘supervisor-related underperformance’ and ‘materials-related problems’ are

significantly associated with STR.1 performance.

8.3.1.1.2 Direct Effect

The direct effect, De, of direct factors on the target node STR.1 are listed in Table
8.1. ‘Documentation-related underperformance’, ‘supervisor-related
underperformance’ and ‘materials-related problems’ were found have highest direct
effect on the target node STR.1, at 0.2276, 0.4827 and 0.4002 respectively. Figure
8.2 shows the direct effect De of all direct factors on the target node‘STR.1’. It also
shows that ‘documentation-related underperformance’,  ‘supervisor-related

underperformance’ and ‘materials-related problems’ are higher than the other direct

factors.
Variables
STR.1 Mean All Curves
® Supervisor-related underperformance
A Materials-related problems
1.40 & Documentation-related underperformance
® worker-related underperformance
1.35 Inappropriate surroundings conditions
1.30 g A
1.25
1.20
1.15
P
1.10 i
1.05 &
1.00
A
0.95 b & -
0.90 4k
@
0.85

0.80
0 10 20 30 40 50 60 70 80 90 100

Normalized Variable Means

Figure 8.2 Direct effects of the potential causes of STR.1
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Table 8.1 Statistical analyses of the significant direct factors of the STR.1

Priori Modal State & Value = Mean Direct

NCLE Not Occurred Occurred 1} IZ 4 st Effect Ll
Documentation-related 55.39% 44.61% 04461 10508 2 0.0052 0.2276 0.0561
underperformance
Supervisor-related 90.83% 9.17%  0.0917 5.7593 2 0.0562 0.4827 0.0308
underperformance
Materials-related 92.16% 7.84%  0.0784 4.4551 2 0.0107 0.4002 0.0238
problems
Worker-related 84.87% 15.13%  0.1513 0.8517 2 0.6532 0.0532 0.0046
underperformance

Low Medium  High
Inappropriate

. . 32.72%  34.14%  33.14% 1.0042 3.5507 4 0.4702 -0.0873 0.0190
surroundings conditions

8.3.1.1.3 Mutual Information MI

Measurements of MI between each direct factor and target variable STR.1 are
presented in Table 8.1. MI amount of information brought by the direct factors to the
target variable ‘STR.1” was I(‘documentation-related underperformance’; ‘STR.1’) =
0.0561, I(‘supervisor-related underperformance’; ‘STR.1’) = 0.0308, I(‘materials-
related problems’; ‘STR.1°) = 0.0238, I(‘inappropriate surroundings conditions’;
‘STR.17) = 0.0190, and I(‘worker-related underperformance’; ‘STR.1”) = 0.0046.

‘Documentation-related underperformance’, ‘supervisor-related underperformance’
and ‘materials-related problems’ have the highest MI with STR.1 indicating a more
dependent relationship between these direct factors and the target variable. The MI
of the other direct factors was small, which can be interpreted nearly as independent

relationship. Figure 8.3 shows the MI amount of the ‘STR.1 network.

8.3.1.1.4 Maximal positive/negative variation

The maximal variation of the significant direct factors, namely, ‘documentation-
related underperformance’, ‘supervisor-related underperformance’ and ‘materials-
related problems’, as shown in the previous tests: the Chi—square y° test, direct effect
and the mutual information MI was calculated. However, all direct factors were
presented in Appendix B. Taking in account the node STR.1 as the target variable,
the change of the probability of each direct factor is presented in Table 8.2 and is
displayed in histogram columns in Figure 8.4 (a, b & ¢).
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Table 8.2 Maximal variations of the significant direct factors of STR.1

Node Priori Modal Value Modal Value Maximal Variation
State % State % Positive Negative

STR.1 Scenario 1: Defective work
Documentation-related "\ oq 44619 Occurred 67.06%  22.44%  22.44%
underperformance
Supervisor-related Not occurred 9.17% Occurred 20.43%  1125%  11.25%
underperformance
Materials-related Not occurred 7.84% Occurred 16.94%  9.098%  9.098%
problems
STR.1 Scenario 2: Acceptable work

Documentation-related Not occurred  55.39% Not occurred  67.73%  12.34% 12.34%

underperformance

Supervisor-related Not occurred 90.82% Not occurred 94.25%  3.430%  3.430%
underperformance

Materials-related Not occurred 92.15% Not occurred 95.75% 3.599% 3.599%
problems

STR.1 Scenario 3: Perfect work

Documentation-related Not occurred 55.39% Not occurred 55.76% 0.371% 0.371%

underperformance

Supervisor-related Not occurred 90.82% Not occurred  94.79%  3.969%  3.969%
underperformance

Materials-related Not occurred 92.15%  Not occurred 9423%  2.075%  2.075%
problems

Performance of STR.1 could be ‘perfect-work’, ‘acceptable-work’ or ‘defective-
work’. When ‘defective-work’ was observed (i.e., the state of the quality output for
executing STR.1 is defective-work), the model predicted that the probability of
‘documentation-related underperformance’, ‘supervisor-related underperformance’
and ‘materials-related problems’ occurrence increased. The maximal variation was
22.44%, 11.25% and 9.098% respectively (positive variation) (as shown in Table 8.2
and Figure 8.4 (a)). ‘Documentation-related underperformance’, ‘supervisor-related
underperformance’ and ‘materials-related problems’ are direct factors most prone to

cause ‘defective-work’ in relation to STR.1.

When ‘acceptable-work’ was observed (i.e., the state of the quality output for
executing STR.1 is acceptable-work), the model predicted that the probability of
‘documentation-related underperformance’, ‘supervisor-related underperformance’
and ‘materials-related problems’ occurrence decreased. The maximal variation was
12.34%, 3.430% and 3.599% (negative variation) respectively (as shown in Table 8.2

and Figure 8.4 (b)). ‘Documentation-related underperformance’, ‘supervisor-related
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underperformance’ and ‘materials-related problems’ are direct factors less prone to

cause ‘acceptable-work’.

Similarly, when ‘perfect-work’ was observed (i.e., the state of the quality output for
executing STR.1 is perfect-work), the model predicted that the probability of
‘documentation-related underperformance’, ‘supervisor-related underperformance’
and ‘materials-related problems’ occurrence decreased. The maximal variation was
0.371%, 3.969% and 2.075% (negative variation) respectively (as shown in Table
8.2and Figure 8.4 (c)). ‘Documentation-related underperformance’, ‘supervisor-
related underperformance’ and ‘materials-related problems’ are direct factors less

prone to cause ‘perfect-work’.

Documentation-related underperformance  Documentation-related underperformance Supervisor-related underperformance

Value: 0.671 Value: 0.323 Value: 0.052
67.06% M Not Occurred 67.74% M Not Occurred 94.80% M Not Occurred
M Occurred B Occurred M Occurred
33.53% — a priori 33.87% — a priori 47.40% - a priori
0.00% 0.00% 0.00%
Supervisor-related underperformance Materials-related problems Materials-related problems
Value: 0.204 Value: 0.042 Value: 0.058
90.83% M Not Occurred 95.76% M Not Occurred 94.23% I Not Occurred
M Occurred M Occurred M Occurred
45.41% — a priori 47.88% — a priori 47.12% — a priori
0.00% 0.00% 0.00%
Materials-related problems Supervisor-related underperformance Documentation-related underperformance
Value: 0.169 Value: 0.057 Value: 0.442
92.16% M Not Occurred 94.26% B Not Occurred 55.76% B Not Occurred
M Occurred W Occurred W Occurred
46.08% — a priori 47.13% — a priori 27.88% — a priori
0.00% 0.00% 0.00%
(a) Defective work (b) Acceptable work (c) Perfect work

Figure 8.4 Maximal variation of the direct factors of STR.1
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8.3.1.2 First-level Causes of the Direct Factors ‘Materials-related Problems’

8.3.1.2.1 Statistical examination of the first-level

Table 8.3 provides prior probability values, before entering observations, and mean
values of the first-level causes (i.e., ‘materials availability’, ‘inadequate quantity of
material’, ‘noncompliance with specification’ and ‘hard to deal with material’) based
on their own states of the observed direct factor ‘materials-related problems’. The
independence tests Chi—square y° shows a significant association between first-level
cause ‘inadequate quantity of material’ and direct factor ‘materials-related

problems’; ¥ (1) = 9.7186, (p<< 0.05) (as shown in Table 8.3).

The independence tests Chi—square y° for the remaining first-level causes failed to
show a significant association with direct factor ‘materials-related problems’ (p>>
0.05). ‘Inadequate quantity of material’ is significantly associated with ‘materials-

related problems’.

Table 8.3 Statistical analyses of the significant causes of materials-related problems

Priori Modal Value

Mean p- Direct
Node d MI
Not Occurred Occurred n Xz 4 value Effect
Inadequate quantity of 82.00% 18.00%  0.1800 9.7186 1 0.0018 02072 0.0519
material
Noncompliance with 99.26% 0.74% 0.0074 0.1333 1 0.7150 -0.0724 0.0007
specification
Materials availability 99.26% 0.74%  0.0074 0.1333 1 0.7150 -0.0724 0.0007
Hard to deal with material ~ 99.26% 0.74%  0.0074 0.1333 1 0.7150 -0.0724 0.0007

8.3.1.2.2 Direct Effect

The direct effect De of the first-level causes on direct factor ‘materials-related
problems’ is listed in Table 8.3. ‘Inadequate quantity of material’ was found have
highest direct effect, 0.2072. Figure 8.5 provides the direct effect De of the first-level
causes and it clearly shows ‘inadequate quantity of material’ as higher than the other

causcs.
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8.3.1.2.3 Mutual Information M1

Measurements of MI amount brought by first-level causes to the direct factor
‘materials-related problems’ are listed in Table 8.3 and displayed in Figure 8.3. MI
amount of the ‘inadequate quantity of material’ /(‘inadequate quantity of material’;
‘materials-related problems’) equals 0.0519, which is the greatest MI amount
amongst the first-level causes. The relationship between ‘inadequate quantity of
material’ and the direct factor ‘materials-related problems’ is more dependent than
the relationships between other first-level causes and ‘materials-related problems’,

which can be characterised as almost independent relationships due to the small MI.

Variables
Materials-related problems Mean All Curves
@ Inadequate quantity of material
A Hard to deal with material
0.247) ® & Noncompliance with specification

Materials availability
0.22-

T T T
0 10 20 30 40 50 60 70 80 90 100

Normalized Variable Means

Figure 8.5 Direct effects of the potential causes of materials-related problems

8.3.1.2.4 Maximal positive/negative variation

The maximal variation was determined for the significant first-level cause, namely,
‘inadequate quantity of material’. The occurrence and non-occurrence of ‘materials-
related problems’ in relation to occurrence and non-occurrence ‘inadequate quantity
of material’ was analyzed. When there is non-occurrence of ‘materials-related
problems’, the model predicts the probability of ‘inadequate quantity of material’

non-occurrence increases (as shown in the following table, Table 8.4).
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Table 8.4 Maximal variation of the significant causes of materials-related problems

Priori Modal Value Modal Value Maximal Variation

Wi State % State %  Positive Negative

Materials-related problems Scenario 1: Not occurred

Inadequate quantity of material Not occurred 82.00%  Not occurred 85.45%  3.455% 3.455%

Materials-related problems Scenario 2: Occurred

Inadequate quantity of material Occurred 18.00% Occurred 58.60%  40.60% 40.60%

The maximal variation is 3.455% (negative variation) (as shown in Figure 8.6 (a)). In
contrast, when there is occurrence of ‘materials-related problems’, the model predicts
the probability of ‘inadequate quantity of material’ occurrence to increase. The
maximal variation is 40.60% (positive variation) (as shown in Figure 8.6 (b)).
‘Inadequate quantity of material’ is the first-level cause most likely to underpin

‘materials-related problems’.

Inadequate quantity of material Inadequate quantity of material
Value: 0.145 Value: 0.586

85.46% Bl Not Occurred 82.00%— B Not Occurred

B Occurred B Occurred
42.73% — a priori 41.00% — a priori
0.00% 0.00%
(a) Materials-related problems: (b) Materials-related problems:
Not occurred Occurred

Figure 8.6 Maximal variation of inadequate quantity of material

8.3.1.3 First-level Causes of the Direct Factors ‘Documentation-related

underperformance’

8.3.1.3.1 Statistical examinationof the first-level

Table 8.5 provides prior probability values, before entering observations, and mean
values of the first-level causes (i.e., ‘specifications-related underperformance’ and
‘drawings-related underperformance’) based on their own states for the direct factor
‘documentation-related underperformance’. The independence tests Chi-square y°

shows significant associations between ‘specifications-related underperformance’
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and ‘drawings-related underperformance’ and the direct factor ‘documentation-
related underperformance” at ; x* (1) = 16.7342, (p<< 0.05), and; * (1) = 8.7882, (p<
0.05) respectively (as shown in Table 8.5). ‘Specifications-related
underperformance’ and ‘drawings-related underperformance’ are each significantly

associated with the direct factor ‘documentation-related underperformance’.

Table 8.5 Statistical analyses of the significant causes of documentation-related
underperformance

Priori Modal Value

Mean 2 p- Direct
Node d MI
Not Occurred  Occurred n X if value Effect
Specifications-related ¢, 0, 17.92% 03213 16.734 1 0.0000 03465 0.0894
underperformance
Drawings-related 67.87% 32.13% 01792 8.7882 1 0.0030 03061 0.0470
underperformance

8.3.1.3.2 Direct Effect

The direct effect De of the first-level causes on the direct factor ‘documentation-
related underperformance’ is listed in Table 8.5. ‘Specifications-related
underperformance’ and ‘drawings-related underperformance’ were each found to
have a high direct effect, at 0.3563 and 0.3146 respectively. Figure 8.7 shows the
direct effect De of ‘documentation-related underperformance’ highlighting
‘specifications-related underperformance’ has a slightly higher De than ‘drawings-

related underperformance’.
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Variables

Documentation-related underperformance Mean @ Specifications-related underperformance
A. Drawings-related underperformance

0.70 &
0.65
0.60

0.55 A

0 10 20 30 40 50 60 70 80 90 100

Normalized Variable Means

Figure 8.7 Direct effects of the potential causes of documentation-related underperformance

8.3.1.3.3 Mutual Information MI

Measurements of MI amount brought by first-level causes to the direct factor
‘documentation-related underperformance’ are listed in Table 8.5 and displayed in
Figure 8.3. MI amount of the specifications was I(‘specifications-related
underperformance’; ‘documentation-related underperformance’) = 0.0894, and for
drawings I(‘drawings-related underperformance’; ‘documentation-related

underperformance’) = 0.0470.

The MI between the ‘specifications-related underperformance’ with the direct factor
‘documentation-related underperformance’ is higher and the relationship between
them more dependent than the MI and relationship between ‘drawings-related
underperformance’ and the direct factor ‘documentation-related underperformance’.
Notwithstanding this, both ‘specifications-related underperformance’ and ‘drawings-
related underperformance’ can be interpreted as having a dependent relationship with

‘documentation-related underperformance’.
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8.3.1.3 4 Maximal positive/negative variation

The maximal variation was determined for ‘specifications-related underperformance’
and ‘drawings-related underperformance’, each significant first-level causes. The
occurrence and non-occurrence of ‘documentation-related underperformance’ in
relation to occurrence and non-occurrence of  ‘specifications-related

underperformance’ and ‘drawings-related underperformance’, was analyzed.

When there is non-occurrence of ‘documentation-related underperformance’, the
model predicts the probability of ‘specifications-related underperformance’ non-
occurrence and the probability of ‘drawings-related underperformance’ non-
occurrence each increase (as shown in the following table, Table 8.46). The maximal

variation is 14.65% and 8.732% (negative variation) respectively (as shown in Figure

8.8 (a)).

Table 8.6 Maximal variation of the significant causes of documentation-related
underperformance

Priori Modal Value Modal Value Maximal Variation

DodE State % State % Positive Negative

Documentation-related Scenario 1: Not occurred

underperformance

ﬁﬁgﬁ;ﬂgﬁ‘;ﬁfﬁ;‘fﬁted Not occurred 67.87%  Not occurred 82.52%  14.65%  14.65%
E;gg‘gi;ﬁg?e Not occurred 82.08%  Not occurred 90.81%  8.732%  8.732%
Documentation-related Scenario 2: Occurred

underperformance

iﬁgﬁ;ﬁ:ﬁ‘giﬁfted Not occurred 32.13% Occurred 5033%  18.19%  18.19%
Ségzrg‘e%i;ﬁzge Not occurred 17.92% Occurred 28.76%  10.84%  10.84%

In contrast, when there is occurrence of ‘documentation-related underperformance’,
the model predicts that the probability of both ‘specifications-related
underperformance’ and ‘drawings-related underperformance’ occurrence increases.
The maximal variation is 18.19% and 10.84% (positive variation) respectively (as
shown in Figure 8.8 (b)). ‘Specifications-related underperformance’ and ‘drawings-
related underperformance’ material’ are first-level causes most likely to underpin

‘documentation-related underperformance’.
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Specifications-related underperformance Specifications-related underperformance

Value: 0.175 Value: 0.503
82.52% M Not Occurred 67.87% M Not Occurred
W Occurred M Occurred
41.26% — a priori 33.93% — a priori
0.00% 0.00%
Drawings-related underperformance Drawings-related underperformance
Value: 0.092 Value: 0.288
90.81% B Not Occurred 82.08% B Not Occurred
B Occurred B Occurred
45.41% — a priori 41.04% — a priori
0.00% 0.00%
(a) Documentation-related underperformance: (b) Documentation-related underperformance:
Not occurred Occurred

Figure 8.8 Maximal variation of specifications & drawings-related underperformance

8.3.1.4 Second-level Causes of the First-level Cause ‘Specifications-related

Underperformance’

8.3.14.1 Statistical examination of the second-level causes

Table 8.7 provides prior probability values, before entering observations, and mean
values of the second-level causes (i.e., ‘missing information’, ‘misleading/clash
information’, ‘wrong information’ and ‘unavailable documentations’) based on their
own states of the observed direct factor ‘specifications-related underperformance’.
The independence tests Chi—square x° shows a significant association between
second-level cause ‘wrong information’ and first-level cause ‘specifications-related

underperformance’; xz (1)=13.8518, (p< 0.05) (as shown in Table 8.7).

The independence tests Chi—square x° for the remaining second-level causes failed to
show a significant association with first-level causes ‘specifications-related
underperformance’ (p> 0.05). “Wrong information’ is significantly associated with

‘specifications-related underperformance’.
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Table 8.7 Statistical analyses of the

significant causes

of specifications-related

underperformance
Priori Modal Value _ :
Node Mean 7 daf p Direct MI
Not Occurred Occurred R value  Effect
Wrong Information 92.59% 741% 0.0741 13.851 1 0.0002 0.5187 0.0740
Missing Information 96.30% 3.70% 0.0370 3.5714 1 0.0588 -0.2880 0.0191
Misleading/Clash information 99.26% 0.74% 0.0074 0.7204 1 0.3959 -0.2817 0.0038
Unavailable documentations 99.26% 0.74% 0.0074 0.7204 1 0.3959 -0.2817 0.0038
8.3.1.4.2 Direct Effect
The direct effect De of the second-level causes on the first-level cause

‘specifications-related underperformance’ is listed in Table 8.7. ‘Wrong information’

was found have highest direct effect, 0.5187. Figure 8.9 provides the direct effect De

of the second-level causes and it clearly shows ‘wrong information’ as higher than

the other causes.

Specifications-related underperformance Mean

0.90

0.80

0.60

0.50

Normalized Variable Means

@
A
4

Variables

All Curves

Wrong Information
Unavailable documentations
Misleading/Clash information
Missing Information

Figure 8.9 Direct effects of the potential causes of specifications-related underperformance
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8.3.1.4.3 Mutual Information MI

Measurements of MI amount brought by second-level causes to the first-level causes
‘specifications-related underperformance’ are listed in Table 8.7 and displayed in
Figure 8.3. MI amount of the ‘wrong information’ I(‘wrong information’;
‘specifications-related underperformance’) = 0.0740, which is the greatest MI
amount amongst the second-level causes. The relationship between ‘wrong
information’ and the first-level causes ‘specifications-related underperformance’ is
more dependent than the relationships between other second-level causes and
‘specifications-related underperformance’, which can be characterised as almost

independent relationships due to the small MI.

8.3.1.4.4 Maximal positive/negative variation

The maximal variation was determined for the significant second-level cause,
namely, ‘wrong information’. The occurrence and non-occurrence of ‘specifications-
related underperformance’ in relation to occurrence and non-occurrence ‘wrong
information” was analyzed. When there is non-occurrence of ‘specifications-related
underperformance’, the model predicts the probability of ‘wrong information’ non-
occurrence increases (as shown in the following table, Table 8.8). The maximal

variation is 5.9276% (negative variation) (as shown in Figure 8.10 (a)).

Table 8.8 Maximal variation of the significant causes of specifications-related
underperformance

Node Priori Modal Value Modal Value Maximal Variation

State % State % Positive Negative

Specifications-related

Scenario 1: Not occurred
underperformance

Wrong Information Not occurred 92.59%  Not occurred 98.52%  5.9276%  5.9276%

Specifications-related

Scenario 2: Occurred
underperformance

Wrong Information Occurred  7.41% Occurred 19.93% 12.519% 12.519%

In contrast, when there is occurrence of ‘specifications-related underperformance’,
the model predicts the probability of ‘wrong information’ occurrence to increase.

The maximal variation is 12.5199% (positive variation) (as shown in Figure 8.10
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(b)). ‘Wrong information’ is the second-level cause most likely to underpin

‘specifications-related underperformance’.

Wrong Information Wrong Information
Value: 0.015 Value: 0.199

98.52% B Not Occurred 92.59%— B Not Occurred

M Occurred M Occurred
49.26% — a priori 46.30% — a priori
0.00% 0.00%
(a) Specifications-related underperformance: (b) Specifications-related underperformance:
Not occurred Occurred

Figure 8.10 Maximal variation of wrong information

8.3.1.5 Second-level Causes of the First-level Cause ‘Drawings-related

Underperformance

8.3.1.5.1 Statistical examination of the second-level causes

Table 8.9 provides prior probability values, before entering observations, and mean
values of the second-level causes (i.e., ‘missing information’, ‘misleading/clash
information’, ‘wrong information’ and ‘unavailable documentations’) based on their
own states of the observed direct factor ‘drawings-related underperformance’. The
independence tests Chi—square y° shows a significant association between second-
level cause ‘wrong information’” and first-level cause ‘drawings-related

underperformance’; Xz (1)=24.2541, (p< 0.05) (as shown in Table 8.9).

The independence tests Chi—square x° for the remaining second-level causes failed to
show a significant association with the first-level causes ‘drawings-related
underperformance’ (p> 0.05). “Wrong information’ is significantly associated with

‘drawings-related underperformance’.
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Table 8.9 Statistical analyses of the significant causes of drawings-related underperformance

Priori Modal Value

Node Not Occurred Occurred Mf‘an r 4 Viﬂlle ]I?;f::g M
Wrong Information 92.59% 7.41%  0.0741 24254 1 0.0001 0.6865 0.1296
Misleading/Clash information 99.26% 0.74%  0.0074 0.3407 1 0.5594 -0.1644 0.0018
Missing Information 99.26% 0.74%  0.0074 0.3407 1 0.5594 -0.1644 0.0018
Unavailable documentations 99.26% 0.74%  0.0074 0.3407 1 0.5594 -0.1644 0.0018

8.3.1.5.2 Direct Effect

The direct effect De of the second-level causes on the first-level cause ‘drawings-

related underperformance’ is listed in Table 8.9. ‘Wrong information’ was found

have highest direct effect, 0.6865. Figure 8.11 provides the direct effect De of the

second-level causes and it clearly shows ‘wrong information’ as higher than the other

causes.

Drawings-related underperformance Mean

0.90

0.80

0.60

0.50

0.407]

0.30

Normalized Variable Means

@
A
4

Variables

All Curves

Wrong Information

Unavailable documentations

Missing Information
Misleading/Clash information

Figure 8.11 Direct effects of the potential causes of drawings-related underperformance
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8.3.1.5.3 Mutual Information MI

Measurements of MI amount brought by second-level causes to the first-level causes
‘drawings-related underperformance’ are listed in Table 8.9 and displayed in Figure
8.3. MI amount of the ‘wrong information’ /(‘wrong information’; ‘drawings-related
underperformance’) = 0.1296, which is the greatest MI amount amongst the second-
level causes. The relationship between ‘wrong information’ and the first-level causes
‘drawings-related underperformance’ is more dependent than the relationships
between other second-level causes and ‘drawings-related underperformance’, which

can be characterised as almost independent relationships due to the small MI.

8.3.1.5.4 Maximal positive/negative variation

The maximal variation was determined for the significant second-level cause,
namely, ‘wrong information’. The occurrence and non-occurrence of ‘drawings-
related underperformance’ in relation to occurrence and non-occurrence ‘wrong
information” was analyzed. When there is non-occurrence of ‘drawings-related
underperformance’, the model predicts the probability of ‘wrong information’ non-
occurrence increases (as shown in the following table, Table 8.10). The maximal

variation is 6.0799% (negative variation) (as shown in Figure 8.12 (a)).

Table 8.10 Maximal variation of the significant causes of drawings-related
underperformance

Priori Modal Value Modal Value Maximal Variation
State % State % Positive Negative

Node

Drawings-related

Scenario 1: Not occurred
underperformance

Wrong Information Not occurred 92.59%  Not occurred 98.67% 6.0799%  6.0799%

Drawings-related

Scenario 2: Not occurred
underperformance

Wrong Information Occurred 7.41% Occurred 35.25% 27.8467% 27.8467%

In contrast, when there is occurrence of ‘drawings-related underperformance’, the
model predicts the probability of ‘wrong information’ occurrence to increase. The

maximal variation is 27.8467% (positive variation) (as shown in Figure 8.12 (b)).
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‘Wrong information’ is the second-level cause most likely to underpin ‘drawings-

related underperformance’.

Wrong Information Wrong Information
Value: 0.013 Value: 0.353

98.67% B Not Occurred 92.59%— B Not Occurred

M Occurred M Occurred
49.34% — a priori 46.30% — a priori
0.00% 0.00%
(a) Drawings-related underperformance: (b) Drawings-related underperformance:
Not occurred Occurred

Figure 8.12 Maximal variation of wrong information

8.3.1.6 First-level Causes of the Direct Factors ‘Supervisor-related

Underperformance’

8.3.1.6.1 Statistical examinationof the first-level causes

Table 8.11 provides prior probability values, before entering observations, and mean
values of the first-level causes (i.e., ‘lack of knowledge’, ‘lack of commitment’, ‘lack
of experience’ and ‘lack of skills’) based on their own states of the observed direct
factor ‘supervisor-related underperformance’. The independence tests Chi—square x°
shows a significant association between first-level cause ‘lack of commitment’ and
direct factor ‘supervisor-related underperformance’; x2 (1) = 8.7623, (p< 0.05) (as
shown in Table 8.11).

The independence tests Chi—square y° for the remaining first-level causes failed to
show a significant association with direct factor ‘supervisor-related
underperformance’ (p>> 0.05). ‘Lack of commitment’ is significantly associated

with ‘supervisor-related underperformance’.
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Table 8.11 Statistical analyses of the significant causes of supervisor-related
underperformance

R Priori Modal State and Value Mean 7 df p-value Direct MI
Not Occurred  Occurred H Effect
Lack of commitment 72.38% 27.62% 0.2762 8.7623 1 0.0030 0.1665 0.0468
Lack of skills 54.87% 45.13% 0.4513 0.4888 1 0.4844 0.0331 0.0026
Lack of knowledge 57.23% 42.27% 0.4277 0.2747 1 0.6001 -0.0248 0.0015

Low Medium High

Lack of experience 84.34% 14.67% 0.99% 0.1665 2.8711 2 0.2379 -0.0804 0.0153

8.3.1.6.2 Direct Effect

The direct effect De of the first-level causes on direct factor ‘supervisor-related
underperformance’ is listed in Table 8.11. ‘Lack of commitment’ was found have
highest direct effect, 0.1665. Figure 8.13 provides the direct effect De of the first-

level causes and it clearly shows ‘lack of commitment’ as higher than the other

causes.
Variables
Supervisor-related underperformance Mean All Curves
® lack of commitment
A lack of skills
0.22 & lack of knowledge
B lack of experience
0.20
0.18
0.16
0.14 "
g
0.12
A

oro P —— g
0.08 2, ) . —o
0.06

®
0.04
0.02
0.00 - T T T T T T T ;

0 10 20 30 40 50 60 70 80 90 100

Normalized Variable Means

Figure 8.13 Direct effects of the potential causes of supervisor-related underperformance
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8.3.1.6.3 Mutual Information MI

Measurements of MI amount brought by first-level causes to the direct factor
‘supervisor-related underperformance’ are listed in Table 8.11 and displayed in
Figure 8.3. MI amount of the ‘lack of commitment’ /(‘lack of commitment’;
‘supervisor-related underperformance’) equals 0.0468, which is the greatest MI
amount amongst the first-level causes. The relationship between ‘lack of
commitment’ and the direct factor ‘supervisor-related underperformance’ is more
dependent than the relationships between other first-level causes and ‘supervisor-
related underperformance’, which can be characterised as almost independent

relationships due to the small MI.

8.3.1.6.4 Maximal positive/negative variation

The maximal variation was determined for the significant first-level cause, namely,
‘lack of commitment’. The occurrence and non-occurrence of ‘supervisor-related
underperformance’ in relation to occurrence and non-occurrence ‘lack of
commitment’ was analyzed. When there is non-occurrence of ‘lack of commitment’,
the model predicts the probability of ‘lack of commitment’ non-occurrence increases
(as shown in the following table, Table 8.12). The maximal variation is 3.861%

(negative variation) (as shown in Figure 8.14 (a)).

Table 8.12 Maximal variation of the significant causes of supervisor-related
underperformance

Node Priori Modal Value Modal Value Maximal Variation

State % State % Positive  Negative

Supervisor-related

Scenario 1: Not occurred
underperformance

Lack of commitment Not occurred 72.37% Not occurred 76.23% 3.861% 3.861%

Supervisor-related

Scenario 2: Occurred
underperformance

Lack of commitment Not occurred 27.62% Occurred 65.86% 38.24% 38.24%
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In contrast, when there is occurrence of ‘supervisor-related underperformance’, the
model predicts the probability of ‘lack of commitment’ occurrence to increase. The
maximal variation is 38.24% (positive variation) (as shown in Figure 8.14 (b)). ‘Lack

of commitment’ is the first-level cause most likely to underpin ‘supervisor-related

underperformance’.

lack of commitment lack of commitment
Value: 0.238 Value: 0.659

76.24% B Not Occurred 72.38%— M Not Occurred

M Occurred B Occurred
38.12% — a priori 36.19% — a priori
0.00% 0.00%
(a) Supervisor-related underperformance: (b) Supervisor-related underperformance:
Not occurred Occurred

Figure 8.14 Maximal variation of lack of commitment

8.3.1.7 Second-level Causes of the First-level Causes ‘Lack of Commitment’

8.3.1.7.1 Statistical examination of the second-level causes

Table 8.13 provides prior probability values, before entering observations, and mean
values of the second-level causes (i.e., ‘communication with worker’, ‘adherence to
procedures’, ‘adherence to design & standard (SBC)’ and ‘absenteeism’) based on
their own states of the observed first-level cause ‘lack of commitment’. The
independence tests Chi—square y° shows a significant association between second-
level cause ‘absenteeism’ and ‘communication with worker’ and first-level cause
‘lack of commitment’; y* (1) = 19.9836, (p< 0.05), and ¥* (1) = 9.7540, (p< 0.05)
respectively (as shown in Table 8.13).

The independence tests Chi—square x° for the remaining second-level causes failed to
show a significant association with first-level cause ‘lack of commitment’ (p> 0.05).
‘Absenteeism’ and ‘communication with worker’ are significantly associated with

‘lack of commitment’.
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Table 8.13 Statistical analyses of the significant causes lack of commitment

Priori Modal Value

Mean p- Direct
Node d; MI

Not Occurred Occurred M 4 4 value Effect
Absenteeism 70.37%  29.63% 04444 12210 1 02691 -0.0798 0.0065
Communication with 88.89% 11.11% 02963 19.983 1 0.0000 0.3639 0.1068

worker

Adherence to procedures 92.59% 7.41% 0.1111 9.7540 1 0.0017 -0.2886 0.0521
Adherence to design & 55.56%  44.44% 0.0741 63418 1 0.1179 -0.2771 0.0339

standard (SBC)

8.3.1.7.2 Direct Effect

The direct effect De of the second-level causes on the first-level cause ‘lack of

commitment’ is listed in Table 8.13. ‘Absenteeism’ was found have highest direct

effect, 0.3639. Figure 8.15 provides the direct effect De of the second-level causes

and it clearly shows ‘absenteeism’ as higher than the other causes.

lack of commitment Mean
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Adherence to design & standard (SBC)
Adherence to procedures
Communication with labors

Figure 8.15 Direct effects for the potential causes of lack of commitment
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8.3.1.7.3 Mutual Information MI

Measurements of MI amount brought by second-level causes to the first-level causes
‘lack of commitment’ are listed in Table 8.13 and displayed in Figure 8.3. MI
amount of the ‘absenteeism’ /(“absenteeism’; ‘lack of commitment’) = 0.1068, which
is the greatest MI amount amongst the second-level causes. The relationship between
‘absenteeism’ and the first-level causes ‘lack of commitment’ is more dependent
than the relationships between other second-level causes and ‘lack of commitment’,

which can be characterised as almost independent relationships due to the small MI.

8.3.1.7 4 Maximal positive/negative variation

The maximal variation was determined for the significant second-level cause,
namely, ‘absenteeism’. The occurrence and non-occurrence of ‘lack of commitment’

in relation to occurrence and non-occurrence ‘absenteeism’ was analyzed.

When there is non-occurrence of ‘lack of commitment’, the model predicts the
probability of ‘absenteeism’ non-occurrence increases (as shown in the following
table, Table 8.14). The maximal variation is 11.13% (negative variation) (as shown

in Figure 8.16 (a)).

Table 8.14 Maximal variation of the significant causes lack of commitment

Priori Modal Value Modal Value Maximal Variation

AL State % State % Positive Negative

Lack of commitment Scenario 1: Not occurred

Absenteeism Not occurred 70.37% Not occurred 81.50% 11.13% 11.13%

Lack of commitment Scenario 2: Occurred

Absenteeism Occurred 29.63% Occurred 58.81% 29.18% 29.18%
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In contrast, when there is occurrence of ‘lack of commitment’, the model predicts the

probability of ‘absenteeism’ occurrence to increase. The maximal variation is

29.18% (positive variation) (as shown in Figure 8.16 (b)). ‘Absenteeism’ is the

second-level cause most likely to underpin ‘lack of commitment’.

Absenteeism

Value: 0.185
81.51% M Not Occurred
M Occurred
40.75% — a priori
0.00%

(a) Lack of commitment:
Not occurred

Absenteeism

Value: 0.588
70.37%— M Not Occurred
M Occurred
35.19% g
0.00%

(b) Lack of commitment:
Occurred

Figure 8.16 Maximal variation of absenteeism
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8.3.2 STR.S

The results for STR.5 were generated and interpreted as per the method applied to
STR.1. Table 8.15 presents the prior probability values, mean values, direct effect,

mutual information (MI) and maximal variation for all significant variables.

8.3.2.1 Direct Factors with STR.5

The independence tests Chi—square y° show a significant association between
‘equipment-related problems’ and ‘worker-related underperformance’ with the
STR.5; ¥* (2) = 9.446, (p< 0.05), and; y* (2) = 19.77, (p< 0.05) respectively (as
shown in Table 8.15). The Chi—square y* test results for the remaining direct factors
failed to show a significant association (p> 0.05). The results support that only
‘equipment-related problems’ and ‘worker-related underperformance’ are

significantly associated with STR.5 performance.

‘Equipment-related problems’ and ‘worker-related underperformance’ were found
have highest direct effect on the target node STR.5, at 0.245 and 0.102 respectively
(as shown in Figure 8.18). Also, MI amount of information brought by the direct
factors to the target variable STR.5 was I(‘equipment-related problems’; ‘STR.5”) =
0.0185, and I(‘worker-related underperformance’; ‘STR.5’) = 0.0335 (as shown in
Table 8.15 and Figure 8.17). ‘Equipment-related problems’ and ‘worker-related
underperformance’ have the highest MI with STR.5 indicating a more dependent

relationship between these direct factors and the target variable.
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Table 8.15 Statistical analyses of the significant causes of STR.5

Priori Modal Value . Modal Value Maximal Variation
Node Not Mean > df p-value Dt MI

Occurred Occurred | x P Effect State % Positive Negative
STR.5 Scenario 1: Defective-work
Er%‘ll)‘g:‘nzm'related 53.29% 46.71% 0.4671 9.446 2 0.0089 0.245 0.0185 Occurred 57.21% 10.49% 10.49%
Worker-related 14.71% 85.29% 0.8529 19.77 2 0.0001 0.102 0.0335 Occurred 92.34% 7.05% 7.05%
underperformance
STR.5 Scenario 2: Acceptable-work
Worker-related 1471% 8529% 0.8529 19.77 2 0.0001 0.102 0.0335 . NO'  7543% 9.855% 9.855%
underperformance Occurred
Equipment-related 53.29% 46.71% 04671 9.446 2 0.0089 0245 0.0185  NO'  5634% 3.053% 3.053%
problems Occurred
STR.5 Scenario 3: Perfect-work
Worker-related 1471% 8529% 0.8529 19.77 2 0.0001 0.102 0.0335 . NO'  89.88% 4.597% 4.597%
underperformance Occurred
Er‘gl‘)‘lperr“nesm'related 53.29% 46.71% 0.4671 9.446 2 0.0089 0.245 0.0185 Occurred 62.18% 8.899% 8.899%
Equipment-related Scenario 1: Not Occurred
problems
Hard to deal with 55.55% 44.44% 04444 18548 1 0.0000 0.070 0.0037 . NO'  58.89% 3331% 3.331%
equipment Occurred
Equipment-related Scenario 2: Occurred
problems
iﬁ‘:ﬁ;ﬁe‘fﬁal with 55.55% 44.44% 0.4444 185.48 1 0.0000 0.070 0.0037 Occurred 48.24% 3.799% 3.799%
Worker-related Scenario 1: Not Occurred
underperformance
Lack of commitment  65.50  34.50 0.3450 4.115 1 0.0424 0.137 0.0308 OC]C\;ortre g 87:52% 22.02% 22.02%
Lack of skills 4640  53.60 0.5360 62.79 1 0.0000 0.089 0.0126 OC]C\;ortre g 6227% 1587% 15.87%
Worker-related Scenario 2: Occurred
underperformance
Lack of commitment  65.50  34.50 0.3450 4.115 1 0.0424 0.137 0.0308 Occurred 61.71% 3.797% 3.797%
Lack of skills 4640  53.60 0.5360 62.79 1 0.0000 0.089 0.0126 Occurred 56.33% 2.737% 2.737%
Lack of commitment Scenario 1: Not Occurred
Adherence to design & Not o o o
“tandard (SBO) 8148 1852 0.1852 3494 1 0.0000 0.610 0.1867 , *7  9591% 14.43% 14.43%
Adherence to 9630 370  0.0370 1036 1 0.0013 0.652 0.0553 . NO' 09.94% 3.645% 3.645%
procedures Occurred
Lack of commitment Scenario 2: Occurred
Adherence todesign & ¢, o 1955 (1852 34.94 1 0.0000 0.610 0.1867 Occurred 45.92% 27.41% 27.41%
standard (SBC)
Adherence to 9630  3.70  0.0370 10.36 1 0.0013 0.652 0.0553 Occurred 10.62% 6.921% 6.921%
procedures
Lack of skills Scenario 1Not Occurred
Work Accurately 62.96  37.04 03704 11.43 1 0.0007 0.292 0.0611 OC]C\;Or’re , 77:86% 14.90% 14.90%
Handle with 9259 741 00741 1043 1 0.0012 0461 0.0558 - M 99.51% 6.920% 6.920%
material/equipment Occurred
Lack of skills Scenario 2: Occurred
Work Accurately 62.96 37.04 0.3704 11.43 0.0007 0.292 0.0611 Occurred 49.94% 12.90% 12.90%
Handle with 92.59 7.41  0.0741 10.43 1 0.0012 0.461 0.0558 Occurred 13.40% 5.992% 5.992%
material/equipment
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Variables

STR.5 Mean @ Equipment-related problems
A Worker-related underperformance
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Figure 8.18 Direct effects of the potential causes of STR.S

The maximal variation of the significant direct factors, namely, ‘equipment-related
problems’ and ‘worker-related underperformance’, as shown in the previous tests:

the Chi-square x° test, direct effect and the mutual information MI was calculated.

Performance of STR.5 could be ‘perfect-work’, ‘acceptable-work’ or ‘defective-
work’. When ‘defective-work’ was observed (i.e., the state of the quality output for
executing STR.5 is defective-work), the model predicted that the probability of
‘equipment-related problems’ and ‘worker-related underperformance’ occurrence
increased. The maximal variation was 10.49% and 7.05% respectively (positive
variation) (as shown in Table 8.15 and Figure 8.19 (a)). ‘Equipment-related
problems’ and ‘worker-related underperformance’ are direct factors most prone to

cause ‘defective-work’ in relation to STR.5.

When ‘acceptable-work’ was observed (i.e., the state of the quality output for
executing STR.5 is acceptable-work), the model predicted that the probability of
‘equipment-related problems’ and ‘worker-related underperformance’ occurrence
decreased. The maximal variation was 3.053% and 9.855% (negative variation)

respectively (as shown in Table 8.15 and Figure 8.19 (b)). ‘Equipment-related
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problems’ and ‘worker-related underperformance’ are direct factors less prone to

cause ‘acceptable-work’.

Similarly, when ‘perfect-work’ was observed (i.e., the state of the quality output for
executing STR.5 is perfect-work), the model predicted that the probability of
‘equipment-related problems’ non-occurrence increased (negative variation), and
‘worker-related underperformance’ occurrence increased (positive variation). The
maximal variation was 8.899% and 4.597% respectively (as shown in Table 8.15 and
Figure 8.19 (c)). ‘Equipment-related problems’ is direct factor less prone to cause
‘perfect-work’ and ‘worker-related underperformance’ is direct factors somewhat

prone to cause ‘perfect-work’.

Equipment-related problems
Value: 0.572

57.20% M Not Occurred
W Occurred
28.60% = npnod
0.00%

Worker-related underperformance
Value: 0.923

92.34% M Not Occurred
M Occurred
46.17% SApRn
0.00%

(a) Defective-work

Worker-related underperformance
Value: 0.754

85.29% — @ Not Occurred
W Occurred
42.64% — & prion
0.00%

Equipment-related problems
Value: 0.437

56.34% M Not Occurred
M Occurred
28.17% —=agron
0.00%

(b) Acceptable-work

Equipment-related problems
Value: 0.378

62.19% M Not Occurred
M Occurred
31.09% — a priori
0.00%

Worker-related underperformance
Value: 0.899

89.89% M Not Occurred
M Occurred
44,94% — a prioni
0.00%

(c) Perfect-work

Figure 8.19 Maximal variation of the direct factors of STR.5

8.3.2.2 First-level Causes of the Direct Factors ‘Equipment-related
Problems’

The independence tests Chi-square x° show a significant association between ‘hard
to deal with equipment’ with the ‘equipment-related problems’; x* (1) = 185.48, (p<
0.05) (as shown in Table 8.15). The Chi—square y’ test results for the remaining

direct factors failed to show a significant association (p> 0.05). The results support
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that only ‘hard to deal with equipment’ is significantly associated with ‘equipment-

related problems’.

‘Hard to deal with equipment’ was found has highest direct effect on direct factor
‘equipment-related problems’, at 0.070 (as shown in Figure 8.20). MI amount of
information brought by first-level causes ‘hard to deal with equipment’ to direct
factor ‘equipment-related problems’ was [I(‘hard to deal with equipment’;
‘equipment-related problems’) = 0.0037 (as shown in Table 8.15 and Figure 8.17).
MI value between ‘Hard to deal with equipment’ and ‘equipment-related problems’
indicates a somewhat dependent relationship between the first-level causes and the

direct factor.

Variables

Equipment-related problems Mean ® Hard to deal with equipment

0.510 ]
0.505 |
0.500 |
0.495 -
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Figure 8.20 Direct effects of the potential causes of equipment-related problems

The maximal variation was determined for the significant first-level cause, namely,
‘hard to deal with equipment’. The occurrence and non-occurrence of ‘equipment-
related problems’ in relation to occurrence and non-occurrence ‘hard to deal with
equipment’ was analyzed. When there is non-occurrence of ‘equipment-related
problems’, the model predicts the probability of ‘hard to deal with equipment’ non-

occurrence increases (as shown in Table 8.15). The maximal variation is 3.331%
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(negative variation) (as shown in Figure 8.21 (a)). In contrast, when there is
occurrence of ‘equipment-related problems’, the model predicts the probability of
‘hard to deal with equipment’ occurrence to increase. The maximal variation is
3.799% (positive variation) (as shown in Figure 8.21 (b)). ‘Hard to deal with

equipment’ is the first-level cause most likely to underpin ‘equipment-related

problems’.
Hard to deal with equipment Hard to deal with equipment
Value: 0.411 Value: 0.482
58.89% B Not Occurred 55.56%— B Not Occurred
M Occurred M Occurred
29.44% — a priori 27.78% — a priori
0.00% 0.00%
(a) Equipment-related problems: (b) Equipment-related problems:

Not occurred Occurred

Figure 8.21 Maximal variation of hard to deal with equipment

8.3.2.3 First-level Causes of the Direct Factors ‘Worker-related

underperformance’

The independence tests Chi—square y° show a significant association between ‘lack
of commitment” and ‘lack of skills” with the ‘worker-related underperformance’; >
(1) =4.115, (p< 0.05), and Xz (1) = 62.79, (p< 0.05) respectively (as shown in Table
8.15). The Chi—square y’ test results for the remaining direct factors failed to show a
significant association (p> 0.05). The results support that only ‘lack of commitment’
and ‘lack of skills’ is significantly associated with ‘worker-related

underperformance’.

‘Lack of commitment’ and ‘lack of skills’ were found have highest direct effect on
direct factor ‘worker-related underperformance’, at 0.137 and 0.089 (as shown in
Figure 8.22). Also, MI amount of information brought by first-level causes ‘lack of
commitment’ and ‘lack of skills’ to direct factor ‘worker-related underperformance’

were I(‘lack of commitment’; ‘worker-related underperformance’) = 0.0308 and
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I(“lack of skills’; ‘worker-related underperformance’) = 0.0126 (as shown in Table
8.15 and Figure 8.17). ‘Lack of commitment’ and ‘lack of skills’ have the highest MI
with ‘worker-related underperformance’ indicating a more dependent relationship

between the first-level causes and the direct factor.

Variables

Worker-related underperformance Mean @ Lack of commitment
A Lack of skills

0.95
0.94
0.93
0.92
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Figure 8.22 Direct effects of the potential causes of worker-related underperformance

The maximal variation was determined for the significant first-level cause, namely,
‘lack of commitment’ and ‘lack of skills’. The occurrence and non-occurrence of
‘worker-related underperformance’ in relation to occurrence and non-occurrence
‘lack of commitment’ and ‘lack of skills’ were analyzed. When there is non-
occurrence of ‘worker-related underperformance’, the model predicts the probability
of ‘lack of commitment’ and ‘lack of skills’ non-occurrence increases (as shown in
Table 8.15). The maximal variation is 22.02% and 15.87% (negative variation)

respectively (as shown in Figure 8.23 (a)).
In contrast, when there is occurrence of ‘worker-related underperformance’, the

model predicts the probability of ‘lack of commitment’ and ‘lack of skills’

occurrence to increase. The maximal variation is 3.797% and 2.737% (positive
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variation) respectively (as shown in Figure 8.23 (b)). “‘Lack of commitment’ and

‘lack of skills’ are the first-level causes most likely to underpin ‘worker-related

underperformance’.
Lack of commitment Lack of commitment
Value: 0.125 Value: 0.383
87.52% B Not Occurred 65.50% I Not Occurred
B Occurred B Occurred
43.76% — a priori 32.75% — a priori
0.00% 0.00%
Lack of skills Lack of skills
Value: 0.377 Value: 0.563
62.28% W Not Occurred 56.33% M Not Occurred
B Occurred B Occurred
31.14% — a priori 28.17% — a priori
0.00% 0.00%
(a) Worker-related underperformance: ~ (b) Worker-related underperformance:
Not occurred Occurred

Figure 8.23 Maximal variation of lack of commitment & skills

8.3.2.4 Second-level Causes of the First-level Cause ‘Lack of Commitment’

The independence tests Chi-square y* show a significant association between
‘adherence to design & standard SBC’ and ‘adherence to procedures’ with the ‘lack
of commitment’; Xz (1) =34.94, (p< 0.05), and X2 (1) =10.36, (p< 0.05) respectively
(as shown in Table 8.15). The Chi—square )(2 test results for the remaining second-
level causes failed to show a significant association (p> 0.05). The results support
that only ‘adherence to design & standard’ and ‘adherence to procedures’ is

significantly associated with ‘lack of commitment’.

‘Adherence to design & standard’ and ‘adherence to procedures’ were found have
highest direct effect on first-level causes ‘lack of commitment’, at 0.610 and 0.652
(as shown in Figure 8.24). Also, MI amount of information brought by second-level

causes ‘adherence to design & standard’ and ‘adherence to procedures’ to first-level
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causes ‘lack of commitment’ were /(‘adherence to design & standard’; ‘lack of
commitment’) = 0.1867 and I(‘adherence to procedures’; ‘lack of commitment’) =
0.0553 (as shown in Table 8.15 and Figure 8.17). ‘Adherence to design & standard’
and ‘adherence to procedures’ have the highest MI with ‘lack of commitment’
indicating a more dependent relationship between the second-level causes and the

first-level causes.

Variables

Lack of commitment Mean ® Adherence to procedures
A Adherence to design & standard (SBC)
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0.90
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Figure 8.24 Direct effects of the potential causes of lack of commitment

The maximal variation was determined for the significant second-level causes,
namely, ‘adherence to design & standard’ and ‘adherence to procedures’. The
occurrence and non-occurrence of ‘lack of commitment’ in relation to occurrence
and non-occurrence ‘adherence to design & standard’ and ‘adherence to procedures’
were analyzed. When there is non-occurrence of ‘lack of commitment’, the model
predicts the probability of ‘adherence to design & standard’ and ‘adherence to
procedures’ non-occurrence increases (as shown in Table 8.15). The maximal
variation is 14.43% and 3.645% (negative variation) respectively (as shown in Figure

8.25 (a)).
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In contrast, when there is occurrence of ‘lack of commitment’, the model predicts the
probability of ‘adherence to design & standard’ and ‘adherence to procedures’
occurrence to increase. The maximal variation is 27.41% and 6.921% (positive
variation) respectively (as shown in Figure 8.25 (b)). ‘Adherence to design &
standard’ and ‘adherence to procedures’ are the second-level causes most likely to

underpin ‘lack of commitment’.

Adherence to design & standard (SBC) Adherence to design & standard (SBC)
Value: 0.041 Value: 0.459
95.91% W Not Occurred 81.48% M Not Occurred
M Occurred B Occurred
47.96% — a priori 40.74% — a priori
0.00% 0.00%
Adherence to procedures Adherence to procedures
Value: 0.001 Value: 0.106
99.94% B Not Occurred 96.30% M Not Occurred
B Occurred M Occurred
49.97% — a priori 48.15% — a priori
0.00% 0.00%
(a) Lack of commitment: (b) Lack of commitment.
Not occurred Occurred

Figure 8.25 Maximal variation of adherence to design & standard & procedures

8.3.2.5 Second-level Causes of the First-level Cause ‘Lack of Skills’

The independence tests Chi-square x° show a significant association between ‘work
accurately’ and ‘handle with material/equipment’ with the ‘lack of skills’; %* (1) =
11.43, (p<0.05), and X2 (1) =10.43, (p< 0.05) respectively (as shown in Table 8.15).
The Chi-square y test results for the remaining second-level causes failed to show a
significant association (p> 0.05). The results support that only ‘work accurately’ and

‘handle with material/equipment’ is significantly associated with ‘lack of skills’.

‘Work accurately’ and ‘handle with material/equipment’ were found have highest

direct effect on first-level causes ‘lack of skills’, at 0.292 and 0.461 (as shown in
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Figure 8.26). Also, MI amount of information brought by second-level causes ‘work
accurately’ and ‘handle with material/equipment’ to first-level causes ‘lack of skills’
were [I(‘work accurately’; ‘lack of skills’) = 0.0611 and I(‘handle with
material/equipment’; ‘lack of skills’) = 0.0558 (as shown in Table 8.15 and Figure
8.17). “Work accurately’ and ‘handle with material/equipment’ have the highest MI
with ‘lack of skills’ indicating a more dependent relationship between the second-

level causes and the first-level causes.

Variables

Lack of skills Mean ® Handle with material/equipment
A Work Accurately

0.65
0.60 1
0.55

0.50 ¥

0 10 20 30 40 50 60 70 80 90 100
Normalized Variable Means

Figure 8.26 Direct effects of the potential causes of lack of skills

The maximal variation was determined for the significant second-level causes,
namely, ‘work accurately’ and ‘handle with material/equipment’. The occurrence
and non-occurrence of ‘lack of skills’ in relation to occurrence and non-occurrence
‘work accurately’ and ‘handle with material/equipment’ were analyzed. When there
is non-occurrence of ‘lack of skills’, the model predicts the probability of ‘work
accurately’ and ‘handle with material/equipment’ non-occurrence increases (as
shown in Table 8.15). The maximal variation is 14.90% and 6.920%( (negative

variation) respectively (as shown in Figure 8.27 (a)).
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In contrast, when there is occurrence of ‘lack of skills’, the model predicts the
probability of ‘work accurately’ and ‘handle with material/equipment’ occurrence to
increase. The maximal variation is 12.90% and 5.992% (positive variation)
respectively (as shown in Figure 8.27 (b)). ‘“Work accurately’ and ‘handle with

material/equipment’ are the second-level causes most likely to underpin ‘lack of

skills’.

Work Accurately
Value: 0.221

77.86% M Not Occurred
M Occurred
38.93% = %pribd
0.00%

Handle with material/equipment

Value: 0.005
99.51% M Not Occurred
M Occurred
49.76% — a priori
0.00%
(a) Lack of skills:

Not occurred

Figure 8.27 Maximal variation of work accurately & handle with material/equipment
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Work Accurately
Value: 0.499

62.96% M Not Occurred
M Occurred
31.48% — a priori
0.00%

Handle with material/equipment
Value: 0.134

92.59% M Not Occurred
M Occurred
46.30% S o
0.00%

(b) Lack of skills:
Occurred



8.3.3 STR.13

8.3.3.1 Direct Factors with STR.13

The independence tests Chi—square y° show a significant association between
‘worker-related underperformance’ with the STR.13; x> (2) = 9.386, (p< 0.05) (as
shown in Table 8.16). The Chi-square y* test results for the remaining direct factors
fail to show a significant association (p> 0.05). The results support that only
‘worker-related underperformance’ is significantly associated with STR.13

performance.

‘Worker-related underperformance’ was found has highest direct effect on the target
node STR.13, at 0.366 (as shown in Figure 8.28). Also, MI amount of information
brought by the direct factors to the target variable STR.13 was I(‘worker-related
underperformance’; ‘STR.13”) = 0.0244 (as shown in Table 8.16 and Figure 8.29).
‘Worker-related underperformance’ has the highest MI with STR.13 indicating a

more dependent relationship between these direct factors and the target variable.

Variables

STR.13 Mean ® Worker-related underperformance

1.301
125

1.20 1

0 10 20 30 40 50 60 70 80 90 100
Normalized Variable Means

Figure 8.28 Direct effects of the direct factors of STR.13

Table 8.16 Statistical analyses of the significant causes of STR.13
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Priori Modal Value

Modal Value

Maximal Variation

Meanp Direct

NELD OCf:\Z):re d Occurred Value G BT Effect MI State %  Positive Negative
STR.13 Scenario 1: Defective work
Worker-related 83.24% 16.76% 0.1676 9.386 2 0.0092 0.366 0.0244 Occurred 74.16% 9.076% 9.076%
underperformance
STR.13 Scenario 2: Acceptable work
Worker-related 83.24% 16.76% 0.1676 9.386 2 0.0092 0366 0.0244 ' 88499 5255% 5.255%
underperformance Occurred
STR.13 Scenario 3: Perfect work
Worker-related 83.24% 16.76% 0.1676 9.386 2 0.0092 0366 0.0244 ' 88739, 5487% 5.487%
underperformance Occurred
el Scenario 1: Not Occurred
underperformance
Lack of skills 32.92% 67.08% 0.6708 87.49 1 0.0000 0.118 0.0188 OC]c\;Ortred 63.84% 3.241% 3.241%
Lack of commitment 63.85% 36.15% 0.3615 53.58 1 0.0000 0.093 0.0107 OC]c\;Ortred 66.52% 2.669% 2.669%
Lack of knowledge 51.49% 48.51% 0.4851 60.06 1 0.0000 0.030 0.0013 OC]c\itortred 52.43% 0.941% 0.941%
sl Scenario 2: Occurred
underperformance
Lack of skills 32.92% 67.08% 0.6708 87.49 1 0.0000 0.118 0.0188 Occurred 83.18% 16.09% 16.09%
Lack of commitment 63.85% 36.15% 0.3615 53.58 1 0.0000 0.093 0.0107 Occurred 50.59% 13.26% 13.26%
Lack of knowledge 51.49% 48.51% 0.4851 60.06 1 0.0000 0.030 0.0013 Occurred 53.18% 4.671% 4.671%
Lack of skills Scenario 1: Not Occurred
Work Accurately 25.93% 74.07% 0.7407 68.01 1 0.0000 0.745 0.3634 OCIC\;ortred 69.97% 44.04% 44.04%
Lack of skills Scenario 2: Occurred
Work Accurately 25.93% 74.07% 0.7407 68.01 1 0.0000 0.745 0.3634 Occurred 95.68% 21.61% 21.61%
Linex (.)f Scenario 1: Not Occurred
commitment
Adherence to design 4 7400 50560, 05926 182.49 1 0.0000 0.098 0.0076 - V' 55.49% 3.766% 3.766%
& standard (SBC) e e ' ' ' ' Occurred =~ "° ™ o °
Lies (.)f Scenario 2: Occurred
commitment
Adherence to design 4 7400 595604 0.5926 182.49 1 0.0000 0.098 0.0076 Occurred 65.91% 6.651% 6.651%
& standard (SBC)
Lack of knowledge Scenario 1: Not Occurred
Dimensions required  37.04 62.96 0.6296 5.656 1 0.0174 0.210 0.0302 Oc]c\itortred 53.42% 9.539% 9.539%
Lack of knowledge Scenario 2: Occurred
Dimensions required  37.04 6296 0.6296 5.656 1 0.0174 0.210 0.0302 Occurred 73.08% 10.126% 10.126%
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Figure 29 MI of STR.13 network
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The maximal variation of the significant direct factors, namely, ‘worker-related
underperformance’, as shown in the previous tests: the Chi—square x° test, direct

effect and the mutual information MI was calculated.

Performance of STR.13 could be ‘perfect-work’, ‘acceptable-work’ or ‘defective-
work’. When ‘defective-work’ was observed (i.e., the state of the quality output for
executing STR.13 is defective-work), the model predicted that the probability of
‘worker-related underperformance’ occurrence increased. The maximal variation was
9.076% (positive variation) (as shown in Table 8.16 and Figure 8.30 (a)). “Worker-
related underperformance’ is direct factors most prone to cause ‘defective-work’ in

relation to STR.13.

When ‘acceptable-work’ was observed (i.e., the state of the quality output for
executing STR.13 is acceptable-work), the model predicted that the probability of
‘worker-related underperformance’ occurrence decreased. The maximal variation
was 5.255% (negative variation) respectively (as shown in Table 8.16 and Figure
8.30 (b)). “Worker-related underperformance’ is direct factors less prone to cause

‘acceptable-work’.

Similarly, when ‘perfect-work’ was observed (i.e., the state of the quality output for
executing STR.13 is perfect-work), the model predicted that the probability of
‘worker-related underperformance’ non-occurrence increased (negative variation).
The maximal variation was 5.487% (as shown in Table 8.16 and Figure 8.30 (c)).

‘Worker-related underperformance’ is direct factor less prone to cause ‘perfect-

work’.

Worker-related underperformance Worker-related underperformance Worker-related underperformance
Value: 0.258 Value: 0.115 Value: 0.113

83.24% B Not Occurred 88.49% B Not Occurred 88.73% [l Not Occurred

B Occurred B Occurred B Occurred
41.62% — a priori 44.25% — a priori 44.36% — a priori
0.00% 0.00% 0.00%
(a) Defective work (b) Acceptable work (c) Perfect work

Figure 8.30 Maximal variation of the direct factors of STR.13
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8.3.3.2 First-level Causes of the Direct Factors ‘Worker-related
underperformance’

The independence tests Chi—square y° show a significant association between ‘lack
of skills’, ‘lack of commitment’ and ‘lack of knowledge’ with the ‘worker-related
underperformance’; ¥ (1) = 87.49, (p< 0.05), x* (1) = 53.58, (p< 0.05), and »* (1) =
60.06, (p< 0.05) (as shown in Table 8.16). The Chi—square y’ test results for the
remaining direct factors failed to show a significant association (p> 0.05). The results
support that only ‘lack of skills’, ‘lack of commitment’ and ‘lack of knowledge’ are

significantly associated with ‘worker-related underperformance’.

‘Lack of skills’, ‘lack of commitment’ and ‘lack of knowledge’ were found have
highest direct effect on direct factor ‘worker-related underperformance’, at 0.118,
0.093 and 0.030 respectively (as shown in Figure 8.31). Also, MI amount of
information brought by first-level causes ‘lack of skills’, ‘lack of commitment’ and
‘lack of knowledge’ to direct factor ‘worker-related underperformance’ were I(‘lack
of skills’; ‘worker-related underperformance’) = 0.0188, I(‘lack of commitment’;
‘worker-related underperformance’) = 0.0107 and /(‘lack of knowledge’; ‘worker-
related underperformance’) = 0.0013 (as shown in Table 8.16 and Figure 8.29). ‘lack
of skills’, ‘lack of commitment’ and ‘lack of knowledge’ have the highest MI with
‘worker-related underperformance’ indicating a more dependent relationship

between the first-level causes and the direct factor.
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Variables
Worker-related underperformance Mean All Curves

® Lack of skills
A Lack of commitment

0.23 A & Lack of knowledge

0.22

0.21 -

0.19 o

0.18 A S

0.17 o S

0.12 -
0.11 -
0.10
0.09

0.08 - T
0 10 20 30 40 50 60 70 80 90 100
Normalized Variable Means

Figure 8.31 Direct effects of the potential causes of worker-related underperformance

The maximal variation was determined for the significant first-level cause, namely,
‘lack of skills’, ‘lack of commitment’ and ‘lack of knowledge’. The occurrence and
non-occurrence of ‘worker-related underperformance’ in relation to occurrence and
non-occurrence ‘lack of skills’, ‘lack of commitment’ and ‘lack of knowledge’ were
analyzed. When there is non-occurrence of ‘worker-related underperformance’, the
model predicts the probability of ‘lack of skills’, ‘lack of commitment’ and ‘lack of
knowledge’ non-occurrence increases (as shown in Table 8.16). The maximal
variation is 3.241%, 2.669% and 0.941% (negative variation) respectively (as shown

in Figure 8.32 (a)).

In contrast, when there is occurrence of ‘worker-related underperformance’, the
model predicts the probability of ‘lack of skills’, ‘lack of commitment’ and ‘lack of
knowledge’ occurrence to increase. The maximal variation is 16.09%, 13.26% and

4.671% (positive variation) respectively (as shown in Figure 8.32 (b)). ‘Lack of
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skills’, ‘lack of commitment’ and ‘lack of knowledge’ are the first-level cause most

likely to underpin ‘worker-related underperformance’.

Lack of skills
Value: 0.638

67.08% -— @ Not Occurred
M Occurred
33.54% —a ptios
0.00%

Lack of commitment
Value: 0.335

66.51% M Not Occurred
M Occurred
33.26% -
0.00%

Lack of knowledge
Value: 0.476

52.43% M Not Occurred
M Occurred
26.22% ~3 Pt
0.00%

(a) Worker-related underperformance:
Not occurred

Lack of skills
Value: 0.832

83.18% M Not Occurred
M Occurred
41.59% —a priori
0.00%

Lack of commitment
Value: 0.494

63.85% M Not Occurred
M Occurred
31.92% i
0.009%

Lack of knowledge
Value: 0.532

53.18% M Not Occurred
M Occurred
26.59% L
0.00%

(b) Worker-related underperformance:

Occurred

Figure 8.32 Maximal variation of lack of skills, commitment & knowledge

8.3.3.3 Second-level Causes of the First-level Cause ‘Lack of Skills’

The independence tests Chi-square x° show a significant association between ‘work
accurately’ with the ‘lack of skills’; x2 (1) = 68.01, (p< 0.05) (as shown in Table
8.16). The Chi-square x° test results for the remaining second-level causes failed to
show a significant association (p> 0.05). The results support that only ‘work

accurately’ is significantly associated with ‘lack of skills’.
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‘Work accurately’ was found have highest direct effect on first-level causes ‘lack of
skills’, at 0.745 (as shown in Figure 8.33). Also, MI amount of information brought
by second-level causes ‘work accurately’ to first-level causes ‘lack of skills’ was
I(‘work accurately’; ‘lack of skills”) = 0.3634 (as shown in Table 8.16 and Figure
8.29). ‘Work accurately’ has the highest MI with ‘lack of skills’ indicating a more

dependent relationship between the second-level causes and the first-level causes.

Variables

Lack of skills Mean ® Work Accurately

0.90

0.80

0.70

0.60 |

0.50 ®
0.40 -

0.30

0.20

0.10 T T T T T
0 10 20 30 40 S0 60 70 80 90 100

Normalized Variable Means

Figure 8.33 Direct effects of the potential causes of lack of skills

The maximal variation was determined for the significant second-level causes,
namely, ‘work accurately’. The occurrence and non-occurrence of ‘lack of skills’ in
relation to occurrence and non-occurrence ‘work accurately’ was analyzed. When
there is non-occurrence of ‘lack of skills’, the model predicts the probability of ‘work
accurately’ non-occurrence increases (as shown in Table 8.16). The maximal

variation is 44.04% (negative variation) (as shown in Figure 8.34 (a)).
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In contrast, when there is occurrence of ‘lack of skills’, the model predicts the
probability of ‘work accurately’ occurrence to increase. The maximal variation is
21.61% (positive variation) (as shown in Figure 8.34 (b)). “Work accurately’ is the

second-level causes most likely to underpin ‘lack of skills’.

Work Accurately Work Accurately
Value: 0.3 Value: 0.957
74.07%) _— I Not Occurred 95.69% I Not Occurred
B Occurred - B Occurred
37.04% — a priori 47.84% — a priori
0.00% 0.00% =+
(a) Lack of skills: (b) Lack of skills:
Not occurred Occurred

Figure 8.34 Maximal variation of work accurately

8.3.3.4 Second-level Causes of the First-level Cause ‘Lack of Commitment’

The independence tests Chi—square x° show a significant association between
‘adherence to design & standard’ with the ‘lack of commitment’; y* (1) = 182.49, (p<
0.05) (as shown in Table 8.16). The Chi—square y° test results for the remaining
second-level causes failed to show a significant association (p> 0.05). The results
support that only ‘adherence to design & standard’ is significantly associated with

‘lack of commitment’.

‘Adherence to design & standard’ was found have highest direct effect on first-level
causes ‘lack of commitment’, at 0.098 (as shown in Figure 8.35). Also, MI amount
of information brought by second-level causes ‘adherence to design & standard’ to
first-level causes ‘lack of commitment’ was I(‘adherence to design & standard’;
‘lack of commitment’) = 0.0076 (as shown in Table 8.16 and Figure 8.29).
‘Adherence to design & standard’ has the highest MI with ‘lack of commitment’
indicating a more dependent relationship between the second-level causes and the

first-level causes.
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Variables

Lack of commitment Mean ® Adherence to design & standard (SBC)
0.410
0.400
0.390
0.380
0.370
0.360
0.350
0.340
0.330
0.320
0.310
0.300

0 10 20 30 40 50 60 70 80 90 100

Normalized Variable Means

Figure 8.35 Direct effects of the potential causes of lack of commitment

The maximal variation was determined for the significant second-level causes,
namely, ‘adherence to design & standard’. The occurrence and non-occurrence of
‘lack of commitment’ in relation to occurrence and non-occurrence ‘adherence to
design & standard’ was analyzed. When there is non-occurrence of ‘lack of
commitment’, the model predicts the probability of ‘adherence to design & standard’
non-occurrence increases (as shown in Table 8.16). The maximal variation is 3.766%

(negative variation) (as shown in Figure 8.36 (a)).

In contrast, when there is occurrence of ‘lack of commitment’, the model predicts the
probability of ‘adherence to design & standard’ occurrence to increase. The maximal
variation is 6.651% (positive variation) (as shown in Figure 8.36 (b)). ‘Adherence to
design & standard’ is the second-level causes most likely to underpin ‘lack of

commitment’.
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Adherence to design & standard (SBC)  Adherence to design & standard (SBC)

Value: 0.555 Value: 0.659
59.26% — @ Not Occurred 65.91% M Not Occurred
M Occurred M Occurred
29.63% — a priori 32.96% — a priori
0.00% 0.00%
(a) Lack of commitment: (b) Lack of commitment:
Not occurred Occurred

Figure 8.36 Maximal variation of adherence to design & standard (SBC)

8.3.3.5 Second-level Causes of the First-level Cause ‘Lack of Knowledge’

The independence tests Chi—square y° show a significant association between
‘dimension required’ with the ‘lack of knowledge’; x> (1) = 5.656, (p< 0.05) (as
shown in Table 8.16). The Chi—square y* test results for the remaining second-level
causes failed to show a significant association (p> 0.05). The results support that

only ‘dimension required’ is significantly associated with ‘lack of knowledge’.

‘Dimension required’ was found have highest direct effect on first-level causes ‘lack
of knowledge’, at 0.210 (as shown in Figure 8.37). Also, MI amount of information
brought by second-level causes ‘dimension required’ to first-level causes ‘lack of
knowledge’ was I(‘dimension required’; ‘lack of knowledge’) = 0.0302 (as shown in
Table 8.16 and Figure 8.29). ‘Dimension required’ has the highest MI with ‘lack of
knowledge’ indicating a more dependent relationship between the second-level

causes and the first-level causes.
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Variables

Lack of knowledge Mean @ Dimensions required
0.58
0.56 - ot
4 ‘//
0.5 P
0.52 A
/
0.50
0.48
0.46 »
0.44 - L
’/
0.42
/
S
0.40 2
,//
//'
0.38
//
/

0.36

¢
0.34 1 T T T

0 10 20 30 40 50 60 70 80 90 100

Normalized Variable Means

Figure 8.37 Direct effects of the potential causes of lack of knowledge

The maximal variation was determined for the significant second-level causes,
namely, ‘dimension required’. The occurrence and non-occurrence of ‘lack of
knowledge’ in relation to occurrence and non-occurrence ‘dimension required’ was
analyzed. When there is non-occurrence of ‘lack of knowledge’, the model predicts
the probability of ‘dimension required’ non-occurrence increases (as shown in Table

8.16). The maximal variation is 9.539% (negative variation) (as shown in Figure 8.38

(a)).

In contrast, when there is occurrence of ‘lack of knowledge’, the model predicts the
probability of ‘dimension required’ occurrence to increase. The maximal variation is
10.126% (positive variation) (as shown in Figure 8.38 (b)). ‘Dimension required’ is

the second-level causes most likely to underpin ‘lack of knowledge’.
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Dimensions required

Value: 0.534
62.96% — B Not Occurred
B Occurred
31.48% — a priori
0.00%
(a) Lack of knowledge:

Not occurred

Dimensions required
Value: 0.731

73.09% M Not Occurred
M Occurred
36.54%— | — apriori

0.00%

(b) Lack of knowledge:

Occurred

Figure 8.38 Maximal variation of dimension required
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8.3.4 STR.15

8.3.4.1 Direct Factors with STR.15

The independence tests Chi—square y° show a significant association between
‘equipment-related problems’ and ‘worker-related underperformance’ with the
STR.15; ¥* (2) = 10.39, (p< 0.05), and; y* (2) = 3.128, (p< 0.05) respectively (as
shown in Table 8.17). The Chi—square y* test results for the remaining direct factors
fail to show a significant association (p> 0.05). The results support that only
‘equipment-related problems’ and ‘worker-related underperformance’ is significantly

associated with STR.15 performance.

‘Equipment-related problems’ and ‘worker-related underperformance’ were found
have highest direct effect on the target node STR.15, at 0.170 and 0.304 respectively
(as shown in Figure 8.39). Also, MI amount of information brought by the direct
factors to the target variable STR.15 was I(‘equipment-related problems’; ‘STR.15”)
= 0.0555, I(‘worker-related underperformance’; ‘STR.5’) = 0.0167 (as shown in
Table 8.17 and Figure 8.40). ‘Equipment-related problems’ and ‘worker-related
underperformance’ have the highest MI with STR.15 indicating a more dependent

relationship between these direct factors and the target variable.

Variables

STR.15 Mean ® Worker-related underperformance
A Equipment-related problems

1.25 )
1.20 1
1.15 1
1.10 p
N
1.05 1
1.00 1 A
0.95 14
Ll

r Y r
0 10 20 30 40 50 60 70 80 %0 100

Normalized Variable Means

Figure 8.39 Direct effects of the potential causes of STR.15
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Table 8.17 Statistical analyses of the significant causes of STR.15

Priori Modal Value . Modal Value Maximal Variation
Node Not Meanp df p-value =]

Occurred Occurred Value P Effect State %  Positive Negative
STR.15 Scenario 1: Defective work
Er‘gll)‘g:‘nzm'related 53.43% 46.57% 0.4657 10.39 2 0.0055 0.170 0.0555 Occurred 66.09% 19.52% 19.52%
uwn‘c’g;ggfrfsme 83.99% 16.01% 0.1601 3.128 2 0.0209 0.304 0.0167 Occurred 75.68% 8.309% 8.3090%
STR.15 Scenario 2: Acceptable work
Equipment-related 55 4300 46 5700 04657 1039 2 0.0055 0.170 0.0555 - N 66.94% 13.51% 13.51%
problems Occurred
Worker-related 83.99% 16.01% 0.1601 3.128 2 0.0209 0.304 0.0167 V% 84.76% 0.768% 0.768%
underperformance Occurred
STR.15 Scenario 3: Perfect work
Eﬂﬁ?ﬂes“t'related 53.43% 46.57% 0.4657 10.39 2 0.0055 0.170 0.0555 Occurred 90.76% 6.768% 6.768%
Worker-related 83.99% 16.01% 0.1601 3.128 2 0.0209 0.304 0.0167 V%' 50.09% 3.523% 3.523%
underperformance Occurred
Egoﬁﬂnl::;nt-related Scenario 1: Not Occurred
Equipment 50.26% 40.74% 04074 8364 1 0.0038 0233 0.0447 N 70.63% 11.37% 11.37%
availability Occurred
ll;ll(‘loﬁﬂnl:;nt-related Scenario 2: Occurred
fj;‘lgg:ﬁ‘:; 59.26% 40.74% 0.4074 8.364 1 0.0038 0.233 0.0447 Occurred 53.78% 13.04% 13.04%
Worker-related Scenario 1: Not Occurred
underperformance
Lack of skills 58.69% 4131% 04131 7.026 1 0.0080 0.167 0.0375 . N  63.62% 4.931% 4.931%

Occurred

Worker-related Scenario 2: Occurred
underperformance
Lack of skills 58.69% 4131% 0.4131 7.026 1 0.0080 0.167 0.0375 Occurred 67.17% 25.86% 25.86%
Lack of skills Scenario 1: Not Occurred
Work Accurately 25.93% 74.07% 0.7407 16.38 1 0.0001 0.353 0.0875 Oci\;o:re 4 61.91% 12.15% 12.15%
Lack of skills Scenario 2: Occurred
Work Accurately 25.93% 74.07% 0.7407 1638 1 0.0001 0.353 0.0875 Occurred 91.34% 17.27% 17.27%

The maximal variation of the significant direct factors, namely, ‘equipment-related

problems’ and ‘worker-related underperformance’, as shown in the previous tests:

the Chi-square y’ test, direct effect and the mutual information MI was calculated.

Performance of STR.15 could be ‘perfect-work’, ‘acceptable-work’ or ‘defective-

work’. When ‘defective-work’ was observed (i.e., the state of the quality output for

executing STR.15 is defective-work), the model predicted that the probability of

‘equipment-related problems’ and ‘worker-related underperformance’ occurrence
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increased. The maximal variation was 19.52% and 8.309% (positive variation)
respectively (as shown in Table 8.17 and Figure 8.41 (a)). ‘Equipment-related
problems’ and ‘worker-related underperformance’ are direct factors most prone to

cause ‘defective-work’ in relation to STR.15.

When ‘acceptable-work’ was observed (i.e., the state of the quality output for
executing STR.15 is acceptable-work), the model predicted that the probability of
‘equipment-related problems’ and ‘worker-related underperformance’ non-
occurrence decreased. The maximal variation was 13.51% and 0.768% (negative
variation) respectively (as shown in Table 8.17 and Figure 8.41 (b)). ‘Equipment-
related problems’ and ‘worker-related underperformance’ is direct factors less prone

to cause ‘acceptable-work’.

Similarly, when ‘perfect-work’ was observed (i.e., the state of the quality output for
executing STR.15 is perfect-work), the model predicted that the probability of
‘equipment-related problems’ occurrence increased (positive variation) and ‘worker-
related underperformance’ non-occurrence increased (negative variation). The
maximal variation was 6.768% and 3.523% respectively (as shown in Table 8.17 and
Figure 8.41 (c)). ‘worker-related

‘Equipment-related  problems’  and

underperformance’ are direct factor less prone to cause ‘perfect-work’.

Equipment-related problems
Value: 0.661

66.09% M Not Occurred
M Occurred
33.05% — a priori
0.00%

Worker-related underperformance
Value: 0.243

83.99% M Not Occurred
M Occurred
41.99% — a priori
0.00%

(a) Defective work

Equipment-related problems
Value: 0.331

66.94% B Not Occurred
M Occurred
33.47% — a priori
0.00%

Worker-related underperformance
Value: 0.152

84.76% M Not Occurred
M Occurred
42.38% - a priori
0.00%

(b) Acceptable work

Worker-related underperformance
Value: 0.092

90.76% M Not Occurred
M Occurred
45.38% = A prioni
0.00%

Equipment-related problems
Value: 0.501

53.43% W Not Occurred
M Occurred
26.71% — a priorni
0.00%

(c) Perfect work

Figure 8.41 Maximal variation of the direct factors of STR.15
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8.34.2 First-level Causes of the Direct Factors ‘Equipment-related
Problems’

The independence tests Chi—square y° show a significant association between
‘equipment availability’ with the ‘equipment-related problems’; ¥* (1) = 8.364, (p<
0.05) (as shown in Table 8.17). The Chi-square x° test results for the remaining
direct factors failed to show a significant association (p> 0.05). The results support
that only ‘equipment availability’ is significantly associated with ‘equipment-related

problems’.

‘Equipment availability’ was found have highest direct effect on direct factor
‘equipment-related problems’, at 0.233 (as shown in Figure 8.42). Also, MI amount
of information brought by first-level causes ‘equipment availability’ to direct factor
‘equipment-related problems’ I(‘equipment availability’; ‘equipment-related
problems’) = 0.0447 (as shown in Table 8.17 and Figure 8.40). ‘Equipment
availability’ has the highest MI with ‘equipment-related problems’ indicating a more

dependent relationship between the first-level causes and the direct factor.

Variables

Equipment-related problems Mean ® Equipment availability

0.62
0.60 |
0.58
0.56 -
0.54 -
0.52
0.50
0.48
0.46 |
0.44
0.42 1
0.40 -
0.38
0.36 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Normalized Variable Means

Figure 8.42 Direct effects of the potential causes of equipment-related problems
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The maximal variation was determined for the significant first-level cause, namely,
‘equipment availability’. The occurrence and non-occurrence of ‘equipment-related
problems’ in relation to occurrence and non-occurrence ‘equipment availability’ was
analyzed. When there is non-occurrence of ‘equipment-related problems’, the model
predicts the probability of ‘equipment availability’ non-occurrence increases (as
shown in Table 8.17). The maximal variation is 11.37%, (negative variation) (as

shown in Figure 8.43 (a)).

In contrast, when there is occurrence of ‘equipment-related problems’, the model
predicts the probability of ‘equipment availability’ occurrence to increase. The
maximal variation is 13.04% (positive variation) (as shown in Figure 8.43 (b)).
‘Equipment availability’ is the first-level cause most likely to underpin ‘equipment-

related problems’.

Equipment availability Equipment availability
Value: 0.294 Value: 0.538

70.63% B Not Occurred 59.26% B Not Occurred

M Occurred M Occurred
35.32% — a priori 29.63% — a priori
0.00% 0.00%
(a) Equipment-related problems: (b) Equipment-related problems:
Not occurred Occurred

Figure 8.43 Maximal variation of the equipment availability

8.3.4.3 First-level Causes of the Direct Factors ‘Worker-related
Underperformance’

The independence tests Chi-square y° show a significant association between ‘lack
of skills” with the ‘worker-related underperformance’; Xz (1) =7.026, (p< 0.05) (as
shown in Table 8.17). The Chi-square x° test results for the remaining direct factors
failed to show a significant association (p> 0.05). The results support that only ‘lack

of skills’ is significantly associated with ‘worker-related underperformance’.

253



‘Lack of skills’ was found have highest direct effect on direct factor ‘worker-related
underperformance’, at 0.167 (as shown in Figure 8.44). Also, MI amount of
information brought by first-level causes ‘lack of skills’ to direct factor ‘worker-
related underperformance’ was I(‘lack of skills’; ‘worker-related underperformance”)
= 0.0375 (as shown in Table 8.17 and Figure 8.40). ‘Lack of skills’ has the highest
MI with ‘worker-related underperformance’ indicating a more dependent relationship

between the first-level causes and the direct factor.
Variables
Worker-related underperformance Mean @ Lack of skills
0.26 /..
0.24
0.22

0.20

0.16

0.14 - '

0.10 7

0.08 1 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Normalized Variable Means

Figure 8.44 Direct effects of the potential causes of worker-related underperformance

The maximal variation was determined for the significant first-level cause, namely,
‘lack of skills’. The occurrence and non-occurrence of ‘worker-related
underperformance’ in relation to occurrence and non-occurrence ‘lack of skills’ was
analyzed. When there is non-occurrence of ‘worker-related underperformance’, the
model predicts the probability of ‘lack of skills’ non-occurrence increases (as shown
in Table 8.17). The maximal variation is 4.931%, (negative variation) (as shown in

Figure 8.45 (a)).
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In contrast, when there is occurrence of ‘worker-related underperformance’, the
model predicts the probability of ‘lack of skills’ occurrence to increase. The maximal
variation is 25.86% (positive variation) (as shown in Figure 8.45 (b)). ‘Lack of skills’

is the first-level cause most likely to underpin ‘worker-related underperformance’.

Lack of skills Lack of skills
Value: 0.364 Value: 0.672
63.62% B Not Occurred 67.17% B Not Occurred
B Occurred B Occurred
31.81% — a priori 33.59% — a priori
0.00% 0.00%

(a) Worker-related underperformance: (b) Worker-related underperformance:
Not occurred Occurred
Figure 8.45 Maximal variation of lack of skills

8.3.4.4 Second-level Causes of the First-level Cause ‘Lack of Skills’

The independence tests Chi—square »° show a significant association between ‘work
accurately’ with the ‘lack of skills’; ¥* (1) = 16.38, (p< 0.05) (as shown in Table
8.17). The Chi-square y* test results for the remaining second-level causes failed to
show a significant association (p> 0.05). The results support that only ‘work

accurately’ is significantly associated with ‘lack of skills’.

‘Work accurately’ was found have highest direct effect on first-level causes ‘lack of
skills’, at 0.353 (as shown in Figure 8.46). Also, MI amount of information brought
by second-level causes ‘work accurately’ to first-level causes ‘lack of skills’ was
I(‘work accurately’; ‘lack of skills”) = 0.0875 (as shown in Table 8.17 and Figure
8.40). “Work accurately’ has the highest MI with ‘lack of skills’ indicating a more

dependent relationship between the second-level causes and the first-level causes.
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Variables

Lack of skills Mean ® Work Accurately
0.55
0.50 o
0.45
0.40
0.35
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0.15 9
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Normalized Variable Means

Figure 8.46 Direct effects of the potential causes of lack of skills

The maximal variation was determined for the significant second-level causes,
namely, ‘work accurately’. The occurrence and non-occurrence of ‘lack of skills’ in
relation to occurrence and non-occurrence ‘work accurately’ was analyzed. When
there is non-occurrence of ‘lack of skills’, the model predicts the probability of ‘work
accurately’ non-occurrence increases (as shown in Table 8.17). The maximal

variation is 12.15% (negative variation) (as shown in Figure 8.47 (a)).

In contrast, when there is occurrence of ‘lack of skills’, the model predicts the
probability of ‘work accurately’ occurrence to increase. The maximal variation is
17.27% (positive variation) (as shown in Figure 8.47 (b)). ‘Work accurately’ is the

second-level causes most likely to underpin ‘lack of skills’.
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Work Accurately

Value: 0.619
74.07%  — @ Not Occurred
M Occurred
37.04% — a priori
0.00%
(a) Lack of skills:

Not occurred

Work Accurately
Value: 0.913

91.35% M Not Occurred
M Occurred
45.67% — a priori

0.00%

(b) Lack of skills:

Occurred

Figure 8.47 Maximal variation of work accurately
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8.3.5 STR.16

8.3.5.1 Direct Factors with STR.16

The independence tests Chi—square y° show a significant association between
‘equipment-related problems’ and ‘inappropriate surroundings conditions’ with the
STR.16; ¥* (2) = 6.392, (p< 0.05), and; y* (4) = 47.47, (p< 0.05) respectively (as
shown in Table 8.18). The Chi—square y* test results for the remaining direct factors
fail to show a significant association (p> 0.05). The results support that only
‘equipment-related problems’ and ‘inappropriate surroundings conditions’ are

significantly associated with STR.16 performance.

‘Equipment-related problems’ and ‘inappropriate surroundings conditions’ were
found have highest direct effect on the target node STR.16, at 0.235 and 0.126
respectively (as shown in Figure 8.48). Also, MI amount of information brought by
the direct factors to the target variable STR.16 were I(‘equipment-related problems’;
‘STR.16°) = 0.0152, and I(‘inappropriate surroundings conditions’; ‘STR.16’) =
0.0185 (as shown in Table 8.18 and Figure 8.49). ‘Equipment-related problems’ and
‘inappropriate surroundings conditions’ have the highest MI with STR.16 indicating

a more dependent relationship between these direct factors and the target variable.

Variables

STR.16 Mean @ Inappropriate surroundings conditions
A Equipment-related problems

1.22 2
1.20
118
1.16
1.14
112
1.10
1.08
1.06
1.04
1.02

1.00

10 20 30 40 50 60 70 80 90 100

Normalized Variable Means

Figure 8.48 Direct effects of the potential causes of STR.16
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Table 8.18 Statistical analyses of the significant causes of STR.16

. Mean 5 Direct Modal Value Maximal Variation
Node Priori Modal Value x~  df p-value Effect MI State % Bestve Naghve
STR.16 Scenario 1: defective work
Equipment-related Not Occurred
quip Occurred o 0.5408 6.392 2 0.0409 0.235 0.0152 Occurred 61.86% 7.783% 7.783%
problems 54.08%
45.92%
Inappropriate LM M 00511 4747 4 0.0000 0.126 0.0185 Medium 36.72% 4.358% 6.979%
surroundings cond.  36.26% 32.37% 31.37% : ' ' ' edunt 301270 739870 0.7 1770
STR.16 Scenario 2: acceptable work
. Not
Equipment-related g Occurred ) s408 6392 2 0.0409 0.235 0.0152 MO 5336% 4.106% 5.059%
problems 54.08% Occurred
45.92%
Inappropriate L M H 0.9511 47.47 4 0.126 0.126 0.0185 Low 37.21% 0.722% 0.722%
surroundings cond.  36.26% 32.37% 31.37% ‘ ' ' ' 0 eR 0 S ess0 B asT0
STR.16 Scenario 3: perfect work
. Not
Equipment-related g Occurred o 5408 6392 2 0.0409 0235 0.0152 - MU 55049 8.634% 8.496%
problems 54.08% Occurred
45.92%
Inappropriate L M H o o o
surroundings cond.  36.26% 32.37% 31.37% 0.9511 47.47 4 0.126 0.126 0.0185 Low 44.89% 10.02% 10.02%
Equipment-related g, ) 50 1 Not Oceurred
problems
Hard to deal with Not Occurred Not
. Occurred o 0.8148 22.58 1 0.0000 0.497 0.1207 64.87% 16.60% 16.60%
equipment 18.529% 81.48% Occurred
. 0
Equipment-related ¢, .. -0 2: Occurred
problems
Hard to deal with Not Occurred
. Occurred o 0.8148 22.58 1 0.0000 0.497 0.1207 Occurred 95.58% 14.10% 14.10%
equipment 18.529% 81.48%
. 0
Inapprop-r late Scenario 1: High
surroundings cond.
Inappropriate Low “Medium High " 1300 6097 4 00000 0.178 0.0306 High 6021% 3.577% 5.259%
weather 13.76% 58.54% 27.70% ) ) ) ) ) ) )
Inapprop-r 1ate Scenario 2: Medium
surroundings cond.
Inappropriate Low ~Medium _High 1394 9097 4 0.0000 0.178 0.0306 Medium 64.12% 5.591% 5.522%
weather 13.76% 58.54% 27.70% ) ) ) ) ) ) )
Inapprop'r 1ate Scenario 3: Low
surroundings cond.
Inappropriate Low Medium High o o o
weather 13.76% 58.54% 27.70% 1.1394 90.97 4 0.0000 0.178 0.0306 Low  52.09% 9.479% 6.446%
LLETy Tl Scenario 1: High
weather
Wind 3;7;93% ggg;) oram, 09185 7929 4 00000 0.459 04237 W>7 76.10% S51.66% 28.70%
Lo ppie i Scenario 2: Medium
weather
Wind 3;7;93% ggg;) sram, 09185 7929 4 00000 0.459 04237 W3~T 59.90% 16.93% 21.57%
LT IR DEELS Scenario 3: Low
weather
Wind W3 - W37 W=7 09185 79.29 4 0.0000 0.459 0.4237 W<3  59.09% 26.49% 14.26%

32.59% 42.96% 24.44%
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The maximal variation of the significant direct factors, namely, ‘equipment-related
problems’ and ‘inappropriate surroundings conditions’, as shown in the previous
tests: the Chi-square y* test, direct effect and the mutual information MI was

calculated.

Performance of STR.16 could be ‘perfect-work’, ‘acceptable-work’ or ‘defective-
work’. When ‘defective-work’ was observed (i.e., the state of the quality output for
executing STR.16 is defective-work), the model predicted that the probability of
‘equipment-related problems’ occurrence and ‘inappropriate  surroundings
conditions’ medium ‘M’ increased. The maximal variation was 7.783% and 4.358%
(positive variation) respectively (as shown in Table 8.18 and Figure 8.50 (a)).
‘Equipment-related problems’ and ‘inappropriate surroundings conditions’ are direct

factors most prone to cause ‘defective-work’ in relation to STR.16.

When ‘acceptable-work’ was observed (i.e., the state of the quality output for
executing STR.16 is acceptable-work), the model predicted that the probability of
‘equipment-related problems’ non-occurrence and ‘inappropriate surroundings
conditions’ low ‘L’ increased. The maximal variation was 4.104% and 0.722%
(negative variation) respectively (as shown in Table 8.18 and Figure 8.50 (b)).
‘Equipment-related problems’ and ‘inappropriate surroundings conditions’ are direct

factors less prone to cause ‘acceptable-work’.

Similarly, when ‘perfect-work’ was observed (i.e., the state of the quality output for
executing STR.16 is perfect-work), the model predicted that the probability of
‘equipment-related problems’ non-occurrence and ‘inappropriate surroundings
conditions’ low ‘L’ increased (negative variation). The maximal variation was
8.634% and 10.02% respectively (as shown in Table 8.18 and Figure 8.50 (c)).
‘Equipment-related problems’ and ‘inappropriate surroundings conditions’ are direct

factor less prone to cause ‘perfect-work’.
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B Not Occurred
M Occurred
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Figure 8.50 Maximal variation of the direct factors of STR.16

8.3.5.2 First-level Causes of the Direct Factors ‘Equipment-related

Problems’

The independence tests Chi—square x° show a significant association between ‘hard
to deal with equipment’ with the ‘equipment-related problems’; x* (1) = 22.58, (p<
0.05) (as shown in Table 8.18). The Chi—square x° test results for the remaining
direct factors failed to show a significant association (p> 0.05). The results support
that only ‘hard to deal with equipment’ is significantly associated with ‘equipment-

related problems’.

‘Hard to deal with equipment’ was found have highest direct effect on direct factor
‘equipment-related underperformance’, at 0.497 (as shown in Figure 8.51). Also, MI
amount of information brought by first-level causes ‘hard to deal with equipment’ to
direct factor ‘equipment-related underperformance’ was I(‘hard to deal with
equipment; ‘equipment-related problems’) = 0.1207 (as shown in Table 8.18 and
Figure 8.49). ‘Hard to deal with equipment’ has the highest MI with ‘equipment-
related underperformance’ indicating a more dependent relationship between the

first-level causes and the direct factor.
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Variables

Equipment-related problems Mean @ Hard to deal with equipment

0.65 7
0.60
0.55 1
0.50 1
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Figure 8.51 Direct effects of the potential causes of equipment-related problems

The maximal variation was determined for the significant first-level cause, namely,
‘hard to deal with equipment’. The occurrence and non-occurrence of ‘equipment-
related underperformance’ in relation to occurrence and non-occurrence ‘hard to deal
with equipment’ was analyzed. When there is non-occurrence of ‘equipment-related
underperformance’, the model predicts the probability of ‘hard to deal with
equipment’ non-occurrence increases (as shown in Table 8.18). The maximal

variation is 16.60% (negative variation) (as shown in Figure 8.52 (a)).

In contrast, when there is occurrence of ‘equipment-related underperformance’, the
model predicts the probability of ‘hard to deal with equipment’ occurrence to
increase. The maximal variation is 14.10% (positive variation) (as shown in Figure
8.52 (b)). ‘Hard to deal with equipment’ is the first-level cause most likely to

underpin ‘equipment-related underperformance’.
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Hard to deal with equipment Hard to deal with equipment

Value: 0.649 Value: 0.956
81.48% — B Not Occurred 95.58% B Not Occurred
B Occurred B Occurred
40.74% — a priori 47.79% — a priori
0.00% 0.00%
(a) Equipment-related problems: (b) Equipment-related problems:
Not occurred Occurred

Figure 8.52 Maximal variation of hard to deal with equipment

8.3.5.3 First-level Causes of the Direct Factors ‘Inappropriate
Surroundings Conditions’

The independence tests Chi—square y° show a significant association between
‘inappropriate weather’ with the ‘inappropriate surroundings conditions’; y* (4) =
90.97, (p< 0.05) (as shown in Table 8.18). The Chi—square y° test results for the
remaining direct factors failed to show a significant association (p> 0.05). The results
support that only ‘inappropriate weather’ is significantly associated with

‘inappropriate surroundings conditions’.

‘Inappropriate weather’ was found have highest direct effect on direct factor
‘inappropriate surroundings conditions’, at 0.178 (as shown in Figure 8.53). Also, MI
amount of information brought by first-level causes ‘inappropriate weather’ to direct
factor ‘inappropriate surroundings conditions’ was I(‘inappropriate weather’;
‘inappropriate surroundings conditions’) = 0.0306 (as shown in Table 8.18 and
Figure 8.49). ‘Inappropriate weather’ has the highest MI with ‘inappropriate
surroundings conditions’ indicating a more dependent relationship between the first-

level causes and the direct factor.
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Figure 8.53 Direct effects of the potential causes of inappropriate surroundings conditions

The maximal variation was determined for the significant first-level cause, namely,
‘inappropriate weather’. The occurrence and non-occurrence of ‘inappropriate
surroundings conditions’ in relation to occurrence and non-occurrence ‘inappropriate

weather’ was analyzed.

When there is ‘high’ state of ‘inappropriate surroundings conditions’, the model
predicts the probability of ‘inappropriate weather’ ‘high’ increases (as shown in
Table 8.18). The maximal variation is 3.577% (positive variation) (as shown in
Figure 8.54 (a)). Similarly, when there is ‘medium’ state of ‘inappropriate
surroundings conditions’, the model predicts the probability of ‘inappropriate
weather’ ‘medium’ increases (as shown in Table 8.18). The maximal variation is

5.591% (positive variation) (as shown in Figure 8.54 (b)).

In contrast, when there is ‘low’ state of ‘inappropriate surroundings conditions’, the

model predicts the probability of ‘inappropriate weather’ ‘low’ increases (as shown
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in Table 8.18). The maximal variation is 9.479% (negative variation) (as shown in
Figure 8.54 (c)). ‘Inappropriate weather’ is the first-level cause most likely to

underpin ‘inappropriate surroundings conditions’.

Inappropriate weather Inappropriate weather Inappropriate weather
Value: 1.228 Value: 1.194 Value: 1.014
60.22% B Low 64.13% B Low 58.54% — H Low
B Medium B Medium B Medium
30.11% M High 32.06% M High 29.27% M High
— a priori — a priori — a priori
0.00% 0.00% 0.00%

Inappropriate surroundings conditions:
(a) High (b) Medium (c) Low
Figure 8.54 Maximal variation of inappropriate weather

8.3.5.4 Second-level Causes of the First-level Cause ‘Inappropriate
Weather’

The independence tests Chi—square y° show a significant association between
‘inappropriate weather’ with the ‘wind’; ¥ (4) = 79.29, (p< 0.05) (as shown in Table
8.18). The Chi—square ¥’ test results for the remaining direct factors failed to show a
significant association (p> 0.05). The results support that only ‘wind’ is significantly

associated with ‘inappropriate weather’.

‘Wind’ was found have highest direct effect on direct factor ‘inappropriate weather’,
at 0.459 (as shown in Figure 8.55). Also, MI amount of information brought by
second-level causes ‘wind’ to first-level causes ‘inappropriate weather’ was I(‘wind’;
‘inappropriate weather’) = 0.4237 (as shown in Table 8.18 and Figure 8.49). ‘Wind’
has the highest MI with ‘inappropriate weather’ indicating a more dependent

relationship between the second-level causes and the first-level causes.
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Figure 8.55 Direct effects of the potential causes of inappropriate weather

The maximal variation was determined for the significant second-level cause,
namely, ‘wind’. The occurrence and non-occurrence of ‘inappropriate weather’ in

relation to occurrence and non-occurrence ‘wind’ was analyzed.

When there is ‘high’ state of ‘inappropriate weather’, the model predicts the
probability of ‘wind’ is ‘W>7’ increases (as shown in Table 8.18). The maximal
variation is 51.66% (positive variation) (as shown in Figure 8.56 (a)). Similarly,
when there is ‘medium’ state of ‘inappropriate weather’, the model predicts the
probability of ‘wind’ is ‘W3~7’ increases (as shown in Table 8.18). The maximal

variation is 16.93% (positive variation) (as shown in Figure 8.56 (b)).

In contrast, when there is ‘low’ state of ‘inappropriate weather’, the model predicts
the probability of ‘wind’ is ‘W<3’ increases (as shown in Table 8.18). The maximal
variation is 26.49% (negative variation) (as shown in Figure 8.56 (c)). ‘Wind’ is the

second-level cause most likely to underpin ‘inappropriate weather’.
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Wind Wind Wind

Value: 1.665 Value: 0.656 Value: 0.531
76.11% W Ww<3 59.90% B W<3 59.09% W W<3
W W3-~7 = W W3~7 W W3~7
38.05%1 | w>7 29.95% | w>7 29.55% | w>7
-— a priori — a priori - a priori
0.00% 0.00% 0.00%

Inappropriate weather:
(a) High (b) Medium (c) Low

Figure 8.56 Maximal variation of wind

8.4 Model Validity

The following section discusses the examination of model validity and achievement
of analytical generalisations with respect to the causal model proposed based on
BBN. MMRE is a commonly applied equation to assess error rate in models (Foss,
Stensrud, Kitchenham & Myrtveit, 2003). The prediction accuracy of a model can be
calculated based on the MMRE value (see equation 8.1, 8.2 & 8.3).

Prediction accuracy:
Prediction accuracy =1 — MMRE (8.1)

Where
MMRE: Mean Magnitude of Relative Error

Mean Magnitude of Relative Error MMRE:
1 n
MMRE = EZ MRE; (8.2)
i=1

Where

MRE: Magnitude of Relative Error
n: number of STRs
i=1,2,3,...,n

Magnitude of Relative Error MMRE:
Yi — Vi
Yi

MRE; = | | (8.3)

Where
y: First half
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y: Second half
i=1,2,3,...,n

The MMRE and prediction accuracy are usually calculated following standard
evaluation processes including cross-validation (Briand, El-Emam, & Wieczorek,
1999). An MMRE value of 0.25 or less is considered to be an acceptable value for
the prediction of model accuracy (Conte, Dunsmore, & Shen, 1986). One advantage
of determining MMRE is that researchers are able to make comparisons across data

sets (Briand, Langley, & Wieczorek, 2000; Shepperd & Kadoda, 2001).

In this study, the researcher used the data sets presented in Chapter 4 to validate the
proposed causal model. Using spilt-half approach, the STR data sets were divided
into two groups with each group being constituted by approximately 50% of the
original data set (Bollen, 2014; Drost, 2011; Nunnally, 1978), and then the data sets
were entered into the BBN model and the results assessed. This predicted the
maximal variation for number of significant factors found in each STR. Using
MMRE values of the maximal variation between the two groups (after using spilt-
half method and running the BBN model) enabled the researcher to be able to
calculate the accuracy of the predictions. The following table, Table 19 provides the

accuracy of the predictions for the five STRs.

Table 8.19 The accuracy of the model prediction for the five STRs

Test Re-Test for External Validity

STRs Maximal Positive Maximal Negative
Variation Variation
STR.1 MMRE 8.11% 8.11%
Prediction accuracy 91.89% 91.89%
STR.5 MMRE 6.78% 6.78%
Prediction accuracy 93.22% 93.22%
STR.13 MMRE 6.36% 6.36%
Prediction accuracy 93.64% 93.64%
STR.15 MMRE 13.44% 13.44%
Prediction accuracy 86.55% 86.55%
STR.16 MMRE 15.26% 6.95%
Prediction accuracy 84.74% 93.05%

As can be seen the MMRE for maximal variation generated from the model as

determined by five STRs ranged from 6.36% to 15.26%. The range is within the
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threshold described by Conte et al (1986) and suggesting an acceptable range of
values for the prediction of model accuracy. The prediction accuracy values for the
maximal variation generated from the model as determined by five STRs were found
to range between 84.74% and 93.64% suggesting satisfactory prediction accuracy.
However, it is likely that a positive relationship exists between the prediction
accuracy of the model and the sample size suggesting that the use of larger sample

sizes in the future would further increase prediction accuracy.

The processes of applying the spilt-half method and running the BBN model with the
two groups and attaining satisfactory prediction accuracy supports the validity of the
model. An analytical generalisation that can be made is that the model can be used
accurately with further and other STRs within the building code requirements in

particular in residential construction projects.

8.4 Result Discussion

Through the investigation of the sensitivity of each STR towards quality deviation as
presented in Chapter 5 and 6 together with measurement of the influence of direct
factors of the sub-tasks and their causes as presented in this chapter this study
provided a clear picture about different pattern of each STR in terms of their
interaction. The results presented in this chapter show how the model identified the
significant causes for each STR (STR.1, STR.5, STR.13, STR.15 and STR.16) and
simulated and visualized each STR in terms of its interaction through graphical tools.
The identification was made possible through structuring the process based on a
review of related works in the literature, consideration of firsthand expert opinion,

and applying a BBN analysis of data collected.

The interaction revealed a high level of complexity and uncertainty within each STR
with varying levels STR to STR. The patterns for each STR become complex with
increasing ambiguity due to the number of factors that can interact at the same time.
Based on the distinction between which are the most significant causes of the
interaction for the deviation of the quality practice for each STR, the results of this
chapter identified the significant causes and in which STR such causes occurred.

This is discussed in the following paragraphs.
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As can be seen in Tables 8.15~8.17, ‘worker-related underperformance’ was
observed and predicted as a quality deviation by the research model in STR.5 (Ties
width: D), STR.13 (Cross-sectional dimensions: width x) and STR.15 (Concrete
cover x). The primary contributing causes that are the first-level causes, to this case

are ‘lack of knowledge’, ‘lack of commitment” and ‘lack of skills’.

Concerning ‘lack of knowledge,” it was found that 'dimensions required' was one
essential contributing cause that is a second-level cause. The relationship was
observed during investigation of STR.13 (see Table 8.16). Here, the consistency
between the results and the literature is evident. Much has been written on the
consequences of information scarcity and its impact on decision-making. Lopez et al.
(2010) paraphrase Sunyoto and Minato's comments noting "errors committed of this
nature arise from absent or faulty inferences for the correct information that is
available." In this study, insufficient access to or understanding of the dimensions
required was found to underpin poor performance. Kletz (1985) and Rasmussen
(1983) note that knowledge-based errors are errors that arise unintentionally due to
matter being beyond the capabilities of the individual. In other words, the individual
may be dealing with a situation in which the he or she possesses incomplete

knowledge, and therefore is unable to achieve an effective outcome.

In the study, observations frequently revealed a lack of knowledge and in particular a
lack of awareness or understanding of the required dimensions to conduct the sub-
task. Such was particularly noted during the execution of STR.13. The implication of
this finding is that quality output can be improved through ensuring that workers

have access to and understand the required parameters of tasks.

Concerning ‘lack of commitment’, it was found that ‘adherence to design and
standard (SBC)’ and ‘adherence to procedures’ were essential contributing causes
(second-level causes). The relationship was observed during investigation of STR.5,
STR.13 and STR.15 (see Tables 8.15~8.17). Issues of adherence are often reported
in the literature. While knowledge-based errors tend to arise largely non-
intentionally, non-compliance with standards that are known tends to be somewhat

underpinned by an intentional or reckless approach to tasks (Lopez et al., 2010).
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Van-Dyck et al. (2005) associates non-compliance with violations, which they define
as "intentional deviations from standards, norms, practices, or recommendations."
The intentional nature of violations reflects potentially more serious issues within the
organisation. Sunyoto and Minato (2003) in the context of occupational health and
safety, define violations as "deliberate ... deviation from those practices deemed

necessary to maintain the safe operation of a potentially hazardous system."

On site, it was observed that a number of workers refrained from achieving specific
dimensions presented in project documentation, notwithstanding that they had
previously indicated that they possessed the pre-requisite knowledge. This was
particularly evident in relation to fabrication process of the ties for column cage
(namely STR.5). There were related issues concerning 'Adherence to procedures',
found to be another ‘lack of commitment’. A number of workers were found to
ignore the task sequence during the fabrication stages of STR.5 and STR.15.
Inconsistent machine setting in relation to STR.5 and inconsistent spacer operation in

relation to STR.15 where found to were specific problems observed.

Concerning ‘lack of skills’, ‘work accurately’ and ‘handle with equipment’ were
found to be essential contributing causes (second-level causes) as observed during
investigations of STR.5, STR.13 and STR.15 (see Tables 8.15~8.17). Lopez et al.
(2010) refer to "skill-based errors" as errors, which arise, from an acceptable plan,
but actions not being performed as planned. Cheyne et al. (2006) referred to this
category of errors as "execution deviations" as the error arises due to a departure
from the plan. Skill-based errors, in this sense, are largely unintentional errors. On
site, it was observed that a significant number of workers, did not possess sufficient
skills to achieve the required dimensions accurately as mentioned in the project
documentations notwithstanding that these workers had been found to have the
required knowledge and be highly committed to executing tasks adhering to design
standards and endorsed procedures. The issue was observed during investigations of
STR.5, STR.13 and STR.15. Similarly, a number of workers were observed as
appearing to lack the skills to handle with equipment. The issue was particular acute
in relation to manual devices and those machines relevant to achieving the required

dimensions. The issue was observed in relation to STR.5 and STR.15.
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‘Supervisor-related underperformance’ was observed and predicted as a quality
deviation by the research model in STR.1 [Steel cross-section area (Ay)] (see Tables
8.2). ‘Lack of commitment’ of the supervisor performance (see Table 8.12) was
found to a primary contributing cause (a first-level cause). Supervisor ‘absenteeism’
was found to be an essential contributing cause (a second-level cause) to such ‘lack
of commitment’ (see table 8.14). Aljassmi, H., et al. (2013) notes that it is most
typically the field supervisor’s responsibility to filter information discrepancies,
errors and misinterpretations during the construction stage of a project. Yet Silva,
Ruwanpura and Hewage (2009) and Aljassmi, H., et al. (2013) present reports that
30% of field supervisor’s time was found wasted on ineffective activities or
absenteeism from their job. The condition that violations typically proliferate in
environments where there is poor supervision is without contention (Reason, 2002;

Van-Dyck et al., 2005).

Supervisor absenteeism was one of the second-level causes has been predicted by the
model based on observation of STR.1. Such absenteeism was more often observed in
relation to the private residential projects (namely villas) more than apartment
residential projects. The supervisory pattern for the private residential projects is
often temporary with an inspector visiting the site regularly. In contrast, apartment
residential projects tend to have a permanent supervisor in the form of inspector or
inspector team on site. The intermittent nature of supervision in private residential
projects means that often the inspector will pay most attention to quality once the
construction stage is complete a time which is often too late to check STR

performance. This is particular true for STR.1.

‘Materials-related problems’ was observed and predicted as a quality deviation by
the research model in STR.1 (see Table 8.2). ‘Inadequate quantity of material’ was
found to be a primary contributing cause (a first-level causes) (see Table 8.4).
Inadequate quantity of material is an issue, which can arise often due to due poor
planning. Based on observations of STR.1, the model predicted inadequate quantity
of material had a significant relationship with quality deviation. On site, it was found
that material shortages led a number of workers to undertake compensatory actions
such as reducing the number of bars per column cage. Such actions would have led

to a reduction in the required steel ratio for those columns.
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‘Equipment-related problems’ was observed and predicted as a quality deviation by
the research model in STR.5, STR.15 and STR.16 (see Tables 8.15, 8.17 and 8.18).
‘Hard to deal with equipment’ and ‘equipment availability’ were found to be primary
contributing causes (as first-level causes). Tserng et al., (2013) found that ineffective
use of machines and equipment accounted for 15% of total project waste in the

construction sector.

‘Equipment availability’ issues, such as equipment shortage, were observed
particularly in relation to STR.15. On site, it was found that a shortage of concrete
cover spacers led to reduced concrete cover of columns and contraventions of
building code requirements and project documentation. Another 'equipment-related
problems’ issue stems from the equipment itself. During observations of STR.5 and
STR.16 it was noted that there was a tendency to rely on traditional tools such as a
‘Plumbob’, to construct a true vertical alignment of the columns. Such tools tended
to have an inherent susceptibility to inaccuracy, which led to deviation from

acceptable ranges.

'Documentation-related underperformance’ was observed and predicted as a quality
deviation by the research model in STR.1 (see Table 8.6). ‘Specifications-related
underperformance’ and ‘drawings-related underperformance’ were found to be
primary contributing causes (first-level causes) (see table 8.6). In relation to
'drawings-related underperformance’, ‘wrong information’ was found to be an
essential contributing cause (second-level cause) (see table 8.8 and 8.10). Oyewobi et
al., (2011) reporting on studies in Nigeria reveal that specifications and drawings
relevant to construction projects commonly contain errors, inconsistencies, and
omissions, and also commonly lack clarity. There is also a risk of the passing on of
wrong information and that end users of such documents will ignore or neglect even
the correct contents of such documents. Josephson & Hummarlund (1999) found that
misleading design-related information was a prime determinant of defect occurrence.
In this study, ‘Documentation-related underperformance’ was found to impact
significantly on STR.1 but not others suggesting that STR.1 is more sensitive to the
information the other STRs and that the nature of information of STR.1 might be

more difficult to settings by the designers.
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The ‘Inappropriate surroundings conditions’ was observed and predicted as a quality
deviation by the research model in STR.16 (see Table 8.18). ‘Inappropriate weather’
was found to be a primary contributing cause (a first-level cause) (see table 8.18). In
relation to ‘inappropriate weather’, ‘wind’ was found to be an essential contributing
cause (a second-level cause) to condition. Such was observed during investigation of
STR.16 (see table 8.18). Wind together with noise, site conditions, external
interference and even political and social instability are often tied to adverse task
completion (Fayek et al., 2003; Liu & Li, 2012; Love et al. 1997). On site, it was
observed that increases in wind speed appeared to be a likely condition impacting on

the verticality setting of columns due to the impact of the wind on the tools used.

8.5 Suggestions and Recommendations

The literature to date has investigated quality deviation, construction defects and
causation in terms of defect type, building element, activity or task. The limitation of
studies to date particularly those concerned with concrete building structures is the
depth of analysis. A focus on the requirements of sub-tasks and relationships with
quality deviation (adopted here) has thus far been an approach that has been largely
neglected. This study contributes to knowledge in the field of defect control by
investigating the relevance of the requirements of sub-tasks. The study also
contributes to the area through reporting on the application of a BBN approach to
quality deviation approach. Together a model is proposed which offers a means to

predict causes of quality deviation for each STR.

Findings from this research are patterns inherent for each STR. STR.1 [quality lack-
of compliance relative to steel cross-section area (Ay)] has three direct factors
(‘documentation-related underperformance’, ‘materials-related problems’ and
‘supervisor-related underperformance’) driven by four first-level causes
(‘specifications-related underperformance’, ‘drawings-related underperformance’,
‘inadequate quantity of material’ and ‘lack of commitment’) that themselves are
driven by second-level causes (such as ‘wrong information’ from the specifications,
‘wrong information’ from the drawings, and the supervisor ‘absenteeism’). The

cause patterns are STR specific. The implication is that each STR must be
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investigated in isolation and cause patterns cannot be generalised. In other words, the
findings of this study emphasize the importance of checking cause patterns for each

STR separately to be able to control the potential causes for each STR.

The results suggest that Quality Practitioners, in particular, Quality Control
Managers and Building Site Inspectors, should prioritize for the most significant
causes of quality deviation for each STR as a means of improving the inspection
process. Such an approach would also aid in the design of protection and proactive

strategies to manage undesirable quality practices.

The capacity to visualize the causation paths of quality deviation is another
contribution of this study. Visualization of causation could be adopted as an
inspection tool through quality control software based on the development of a wide
database of STRs relevant to building construction. Added value could arise from
further research simulating STR patterns and the development of an augmented
reality platform. The upshot would be solutions to aid the prevention of quality
deviations and construction defects though proactive actions based on the history of

each STR.

8.6 Conclusions

This chapter is an extension for previous work on chapters 5 and 6. The BBN
approach was utilized to quantify the most significant causes through observing and
predicting of the interaction between the deviation level in terms of the quality
practices for each STR (five STRs have been examined: STR.1, STR.5, STR.13,
STR.15 and STR.16) and which kind of causes that related to each STR. Based on
the statistical examinations and metrics, the significant causes for five different STRs
have been identified using data set includes 135 events (site measurements, direct
observations, auditing the project documentations and structural interviews) for each
STR from 27 case studies from construction residential projects. The quality
deviation causes for each STR have divided into three levels: the direct factors (i.e.,
task resources and task surroundings conditions) include the 6 direct factors (e.g.,

‘workers’); first-level causes include the 6 causes (e.g., workers ‘knowledge’) and
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finally second-level causes include the 41 causes (e.g., knowledge about the

‘required dimensions”).

The study shows different patterns among STRs that indicates that it is highly ill-
advised to deal with all STRs as same manner. In particular, it is impractical to
generalise the causes for each STR to the other. So, the study recommends that the
identification model developed here be used to establish the causes for each
respective STR (quality non-compliance) that potentially leads to quality deviation in
order to control the potential causes and improve the quality practices for each sub-
task requirement. Such an approach shall greatly assist Quality Managers and
Building Inspectors to detect implicit prevention and proactive strategies to help
control quality deviation and defect through prioritisation of the most significant
causes for each STR in order to improve overall quality and inspection systems.
Indeed the results here contribute greatly to visualisation techniques able to clarify
the causal paths of any subsequent quality deviation. This strategy, if adopted as an
inspection tool by quality control software throughout the building can be argued to
ultimately add value to databases cumulatively, and subsequently include all sub-task

requirements applicable across all types of construction projects.
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CHAPTER 9: Conclusion

9.1 Research Overview

A large body of research points to the fact that in the construction industry; in
particular, residential buildings suffer from quality deviation and construction
defects. Quality management interventions do appear to be increasingly applied in
such projects, however barriers to the uptake of these methods and techniques exist
(Jaafari, 1996; Chileshe, 1996; Bubshait & Al-Atiq, 1999; Love, Mandal & Li, 1999;
Love, Li, Irani & Holt, 2000; Pheng & Toe, 2004; Haupt et al., 2004; Turk, 2006).
One of these barriers relates to understanding the sensitivity patterns of (sub)tasks
(involved in the project) to deviation, in particular, there is a need to better
understand quality deviation from the requirements of sub-tasks and their respective
relationship with direct causes of deviation. Indeed industry has real initiatives for
simulation of the actual practices of quality attainment across project sites, especially

if inspection processes are to be targeted and effective and efficient.

Quality deviation as a result of non-compliance with project design specifications
and building codes during building-work and resultant on-site construction defects in
as-built components, leads to rework (and capital budget and schedule overruns), and
life-cycle maintenance concerns (at the post certificate-of-completion stage) (Azhar
et al.,, 2011; Love et al., 2013). Rework of failing building elements stems largely
from deviations from quality procedures (Lopez et al., 2010; Vlassis et al., 2007).
Reducing quality deviation is a critical focal point for genuine improvement of the

construction industry and in particular residential projects.

For at least the past decade and a half, scholars have become interested in the optimal
adoption of quality management interventions in the construction industry. Studies
published relate to quality deviation analysis, defect occurrence and rework. A
number of frameworks have been developed to improve the quality management in
construction industry and quality control in particular. However, to date, there is a

dearth of studies focusing on the nature of the (sub)tasks of construction. In
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particular, there has been a severe lack of emphasis in consideration of the impact of
building code requirements and the relationships of these requirements with direct
causes of deviation. To bridge the gap, the research objectives of this project aimed
to understand and simulate the actual practices of quality-attainment at the sub-task
level. The conceptual framework and the factors used in this research build upon

prevailing theoretical understandings within the field.

The main aim of the study was to develop an approach to determine patterns of
quality deviation and defect occurrence in the construction industry using a novel
quality deviation classification system and novel mode to simulate interactions
between deviations of STRs and direct causes. To address the primary aim, six
objectives were formulated and pursued. The achievement of the six objectives is
described in the following chapter. In addition the academic and practical
contributions of the research project are described as are the specific limitations of
the project. Finally, directions for areas of future investigation in the field are

provided.

9.2 Achievements of Objectives

Objective one: To identify factors relevant to quality deviation and defect

occurrence in the construction industry through a review of the literature.

Factors relevant to quality deviation and defect occurrence were identified based on
the task resource and workplace conditions. Based on a review of the literature
related to quality deviation and defect occurrence, an initial draft list of 87 items was
determined. Prior empirical studies in this regard have focused on either direct or
root causes, rework or consequences, the modeling and prediction techniques, and
the quality practices. The items were tested for content validity involving three
judgments by a panel of three experts. The final list of the factors was reduced into

65 items based on objective analysis of expert opinion.
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Objective two: To measure susceptibility to deviation for individual STRs to

determine whether isolated STRs exhibit unique deviation patterns.

In particular, the study explored the nature and pattern of tasks (pursuant to building
code requirements) and each task's susceptibility to deviation by dividing work-site
activities into sub-tasks. To address this objective, the design specifications for
specific sub-tasks from requirements from building codes (e.g. SBC and ACI) and
project documentation (e.g. drawings, specifications) were identified and these
parameters were used to set target measurements, tolerance range and
maximum/minimum boundaries for each sub-task. These points were used to

measure deviation degree.

To address the objective, CPI analysis, a statistical process control tool, was applied
to determine the capability of a process C,and Cp. Here, the susceptibility of each
STR to exposure to quality deviation was identified and statistical process control
amounts C, and C, were employed to measure quality practices for 17 STRs

respectively across 27 separate construction sites.

The study found that the susceptibility of each STR to deviation varies with the
complexity or difficulty of meeting the requirements for the sub-task. The
implication is that each task should be broken down in to sub-tasks and consideration
given to specific requirements of the sub-task, in order for accurate analysis of

quality deviation and construction defects.

The CPI technique showed that 23.5% of STRs showed less susceptibility to

deviation
[namely: STR.I, STR.6, STR.9 and STR.11, representing sub-tasks of
achieving and installing Steel cross-section area (Ay); Ties depth; Ties: Bend
dimensions; and Vertical spacing between ties, were less likely to result in
knock-on structural column sub-defects].

On the other hand 41% of STRswere more likely to exceed the specification limits

(STR.3, STR.7, STR.8, STR.12, STR.13, STR.14 and STR.15);

While the remaining 35.3% of STRs showed higher susceptibility to deviation.
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[in other words STR.2, STRA4, STR.5, STR.10, STR.1I6 and STR.17,
representing the sub-tasks of achieving and installing Longitudinal Bars
Length; Offset bars - longitudinal bars; Ties width;, Horizontal spacing
between longitudinal bars; Deviation from plumb for column: Column
levelling; and, Deviation between horizontal elements in column, all showed
a high propensity for quality deviation away from expected quality-norms for
the finished structural column].

The implication is that task characteristics dictate the susceptibility of each STR to

exposure to quality deviations. The majority of STRs were found to have low Cpk

values due to central deviation from the pre-sets.

Complexity, difficulty, item size, constraining tolerance limits were some of the
characteristics of STR that affected incidence of quality deviations. Column
dimension STRs, for example, have tight constraining limits and were found to have
higher incidence of deviation. Relationships between different STRs also influences
quality practices and can cause more severe risk for some STRs. Insufficient
technical awareness of design codes and other requirements of sub-tasks amongst
non-technical staff also caused deviation risk in the representative structural column,

and by extension risk of failure to the facility generally.

The implication is that inspection work cannot be exerted equally across STRs
without regard to the complexity of STR relationships, the personnel level of
understanding of pre-set requirements and offset from tolerance limits even where
the C,, value is higher. The distribution of inspection effort should take into account
STR complexity, sub-task risk severity, STR relationships, C, value, and the

influence of the specific STR on project budgeting and time constraints.

Objective three: To classify each STR based on its tendency to be performed

across six novel classes.

The classification of tasks into micro-level manageable STRs was expected to
produce a clearer picture about the deviation patterns of the STRs. The expectation
was that such information would be useful to ensuring appropriate allocation of

inspection effort to minimise deviation occurrence.
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To address this third objective, an anatomical analysis for each STR was conducted
to present its quality performance. The classification included distribution based on
the relationship between STR and deviation class; distribution based on the expected
quality output i.e., perfect-work, acceptable-work or defective-work output; and,
distribution based on sources of deviations and defects. The frequency of occurrence
of each of the six classes was determined and used to assist understanding patterns of

deviation occurrence.

In relation to the relationship between STR and deviation class, acceptable-work
deviation during actual work (the execution phase) was the most common occurrence
(56.3%). Defective-work during actual work (the execution phase) (24.7%) followed.
Perfect-work had an occurrence of 16.9%. The other classes were found to have very

low occurrence (0.1-1.0%).

In relation to the expected output works for STRs, acceptable-work constituted over
half of the cases (57.3%). Defective-work constituted approximately a quarter of

cases (25.7%), and perfect-work recorded the lowest ratio (16.9%).

Finally in relation to deviation sources by STR, “actual” (the execution phase) source
dominated the majority of cases (81.1%). “No deviation” was recorded at 16.9%.
The "actual and design” source was recorded to be around 1.90%, and the ratio of the

"design” source only was 0.1%.

Most STRs were prone to deviation. Across 17 STRs the sensitivity towards
deviation classes was found to vary, especially for those classes related to actual
work (the execution phase). The six-class approach to classification contributes to
the body of defect management knowledge by providing a quantitative framework
platform for researchers to apply to future investigations into accurate defect
analysis; and moreover also contribute to (better) practice on-site, through providing
a means to assess deviation occurrence and source of deviation occurrence, and
inform the allocation of inspection effort towards most efficient and effective best-

practice for such building inspections.
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Objective four: To measure and rank the sensitivity towards each class from

one STR across all STRs.

The objective of measuring association between degree of deviation and STRs, and
ranking the sensitivity towards each class from one STR across STRs was intended
to provide information concerning the level of variation and sensitivity between the

STRs.

To address the study objectives, the data set was analyzed by chi-square (y2)
statistical analysis and odds ratio testing. Chi-Square (y2) analysis was used to
determine association between degree of deviation and the STRs. The odds ratio test
is the measurement of the ratio between the odds of the presence of a certain quality
deviation from a particular task or sub-task and the odds of the absence of that
specific quality deviation. The odds ratio test is often used to evaluate the ratio
between odds of an outcome occurring to the odds of it not occurring. In this

research, odds ratio analysis was used to rank sensitivity degree of STRs.

In relation to the relationship between STR and deviation class, Chi-Square (2) test
indicated a low to medium association. The general pattern of this class for STRs is
one of predominant independence. Having said this, isolated STRs were found to
have atypical frequencies of classes, which may suggest a need for higher caution

when dealing with these tasks.

In relation to expected output works for STRs, Chi-Square (y2) test indicated a
medium to high association suggesting a statistically significant association between
degree of deviation and STRs. Although, the general pattern of the degree of
deviation; i.e. perfect, acceptable or defective; for STRs is one of predominant

dependence, some may deviate and demand greater attention from inspectors.

In relation to deviation sources by STR, Chi-Square (y2) test indicated a low to
medium association. The general pattern of the deviation sources for STRs is
predominantly independent. Caution is required when dealing with these tasks as

isolated STRs were found to have atypical frequencies of classes.
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In relation to odds ratio values, the deviation sensitivity variation of STRs towards
perfect-work, acceptable-work and defective-work was measured with STR.17 taken
as benchmark. The majority of STRs were more sensitive to the "perfect-work"
criteria than the benchmark. STR.6 and STR.14 (Ties depth achievement and Cross-
sectional dimensions: formwork depth as sub-tasks of structural column installation)
were particularly prone to classification as "perfect-work". In contrast, the majority
of STRs were less sensitive to "acceptable-work" criteria compared to the
benchmark. STR.9 and STR.11 however, were more prone to classification as
"acceptable-work" than the benchmark. Similarly most STRs were more sensitive to
the "defective-work" criteria than the benchmark. STR.3 and STR.12 (lap splices
and  Spacing above the slab as sub-tasks in the installation of structural columns)
were particularly prone to classification as "defective-work". Again, the results
support that the nature of each STR differs in terms of its sensitivity to quality

deviation.

Designers should take the variation in sensitivity to quality deviation STR to STR
into consideration in order to develop appropriate design and performance of each
STR. Similarly, an awareness of variation in sensitivity to quality deviation STR to

STR would help to inform proactive strategies to minimise deviation occurrence.

Objective five: To develop and test a novel BBN-based model capable of

simulating realistic interaction of quality deviation with its causes at the STR level.

It was anticipated that a novel model based on BBN (developed here) would be a
useful tool to simulate interaction between quality deviation with causes of deviation.
The model was intended to be able to determine the variation of influence of direct

causes of deviation affecting each STR.

To address the fifth objective, earlier work (described in Chapters 5 and 6) was
extended upon. A BBN approach was used to quantify the most significant causes of
deviation through observing and predicting interaction between the deviation level in
terms of the quality practices for 5 STRs (STR.1, STR.5, STR.13, STR.15 and
STR.16 were examined) and which causes of deviation related to deviation for each

STR.
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Unique causation patterns of deviation were identified for each STR. The result
supports that a STR-by-STR approach would be the most efficient approach to defect
management. To date, cause patterns for individual STRs have been neglected.
Scholars have considered causes of deviation on a presumption that the causes affect
tasks uniformly. In other words, a one-cause-pattern-fits-all approach has been
applied. The results in this study emphasize the importance of checking cause
patterns for each STR separately to be able to control potential causes of deviation

appropriately for each STR.

Deviation in STR.1 (the sub-task of achieveing and installing compliant steel cross-
section areas) was found to be underpinned by three direct factors (‘documentation-
related underperformance’, ‘materials-related problems’ and ‘supervisor-related
underperformance’) driven by four first-level causes (‘specifications-related
underperformance’, ‘drawings-related underperformance’, ‘inadequate quantity of
material’ and ‘lack of commitment’) that in turn are underpinned by second-level
causes (‘wrong information’ from the specifications, ‘wrong information’ from the

drawings, and the supervisor ‘absenteeism’).

Deviation in STR.5 (achieving compliant tie-widths for structural columns) was
found to be underpinned by different direct factors. Deviation in STR.5 was also
found to be underpinned by a pattern of direct factors that was different from the
patterns that caused deviation in other STRs (STR.13, STR.15 and STR.16). The
results support that QC processes should be designed so that the treatment of the

most significant causes of quality deviation for each STR is prioritized.

The results support that as the influence of particular causes of deviation vary STR to
STR, effectiveness in defect management may be lost where a non-STR-specific
approach to QC management is used. The results support the identification of
deviation cause patterns for each STR involved in a construction project. Where
specific STRs are prone to deviation due to causes specific to those STRs, the defect

management approach should reflect such.
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Objective six: To provide recommendations with respect to the nature of

STRs in concrete structural construction and model quality deviation and defects.

The following discussion addresses objective six, namely the development of
recommendations towards appropriate for sub-task quality-compliance(s) for

structural concrete construction.

Recommendation-1: The variation in sensitivity to quality deviation STR to STR
should be considered during the design and the implementation of each STR. During
the design stage, an understanding of this variation should inform the design of
defect management strategies so that interventions to reduce sources of major
deviation can be prioritized and redundant interventions eliminated. During the
implementation stage, an understanding of this variation should inform the relative
amount of caution that should be applied. STRs more prone to deviation should be

tended to with greater care.

Recommendation-2: Inspection effort (for on-site building activities) cannot be
exerted equally across STRs without regard to the nature of STRs and the STRs'
sensitivity to deviation. Inspection effort should be designed and distributed based on
the sensitivity of the relevant STRs to deviation. So, there is no specific benefit to be
gained from conducting uniform inspection procedures, that is, no benefit in applying
the same inspection effort, across all STRs. Site inspectors can be advised explicitly
of comparatively lower or higher susceptibilities (potential respective exposure) to
deviation. For example, C, values for tie depth (STR.6) can be expected to hit target
whereas C, values for rebar lap splicing (STR.3) generally fall to satisfy
requirements. Resultantly to achieve the desired quality control for columns, an
inspector should allocate more time resources to rebar splicing, and less to tie depth

preparations.

Recommendation-3: As the patterns of direct causes of deviation are unique for each
STR, each STR should be investigated in isolation. Cause patterns cannot be
generalised. By understanding cause patterns for each STR, quality managers will be

able to apply a more targeted approach to defect control.
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Recommendation-4: Quality managers should use a visualization tool to clarify the
STR-specific cause of deviation pathways. A database of STRs applied in the
construction sector should be developed. Such a resource would add value to quality
practices through providing a base for further research into the simulation of STR
patterns. An augmented reality platform should be developed. Such a development
would enable a sophisticated approach to defect management. Specifically, the
history of each STR in terms of its proneness to deviation and the causes of deviation

most influential to it would be available to inform best practice.

Generalizations-1: This study identifies unique patterns for each STR indicating that
it is illogical to deal with all STRs in the same manner. In particular, the
generalization of the causes of deviation for one STR to another must be avoided.
The study was conducted in Saudi Arabia suggesting that the findings can only be
generalized to this setting. Similarly, the generalisability is limited to the specific 17

STRs examined across the 27 building sites visted.

Generalizations-2: The study implies that deviation pattern of all or even groups of
STRs in the construction industry cannot be generalized. In this study, none of the
STRs investigated had the same quality deviation sensitivity. The result highlights
the need for defect management researchers to focus on the STR level in order to

generate meaningful representations of the likelihood of defect occurrence.

Generalizations-3: Statistical generalizations related to direct causes of deviation
(for STR.1, STR.5, STR.13, STR.15 and STR.16) in projects in Saudi Arabia are
provided. Such generalisations should improve QC processes and inspection
performance through providing meaningful information concerning deviation

patterns and direct causes of deviation for each of the 5 STRs.

Generalizations-4: Theoretical generalizations related to the proposed and developed
model are provided. The model can be adopted for future research efforts in different
countries. The model can used to study different parts of building structures or

different phases of construction project delivery, such as the design phase.
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9.3 Contributions to the Knowledge

9.3.1 Theoretical benefit and contributions to existing body of knowledge

The study provides a number of theoretical benefits.

1.

The study provides an introduction on the use of SPC analysis to assess STR
deviation. SPC analysis is a common quality management tool applied in
manufacture. However, the study has shown its application as a QC tool in
construction by adopting SPC analysis for the evaluation of 17 STRs related
to columns. The specific SPC applied depends on the fundamental
requirement of the relevant building code.

The study proves sensitivity towards quality deviation varies STR to STR.
The finding supports the need to investigate proneness to the quality
deviation and construction defects on a STR level.

The six-class classification approach contributes to the body of defect-
occurrence knowledge by providing a platform for researchers to model
future investigations into accurate defect analysis. The classification
approach proposed and tested by the study provides a means to gather insight
about each STR based on its tendency to be performed across six novel
classes.

The study introduces a novel approach to simulating the actual practice of
quality and direct causes of deviation using BBN. The model links the degree
of deviation for each STR with its direct causes. The direct effect and MI
between the degree of deviation for each STR (perfect, acceptable or
defective-work) and the direct causes is also able to be calculated using the
proposed model. Also, the direct effect and MI between the direct causes and
the first and second level of causes can also be calculated.

The study proves the direct causes between STRs are different from each
other. The result adds value to the body of knowledge through emphasizing
the need to use an anatomical approach to investigate the causes of quality

deviation.
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9.3.2 Industrial contribution and benefit

1.

The study identifies which causes of quality deviation (and non-compliance)
for each (activity sub-task) STR are most likely to lead to actual deviation.
The finding serves to assist Quality Managers to better understand the
potential causes of deviation STR to STR. Such information would aid the
detection of implicit prevention and proactive strategies to control deviation
through prioritizing focus on the most significant causes of deviation for each
STR.

The study proposes and tests a novel simulation capable of simulating actual
practices onsite. The model is suitable for industry application for the
purposes of STR deviation cause prediction across different elements of
building structures. The proposed model is suitable for future linkage with

infrared or point cloud technology systems to streamline inspection.

9.3.4 Implications for the quality practices in residential projects in Saudi

1.

Arabia

Context-specific findings were that quality practices for a number of STRs
were poor. The practice of STR.1, the steel cross-section area “Ag” of
longitudinal bars for the column was found to be particularly hazardous
potentially leading to the production of unsafe buildings and catastrophic
collapse. More attention into quality practices is required especially in
relation to the more risky STRs identified.

Overall the causes of quality deviation for the five STRs were different. For
example, project documentation appeared to a unique issue for STR.I.
Notwithstanding this, worker performance and equipment-related factors
tended to be present as direct causes of quality deviations at least to some
extent across the five STRs. This finding is consistent with other studies into
the construction sector in Saudi Arabia and suggests the need to particular

attention to be devoted to these issues.
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9.4 Limitations

The study focused on only one structural (concrete column) sub-element of a typical
residential building. Thus, the results of the study are limited to the structural
element investigated. Similarly, due to practical constraints the study focused on
only 17 STRs when theoretically there are a vast number of possible STRs that could
have been investigated. In other words, the study was only able to investigate a
relatively small proportion of the total number of STRs that could be relevant to the
construction of a building. Other STRs related to the column element and STRs
related to different structural elements of the construction building such as the slaps,
walls and so on, were not examined. Notwithstanding this, the number of events (n=
3030) observed on-site and in-person by the researcher for the selected STRs goes

some way to mitigating the narrow scope of the study.

Another limitation is that the study was only able to provide a representation of the
quality practices in residential construction in Saudi Arabia. As each country has its
own legal compliance requirements and policy in relation to minimum acceptable
levels of quality practices. Each country also has different entry-level requirements
for construction personnel and different levels of tolerance to deviation from explicit
standards. Any generalization of the results of this study to construction practices in
other countries must be done so with considerable caution. While the context-
specific nature of the findings is an important limitation concerning the
generalizability of the findings of the study it is also an opportunity for comparable

studies to be conducted in orders to valid the phenomenon globally.

The researcher drew the applied direct causes from a review of the literature and
through input from industry experts. While the researcher was keen to identify the
most important direct causes of deviation and also to include a wide range of causes
of deviation, it is inevitable that some causes of deviation in construction may have

been unintentionally omitted from the analysis or unintentionally misrepresented.
Defect management to date is a field of knowledge in which there are a range of

theoretical frameworks and these frameworks rely on different semantics to convey

meaning. It is also possible that there are context-specific causes of deviation not
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expressly noted in the literature and not necessarily within the knowledge of

industrial experts, and therefore not included in the study.

Finally, while the study provides insight into the construction elements and task
activities in terms of their sub-task sensitivity to deviation, it is vital that inspection
is not abandoned in the cases of relatively low sensitivity to deviation. Specifically,
in a minority of cases inspection remains vital even where C, values are high (such
as confirmation of steel cross-section-areas, STR.1). Other parameters must be
factored-in, in order to gather a more complete picture of the extent of risk related to
the performance of particular STRs. The degree of risk severity will be related to the
specific sub-tasks’ position on a critical-path. Specific sub-tasks will have a higher
supply-cost than others. The work-method involved for each sub-task will be
different. These additional factors influencing the degree of risk severity were not
considered in this study and therefore represent an important limitation that needs to

be taken into consideration.

9.5 Areas for Future Research

The study provides foundation for a number of future investigations. In this study,
the data was collected and analysed from the concrete column structural component
of the building. The sensitivity of STRs derived from other structural components
also needs to be investigated. Such a study would serve as a useful comparative
investigation and inform the generalisability of the findings of both studies.
Similarly, the investigation in this study was limited to residential buildings in Saudi
Arabia. It is important for a similar investigation to be conducted in other contexts.
As construction tends to a setting-specific activity, such future studies would serve to

inform the generalisability of the findings of both studies.

The study identified the existence of interdependencies between STRs. For example,
exceeding the maximum requirements of the tie dimension (width and depth) can
affect the dimensions of concrete cover, which might increase the probability of
deviation from the acceptable minimum limits for the dimensions of concrete
cover(s). There is a need to further investigate the interdependencies of STRs or a

broader scale.
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As mentioned, while the study provides insight into the construction elements and
task activities in terms of their sub-task sensitivity to deviation, other parameters
must be factored-in. Future work that would add value to this study, and draw value
from this study, would be calculation of the potential risks (the degree of risk
severity) for each STR. The degree of risk severity could relate to cost or time issues
or other factors related to the client satisfaction. Such an investigation would help to
identify the most important STRs to be focused on during the inspection process; in
other words, not only would the Building-Inspector be aware of the likelihood of
deviation but also the consequence; and indeed extend this towards an integrative

model addressing all parameters for a more thorough BBN approach.

The proposed model currently only focuses on simulating direct causes of deviation
with quality practice output (perfect-work, acceptable-work and defective-work). A
more comprehensive picture may be obtainable through linking the direct causes of
deviation to root causes of deviation. Such an approach may serve to provide the
construction industry with even more workable recommendation for defect
management. Indeed important for future study is the willingness to link
relationships between STRs in terms of sequential deviation and interdependency of
their requirements. Such an approach would again offer a more realistic

representation of the degree of risk severity from STR to STR.

292



REFERENCES

Abdelsalam, H. M., & Gad, M. M. (2009). "Cost of quality in Dubai: An analytical
case study of residential construction projects." International Journal of
Project Management, 27(5), 501-511.

Abdul-Rahman, H. (1995). "The cost of non-conformance during a highway project:
A case study." Construction Management and Economics, 13(1), 23-32.

ACI Committee 117, (2010). Standard Specifications for Tolerances for Concrete
Construction and Materials (ACI 117-10), American Concrete Institute,
Farmington Hills, MI.

ACI Committee 318 (2008). Building code requirements for structural concrete (ACI
318-08) and commentary. American Concrete Institute, Farmington Hills, MI.

Adams, M. E., Day, G. S., & Dougherty, D. (1998). "Enhancing new product
development performance: An organizational learning perspective." Journal of
Product Innovation Management, 15(5), 403—422.

Adler, P. S. (2007). "The future of critical management studies: A paleo-Marxist
critique of labour process theory." Organization Studies, 28(9), 1313—1345.

Ahlstrom, U. (2005). "Work domain analysis for air traffic controller weather
displays." Journal of Safety Research, 36(2), 159-169.

Ahzahar, N., Karim, N., Hassan, S., & Eman, J. (2011). "A study of contribution
factors to building failures and defects in construction industry." Procedia
Engineering, 20, 249-255.

Ajzen, 1. (1991). "The theory of planned behavior." Organizational Behavior and
Human Decision Processes, 50(2), 179-211.

Al-Hammad, A., Assaf, S., & Al-Shihah, M. (1997). "The effect of faulty design on
building maintenance." Journal of Quality in Maintenance Engineering, 3(1),

29-39.

Al-Tmeemy, S. M. H., Abdul-Rahman, H., & Harun, Z. (2012). "Contractors'
perception of the use of costs of quality system in Malaysian building

293



construction projects." International Journal of Project Management, 30(7),
827-838.

Aljassmi, H., & Han, S. (2012). "Analysis of causes of construction defects using
fault trees and risk importance measures." Journal of Construction Engineering
and Management, 139(7), 870-880.

Aljassmi, H., Han, S., & Davis, S. (2013). "Project pathogens network: New
approach to analyzing construction-defects-generation mechanisms." Journal
of Construction Engineering and Management, 140(1), 04013028.

Aljassmi, H. A., & Han, S. (2014). "Classification and occurrence of defective acts
in residential construction projects." Journal of Civil Engineering and
Management, 20(2), 175-185.

Allen, P., & Bennett, K. (2012). SPSS statistics: A practical guide version 20.
Australia: Cengage Learning.

Almusharraf, A., & Whyte, A. (2012). Defects prediction towards efficincy gains in
construction projects. The Ist Australasia and South East Asia Conference in
Structural Engineering and Construction (ASEA-SEC-1). Perth, Western
Australia: Research Publishing Services.

Annett, J., & Duncan, K. D. (1967). "Task analysis and training design."
Occupational Psychology, 41, 211-221.

Aram, E., & Noble, D. (1999). "Educating prospective managers in the complexity
of organizational life." Management Learning, 30(3), 321-342.

Ashford, J. L. (1992). The management of quality in construction. London: E & F
Spon.

Assaf, S., Al - Hammad, A., & Al - Shihah, M. (1995). "The effect of faulty
construction on building maintenance: The results of a survey of 90
contractors, 30 architectural/engineering firms and 20 owners from the eastern

province of Saudi Arabia identified 35 defect factors during the construction
stage." Building Research and Information, 23(3), 175-181.

Atkinson, A. (1998). "Human error in the management of building projects."
Construction Management & Economics, 16(3), 339-349.

Atkinson, A. R. (2002). "The pathology of building defects: A human error
approach." Engineering Construction and Architectural Management, 9(1),

53-61.

294



Atkinson, G. (1987). "A century of defects." Building, 54-55.

Auchterlounie, T. (2009). "Recurring quality issues in the UK private house building
industry." Structural Survey, 27(3), 241-251.

Ayudhya, I. B. N. (2011). "Appraisal of common dispute problems over residential
building projects in Hong Kong." Bridging the Gap between Cultures, FIG
Working Week, 18, 22 May 2011, Marrakech, Morocco.

Badiane, A. (2001). (Speech.) High level segment of economic and social council on
the role of the United Nations system in supporting the efforts of African
countries to achieve sustainable development. Geneva.

Bakar, A. H., Ali, K. B., & Onyeizu, E. (2011). "Total quality management practices
in large construction companies: A case of Oman." World Applied Sciences
Journal, 15(2), 285-296.

Balson, D., Gray, J., & Xia, B. (2012). “Why the construction quality of design-build
projects is not satisfactory: A Queensland study.” Engineering, Project and
Production Management 2012 Conference. Brighton: The University of
Brighton.

Battikha, M. G. (2008). "Reasoning mechanism for construction nonconformance

root-cause analysis." Journal of Construction Engineering and Management,
134(4), 280-288.

BayesiaLab (2010). BayesiaLab User Guide. Bayesia SAS. Retrieved from
http://www.bayesia.com/en/products/bayesialab/resources/user-

guide.php.

Bedny, G. Z., Karwowski, W., & Bedny, 1. S. (2012). "Complexity evaluation of
computer-based tasks." International Journal of Human-Computer Interaction,

28(4), 236-257.

Berenson, M., Levine, D., Szabat, K. A., & Krehbiel, T. C. (2012). Basic business
statistics: Concepts and applications. Pearson Higher Education AU.

Bird, A. (2010). "Eliminative abduction: Examples from medicine." Studies in
History and Philosophy of Science Part A, 41(4), 345-352.

Bland, J. M., & Altman, D. G. (2000). "The odds ratio." British Medical Journal,
320(7247), 1468.

295


http://www.bayesia.com/en/products/bayesialab/resources/user-guide.php
http://www.bayesia.com/en/products/bayesialab/resources/user-guide.php

Bollen, K. A. (2014). Structural equations with latent variables. John Wiley & Sons.

Bonella, S., Rocchia, W., Amat, P., Nifosi, R., & Tozzini, V. (2009). "SDPhound, a
mutual information-based method to investigate specificity-determining
positions." Algorithms, 2(2), 764—789.

Bonner, S. E. (1994). "A model of the effects of audit task complexity." Accounting,
Organizations and Society, 19(3), 213-234.

Bonshor, R., & Harrison, H. (1982). Quality in traditional housing. Vol. 1: An
investigation into faults and their avoidance. London: BRE/HMSO.

Borg, L., & Song, H.-S. (2014). "Quality change and implications for productivity
development: Housing construction in Sweden 1990-2010." Journal of
Construction Engineering and Management, 141(1), 05014014.

Boxall, P., & Macky, K. (2009). "Research and theory on high performance work
systems: Progressing the high- involvement stream." Human Resource
Management Journal, 19(1), 3-23.

Briand, L. C., El Emam, K., & Wieczorek, I. (1999). "Explaining the cost of
European space and military projects." Proceedings of the 21st International
Conference on Software engineering (ICSE 21) (pp. 303-312). ACM Press.

Briand, L. C., Langley, T., & Wieczorek, I. (2000). "A replicated assessment and
comparison of common software cost modeling techniques." Proceedings of
the 22nd International Conference on Software Engineering (ICSE 22) (pp.
377-386). ACM Press.

Bryman, A. (1989). Research methods and organization studies. London: Unwin
Hyman.

Bubshait, A. A., & Al-Atig, T. H. (1999). "ISO 9000 quality standards in
construction." Journal of Management in Engineering, 15(6), 41-46.

Burati, J. L., & Farrington, J. J. (1987). Costs of quality deviations in design and
construction. University of Texas at Austin: Bureau of Engineering Research.

Building Research Establishment (BRE) (1982). Quality in traditional housing - An

investigation into faults and their avoidance. Garston: Building Research
Establishment.

296



Burati Jr, J. L., Farrington, J. J., & Ledbetter, W. B. (1992). "Causes of quality
deviations in design and construction." Journal of Construction Engineering
and Management. 118(1), 34—49.

Busby, J., & Hughes, E. (2004). "Projects, pathogens and incubation periods."
International Journal of Project Management, 22(5), 425-434.

Busby, J. S. (2001). "Characterising failures in organised design activity."
Proceedings of the Institution of Mechanical Engineers, Part B: Journal of
Engineering Manufacture, 215, 1417-1424.

Campbell, D. J. (1988). "Task complexity: A review and analysis." Academy of
Management Review, 13(1), 40-52.

Cavana, R., Delahaye, B. L., & Sekeran, U. (2001). Applied business research:
Qualitative and quantitative methods. Australia: John Wiley & Sons.

Chan, W. D., TW Hung, H., PC Chan, A., & KK Lo, T. (2014). "Overview of the
development and implementation of the mandatory building inspection scheme

(MBIS) in Hong Kong." Built Environment Project and Asset Management,
4(1), 71-89.

Chapman, R. J. (1998). "The role of system dynamics in understanding the impact of
changes to key project personnel on design production within construction
projects." International Journal of Project Management, 16(4), 235-247.

Charles, P. (1984). Normal accidents: Living with high-risk technologies. NY: Basic
Books.

Cheetham, D. (1973). "Defects in modern buildings." Building, 225, 91-94.

Chelson, D. E. (2010). The effects of building information modeling on construction
site productivity (Doctoral thesis). University of Maryland, College Park,
United States, Maryland.

Chen, H. T. (2010). "The bottom-up approach to integrative validity: A new
perspective for program evaluation." Evaluation and Program Planning, 33(3),
205-214.

Chen, J. H., Yang, L. R., Chen, W., & Chang, C. (2008). "Case-based allocation of

onsite supervisory manpower for construction projects." Construction
Management and Economics, 26(8), 805-814.

297



Cheng, Y., & Li, Q. (2015). "GA-based multi-level association rule mining approach
for defect analysis in the construction industry." Automation in Construction,
51,78-91.

Cheyne, J. A., Carriere, J. S., & Smilek, D. (2006). "Absent-mindedness: Lapses of
conscious awareness and everyday cognitive failures." Consciousness and
Cognition, 15(3), 578-592.

Chong, W.-K., & Low, S.-P. (2005). "Assessment of defects at construction and
occupancy stages." Journal of Performance of Constructed Facilities, 19(4),
283-289.

Chong, W.-K., & Low, S.-P. (2006). "Latent building defects: Causes and design
strategies to prevent them." Journal of Performance of Constructed Facilities.
20(3): 213-221.

Chung, H. W. (1999). Understanding quality assurance in construction: A practical
guide to ISO 9000 for contractors. London: E&F Spon, Routledge.

Church, K. W., & Hanks, P. (1990). "Word association norms, mutual information,
and lexicography." Computational Linguistics, 16(1), 22-29.

Cohen, J. (1998). Statistical power analysis for the behavioral sciences. Hillsdale,
N.J.: Lawrence Erlbaum Associates, Inc.

Collen, A. (1992). "Methodological perspectives on human systems, design, and
learning for a more global ethic." Cybernetics and Systems Research 92.
Singapore: World Scientific, 561-567.

Collins, K. M., Onwuegbuzie, A. J., & Jiao, Q. G. (2007). "A mixed methods
investigation of mixed methods sampling designs in social and health science
research." Journal of mixed methods research, 1(3), 267-294.

Comerford, J. B., & Blockley, D. 1. (1993). "Managing safety and hazard through
dependability." Structural Safety, 12(1), 21-33.

Concrete Reinforcing Steel Institute (CRSI) (1996). Tolerance conflicts in concrete
construction: Plan ahead to reduce their impact. Concrete Reinforcing Steel
Institute. The Aberdeen Group. Retrieved from
http://www.concreteconstruction.net/Images/Tolerance _ Conflicts in
Concrete Construction tcm45-346970.pdf.

Conrady, S., & Jouffe, L. (2011a). Causal inference and direct effects. Bayesia and
Conrady Applied Science, LLC. Retrieved from

298


http://www.concreteconstruction.net/Images/Tolerance%20Conflicts%20in%20Concrete%20Construction_tcm45-346970.pdf
http://www.concreteconstruction.net/Images/Tolerance%20Conflicts%20in%20Concrete%20Construction_tcm45-346970.pdf

http://www.conradyscience.com/images/white papers/causal inference
v16.pdf.

Conrady, S., & Joufte, L. (2011b). Introduction to Bayesian networks: Practical and
technical perspectives. Conrady Applied Science. Retrieved from
http://library.bayesia.com/display/whitepapers/Introduction+to+Bayesi
an+Networks+and+BayesiaLab.

Conrady, S., & Jouffe, L. (2011c). Missing values imputation (Working paper).
Franklin, TN: BayesiaLab. Retrieved from
http://library.bayesia.com/display/whitepapers/Missing+Values+Process
ing+with+Bayesian+Networks.

Conrady, S., Jouffe, L., & Elwert, F. (2014). Causality for policy assessment and
impact analysis: Directed acyclic graphs and Bayesian networks for causal
identification and estimation. Bayesia and Conrady Applied Science, LLC.
Retrieved from:
http://library.bayesia.com/display/whitepapers/Causality+for+Policy+As
sessment+and+Impact+Analysis.

Construction Industry Development Agency (CIDA) (1995). Measuring up or
muddling through: Best practice in the Australian non-residential construction
industry. Construction Industry Development Agency and Masters Builders
Australia, Sydney, Australia, 59—63.

Construction Industry Development Board (CIDB) (2004). SA construction industry
status report, Pretoria, South Africa. South Africa: Construction Industry
Development Board.

Construction Industry Institute (CII) (2001). The field rework index: Early warning
for field rework and cost growth. (Research summary 153-1) University of
Texas at Austin: Construction Industry Institute. Retrieved from
https://www.construction-
institute.org/scriptcontent/more/153 1 more.cfm.

Construction Owners Association of Alberta (COAA) (2002). Project rework
reduction tool (PRRT). Construction Owners Association of Alberta. Retrieved
from http://www.coaa.ab.ca/costreduction/prrt/%3E.

Conte, S. D., Dunsmore, H. E., & Shen, V. Y. (1986). Software engineering metrics
and models. Menlo Park CA: Benjamin-Cummings Publishing Co., Inc.

Cornelissen, M., Salmon, P. M., McClure, R., & Stanton, N. A. (2013). "Using
cognitive work analysis and the strategies analysis diagram to understand

299


http://www.conradyscience.com/images/white_papers/causal_inference_v16.pdf
http://www.conradyscience.com/images/white_papers/causal_inference_v16.pdf
http://library.bayesia.com/display/whitepapers/Introduction+to+Bayesian+Networks+and+BayesiaLab
http://library.bayesia.com/display/whitepapers/Introduction+to+Bayesian+Networks+and+BayesiaLab
http://library.bayesia.com/display/whitepapers/Missing+Values+Processing+with+Bayesian+Networks
http://library.bayesia.com/display/whitepapers/Missing+Values+Processing+with+Bayesian+Networks
http://library.bayesia.com/display/whitepapers/Causality+for+Policy+Assessment+and+Impact+Analysis
http://library.bayesia.com/display/whitepapers/Causality+for+Policy+Assessment+and+Impact+Analysis
https://www.construction-institute.org/scriptcontent/more/153_1_more.cfm
https://www.construction-institute.org/scriptcontent/more/153_1_more.cfm
http://www.coaa.ab.ca/costreduction/prrt/%3e

variability in road user behaviour at intersections." Ergonomics, 56(5), 764—
780.

Cox, A., & Thompson, 1. (1997). "“Fit for purpose contractual relations: Determining
a theoretical framework for construction projects." European Journal of
Purchasing & Supply Management, 3(3), 127—-135.

Creswell, J. (2003). Research design: Qualitative, quantitative, and mixed methods
approaches. London: SAGE Publications, Incorporated.

Creswell, J. W. (1998). Qualitative inquiry and research design: Choosing among
five approaches. London: Sage Publications, Inc.

Creswell, J. W. (2009). Research design: Qualitative, quantitative, and mixed
methods approaches. Sage Publications, Incorporated.

Creswell, J. W., & Clark, V. L. P. (2007). Designing and conducting mixed methods
research. Thousand Oaks, CA: SAGE Publications.

Crosby, P. B. (1979). Quality is free: The art of making quality certain. New Y ork:
Signet.

Crotty, M. (1998). The foundations of social research: Meaning and perspective in
the research process. London: Sage.

Daft, R. L., & Macintosh, N. B. (1981). "A tentative exploration into the amount and
equivocality of information processing in organizational work units."
Administrative Science Quarterly, 26(2), 207-224.

Daly, R., Shen, Q., & Aitken, S. (2011). "Learning Bayesian networks: Approaches
and issues." The Knowledge Engineering Review, 26(02), 99—157.

Davey, C. L., McDonald, J., Lowe, D., Duff, R., Powell, J. A., & Powell, J. E.
(2006). "Defects liability management by design." Building Research &
Information, 34(2) 145-153.

Davies, H. T. O., Crombie, I. K., & Tavakoli, M. (1998). "When can odds ratios
mislead?" British Medical Journal, 316(7136), 989-991.

Davis, K., Ledbetter, W. B., & Burati Jr, J. L. (1989). "Measuring design and

construction quality costs." Journal of Construction Engineering and
Management. 115(3), pp. 385—400.

300



Dean, J. W., & Bowen, D. E. (1994). "Management theory and total quality:
Improving research and practice through theory development." Academy of
Management Review, 19(3), 392—418.

Delgado-Hernandez, D. J., & Aspinwall, E. M. (2005). "Improvement tools in the
UK construction industry." Construction Management and Economics, 23(9),
965-977.

Deming, W. E. (1986). Out of the crisis. Massachusetts Institute of Technology.

Department of Trade and Industry (DTI). (2003). Review of early estimates of
construction output for GDP in 2003. London: Department of Trade and
Industry.

Diekmann, J. E., & Girard, M. J. (1995). "Are contract disputes predictable?"
Journal of Construction Engineering and Management, 121(4), 355-363.

Dietsche, K.-H., & Kuhlgatz, D. (2015). History of the automobile. In Reif, K. (Ed.),
Gasoline Engine Management (pp. 2-7). Germany: Springer Fachmedien
Wiesbaden, 2-7.

Djebarni, R., & Al-Abed, A. (1998). "Housing adequacy in Yemen: An investigation
into physical quality." Property Management, 16(1), 16-23.

Drost, E. A. (2011). "Validity and reliability in social science research." Education
Research and Perspectives, 38(1), 105.

Easterby-Smith, M., Thorpe, R., & Lowe, A. (2002). Management research: An
introduction. London: Sage Publications, Inc.

Eden, C., Williams, T., Ackermann, F., & Howick, S. (2000). "The role of feedback
dynamics in disruption and delay on the nature of disruption and delay (D&D)

in major projects." Journal of the Operational Research Society, 51(3), 291—
300.

Embrey, D. (2000). Task analysis techniques. Human Reliability Associates Ltd.
Retrieved from http://www.humanreliability.com /resourcel.html.

Evans, J., & Lindsay, W. (2008). Managing for quality and performance excellence.
OH, USA: Cengage Learning.

Fan, C.-F., & Yu, Y.-C. (2004). "BBN-based software project risk management."
Journal of Systems and Software, 73(2), 193-203.

301


http://www.humanreliability.com/resource1.html

Farmani, R., Henriksen, H. J., & Savic, D. (2009). "An evolutionary Bayesian belief
network methodology for optimum management of ground water
contamination." Environmental Modelling & Software, 24(3), 303-310.

Farrington, J. (1987). A methodology to identify and categorize costs of quality
deviations in design and construction (Doctoral thesis). Clemson University,
Clemson, NC.

Fayek, A. R., Dissanayake, M., & Campero, O. (2003). "Measuring and classifying
construction field rework: A pilot study." Construction owners Association of
Alberta (COAA) Field Rework Committee. Department of Civil and
Environmental Engineering, University of Alberta, Edmonton, Alta.

Fayek, A. R., Dissanayake, M., & Campero, O. (2004). "Developing a standard
methodology for measuring and classifying construction field rework."
Canadian Journal of Civil Engineering, 31(6), 1077-1089.

Feigenbaum, A. (1990). "The criticality of quality and the need to measure it."
Financier, 14(10), 33-36.

Feigenbaum, A. V. (1991). Total quality control. New Y ork: McGraw-Hill.

Fenton, N., Neil, M., Marsh, W., Hearty, P., Radlinski, L., & Krause, P. (2008). "On
the effectiveness of early life cycle defect prediction with Bayesian Nets."
Empirical Software Engineering, 13(5), 499-537.

Fidel, R., & Pejtersen, A. M. (2004). "From information behaviour research to the
design of information systems: The cognitive work analysis framework."
Information Research, 10(1), 10-11.

Field, A. (2009). Discovering statistics using SPSS. London: SAGE Publications Ltd.

Fineman, M. (2010). Improved risk analysis for large projects: Bayesian networks
approach (Doctoral thesis). London: Queen Mary, University of London.

Fling, R. S. (1990). "Someone still has to pay when building components don’t fit,
even if tolerances are met." Concrete Construction, 5.

Forbes, L. H., & Ahmed, S. M. (2011). Modern construction: Lean project delivery
and integrated practices. CRC Press.

Forcada, M. N., Macarulla, M. M., & Love, P. E. (2013). "Assessment of residential

defects at post-handover." Journal of Construction Engineering and
Management. 139(4), 372- 378.

302



Forcada, N., Macarulla, M., Fuertes, A., Casals, M., Gangolells, M., & Roca, X.
(2012). "Influence of building type on post-handover defects in housing."
Journal of Performance of Constructed Facilities, 26(4), 433—440.

Foss, T., Stensrud, E., Kitchenham, B., & Myrtveit, I. (2003). "A simulation study of
the model evaluation criterion MMRE." Software FEngineering, IEEE
Transactions on, 29(11), 985-995.

Fox, S., Marsh, L., & Cockerham, G. (2003). "Assessing the capability of
construction processes to realize building designs." Construction Management
& Economics, 21(1), 7-10.

Gelman, A., Carlin, J. B., Stern, H. S., & Rubin, D. B. (2003). Bayesian data
analysis. London: Chapman and Hall.

Georgiou, J. (2010). "Verification of a building defect classification system for
housing." Structural Survey, 28(5), 370-383.

Georgiou, J., Love, P., & Smith, J. (1999). "A comparison of defects in houses
constructed by owners and registered builders in the Australian State of
Victoria." Structural Survey, 17(3), 160-169.

Gherardi, S., & Nicolini, D. (2000). "The organizational learning of safety in
communities of practice." Journal of Management Inquiry, 9(1), 7-18.

Glaser, B. G., & Strauss, A. L. (2009). The discovery of grounded theory: Strategies
for qualitative research. New York: Aldine Transaction Publishers.

Godfrey, P. C., & Hill, C. W. (1995). "The problem of unobservables in strategic
management research." Strategic Management Journal, 16(7), 519-533.

Gray, D. E. (2009). Doing research in the real world. London: Sage Publications
Inc.

PMI (2008). Project management body of knowledge (PMBOK® GUIDE). Project
Management Institute.

Hackman, J. R. (1969). "Toward understanding the role of tasks in behavioral
research." Acta Psychologica, 31, 97-128.

Hagen, E., & Mays, G. (1981). "Human factors engineering in the US nuclear arena."
Nuclear Safety (United States), 22(3).

303



Hair, J. F., Black, W. C., Babin, B. J., Anderson, R. E., & Tatham, R. L. (2006).
Multivariate data analysis. Upper Saddle River, New Jersey: Pearson Prentice
Hall.

Hajdukiewicz, J. R., & Vicente, K. J. (2004). "A theoretical note on the relationship
between work domain analysis and task analysis." Theoretical Issues in
Ergonomics Science, 5(6), 527-538.

Halpin, D. W., & Senior, B. A. (2010). Construction management. NY: John Wiley
& Sons.

Hamel, J., Dufour, S., & Fortin, D. (1993). Case study methods. California: Sage
Publications.

Han, S., Lee, S., & Pefia-Mora, F. (2011). "Identification and quantification of non-
value-adding effort from errors and changes in design and construction

projects." Journal of Construction Engineering and Management, 138(1), 98—
109.

Haupt, T. C., & Whiteman, D. E. (2004). "Inhibiting factors of implementing total

quality management on construction sites." The TOM Magazine, 16(3), 166—
173.

He, X., Guan, H., & Qin, J. (2015). "A hybrid wavelet neural network model with
mutual information and particle swarm optimization for forecasting monthly
rainfall." Journal of Hydrology, 527, 88—100.

Hearty, P. S. (2008). Modelling agile software processes using Bayesian networks
(Doctoral thesis). London: Queen Mary, University of London.

Heckerman, D., & Wellman, M. P. (1995). "Bayesian networks." Communications of
the ACM, 38(3), 27-30.

Hendy, K. C., Liao, J., & Milgram, P. (1997). "Combining time and intensity effects
in assessing operator information-processing load." Human Factors: The
Journal of the Human Factors and Ergonomics Society, 39(1), 30-47.

Henneman, E. A., & Gawlinski, A. (2004). "A ‘near-miss’ model for describing the
nurse’s role in the recovery of medical errors." Journal of Professional
Nursing, 20(3), 196-201.

Herrmann, D. J., Weingartner, H., & Searleman, A. (1992). Memory improvement:
Implications for memory theory. NewYork: Springer Science & Business

Media, Springer-Verlag.

304



Hillebrandt, P. M. (2000). Economic theory and the construction industry. London:
Macmillan.

Hume, D. (2008). An enquiry concerning human understanding. New York, NY:
Cosimo. (Original work published 1748).

Huovila, P., Koskela, L., & Lautanala, M. (1997). "Fast or concurrent: The art of
getting construction improved." Lean Construction, 143, 159.

Hwang, B.-G., Thomas, S. R., Haas, C. T., & Caldas, C. H. (2009). "Measuring the
impact of rework on construction cost performance." Journal of Construction
Engineering and Management, 135(5), 187-198.

Hwang, B.-G., Zhao, X., & Ng, S. Y. (2013). "Identifying the critical factors
affecting schedule performance of public housing projects." Habitat
International, 38, 214-221.

ISO 9000 (2005). 2005 quality management systems—Fundamentals and vocabulary.
International Organization for Standardization ISO Technical Committee.

ISO 9000 (2008). 2008 quality management systems—Fundamentals and
vocabulary. International Organization for Standardization ISO Technical
Committee.

Ison, F. (1995). Measuring up or muddling through: Best practice in the Australian
non-residential construction industry. Construction Industry Development
Agency.

Jaafari, A. (1996). "Human factors in the Australian construction industry: Towards
total quality management." Australian Journal of Management, 21(2), 159—
185.

Jafari, A., & Love, P.E. (2013). "Quality costs in construction: Case of Qom
monorail project in Iran." Journal of Construction Engineering and
Management. 139(9), 1244-1249.

Jaladi, S. R. K. P., & Devarapalli, D. (2012). "Bayesian network and variable
elimination algorithm for reasoning under uncertainty." International Journal

of Computer Science and Information Technologies, 3(5), 5227-5230.

Janney, J. R. (1979). Guide to investigation of structural failures. New York: ASCE.

305



Jens, K. (1992). Post-construction liability and insurance. London, UK: E&FN SPon
Press.

Jensen, F. V. (1996). An introduction to Bayesian networks. New York: Springer-
Verlag.

Josephson, P.-E., & Hammarlund, Y. (1999). "The causes and costs of defects in
construction: A study of seven building projects." Automation in Construction,
8(6), 681-687.

Juran, J., & Gryna, F. (1988). Juran's quality control handbook. New York:
McGraw-Hill.

Juran, J. M. (1981). Product quality: A prescription for the west. AMACOM.

Juran, J. M., & Gryna, F. M. (1993). Quality planning and analysis: From product
development through use. New York, NY: McGraw-Hill

Kakitahi, J., Landin, A., & Alinaitwe, H. (2011). “An analysis of rework in the
context of whole life costing in Uganda’s public building construction: A
review of literature.” Ist Annual Advances in Geomatics Research Conference,
AGRC2011.

Kaminetzky, D. (1991). Design and construction failures: Lessons from forensic
investigations. New York: McGraw-Hill

Kérna, S., Sorvala, V.-M., & Junnonen, J.-M. (2009). "Classifying and clustering
construction projects by customer satisfaction." Facilities, 27(9/10), 387-398.

Kazaz, A., & Birgonul, M. T. (2005). "The evidence of poor quality in high rise and
medium rise housing units: A case study of mass housing projects in Turkey."
Building and Environment, 40(11), 1548—1556.

Kekolahti, P., & Karikoski, J. (2013). "Analysis of mobile service usage behaviour
with Bayesian belief networks." Journal of Universal Computer Science, 19(3),
325-352.

Khalafallah, A., Taha, M., & El-Said, M. (2005). “Estimating residential projects
cost contingencies using a belief network.” Proceedings of Project
Management: Vision for Better Future Conference. Cairo, Egypt, November
21-22.

306



Khodakarami, V. (2009). Applying Bayesian networks to model uncertainty in
project scheduling (Doctoral thesis). London: Queen Mary University of
London.

Kim, D. Y., Han, S. H., Kim, H., & Park, H. (2009). "Structuring the prediction
model of project performance for international construction projects: A
comparative analysis." Expert Systems with Applications, 36(2), 1961-1971.

Kirwan, B., & Ainsworth, L. K. (1992). A guide to task analysis: The task analysis
working group. London: Taylor & Francis.

Kletz, T. A. (1985). An engineer's view of human error. Rugby, UK: Institution of
Chemical Engineers.

Kline, R. B. (2005). Principles and practice of structural equation modelling. New
York: Guilford Press.

Kratzer, J., Gemuenden, H. G., & Lettl, C. (2008). "Revealing dynamics and
consequences of fit and misfit between formal and informal networks in multi-

institutional product development collaborations." Research Policy, 37(8),
1356-1370.

Kumaraswamy, M. M. (1997). "Conflicts, claims and disputes in construction."
Engineering, Construction and Architectural Management, 4(2), 95-111.

Kvitrud, A., Ersdal, G., & Leonhardsen, R. L. (2001). “On the risk of structural

2

failure on Norwegian offshore installations.” The Eleventh International
Offshore and Polar Engineering Conference, International Society of Offshore

and Polar Engineers ISOPE 2001, Stavanger, Norway.

Lee, C., Choy, K. L., Ho, G. T., Chin, K. S., Law, K., & Tse, Y. (2013). "A hybrid
OLAP-association rule mining based quality management system for
extracting defect patterns in the garment industry." Expert Systems with
Applications, 40(7), 2435-2446.

Lee, E., Park, Y., & Shin, J. G. (2009). "Large engineering project risk management
using a Bayesian belief network." Expert Systems with Applications, 36(3),
5880-5887.

Leonard-Barton, D. (1988). “Synergistic design for case studies: Longitudinal single-

site and replicated multiple-site.” National Science Foundation Conference on
Longitudinal Research Methods in Organizations. Austin.

307



Li, Y., & Taylor, T. R. (2014). "Modeling the impact of design rework on
transportation infrastructure construction project performance." Journal of
Construction Engineering and Management, 140(9), 1-8.

Lincoln, Y., & Guba, E. (2000). Paradigmatic controversies, contradictions and
emerging confluences. In Denzin, Y. S. L. N. K. & Guba, E. G. (Eds.).
Handbook of qualitative research (2nd ed., pp. 163—188). Thousand Oaks, CA:
Sage Publications.

Ling, F. Y. Y., Dr Carlos Formoso, D., Wijeratne, W., Perera, B., & De Silva, L.
(2014). "Identification and assessment risks in maintenance operations." Built
Environment Project and Asset Management, 4(4), 384—405.

L, P, & Li, Z. (2012). "Task complexity: A review and conceptualization
framework." International Journal of Industrial Ergonomics, 42(6), 553—-568.

Lomas, K. (1996). Quality pays, Engineers Australia, February, 1996, 26.

Lopes, J. (2012). Construction in the economy and its role in socio-economic
development. In Ofori, G. Editor (Ed.), New perspectives on construction in
developing countries (pp. 40-71). Spon Press, Abingdon.

Lopez, R., Love, P. E., Edwards, D. J., & Davis, P. R. (2010). "Design error
classification, causation, and prevention in construction engineering." Journal
of Performance of Constructed Facilities. 24(4), 399-408.

Loushine, T. W., Hoonakker, P. L., Carayon, P., & Smith, M. J. (2006). "Quality and
safety management in construction." Total Quality Management and Business
Excellence, 17(9), 1171-1212.

Love, P., Davis, P., Ellis, J., & On Cheung, S. (2010). "Dispute causation:
Identification of pathogenic influences in construction." Engineering,
Construction and Architectural Management, 17(4), 404—423.

Love, P., Holt, G. D., Shen, L., Li, H., & Irani, Z. (2002). "Using systems dynamics
to better understand change and rework in construction project management
systems." International Journal of Project Management, 20(6), 425-436.

Love, P. E. (2002). "Influence of project type and procurement method on rework

costs in building construction projects." Journal of Construction Engineering
and Management, 128(1), 18-29.

308



Love, P. E., & Edwards, D. J. (2004a). "Determinants of rework in building
construction projects."  Engineering, Construction and Architectural
Management, 11(4), 259-274.

Love, P. E., & Edwards, D. J. (2004b). "Forensic project management: The
underlying causes of rework in construction projects." Civil Engineering and
Environmental Systems, 21(3), 207-228.

Love, P. E., Edwards, D. J., Han, S., & Goh, Y. M. (2011). "Design error reduction:
Toward the effective utilization of building information modeling." Research
in Engineering Design, 22(3), 173—-187.

Love, P. E., Edwards, D. J., & Irani, Z. (2008). "Forensic project management: An
exploratory examination of the causal behavior of design-induced rework."
Engineering Management, IEEE Transactions on, 55(2), 234-247.

Love, P. E., Edwards, D. J., Irani, Z., & Walker, D. H. (2009). "Project pathogens:
The anatomy of omission errors in construction and resource engineering
project." Engineering Management, IEEE Transactions on, 56(3), 425-435.

Love, P. E., Edwards, D. J., Smith, J., & Walker, D. H. (2009). "Divergence or
congruence? A path model of rework for building and civil engineering
projects." Journal of Performance of Constructed Facilities, 23(6), 480—488.

Love, P. E., & Li, H. (2000). "Quantifying the causes and costs of rework in
construction." Construction Management & Economics, 18(4), 479—-490.

Love, P. E., Li, H., Irani, Z., & Holt, G. D. (2000). "Re-thinking TQM: Toward a
framework for facilitating learning and change in construction organizations."
The TOM Magazine, 12(2), 107-117.

Love, P. E., Lopez, R., & Edwards, D. J. (2013). "Reviewing the past to learn in the
future: Making sense of design errors and failures in construction." Structure
and Infrastructure Engineering, 9(7), 675-688.

Love, P. E., Mandal, P., & Li, H. (1999). "Determining the causal structure of
rework influences in construction." Construction Management & Economics,
17(4), 505-517.

Love, P.E.D., Mohamed, S., and Tucker, S.N. (1997). “A conceptual approach for re-
engineering the construction process.” In S. Mohammed (Ed.). Proceedings of
the International Conference on Construction Process Re-engineering.
Queensland, Australia: School of Engineering, Griffith University. 13-23.

309



Love, P. E., Wyatt, A., & Mohamed, S. (1997). “Understanding rework in
construction.” Proceedings of the International Conference on Construction
Process Re-engineering (pp. 269-278). Gold Coast Australia: Griffith
University.

Luu, V. T., Kim, S.-Y., Van Tuan, N., & Ogunlana, S. O. (2007). "Quantifying
schedule risk in construction projects using Bayesian networks." International
Journal of Project Management, 27(1), 39-50.

Macarulla, M., Forcada, N., Casals, M., Gangolells, M., Fuertes, A., & Roca, X.
(2012). "Standardizing housing defects: Classification, validation, and

benefits." Journal of Construction Engineering and Management, 139(8), 968—
976.

Majumdar, D. (2004). "An axiomatic characterization of Bayes' Rule." Mathematical
Social Sciences, 47(3), 261-273.

Manrique, J. D., Al-Hussein, M., Telyas, A., & Funston, G. (2007). "Case study-
based challenges of quality concrete finishing for architecturally complex

structures." Journal of Construction Engineering and Management, 133(3),
208-216.

Marcot, B. G., Steventon, J. D., Sutherland, G. D., & McCann, R. K. (2006).
"Guidelines for developing and updating Bayesian belief networks applied to

ecological modeling and conservation." Canadian Journal of Forest Research,
36(12), 3063-3074.

Marsh, D., & Bearfield, G. (2007). “Merging event trees using Bayesian networks.”
Proceedings of European Safety and Reliability conference; Risk, reliability
and societal safety ESREL, Stavanger. Norway: Springer-Verlag.

Marti, P. (1998). "Structured task analysis in complex domains." Ergonomics,
41(11), 1664-16717.

Mawson, L. M. (1993). "Total quality management: Perspectives for sport
managers." Journal of Sport Management, 7, 101-106.

McCabe, B., AbouRizk, S. M., & Goebel, R. (1998). "Belief networks for
construction performance diagnostics." Journal of Computing in Civil
Engineering, 12(2), 93-100.

McCann, R. K., Marcot, B. G., & Ellis, R. (2006). "Bayesian belief networks:
Applications in ecology and natural resource management." Canadian Journal

of Forest Research, 36(12), 3053-3062.

310



Mcllroy, R. C., & Stanton, N. A. (2011). "Getting past first base: Going all the way
with cognitive work analysis." Applied Ergonomics, 42(2), 358-370.

Mclntyre, C., & Kirschenman, M. (2000). "Survey of TQM in construction industry
in upper Midwest." Journal of Management in Engineering, 16(5), 67-70.

McKendrick, 1., Gettinby, G., Gu, Y., Reid, S., & Revie, C. W. (2000). "Using a
Bayesian belief network to aid differential diagnosis of tropical bovine
diseases." Preventive Veterinary Medicine, 47(3), 141-156.

Meredith, J. R., & Mantel, Jr., S. J. (2009). Project management: A managerial
approach. John Wiley & Sons.

Merriam-Webster. (n.d.). An Encyclopedia Britannica Company. Retrieved March 4,
2012, from http://www.m-w.com/dictionary/cause.

Merriam-Webster. (n.d.). An Encyclopedia Britannica Company. Retrieved June 22,
2012, from http://www.m-w.com/dictionary/task.

Mertens, D. M. (1998). Research methods in education and psychology: Integrating
diversity with quantitative & qualitative approaches. London: Sage
Publications, Inc.

Millan, E., Loboda, T., & Pérez-de-la-Cruz, J. L. (2010). "Bayesian networks for
student model engineering." Computers & Education, 55(4), 1663—1683.

Mills, A., Love, P. E.,, & Williams, P. (2009). "Defect costs in residential
construction." Journal of Construction Engineering and Management, 135(1),
12-16.

Mitropoulos, P., & Memarian, B. (2012). "Task demands in masonry work: Sources,
performance implications, and management strategies." Journal of
Construction Engineering and Management. 139(5), 581-590.

Mohamed, S. (2004). "Research design: Basic and advanced definitions"
(Presentation slides). Griffith School of Engineering, Griffith University, Gold
Coast.

Molenaar, K., Washington, S., & Diekmann, J. (2000). "Structural equation model of

construction contract dispute potential." Journal of Construction Engineering
and Management, 126(4), 268-277.

311


http://www.m-w.com/dictionary/cause
http://www.m-w.com/dictionary/task

Montgomery, D. C. (2009). Introduction to statistical quality control. USA: John
Wiley & Sons, Inc.

Morse, J. M., & Richards, L. (2002). Readme first for a user's guide to qualitative
methods. Thousand Oaks: Sage Publications.

Mpambane, S. (2008). An investigation into the effectiveness of the inspectorate in
the South African home building industry (Doctoral thesis). Cape Peninsula
University of Technology, South Africa.

Nadkarni, S., & Shenoy, P. P. (2001). "A Bayesian network approach to making
inferences in causal maps." European Journal of Operational Research,
128(3), 479-498.

Naoum, S. G., & Belbehani, L. (2005). “Private housing criteria and its effects on
user’s perception.” In C. H. Theo & J. Smallwood (Eds.) Rethinking
Construction Safety, Environment and Quality, CIB W99 Conference in South
Africa, May 2005 pp. 483-495.

Nasir, D., McCabe, B., & Hartono, L. (2003). "Evaluating risk in construction-
schedule model (ERIC-S): Construction schedule risk model." Journal of
Construction Engineering and Management, 129(5), 518-527.

Neapolitan, R. E. (2004). Learning Bayesian networks. Upper Saddle River: Prentice
Hall.

Neil, M., Fenton, N., & Tailor, M. (2005). "Using Bayesian networks to model
expected and unexpected operational losses." Risk Analysis, 25(4), 963-972.

Neuman, W. L. (2003). Social research methods: Quantitative and qualitative
approaches. Boston: Allyn and Bacon.

Norman, D. A. (1988). The psychology of everyday things. NewYork: Basic Books.

Nunnally, J. C. (1978). Psychometric theory. New York: McGraw-Hill

Ofori, G. (2012). “Developing the construction industry in Ghana: The case for a
central agency.” (Concept paper prepared for improving the construction
industry in Ghana). National University of Singapore.

Oyewobi, L., Ibironke, O., Ganiyu, B., & Ola-Awo, A. (2011). "Evaluating rework

cost: A study of selected building projects in Niger State, Nigeria." Journal of
Geography and Regional Planning, 4(3), 147-151.

312



Palaneeswaran, E. (2006). Reducing rework to enhance project performance levels.
In Proceedings of the One Day Seminar on Recent Developments in Project
Management in Hong Kong, Hong Kong, China, Ekambaram Palaneeswaran
(ed.). pp. 5.1-5.10.

Palaneeswaran, E., Love, P. E., Kumaraswamy, M. M., & Ng, T. S. (2008).
"Mapping rework causes and effects using artificial neural networks." Building
Research & Information, 36(5), 450—465.

Pallant, J. (2010). SPSS survival manual: A step-by-step guide to data analysis using
SPSS program. NSW, Australia: Allen & Unwin.

Panthi, K., & Ahmed, S. M. (2015). “Predictive models from accident reports.” 51s¢
ASC Annual International Conference Proceedings, the Associated Schools of
Construction. Greenville NC: East Carolina University.

Park, C.-S., Lee, D.-Y., Kwon, O.-S., & Wang, X. (2013). "A framework for
proactive construction defect management using BIM, augmented reality and

ontology-based data collection template." Automation in Construction, 33, 61—
71.

Pasian, B., Dr Nigel Williams, D., Hashim Motaleb, O., & Kishk, M. (2014).
"Assessing risk response maturity: A framework for construction projects
success in the United Arab Emirates." International Journal of Managing
Projects in Business, 7(2), 247-262.

Patokorpi, E. (2006). Role of abductive reasoning in digital interaction (Doctoral
dissertation). Faculty, Abo Akademi University Finland, Faculty of ICT.

Pearl, J. (2000). Causality: Models, reasoning, and inference. New York: Cambridge
University Press.

Pedhazur, E. J. (1997). Multiple regression in behavioral research: Explanation and
prediction. Orlando, FL: Harcourt Brace.

Pena-Mora, F., Sosa, C. E., & McCone, D. S. (2003). Introduction to construction
dispute resolution. Prentice Hall.

Perrow, C. (2011). Normal accidents: Living with high risk technologies. New York:
Princeton University Press.

Perry, C. (1998). "Processes of a case study methodology for postgraduate research
in marketing." European Journal of Marketing, 32(9/10), 785-802.

313



Pheng, L. S. (1993). "The rationalization of quality in the construction industry:
Some empirical findings." Construction Management and Economics, 11(4),
247-259.

Pheng, L. S., & Teo, J. A. (2003). "Implementing total quality management in
construction through ISO 9001: 2000." Architectural Science Review, 46(2),
159-165.

Pheng, L. S., & Wee, D. (2001). "Improving maintenance and reducing building
defects through ISO 9000." Journal of Quality in Maintenance Engineering,
7(1), 6-24.

Pittet, D., & Boyce, J. M. (2001). "Hand hygiene and patient care: Pursuing the
Semmelweis legacy." The Lancet Infectious Diseases, 1, 9-20.

Pitz, G. F., & Sachs, N. J. (1984). "Judgment and decision: Theory and application."
Annual Review of Psychology, 35(1), 139—164.

Polat, G., Damci, A., & Tatar, Y. (2011). "Barriers and benefits of total quality
management in the construction industry: Evidence from Turkish contractors."
Total Quality Management & Business Excellence, 21(9), 953-969.

Polit, D. F., & Beck, C. T. (2006). "The content validity index: Are you sure you

know what's being reported? Critique and recommendations." Research in
Nursing and Health, 29(5), 489—497.

Polit, D. F., & Hungler, B. P. (1985). Essentials of nursing research: Methods and
applications. Lippincott Williams & Wilkins.

Poston, R. W., & Dolan, C. W. (2008). "Reorganizing ACI 318." Concrete
International, 30(7), 57-61.

Priemus, H., & Ale, B. (2010). "Construction safety: An analysis of systems failure:
The case of the multifunctional Bos & Lommerplein estate, Amsterdam."
Safety Science, 48(2), 111-122.

Reason, J. (1990). Human error. Cambridge, UK: Cambridge University Press.

Reason, J. (1995). "Safety in the operating theatre—Part 2: Human error and
organisational failure." Current Anaesthesia & Critical Care, 6(2), 121-126.

Reason, J. (1998). "How necessary steps in a process get omitted: Revising old ideas
to combat a persistent problem." Cognitive Technology, 3, 24-32.

314



Reason, J. (2000). "Human error: Models and management." British Medical
Journal, 320(7237), 768-770.

Reason, J. (2002). "Combating omission errors through task analysis and good
reminders." Quality and Safety in Health Care, 11(1), 40—44.

Reason, J., & Hobbs, A. (2003). Managing maintenance error: A practical guide.
Aldershot, UK: Ashgate Publishing Company.

Rounce, G. (1998). "Quality, waste and cost considerations in architectural building

design management." International Journal of Project Management, 16(2),
123-127.

Rouse, W. B., & Rouse, S. H. (1979). "Measures of complexity of fault diagnosis
tasks." IEEE Transactions on Systems, Man, and Cybernetics, 9(11), 720-727.

Russell, S., & Norvig, P. (2003). Artificial intelligence: A modern approach. Upper
Saddle River: Pearson Education, Inc.

Ryder, J. M., & Redding, R. E. (1993). "Integrating cognitive task analysis into
instructional systems development." Educational Technology Research and
Development, 41(2), 75-96.

Salmon, P., Jenkins, D., Stanton, N., & Walker, G. (2010). "Hierarchical task
analysis vs. cognitive work analysis: Comparison of theory, methodology and
contribution to system design." Theoretical Issues in Ergonomics Science,

11(6), 504-531.

Sarker, S. K., Chang, A., Albrani, T., & Vincent, C. (2008). "Constructing
hierarchical task analysis in surgery." Surgical Endoscopy, 22(1), 107-111.

Sasou, K., & Reason, J. (1999). "Team errors: Definition and taxonomy." Reliability
Engineering & System Safety, 65(1), 1-9.

Sato, Y., Kitazume, K., & Miyamoto, K. (2005). "Quantitative risk analysis of road
projects based on empirical data in Japan." Journal of the Eastern Asia Society
for Transportation Studies, 6, 3971-3984.

Satterfield, Z. (2005). "Quality control in construction projects." National
Environmental Services Center, 5(2), 1-4.

Savolainen, T. L. (1999). "Cycles of continuous improvement: Realizing competitive
advantages through quality." [International Journal of Operations &

Production Management, 19(11), 1203-1222.

315



Schneider, J. (1997). "Introduction to safety and reliability analyses." Structural
Engineering Documents, 5.

Sekaran, U. (2003). Research methods for business: A skill building approach. New
York: John Wiley & Sons.

Semple, C., Hartman, F. T., & Jergeas, G. (1994). "Construction claims and disputes:
Causes and cost/time overruns." Journal of Construction Engineering and
Management, 120(4), 785-795.

Shammas-Toma, M., Seymour, D., & Clark, L. (1998). "Obstacles to implementing
total quality management in the UK construction industry." Construction
Management & Economics, 16(2), 177-192.

Shepperd, M., & Kadoba, G. (2001). “Using simulation to evaluate predictions
techniques.” Proceedings of International Software Metrics Symposium, IEEE
Computer Society (pp. 349-358). Los Alamitos, CA.

Silva, L. P., Ruwanpura, J. Y., & Hewage, K. N. (2009). “Virtual supervision in
construction projects.” Proceedings of the ASCE Construction Research
Congress (pp. 487-496). Seattle, Washington.

Silverman, D. (2005). Doing qualitative research: A practical handbook. London:
SAGE Publications Limited.

Silvia, P. J. (2003). "Self-efficacy and interest: Experimental studies of optimal
incompetence." Journal of Vocational Behavior, 62(2), 237-249.

Sinha, M., Harrington, H. J., Voehl, F., & Wiggin, H. (2012). "Applying TQM to the
construction industry." The TOM Journal, 24(4), 352-362.

Smith, C. S., Howes, A. L., Price, B., & McAlpine, C. A. (2007). "Using a Bayesian
belief network to predict suitable habitat of an endangered mammal: The Julia
Creek dunnart." Biological Conservation, 139(3), 333-347.

Sommerville, J. (2007). "Defects and rework in new build: An analysis of the
phenomenon and drivers." Structural Survey, 25(5), 391-407.

Spiegelhalter, D. J., Dawid, A. P., Lauritzen, S. L., & Cowell, R. G. (1993).
"Bayesian analysis in expert systems." Statistical Science, 8(3), 219-247.

Stanton, N. A. (2006). "Hierarchical task analysis: Developments, applications, and
extensions." Applied Ergonomics, 37(1), 55-79.

316



Stock, G. N., McFadden, K. L., & Gowen, C. R. (2007). "Organizational culture,
critical success factors, and the reduction of hospital errors." International
Journal of Production Economics, 106(2), 368-392.

Su, C. K., Lin, C. Y., & Wang, M. T. (2003). "Taiwanese construction sector in a
growing ‘maturity’economy, 1964-1999." Construction Management and
Economics, 21(7), 719-728.

Sui Pheng, L., & Wee, D. (2001). "Improving maintenance and reducing building
defects through ISO 9000." Journal of Quality in Maintenance Engineering,
7(1), 6-24.

Sunyoto, A., & Minato, T. (2003). "Representing causal mechanism of defective
designs: A system approach considering human errors." Construction
Management and Economics, 21(3), 297-305.

Tabachnick, B., & Fidell, L. (2007). Using multivariate statistics. Boston, MA:
Pearson Education.

Tah, J., & Carr, V. (2000). "Information modelling for a construction project risk
management system."  Engineering  Construction and  Architectural
Management, 7(2), 107-119.

Tan, C. K., & Abdul Rahman, H. (2011). "Study of quality management in
construction projects." Chinese Business Review, 10(7), 542-552.

Tang, S., Aoieong, R. T., & Ahmed, S. M. (2004). "The use of process cost model
(PCM) for measuring quality costs of construction projects: model testing."
Construction Management and Economics, 22(3), 263-275.

Tchidi, M. F., He, Z., & Li, Y. B. (2012). "Process and quality improvement using
Six Sigma in construction industry." Journal of Civil Engineering and
Management, 18(2), 158—172.

Tenenbaum, J. B., Griffiths, T. L., & Kemp, C. (2006). "Theory-based Bayesian
models of inductive learning and reasoning." Trends in Cognitive Sciences,
10(7), 309-318.

Tilley, P. A. (2005). "Lean design management: A new paradigm for managing the
design and documentation process to improve quality?" Proceedings
International Group on Lean Construction IGLC-13, July 2005, Sydney,
Australia.

317



Tilley, P. A., & McFallan, S. L. (2000). Design and documentation quality survey
designer’s perspective: A survey investigating changes within the Australian
Construction Industry and its effect on construction process efficiency.
Melbourne, Australia: CSIRO — Building, Construction and Engineering.

Toh, T. C. (2006). Developing a construction industry web-based learning system in
construction management education (Doctoral dissertation). Malaysia,
Universiti Teknologi Malaysia, Faculty of Civil Engineering.

Tsai, W.-H. (1998). "Quality cost measurement under activity-based costing."
International Journal of Quality & Reliability Management, 15(7), 719-752.

Tsang, E. W., & Zahra, S. A. (2008). "Organizational unlearning." Human Relations,
61(10), 1435-1462.

Tserng, H. P., Yin, S. Y.-L., & Ngo, T. L. (2013). "A lean prebid planning model for
construction contractors: A case study in Vietnam." Journal of Marine Science
and Technology, 21(4), 430—441.

Tucker, S., Love, P., Tilley, P., Salomonsson, G., MacSporran, C., & Mohamed, S.
(1996). "Perspectives of construction contractors communication and
performance practices: Pilot survey report." Commonwealth Scientific and
Industrial Research Organisation CSIRO, [DBCE DOC 96/29(M)].

Turk, A. (2006). "ISO 9000 in construction: An examination of its application in
Turkey." Building and Environment, 41(4), 501-511.

Tushman, M. L. (1978). "Technical communication in R & D laboratories: The
impact of project work characteristics." Academy of Management Journal,
21(4), 624-645.

Van Dyck, C., Frese, M., Baer, M., & Sonnentag, S. (2005). "Organizational error
management culture and its impact on performance: A two-study replication."
Journal of Applied Psychology, 90(6), 1228.

Vlassis, A., Izzuddin, B., Elghazouli, A., & Nethercot, D. (2008). "Progressive
collapse of multi-storey buildings due to sudden column loss—Part II:
Application." Engineering Structures, 30(5), 1424-1438.

Volkovas, V., & Petkevicius, K. (2011). “Modeling and identification of buildings’
construction defects.” Proceedings of the World Congress on Engineering.
Proceedings of the World Congress on Engineering, Vol. III, WCE 2011, July
6-8, London.

318



Voss, C., Tsikriktsis, N., & Frohlich, M. (2002). "Case research in operations
management." International Journal of Operations & Production Management,
22(2), 195-219.

Waldron, B. D., & Association, A. C. (2006). Scope for improvement: A survey of
pressure points in Australian construction and infrastructure projects.
Australia: Blake Dawson Waldron.

Wanberg, J., Harper, C., Hallowell, M. R., & Rajendran, S. (2013). "Relationship
between construction safety and quality performance." Journal of Construction
Engineering and Management, 139(10), 04013003.

Wang, S., Chan, E. H., & Suen, H. C. (2005). "Dispute resolution management for
international construction projects in China." Management Decision, 43(4),
589-602.

Wardhana, K., & Hadipriono, F. C. (2003). "Analysis of recent bridge failures in the
United States." Journal of Performance of Constructed Facilities, 17(3), 144—
150.

Whitley, R., & Frost, P. (1972). "Task type and information transfer in a government
research laboratory." Human Relations, 25(4), 537-550.

Whyte, A. (2014). Integrated design and cost management for civil engineers. CRC
Press.

Williams, T. M. (2002). Modelling complex projects. Chichester: John Wiley and
Sons.

Winkler, R. L. (2003). An introduction to Bayesian inference and decision.
Gainsville, FL: Probabilistic Publishing.

Wood, R. E. (1986). "Task complexity: Definition of the construct." Organizational
Behavior and Human Decision Processes, 37(1), 60—82.

Wright, S. (1921). "Correlation and causation." Journal of Agricultural Research,
20(7), 557-585.

Yates, J. K., & Lockley, E. E. (2002). "Documenting and analyzing construction
failures." Journal of Construction Engineering and Management, 128(1), 8—17.

Yin, R. K. (2003). Case study research design and methods. Thousand Oaks,
California: Sage Publications, Inc.

319



Yin, R. K. (2004). The case study anthology. Thousand Oaks, CA: Sage.

Yin, R. K. (2009). Case study research: Design and methods. Thousand Oaks,
California: Sage Publications, Inc.

Zhang, J., Patel, V. L., Johnson, T. R., & Shortliffe, E. H. (2004). "A cognitive
taxonomy of medical errors." Journal of Biomedical Informatics 37(3), 193—
204.

Zheng, G. (2010). "Effective incorporating spatial information in a mutual
information based 3D-2D registration of a CT volume to X-ray images."
Computerized Medical Imaging and Graphics, 34(7), 553-562.

Every reasonable effort has been made to acknowledge the owners of copyright
material. I would be pleased to hear from any copyright owner who has been
omitted or incorrectly acknowledged.

320



A PPENDIXES

Appendix A: Inspection Checklist (direct measurement)

Appendix B: Structured interview and observation schedule
Appendix C: Content validity
Appendix D: Model validity

321



Appendix A

Inspection Checklist (direct measurement)
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Appendix B

S

tructured interview and observation schedule

Factors and Variables of the Quality Deviation

Is there a supervisor lack of knowledge about tolerance permitted?

XB. Task Resource Factors Score
1 |XB.1. Worker-related underperformance Yes/No
Has STR deviation been caused by worker-related underperformance?
2 |XB.1.1. Lack of Knowledge Factors Yes/No
Has STR deviation been caused by worker lack of knowledge?
. 3 |XB.1.1.1. Material size/type Yes/No
2 Is there a worker lack of knowledge about material size/type?
g 4 |XB.1.1.2. Material quantity Yes/No
E Is there a worker lack of knowledge about material quantity?
= 5 |XB.1.1.3. Dimensions required
£ Is there a worker lack of knowledge about dimensions? Yes/No
S s 8
g 6 |XB.1.1.4. Tolerance required Yes/No
% Is there a worker lack of knowledge about tolerance permitted?
7 |XB.1.3. Experience Years
How many years has the worker been employed as a tradesperson? |77
8 |XB.1.2. Commitment Yes/No
Has STR deviation been caused by worker lack of commitment?
. 9 |XB.1.2.2. Communication with supervisor Yes/No
2 Does the worker exhibit a lack of commitment towards communication with supervisor?
g 10 |XB.1.2.3. Adherence to procedures Yes/No
§ Does the worker exhibit a lack of commitment towards procedures?
8 11 |XB.1.2.4. Adherence to design & standard (SBC) Yes/No
Does the worker exhibit a lack of commitment towards design & standards (SBC)?
12 |XB.1.2.5. Teamwork Yes/No
Does the worker exhibit a lack of commitment towards teamwork?
13 |XB.1.4. Skills Yes/No
Has STR deviation been caused by worker lack of skills?
= 14 |XB.1.4.1. Communication Yes/No
£ Does the worker lack communication skills?
g 15 |XB.1.4.2. Material/equipment handling Yes/No
é Does the worker lack skills concerning the handling of materials/equipment?
8 16 |XB.1.4.3. Understanding of information Yes/No
Does the worker lack skills concerning dealing with information?
17 |XB.1.4.6. Working accuratel
Does the worker lc%ck precisi(})ln? Yes/No
18 |XB.2. Supervisor-related underperformance Yes/No
Has STR deviation been caused by supervisor performance?
19 |XB.2.1. Knowledge Yes/No
Has STR deviation been caused by supervisor lack of knowledge?
,GE 20 |XB.2.1.1. Material size/type Yes/No
5 Is there a supervisor lack of knowledge about material size/type?
E 21 |XB.2.1.2. Material quantity Yes/No
e Is there a supervisor lack of knowledge about material quantity?
E 22 |XB.2.1.3. Dimensions required Yes/No
g Is there a supervisor lack of knowledge about dimensions?
& 23 |XB.2.1.4. Dimensions tolerance
n Yes/No
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Is any project documentation unavailable?

24 |XB.2.3. Experience Years
How many years has the supervisor been employed in a quality manager/inspector role? | """
25 |XB.2.2. Commitment Yes/No
Has STR deviation been caused by supervisor lack of commitment?
= 26 |XB.2.2.2. Communication with labors Yes/No
£ Does the supervisor exhibit a lack of commitment towards communication with workers?
g 27 |XB.2.2.3. Adherence to procedures (No omission) Yes/No
§ Does the supervisor exhibit a lack of commitment towards procedures?
8 28 |XB.2.2.4. Adherence to design & standard (SBC) Yes/No
Does the worker exhibit a lack of commitment towards design & standard (SBC)?
29 |XB.2.2.5. Excessive supervisory absenteeism Yes/No
Does the worker exhibit a lack of commitment towards personal attendance?
30 |XB.2.4. Lack of management and skills Yes/No
Does the deviation of the STR might be caused by the lack of skills of the supervisory?
= 31 |XB.2.4.1. Communication Yes/No
£ Does the supervisor lack communication skills?
g 32 |XB.2.4.2. Understanding of information Yes/No
§ Does the supervisor lack skills for dealing with information?
8 33 |XB.2.4.3. Handle with Documents/Resources Yes/No
Does the supervisor lack skills concerning the management of documents/resources?
34 |XB.2.4.5. Working accuratel
Does the supervisogr work accyurately? Yes/No
35 |XB.3. Materials-related underperformance Yes/No
Has STR deviation been caused by materials-related underperformance?
36 |XB.3.1. Materials availability Yes/No
= Is material shortage observed?
2 37 |XB.3.2. Inadequate quantity of material Yes/No
g Is the quantity of materials insufficient?
§ 38 |XB.3.3. Noncompliance with specifications Yes/No
8 Is specification non-compliance observed?
39 |XB.3.4. Hard to deal with material Yes/No
Is the material selected for use appropriate for the task?
40 |XB.4. Equipment-related underperformance Yes/No
Has STR deviation been caused by equipment?
41 |XB.4. 1 Equipment availability Yes/No
= Is equipment shortage observed?
= 42 |XB.4.2. Inadequate quantity of equipment
Ei Is the quantity of equipment insufficient? Yes/No
g quantity of equip (f
é 43 |XB.4.3. Noncompliance with specifications Yes/No
8 Is specification non-compliance observed?
44 |XB.4.4. Hard to deal with equipment Yes/No
Is the material selected for use appropriate for the task?
45 |XB.5. Documentation-related underperformance Yes/No
Has STR deviation been caused by documentation-related underperformance?
46 |XB.5.1. Drawings Yes/No
& Has STR deviation been caused by project drawings?
g 47 |XB.5.1.1. Missing Information
'§ E Do project drawings omit information? Yes/No
= é 48 |XB.5.1.2. Misleading Statements Yes/No
20 5 Do project drawings contain misleading statements?
5 E 49 |XB.5.1.3. Wrong Information Yes/No
§ Do project drawings contain incorrect information?
& 50 |XB.5.1.4. Unavailable documentation Yes/No
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Is there any external uncertainty?

51 |XB.5.2. Specification Yes/No
g Has STR deviation been caused by specification-related problems?
z 52 |XB.5.2.1. Missing Information
= = . X . o Yes/No
) Do specifications omit information
= g 53 |XB.5.2.2. Misleading statements Yes/No
g0 5 Do specifications contain misleading statements?
- 54 |XB.5.2.3. Wrong Information
= = . . .. . . Yes/No
= Do specifications contain incorrect information?
& 55 |XB.5.2.4. Unavailable documentations
e . Yes/No
Is any specification unavailable?
56 |XC. Task Surroundings HIMIL
Has STR deviation been caused by surroundings conditions?
57 |XC.1. Weather and Environment Factors HIM/L
. Has STR deviation been caused by the weather?
£ 58 |XC.1.1. Hot/Cold (Temperature) P
g What is the temperature?
B p
2 59 [XC.1.2. Rain
8 What is the precipitation? Yes/No
60 [XC.1.3. Wind /s
What is the wind speed?
61 |XC.2. Site Condition Factors (Working environment) Yes/No
Has STR deviation been the site condition factors?
. 62 |XC.2.1. Crowd, Traffic, Dust & Noise Yes/No
.g Is there any crowd, traffic, dust & noise?
g 63 |XC.2.2. Access to work location Yes/No
§ Is there any difficulty related to access to work location?
=2 64 |XC.2.3. Unforeseen ground-site conditions
= . . Yes/No
Is there any unforeseen ground-site conditions?
65 |XC.2.4. External Uncertainty
Yes/No
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Appendix C

Kindly list these factors and variables:

Content validity
Content validity questions Recommendations M
. To what extent do you agree that the present factors | Interview.1 =3 3+4+5=12
and variables reflect the real practices of the in-site | Interview.2 = 4 12/15 =
construction? Interview.3 =5 4
. To what extent do you agree that the present factors | Interview.1 =3 3+5+5=13
and variables comprehensive? And fundamental | Interview.2 =5 13/15 =
items have been addressed? Interview.3 =5 4.33
. To what extent do you agree that the present factors | Interview.1 =5 3+4+5=12
and variables able to measure the causes of defective | Interview.2 = 4 12/15 =
acts during execution task? Interview.3 =3 4
. Do you think that the present factors and variables | Interview.l: Yes.
able to measure the causes of defective acts during | Interview.2: Yes.
execution task (precondition factors and variables)? Interview.3: Yes.
. Do you think that some of the present factors and | Interview.l: Yes.
variables need to remove? Interview.2: Yes.
Kindly list these factors and variables: Interview.3: Yes.
6. Do you think that some of the present factors and | Interview.1: No.
variables need to modify? Interview.2: No.
Kindly list these factors and variables: Interview.3: No.
7. Do you think that some of the present factors and | Interview.1: No.
variables need to add? Interview.2: 1 think the list is

comprehensive for its intended purpose.

Interview.3: No.

326




Appendix D

Model validity - STR.1

Test Re-Test MRE =
y v [{y-9)/yl
STR.1=D o o o
Documentation-related underperformance 23.04% 21.73% >-709%
STR.1=D o o o
Materials-related problems 12.48% 10.47% | 16.075%
STR1=D 12.03%|  9.80%| 18.586%
Supervisor-related underperformance
STR.1=A o o o
Documentation-related underperformance 16.43% 14.58%|  11.235%
STR.1=A o o o
Materials-related problems 8.86% 7:07%)  20.191%
STR.1=A 217%|  2.05%| 5.388%
Supervisor-related underperformance
STR.1=P R . R
Documentation-related underperformance 0.19% 0.18% 8.080%
STR.1=P R R R
Materials-related problems 6.24% >.32%|  14.839%
STR.1=P 243%|  2.36%| 2.887%
Supervisor-related underperformance
Materlals-relate_d problems_ = Not Occurred 11.39% 10.59% 6.986%
Inadequate quantity of material
Materlals-relate_d problems_ = QOccurred 27.27% 27.65% 1.399%
Inadequate quantity of material
18253E?f:gfl;ll‘gil:lnt;itunderperformance = Not Occurred 0.76% 065%| 14.147%
i;fﬁg?ig;ﬁfﬁi tunderperformance = QOccurred 35 62% 32.68% 3.238%
kzgzgn(zgecigglmltment = Not Occurred 6.26% 5.85% 6.512%
k’gggﬂ‘t’g;‘s’fgm'tme“t = Occurred 19.50%| 19.08%|  2.147%
Docqmen'tatlon-related underperformance = Occurred 11.05% 10.84% 1.834%
Specifications-related underperformance
Documentatlon-related underperformance = Occurred 6.51% 6.03% 7.346%
Drawings-related underperformance
Docqmen'tatlon-related underperformance = Not Occurred 12.44% 11.84% 4.817%
Specifications-related underperformance
Documentatlon-related underperformance = Not Occurred 732% 6.58%| 10.161%
Drawings-related underperformance
Spec1ﬁcat10ns-r'elated underperformance = Not Occurred 5.84% 5.44% 6.850%
Wrong Information
\SA[])rzcr:gclztfi)(;l:;;izlsted underperformance = Occurred 19.63% 19.36% 1.373%
Drawmgs-relatgd underperformance = Not Occurred 9.78% 3.85% 9.529%
Wrong Information
arr::):lv;nlisf-orril;tggnunderperformance = Occurred 37.239% 38.05% 2.215%
% MRE 186.52%
n 23
MMRE 8.11%
1-MMRE 91.89%
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Model validity - STR.5

Test Re-Test MRE =
y y [(y-9)/yl
STRS=D o o
Worker-related underperformance 3:96% 3:92% 0.613%
STRS=D o o
Equipment-related problems 7.87% 7.92% 0.673%
STRS=A o o
Worker-related underperformance 7.59% 7.68% 1.308%
STRS=A o o o
Equipment-related problems 0.97% 0.93% 4.426%
STRS=P o o o
Worker-related underperformance 2.80% 2.99% 7-078%
STRS=P o o o
Equipment-related problems 8.62% 8.59% 0.351%
Equlpment-re_lated problems = Not Occurred 7.82% 6.85% | 12.318%
Hard to deal with equipment
Equlpment-re_lated problems = Occurred 7.43% 725% 2.413%
Hard to deal with equipment
ggi?;;i?ﬁ?gn t?lttierperformance = Not Occurred 21.72% 21.30% 1.932%
:Zi(;fsker-related underperformance = Not Occurred Lack of 16.01% 14.89% 6.957%
Worker-relatgd underperformance = Occurred 3.87% 371% 4.062%
Lack of commitment
LWagik:;s-ll:lllz;ted underperformance = Occurred 2.85% 2.59% 8.978%
Lack of commitment = Not Occurred o o
Adherence to design & standard (SBC) 15.09% 13:47% | 10.786%
Lack of commitment = Not Occurred 4.18% 302% | 27.793%
Adherence to procedures
Lack of commitment = Occurred o o o
Adherence to design & standard (SBC) 28.02% 26.01% 7-173%
Lack of commitment = Occurred 776% 583% | 24.870%
Adherence to procedures
I\;focrll‘( ‘/’f:g:i;me Occurred 1433% | 1522% | 6.223%
Lack of skills = Not Occurred o o o
Handle with material/equipment 6.72% 7.02% 4.478%
I\;focrll‘( ‘/’f:g:i;yoccurred 12.65% | 12.96% | 2.411%
Lack of skills = Occurred o o
Handle with material/equipment 3:93% 3:98% 0.728%
% MRE 135.57%
n 20
MMRE 6.78%
1-MMRE 93.22%
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Model validity - STR.13

Test Re-Test MRE =
y y [(y-9)/yl
STR.13=D o o o
Worker-related underperformance 9.49% 8.68% 8.523%
STR.13=A o o o
Worker-related underperformance 3-38% 4.99% | 10.551%
STR.13=P o o o
Worker-related underperformance >-83% 5.23% | 10.299%
E\;(C)ll;l;efrgll(‘flllzted underperformance = Not Occurred 3749 3729 0.367%
Worker-relatgd underperformance = Not Occurred 2.599% 2,509 2.784%
Lack of commitment
r;(c)ll;koefrlzlr‘le;ljvtlzgge underperformance = Not Occurred 1.51% 1.42% 6.166%
E\;(C)ll;koefr;;(‘ﬁllz;ted underperformance = Occurred 15.81% 17.51% | 10.793%
gtc)ll;koefr;ersll]z:rtl?gn t?lttierperformance = Occurred 10.97% 11.86% 8.103%
LWa(éll;koefrl-(;e;l‘z)thlZgglznderperformance = QOccurred 6.39% 6.67% 4.349%
Lack of knowledge = Not Occurred 961% 933% | 2.925%
Dimensions required
Lack of knowledge = Occurred 9.79% | 10.32% | 5.364%
Dimensions required
Lack of commitment = Not Occurred o o o
Adherence to design & standard (SBC) 3.66% 3.84% 4.932%
Lack of commitment = Occurred o o o
Adherence to design & standard (SBC) 6.38% 6.81% 6.644%
Tk ‘fci';‘!;i;yN"t Occurred 3576% | 3227% | 9.758%
Tk ‘/’fcsclfl‘gi;yo““"ed 9.81% 9.43% | 3.917%
2 MRE 95.47%
n 15
MMRE 6.36%
1-MMRE 93.64%
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Model validity - STR.15

Test Re-Test MRE =
y y [(y-9)/yl

STR.15=D o o
Equipment-related problems 15.52% 12.22% 21.24
STR.15=D o o
Worker-related underperformance 7:07% 6.29% 10.98
STR.A5=A o o
Equipment-related problems 12.29% 14.91% 21.23
STR.A5=A o o
Worker-related underperformance 0.62% 0.75% 20.33
STR.15=P o o
Worker-related underperformance 6.13% >-20% 15.23
STR.15=P o o
Equipment-related problems 4.47% 4.94% 10.62
Equ.lpment-re!ate_d.problems = Not Occurred 9.61% 11.63% 21.03
Equipment availability
Equ.lpment-re!ate_d.problems = Occurred 12.70% 14.90% 17.31
Equipment availability
Worker-rglated underperformance = Not Occurred 5 159% 4.93% 421
Lack of skills
Worker-rglated underperformance = Occurred 23.979% 25 86% 792
Lack of skills
Lack of skills = Not Occurred o o
Work Accurately 9.58% 8.53% 10.98
Lack of skills = Occurred o o
Work Accurately 11.16% 11.13% 0.27

2 MRE 161.334

n 12

MMRE 13.444

1-MMRE 86.555
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Model validity - STR.16: Positive Maximal Variation

Test Re-Test MRE =
y y [{y-9)/yl
STR.16=D o o o
Equipment-related problems 14.46% 13.61% >-868%
STR.16=D . y 6.29%|  6.39% 1.573%
Inappropriate surroundings conditions
STR.16=A o o o
Equipment-related problems 10.83% 8.90% 17.818%
STR.16=A . y 5.86%|  3.99% 31.928%
Inappropriate surroundings conditions
STR.16=P o o N
Equipment-related problems 16.09% 14.89% AT
STR.16=P . y 9.65%|  9.37% 2.904%
Inappropriate surroundings conditions
Equ1pment-re_lated problems = Not Occurred 18.00% 15.45% 14.183%
Hard to deal with equipment
Equ1pment-re_lated problems = QOccurred 14.43% 13.23% 8.292%
Hard to deal with equipment
Inapprop_rlate surroundings conditions = High 3.99% 4.00% 0.130%
Inappropriate weather
Inapprop_rlate surroundings conditions = Medium 6.16% 10.95% 77 744%
Inappropriate weather
Inapprop'rlate surroundings conditions = Low 10.92% 6.16% 43.611%
Inappropriate weather
Wappropriate weather = High 4387%|  43.70% 0.382%
{;?Iﬁfroprlate weather = Medium 13.77% 13.89% 0.845%
appropriate weather = Low 17.24%|  17.38% 0.860%
2 MRE 213.61%
n 14
MMRE 15.26%
1-MMRE 84.74%
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Model validity - STR.16: Negative Minimal Variation

Test Re-Test MRE =
y v [{y-9)/yl

STR.16=D o o o
Equipment-related problems 14.46% 13.61% 5-868%
STR.16=D . y 8.31%|  7.59% 8.642%
Inappropriate surroundings conditions
STR.16=A o o o
Equipment-related problems 10.83% 8.90% 17.818%
STR.16=A . y 721%|  6.53% 9.372%
Inappropriate surroundings conditions
STR.16=P o o N
Equipment-related problems 16.09% 14.89% 7A4T1%
STR.16=P y 5.34%|  4.93% 7.719%
Inappropriate surroundings conditions ' ' '
Equ1pment-re_lated problems = Not Occurred 18.00% 15.45% 14.183%
Hard to deal with equipment
Equ1pment-re.lated problems = Occurred 14.43% 13.23% 8.292%
Hard to deal with equipment
Inappropriate surroundings conditions = High 6.33% 6.35% 0.321%
Inappropriate weather =0 oo ] ’
Inappropriate surroundings conditions = Medium 6.61% 7209 9 178%
Inappropriate weather e e ' ?
Inappropriate surroundings conditions = Low 721% 6.63% 8.055%
Inappropriate weather e oo ] ’
{;;‘Iﬁf“’l’“ate weather = High 21.95%|  21.96% 0.053%
{;?Iﬁfroprlate weather = Medium 19.82% 19.80% 0.102%
{;?Iﬁfroprlate weather = Low 9.52% 9.54% 0.256%

2 MRE 97.33%

n 14

MMRE 6.95%

1-MMRE 93.05%
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