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This book is dedicated to the memory of my three
mentors: my father and friend Charles and my
friends Maisie Pillemer and Helen Kingsley whose
earthly lives where taken respectively by the civil war
violence, old age and cancer.

Homer's eighth century BC lliad declares that "Death in ten thousand shapes
hangs ever over our heads, and no man can elude him." However

“The brevity of life is not the most serious consequence of death.” Dave Hunt
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Preface

Preface

This doctoral thesis is based on the research work carried out at Luled
University of Technology between 2003 and 2005 at the Division of Industrial
Work Environment and from January 2006 to October 2007 at the Division of
Structural Engineering, the Department of Civil and Environmental
Engineering at Lulea University of Technology.

As early as autumn 2001 and under the supervision and encouragement of
Professor Ove Lagerqvist | began to write down the research idea for a
research proposal that eventually become a project that was geared towards
identifying and describing best practices within Swedish construction projects
that are used to reduce or eliminate work-related musculoskeletal disorders
(WMSDs) among construction workers. This project was called “The Healthy
Construction Workplace”.

When “The healthy construction workplace” project came to term some of the
conclusions indicated that poor planning was one of the main culprits for the
occurrence of many health and safety problems including WMSDs. Professors
Thomas Olofsson and Ove Lagerqvist saw a further opportunity to encourage
me to research towards “the planning for the healthy construction workplace”.
I have endeavoured to accomplish this new task through the investigation of
assessment methods and design methods that have the potential to contribute
greatly to the planning of the healthy construction workplace.

Before | finish this preface | would like to introduce you to a song text that
motivated me to start this whole research; the text stuck in my mind since | saw
it the first time at the Gothenburg Maritime Museum.

Vad kostar ett fartyg? How much does a ship cost?

”God morgon direktdrn. Jag skulle vilja “Good morning director. | would like to order
bestalla en dngare pd 1000 ton, &r den dyr?” a 1000- ton steamboat, is it expensive?”

”Vi kan lova er en offert som inte ligger 6ver ~ ”We can promise you an offer that is no more
vara engelska konkurrenter. Men bara expensive than our English competitors. The
angmaskinen kostar 25 000 kronor.” steam engine only costs 25 000 crowns.”
”Nej jag menar inte sa. Vad kostar hon ”No | don’t mean that. How much does she
egentligen? actually cost?

Hur manga skallade hander kostar hon? How many burnt hands does she cost?
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Hur ménga krossade fotter kostar hon?
Hur ménga sonderslitna ryggar?

Hur manga dadliga fall fran daligt stéttade
och skrangliga stallningar kostar hon?

Hur manga sothostor och forstérda lungor?

Hur ménga sondervarkta leder &r priset pa en
vanlig dngbat p& 1 000 ton?

Hur ménga jarnlungor, hur mycket
gjutarfrossa, hur mycket magkréfta, hur
mycket obotlig dévhet, hur manga
invalidiserande klamskador kostar en vanlig
anghbat?

Hur ménga stympade fingrar, hur mycket
forlorad syn och blindhet kostar en
kolangare?”

”Gud vilken marklig fraga! Har pa varvet tar
vi inte betalt for manniskor, bara for platen.”

Karl-Axel Haglund (1927-1986)

How many crushed feet does she cost?
How many broken worn-out backs?

How many fatal falls from poorly supported
and rickety scaffoldings does she cost?

How many sooty coughs and damaged lungs?

How many broken aching joints is the price of
an ordinary 1000 ton steamboat?

How many iron lungs, how much vibration
white finger, how much stomach cancer, how
much incurable deafness, how many disabling
pinch-related injuries does an ordinary steam
boat cost?

How many maimed fingers, how much lost
eyesight and blindness does a coal steamer
cost?”

“What a strange question! Here at the
shipyard we are not paid for people, only for
the sheet metal.”

(English translation by R. Rwamamara)

Although this text illustrated the human cost in terms of health and safety at the
shipyard this text was equally as good an illustration of the construction
worksite then. Surely much has changed on construction sites since the time
the text was written, yet there is much to be desired in the planning of a
construction site that is healthy and safe for the work crews.

It is my goal, by highlighting the current best practices, the use of risk
assessment and design methods, that practitioners both present and future will
be equipped to reduce the number of work injuries especially work-related
musculoskeletal disorders among construction industry workers.

Luled, November 2007

Romuald Rwamamara



Abstract

Abstract

The construction industry is still one of the highest risk industries as far as
work-related musculoskeletal disorders (WMSDs) are concerned. These
disorders are the most frequently cited injury to workers, affecting many
construction workers in Sweden. Work-related musculoskeletal disorders are
also of immediate concern to the workers and their families who are adversely
affected by these injuries. These injuries are a substantial source of economic
drain to the construction industry. Sources of this drain include economic
losses incurred from lost or decreased productivity as well as workers
compensation costs. Therefore, it is within the best interests of the construction
industry to prevent work-related musculoskeletal disorders from occurring,
before they manifest into serious issues of medical, social and economic
concern.

The purpose of the research presented in this thesis is to increase the
understanding of how a healthy construction workplace can be realized through
best practices, the risk assessment and design methods as prevention strategies.
The main objective of this thesis is to identify tools used/usable in the
construction industry to prevent work-related musculoskeletal disorders among
construction workers.

In this doctoral research project, literature review and case studies have been
conducted in order to investigate five research questions and thus fulfil the
research purpose. The theoretical framework in this thesis is made of
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occupational health and safety management, risk management of occupational
health, construction planning, and design for health and safety. The common
denominator shared by these theories is the planning of a healthy construction
workplace.

The research presented in this thesis contributes both to theory and practice in
five different areas:

The first area is benchmarking the good construction practices to promote
musculoskeletal health; this consists of identifying and describing strategies
and activities which have proved to be successful in the fight against the
development of work-related musculoskeletal injuries in the construction
industry; the results of this study allowed formulation of recommendations
substantial to the injury prevention or reduction in the construction working
environment.

The second area of contribution is the risk analysis of repetitive tasks in the
industrialized house construction context; this study resulted in a critical look
at risk assessment and analysis of workload in an industrialized construction
process, using ergonomic tools, situations of high workload and risk for
musculoskeletal injury are identified.

The third contribution area is a risk analysis of work tasks in a bridge
construction process using prefabrication; the study highlights the benefits of
using innovative construction methods such as prefabricated steel
reinforcement components and self-compacting concrete; in terms of the
construction site environment, improved manual material handling and
elimination of vibration adverse effects were the benefits.

The fourth contribution area is in the form of a conceptual model which
contributes to the theory of design as an injury prevention strategy in
construction; this conceptual model is the result of the literature study and site
observations perceived as insights for reducing work-related musculoskeletal
injuries through designing health and safety in construction, the model
presented is built on a participatory design process involving all key
stakeholders working as an integrated team, risks can be eliminated or reduced
by changes in design specification.

The last and fifth contribution of the thesis is practical ways to deal with the

problem of planning for a healthy construction work environment; a case study
on different construction projects sought to understand how potential health

VI



Abstract

and safety risks can be identified and their solutions or corrective measures
implemented as a coordinated effort of all key stakeholders through design
visualization tools.

The research results suggest that planning for a healthy construction workplace
is possible through the implementation of the industry’s best practices of the
day, keeping up with the use of innovative construction methods such as
prefabrication, yet not taking the health and safety benefits of these methods
for granted, thus risk assessment and analysis of workload should remain a
requirement in order to provide solutions and communicate them effectively
between stakeholders through virtual design.

Key words: Best practices, Injury risk assessment, Virtual Design and
construction site planning.

VI






Acronyms and atypical words

Acronyms and atypical words

ACS
AN/NZS
CAD
2D CAD

3D CAD

CCOHS

CDM
CPM
DfCS
DTU
ECTP
CEC

CEE

Automatic Climbing System-Platform
Auwustralian Standards/New Zealand Standards
Computer Aided Design

Two-dimensional Computer Aided Design
Three-dimensional Computer Aided Design

Canadian National Center of Occupational Health and
Safety

Construction Design Management

Critical Path Method

Designing for Construction worker Safety
Danish Technical University

European Construction Technology Platform
Council of the European Communities

European Economic Community
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ErgoSAM

EU
HSE

HVAC

Foot profile

FORMAS

IT
MTM
OSHA

PPE
QEC

SBUF
SCC
SCB
SWEM
VR
WEP

WMSDs

Ergo: identification and assessment of musculoskeletal
disorders. SAM stands for a Sequence-based Activity and
Method analysis.

European Union
Health and Safety Executive
Heating Ventilation Air-Conditioning

A database of a construction company’s workers feet
anthropometry which allows the employer to purchase hard-
toe shoes that are customer made.

The Swedish Research Council for Environment,
Agricultural Sciences and spatial Planning

Information Technology

Method Time Measurement system
Occupational Safety and Health Administration
Personal Protective Equipment

Quick Exposure Check system for work-related
musculoskeletal risks.

Development Fund for the Swedish Construction Industry
Self-Compacting Concrete

Swedish Central Bureau for Statistics

Systematic Work Environment Management

Virtual Reality

Work Environment Plan

Work-related Musculoskeletal Disorders
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Introduction

1 INTRODUCTION

1.1  Background

The construction sector represents a strategically important sector for the
European Union, providing building and infrastructure on which all sectors of
the economy depend. According to the European Foundation for the
Improvement of Living and Working Conditions (2005), the construction
sector is significant in terms of employment and provides constructed assets
representing 49.6% of the gross fixed capital formation. The sector’s
productivity is low compared to other manufacturing sectors. Due to the nature
of construction activities, the scope for mechanization and automation, and
thus capital-intensive production, is limited. As a result, the construction sector
is still very labour-intensive. In Sweden, while the total construction
investments in 2004 totalled 19.51 billion Euros which amounts to 6.2% of the
Swedish GDP, the construction industry employed 420,000 people, 10% of the
total workforce (Flanagan et al, 2005).

Although, the construction industry is both economically and socially
important, it has unfortunately one of the worst occupational safety and health
records in the European Union countries, a problem that is estimated to cost
businesses and tax payers nearly 75 billion Euros a year, not to mention human
suffering (OSHA, 2004). In their study to estimate the work environment
economic impact on companies and organizations, Rose and Ortengren (2000)
estimated that 6% of the work environment-related injury costs for medium-
sized construction firms represent the direct costs of sick leave pay, employers
fees and workers compensations. However the remaining 94% are made up by
costs related to production loss due to the work crew’s reduced capacity.
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In a SWOT analysis of the construction sector, problems with health and safety
in terms of accidents and physical strain on employees, as well as low
productivity and weak industry image among customers and potential new
workers were part of the major weaknesses of the industry (Improvement of
Living and Working Conditions, 2005). Among many facets of performance
pertaining to a production process, safety is generally a more demanding aspect
to forecast, manage, and deliver (Hessami, 2007).

In a project-based industry, accident and injury rates will vary from project to
project. Each project is unique and has its own characteristics, methods of
working, materials employed and techniques for construction. The fact that
construction is a project-based industry is an important contextual issue. When
attempting to manage a dynamic, changing work environment such as a
construction site, it should be borne in mind that there needs to be an
appropriate organization structure to deal with the changing nature of the
project (Lingard and Rowlinson, 2005). Therefore, project planning is a critical
task in the management and execution of construction projects. It involves the
choice of construction methods, the definition of tasks, the estimation of the
required resources, durations for the individual tasks, the identification and
coordination of any interactions among the different work tasks and use of
common resources (Clough et al., 2000).

The construction industry has been an industry with inadequate material
utilization and thus efficiency is lost due to weaknesses in the work activities
coordination. Therefore, the principles behind lean production should be highly
applicable in the construction industry. The philosophy of lean production
originates from Toyota Motor Company and Lean construction is its equivalent
in the project-based construction industry. Major Lean principles are geared to
making construction work efficient through the customer focus, workplace
standardization, waste elimination and continuous improvement (Salem and
Zimmer, 2005); briefly all these principles lead to the reduction of the number
of mistakes and create value for the customer. Construction mistakes do not
only cost the client’s and the company’s money, but it also tarnishes the
construction industry reputation.

In the Swedish construction sector, where there have been debates concerning
what can be done about the current low efficiency and the high levels of waste
it has been more common to use lean construction principles as a way to solve
problems of productivity and eliminate waste (Forsberg and Saukkoriipi,
2007). A study that sought to capture the amount of all types of waste in
construction projects was done by Josephson and Saukkoriipi (2005). Their
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study inventories showed that the amount of waste was between 30-35% of a
construction project’s production cost, and the waste associated with work-
related injuries and illnesses represented about 12% of the projects’ production
cost (Josephson & Saukkoriipi, 2005).

Occupational injuries such as Work-related Musculoskeletal Disorders
(WMSDs) are unquestionably wasteful and non-value adding events in
construction production systems. These events contribute to unreliable
workflow, which in turn creates havoc on any construction project. As stated
by Howell and Ballard (1994), achieving reliable workflow is possible when
sources of variability are controlled. It follows then that safeguarding
construction workers from occupational hazards is an integral part of the lean
construction ideal of maintaining reliable workflow (Abdelhamid et al., 2003).
Human-oriented work structuring will better the occupational health and safety
of the construction workforce while simultaneously reducing workflow
unreliability and enabling lean conversion efforts (Addelhamid and Everett,
2002).

Industrialization has been given credit for reducing health and safety problems
such as WMSDs among construction workers. Industrialization describes and
encompasses all three aspects of offsite construction work namely,
modularization, prefabrication, and preassembly. It is widely used within the
construction industry in Sweden (Rwamamara, 2005). The industrialization
process can be defined as an investment in equipment, facilities, and
technology with the intent of increasing output, decreasing manual labour, and
improving quality (Warszawski 1990). It uses the concepts of manufacturing
and applies them to construction. To some extent it implies the use of fully
integrated and automated project processes.

Improving the health and safety of the construction site work environment has
repeatedly been shown to save lives, time, and money. Occupational health and
safety regulation compliance and exemplary safety practices are able to reduce
injuries and accidents, but are unable to remove hazards inherent in a facility’s
design or required construction sequence. Due to this shortcoming of health
and safety regulations, the concept of considering health and safety in design is
slowly becoming familiar in the construction industry. The use of ergonomic
redesign to reduce risk factors for work-related musculoskeletal disorders is a
very good example of the application of this concept. Unfortunately,
construction workers comprise one group of employees that has previously
received limited benefit from safety through design. While architects and
engineers clearly consider safety in their designs, the target of their efforts has
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traditionally been the end user of the facility rather than those who will
construct it (Hecker and Gambatese, 2003).

The traditional separation between design and construct functions in
construction has been a barrier to the improvement of health and safety of
construction workers. The Commission of European Communities claims that
over 60 per cent of all fatal construction accidents can be contributed to
decisions made before construction work on the site (Commission of European
Communities, 1993). According to Lingard and Rowlinson, 2005), this
suggests that decisions made early in a project’s life, particularly during design
stages, may impact upon the health and safety of workers who must then
construct the facility in accordance with design and specifications provided by
the architect or design consultant. To strengthen this position further, 50
percent of the 71 contractors responding to a survey of the construction
community in South Africa identified design as a factor that negatively affects
health and safety (Smallwood, 1996).

Designer decisions made during the schematic and design development phases
of a project directly impact the health and safety of the construction workers
construction workplace. Many decisions also impact the safety of end users,
maintenance and repair workers, and construction crews during renovation or
deconstruction cycles. A safety analysis conducted during design phases is an
effective means of identifying unnecessary hazards in the project design, many
of which may be “designed out” through the use of alternative components,
systems, or construction methods (Haas, 1999).

Assessments of the impact of addressing safety in design reveal considerable
promise for the concept in reducing construction site injuries and fatalities
(Weinstein et al., 2005). In a study of an intervention to prevent WMSDs to
construction workers, antecedents in design, planning, scheduling, and material
specifications were identified as probable contributors to working conditions
that pose risks of such injuries during the actual construction process (Hecker
et al., 2001). A number of studies have shown that a fairly large percentage of
construction injuries could be eliminated, reduced, or avoided by making better
choices in the design and planning stages of a project (Hecker et al., 2005;
Gibb et al., 2004). Therefore, addressing construction health and safety in the
design and planning phase, can have a considerable impact on reducing work-
related musculoskeletal injuries and even the project delays costs caused by
health and safety issues on the construction site.
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Current methods to represent construction planning information abstract the
visual facility description into a textual description of construction activities;
thus planners must visually conceptualise the sequence of construction, and
subcontractors must interpret the construction because it lacks the necessary
detail. During the construction planning process, visualizing a construction
schedule helps planners to identify potential problems such as health and safety
and constructability prior to actual building construction. Virtual design and
simulation technologies should be used more to promote communication and
interaction on work-related health and safety issues between the actors, such as
designers, customers and contractors in the design process, in planning
management of the building process. Visualization of construction projects
allows construction workers, customers and users to get a look and feel for the
construction before it is actually built. During the construction planning
process, designs can be improved, and clashes and inconsistencies can be
examined and eliminated. Furthermore, these technologies improve
cooperation as non-technical staff and end-users can understand the project in a
better way than simply looking at 2D drawings and designs (Improvement of
Living and Working Conditions, 2005).

I am quite convinced that in our days of construction projects with their
increasing complexity, the planning for a healthy and effective construction
workplace does not only need alternative ergonomic methods to detect high
musculoskeletal loads early in the design and planning processes, but also
requires a visualization of construction work processes with the help of virtual
design tools such as 3D CAD and 4D CAD models. This means that 3D CAD
models are visualized in a 4-dimentional environment and allow project
stakeholders to simulate and analyse what-if scenarios before commencing
work execution on the construction site (Jongeling et al., 2005). In this
research both ergonomic risk assessment methods and visual simulation
technology are recognized to have the potential to contribute greatly to the
reduction if not the elimination of WMSDs, thus promoting a healthy and
effective construction workplace.




Doctoral thesis

1.2 Observed problem - On-site work conditions

A total consensus among industry leading experts states that work conditions
of the Swedish construction industry are very high compared to international
standards. The building workers trade union and the employers’ federation (the
Swedish Construction Federation) have shown joint and immense commitment
to issues related to health and safety of the construction workplace.

With reference to figure 1.1, the average frequency of occupational accidents
between 1994 and 2006 is 17.2 per 1000 employees, while for the last five
years this frequency has decreased to 14.6. Thus, there has been an
improvement in the average value, but no continuous improvement can be
traced. The average frequency of occupational sick-cases is 7.5 per 1000
employees for the years 1994 to 2006, and 7.0 for the last five years. Hence
there has been an increase in sick-cases over the last years and the frequency
has only improved a little since 1994. The average number of fatalities for the
years 1994 to 2006 is 7.9 per year and for the last five years 6.4. Hence, there
has been a slight improvement over the last few years, but nevertheless 6.4
fatalities per year makes the industry the most dangerous in the country.

25

20

15 1HH

10 A

Quanitity

O s L - - - - - - - -
1994|1995/1996|1997|1998|1999|2000(2001|2002|2003 | 2004 | 2005

2006

@ Accidents per 1000 employees [19.9| 17 |16.8|15.2|16.3|16.9/16.4|15.4|16.6|15.7|13.3|13.6

13.7

B Sick-cases per 1000 employees | 9.1 [ 53|49 |53 | 6 | 7285|9182 |91|74|56
O Fatalities 7] 9] 8 | 7 5163 ,8|6|7]4]7

4.6

Figure 1.1: Health and safety record of the Swedish construction industry
1994-2006.
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In the light of these statistics, the experts’ opinions on the significant actions
for improvement in health and safety are challenged by the hard data.

In the research presented in this thesis, the research focus has been on work-
related musculoskeletal disorders (WMSDs) which constitute on the average
71.2% of all occupational diseases between 1999 and 2006. With reference to
figure 1.2, when one looks at the average numbers of sick-days resulting from
accidents and occupational diseases, employees are three times more often on
sick-leave due to occupational diseases than due to occupational accidents.
Therefore, more attention needs to be paid to the WMSDs which make the
largest portion of occupational injuries that are the culprit for the majority of
workers’ absences from the construction site.

300

200 /.\././_’4_’4/ 3
100

Number of days

0

1994|1995 1996|1997 {1998 | 1999 | 2000|2001 | 2002 | 2003 | 2004 | 2005

—e— Average - Sick | 33.9|33.932.7|39.7 |32.6 | 41.7 | 32.9|29.6 | 59.5 | 72.1| 59
days/accident

51

—=— Average - Sick |81.4| 83 |93.1| 129 | 113 | 135 | 143 | 149 | 154 | 198 | 213
days/sick-case

160

Figure 1.2: Sick leave records in the Swedish construction industry 1994-2005.

1.3 Purpose of the research

The purpose of this research was to identify practical innovative and routine
methods that are used or can be used in the construction industry for an
effective planning of the healthy construction workplace. Furthermore, the
scope of this research is to present tools that are able to identify WMSDs injury
risk exposures as well as able to lead to the prevention or at least a significant
reduction of WMSDs.

This research aims to investigate the risk assessment and virtual design
methods as well as benchmark the best practices that the various construction
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industry stakeholders can employ in order to plan and provide a healthy
construction site to the industry’s workers.

1.4  Research questions

The research questions addressed in this research are related to four issues,
namely the benchmarking of best practices to reduce WMSDs, identification of
risk assessment methods usable at the construction planning stage, the impact
of industrialization on the work environment and the virtual design and
construction methods potential to plan for a healthy and effective construction
work environment.

Research question |

What are the best practices which have proved to be successful in the fight
against the development of work-related musculoskeletal injuries in the
Swedish construction industry?

This question aims at identifying and describing best practices which are
defined as the processes, practices, and systems identified in the Swedish
construction industry that performed exceptionally well and are widely
recognized as improving the construction workplace's performance and
efficiency in specific areas. Successfully identifying and applying best
practices can reduce construction employers’ expenses and improve
organizational efficiency.

Research question 11

How can the injury risk on construction workers be assessed in industrialized
construction process?

This question seeks to identify ergonomic tools capable of assessing WMSDs
risks in an industrialized construction process and capable of being used in the
planning stage prior to the actual construction.

Research question 111

How does the use of prefabrication and innovative materials impact the
construction workplace environment?
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This research question seeks to find out how increased prefabrication affects
the construction process in terms of improved health and efficiency of the
construction.

Research question 1V
How could design for safety concept improve construction health and safety?

This question provides insights on the impact of assessing health and safety in
design and what is necessary to design a healthy and effective construction
workplace.

Research question V

How does visualization impact the planning of a healthy construction
workplace?

This research question seeks to investigate the importance of virtual design
tools in designing and planning for a healthy construction workplace.

15 Definitions

For the purpose of studying the healthy construction workplace planning, I
used the following definitions:

Work-related musculoskeletal injuries or WMSDs

In this thesis when | use the term WMSDs or simply injuries, | am referring to
those diseases that are chronic and their symptoms may appear after prolonged
exposure to work-related risk factors, such as awkward postures, repetitive
tasks, carrying heavy loads and applying force or pressure. According to Amel
and Kumar (2002), general factors have been described as necessary for the
development of an injury; including insufficient recovery time following task
completion, high task repetition, as well as awkward posture and high force
requirements of the task.

Best practices

Throughout this doctoral thesis, including two of the appended papers (Papers |
and II), | refer to the strategies that key stakeholders in the construction
industry have found to be successful in reducing work-related musculoskeletal
disorders.




Doctoral thesis

Risk assessment

By risk assessment, | refer to a careful examination of what could cause
musculoskeletal injuries to construction workers in their workplace. A good
risk assessment will help avoid risk factors to WMSDs, which can not only
ruin lives, but can also increase costs to construction firms through lost output
and compensation claims.

Risk management

Where | used the term risk management, | refer to the management of the
working environment to control those aspects of work that will lead to
undesirable health outcomes such as WMSDs in the case of the research
presented in this thesis.

Occupational accident

In this thesis, the term occupational accident was used to refer to an accident at
work which defined as an external, sudden, unexpected, unintended, and
violent event, during the execution of work or arising out of it, which causes
damage to the health of the employee.

Occupational sick-cases or diseases

Where occupational diseases or occupational sick-cases are used, | refer to the
diseases caused by injurious influence, for example, musculoskeletal risk
factors, chemical agents, noise, vibration as well as social or organizational
conditions. Occupational sick-cases or occupational diseases are not of acute
character.

Biomechanics

With the term biomechanics, | refer to an interdisciplinary field in which
information from both the biological sciences and engineering mechanics is
used to assess the function of the body.

10
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1.6 Thesis outline

The first chapter of the thesis introduces the research, including the observed
problem, the overall research purpose and the research questions.

The second chapter gives the overview of the research methodology, describes
the research methods used and the outline of the thesis.

The third chapter describes the theory behind the main concepts of this
research and related work.

The fourth chapter presents a detailed summary of papers with the individual
papers results and knowledge contributions.

The fifth chapter of the thesis offers conclusions with a summary of the
research contributions, discussions and recommendations for future research
work.

The contents of this thesis are based on five appended papers briefly described
in the following manner:

Paper |

Rwamamara, R., Lagerqvist, O., Olofsson, T. and Johansson, B. (2007) “Best
practices for the prevention of musculoskeletal injuries in the construction
industry”, Submitted to Journal of Construction Management and
Engineering, ASCE (July 2007).

This First Paper identifies and describes strategies and activities, which have
proved to be successful in the fight against the development of work-related
musculoskeletal injuries in the construction industry. Furthermore, the paper
formulates recommendations substantial to the musculoskeletal injuries
prevention, specific to the construction work environment; and thus prepares a
way for further research studies on identified problematic issues. This study
presented in this paper was principally motivated by the fact that the problem
of musculoskeletal disorders in construction work was found by both
employees and employers organizations to be much more complex and that the
problem could hardly be solved through individual efforts. | wrote this paper
under the supervision of Professors Ove Lagerqvist, Thomas Olofsson and
Assistant Professor Bo Johansson who all reviewed the work.

11
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Paper 11

Rwamamara, R. (2007) “Risk assessment and analysis of workload in an
industrialised construction process”, Construction Information Quarterly,
CIOB, 9(2), 80-85.

Paper Il presents risk exposure assessment ergonomic tools and their use in the
assessment and analysis of workloads in industrialized construction work
methods. The work presented in this paper was motivated by the need
approved by the construction industry to investigate risk assessment tools for
its increasingly industrialized processes. | wrote this paper and Professors Ove
Lagerqvist and Thomas Olofsson have supervised and reviewed the work
behind paper 1I. The paper was further double blind reviewed by two
reviewers from the CIOB publisher of the paper.

Paper 111

Simonsson, P., Rwamamara, R. (2007) “Consequence of Industrialised
Construction Methods on the Working environment”, Proceedings IGLC-15,
July 2007, Michigan, USA, pp. 302-311.

Paper Ill presents an assessment of physical work environment risks in an
industrialized construction setting where the lean construction tool, the Last
Planner is involved in the planning of industrialized production process. The
research presented in this paper was motivated by the use of risk assessment
tool in order to prove the effectiveness of the work environment planning using
a lean construction method. | wrote this paper together with a doctoral
candidate colleague Peter Simonsson, and the paper was reviewed by both our
supervisors, Professors Ove Lagerqvist and Mats Emborg and further a double
blind review of the paper was provided by two anonymous reviewers from the
publisher of the paper.

Paper 1V

Rwamamara, R., Holzmann, P. (2007) “Reducing the Human Cost in
Construction through Designing for Health and Safety — Development of a
Conceptual Participatory Design Model”, 2" International Conference, World
of Construction Project Management, WCPM 2007, October 24-26, Delft, The
Netherlands.

Paper IV is a conceptual paper exploring the emerging concept of designing for
health and safety in construction. The writing of this paper was motivated by
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the need to review literature and use observations in order to find practical
insights as a way forward in the process of planning for a healthy construction
workplace with no or much less worker’s injuries. This paper was written in
cooperation with architect, researcher and practitioner in ergonomics, Doctor
of Technology, Peter Holzmann, who has been a construction consultant both
in Sweden and France. The paper was peer reviewed by an anonymous
reviewer from the publisher.

Paper V

Rwamamara, R., Norberg, H., Olofsson, T. and Lagerqvist, O. (2007) “Using
Visualisation Technologies for Design and Planning of a Healthy Construction
Workplace”, Submitted to Construction Innovation (November, 2007).

Paper V explores the use of virtual design impact on the planning of a healthy
construction workplace. The research and writing of this paper was motivated
by the need to know how virtual design using 3D and 4D CAD modelling is
used to address worker’s health issues in the planning process before the start
of construction. This paper is written together with doctoral student Hakan
Norberg, Professor Thomas Olofsson and Professor Ove Lagerqvist. The paper
was reviewed by all these co-authors in addition to Doctor Rogier Jongeling.
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2 RESEARCHAPPROACH AND METHODS

This chapter reviews the research approach and methods. It gives a brief
research agenda, the overview of the project methodology, describes the case
study approach used and lays out the analysis plan.

2.1  Research agenda

This thesis is a contribution to a research agenda which seeks to provide
concrete insights for a better and healthier construction work environment.
AFA (2006) which is an umbrella organization of Swedish labour market
insurance organizations realized that despite many years of hard work to create
healthier and safer workplaces, accidents and injuries are still much too
common due to the shortcomings in the work environment. Since the year
2006, AFA has initiated a prevention scheme which aims to develop a healthier
and safer environment as an attractive workplace to employees on the labour
market and for new personnel. Efforts are absolutely necessary to transform the
working conditions for the workforce, to make the construction sector
attractive to the most competent and skilled young people that it needs, as
shortages in workforce are already a reality in Sweden.

2.2 Overview of the research methodology

An overview of the research methodology is illustrated in figure 2.1 to present
the various methods used in the different parts of the research presented in this
thesis.
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Figure 2.1: An overview of the research project methodology

The different methods used in this thesis research are presented in the
methodology overview in terms of the functions they fulfilled as the research
project advanced to achieve its aim through addressing the research questions.

2.3 Research methods

Research methods in the thesis concern the techniques which were actually
employed in the research project presented here in this thesis. This section will
give a brief description of the different methods used to address research
guestions already enumerated at the end of chapter 1 in this thesis.

2.3.1 Literature review

Firstly, a literature review was carried out during the whole research project
period. An essential early stage of this research was to search for and to
examine potentially relevant theory and literature. Through the reviewed
literature, the researcher provides the reader of the research report with a
summary of the ‘state of the art’, the extent of knowledge and the main issues
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regarding the topic which inform and provide rationale for the research which
is being undertaken (Fellows and Liu, 2003).

For the purpose of the research work presented in this thesis, a literature review
was done in areas of biomechanics, health and safety management,
construction planning, industrialization and prefabrication, risk assessment,
pre-build design as a prevention strategy and design visualization. All these
issues have contributed to the understanding of the research topic concerned
with the planning of the healthy construction workplace. Furthermore,
reviewing these literature issues have allowed me as the author of this thesis to
formulate a research process that | believe did lead to substantial results or
rather answers to the research questions of the research project.

2.3.2 Case studies

Secondly, through case studies research, several construction projects were
investigated for example to identify the best practices within the construction
industry. Case studies were the main investigating tool in most of the research
work presented in Paper I. In his classic book on case study research, Yin
(1994) argues that case research and survey methods are better suited than
other techniques for analyzing contemporary events. Case study research is
superior to survey methods at answering “why’s” and “how’s” because the
case analysis can explore more deeply into motivations and actions than
structured surveys. Thus, this is the reason why the case studies were chosen
above the survey approach.

2.3.3 Data collection methods

Because a single source of data cannot fully capture the complexities of a case
study and although some sources might be more appropriate than others, using
different sources of data (i.e., interviews, observations and internal documents
study) was ideal. One of the preferred principles of data collection stated by
Yin (1994) is the use of multiple sources of evidence. This is an important
principle because different sources of evidence can present different aspects of
the study, all of which will add to our understanding of the case. Moreover,
multiple sources of evidence lead to an important element of data analysis in
case study research, triangulation. In this research study, triangulation is
important because when more than one source of evidence points out a certain
interpretation of events, or certain key interactions or key facts, the quality of
the data and the overall validity of the case studies are improved (Stake, 2000).
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For these reasons, three data collection methods, namely interviews, direct
observations and internal documents study were used in this research project.

Interviews

Interviews were one of the main sources of collecting primary data (in Papers |
and V). The need for a representative sample is not as great for interviews as a
questionnaire-based survey for example, as there is no statistical analysis of the
results. Instead interviewees in key positions in construction projects can be
targeted using sometimes different criteria. Using an interview-based approach
for collecting data gives an opportunity to probe for more information during
interviews. This allows for a more complex story to be told, and issues and
topics that the researcher was unaware of at the design of the study could be
incorporated.

Direct observations

Direct observations were also one of methods that were chosen for the research
study. According to Stake (2000) the qualitative case study researcher spends
the majority of the time personally in contact with the activities and operations
of the case. Observational techniques are therefore very relevant for those
using case studies research. During the fieldwork or investigation period, there
was an overlap of data collection and analysis, and the reason for this was to
speed up the analysis, but also it revealed useful adjustments for data
collection. During the research project, guided work site visits were performed
to directly observe and document the identified problematic jobs, tasks, job site
organization, work practices, equipment and tools being used. During
construction sites observations, photographs and video films were taken and
consequently documenting interesting occurrences and solutions.

Study of internal documents

The study of relevant internal documents from various construction contractors
involved in the projects | investigated, was employed in the research study
reported in the Paper | of this thesis. Whenever possible, health and safety
documentation on site was examined as corroboration of the information given
in the interviews. The method allowed an additional tool of verification of the
results obtained by means of interviews and direct observations.
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2.3.4 Selection criteria

In the first study presented in Paper I, a total of thirteen large construction sites
took part in this research project. The construction sites were selected on a
convenience basis from the Swedish construction projects. Site managers and
other key actors relevant who might have relevant information to this research
were asked to participate in the research study.

As the subject of the study (in Paper I) was the search for best practices in the
Swedish construction industry, the first criterion for participation was that
construction projects/organizations had distinguished themselves in one or
more areas affecting the musculoskeletal health of the construction worker,
namely, planning, work organization, technical aspects, work tasks, and
physical environment. A second criterion was the size of the construction
project which had to be at least 20 workers at a time, and valued at no less than
five million Swedish crowns, the reason for this criterion being that the
research study was limited to medium and large construction workplaces. Thus,
this criterion excluded very small construction projects.

2.3.5 Description of the sample of interviewees

In Paper |, a total of ninety-four semi-structured interviews with a range of
people who worked with the different construction projects at their various
stages, were conducted for the purpose of identifying and describing the best
practices that are conducive to the reduction of construction-work related
musculoskeletal disorders. The sample included developers/clients, site
managers, sub-contractors managers, work supervisors, engineers, architects,
health and safety representatives and foremen among eight construction trades
namely carpenters, concrete workers, floor layers, HVAC (Heat, Ventilation
and Air Conditioning) workers, electricians, roofers, scaffolding workers and
machine operators.

In Paper V, interviews were conducted with five planners that are actively
working with both or either of the virtual design tools 3D and 4D CAD models
in the design of construction projects.
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2.3.6 Analysis plan

The analysis of the data collected for the different studies presented in the
papers in this thesis was done in the following manner:

Analysis of qualitative data

The interviews data were analysed by interpreting the information provided by
the interviewee and relating it to the main objectives of the study (in Papers |
and V). As the analyst of the interview data, | was actively involved in
reorganizing the information and interpreting the interviews in meaningful
ways. The analysis of data from interviews, site observations and documents
study entailed drawing connections between different ideas and processes
captured in these sources of data. Similarly, this may involve identifying
patterns of associations or noting the relationship between what the
interviewees said and the concepts and facts recorded in site observations and
company’s internal documents. In summary the analysis of these data sources
is an attempt to interpret the content of these data sources in a way that relates
the findings to the objectives of the study.

Risk assessment methods

Two risk assessment methods were investigated in this thesis (see Papers Il and
I11), and they are both used to assess the risk for excessive musculoskeletal
load by observing workers’ task performance. Both Quick Exposure Check for
Work-related Musculoskeletal risks (QEC System) and ErgoSAM (Ergonomic
Sequence-based Activity and Method analysis) are among current techniques
for assessing physical exposure for Work-related musculoskeletal risks.

The QEC system was developed by Li and Buckle (1998). This observational
method includes the assessment of the back, shoulder/upper arm, wrist/hand
and neck (the four body areas at the greatest risk to the most important risk
factors for WMSDs), with respect to their postures and repetitive movement.
Information about task duration, maximum weight handled, hand force
exertion, vibration, visual demand and subjective responses to the work are
obtained from the worker. QEC assessment encourages consideration of
changes to workspaces, tools, equipment and working methods to eliminate, or
at least to minimize, levels of exposure.

ErgoSAM is another risk assessment method considered in this thesis. It is one
of the few methods for risk assessment of a task in a planned but not yet
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existing workplace (Laring et al., 2005), although ErgoSAM can still be used
to identify risk in a task during production (Rwamamara, 2007). ErgoSAM is
based on SAM (Christmansson et al., 2000), a higher-level method-time-
measurement (MTM) system. The SAM system is systemised description of
the method with which a work task is being or is to be carried out. Each step is
described in SAM code complemented with two more types of data in
ErgoSAM. The two additional data are the weight of the handled object or the
force exerted by the hand(s) and whether the upper arm is held at an angle
inside or outside of 30° outwards from the body or turned from the normal
anatomical posture. This information together with the time and movement
information in the SAM system is the basis for a Cube model analysis that can
be plotted along the timeline of the SAM analysis (see figure 2.2).

Work cycle mean value = 7,4

Cube Value

1 6 11 18 21 26 31 38 41 48 51 58 61 68 71 76 51 86 91 06 101 108 111 118 121 126 131 135 141 148
Time (s)

Figure 2.2: An example of ErgoSAM diagram, where the Cube value is plotted
along the timeline of SAM.

The mathematical Cube Model is based on the observation that in many
situations, the risk to acquire WMSDs can be assessed biomechanically based
on combinations of variables in three dimensions: force, work posture, and
repetitivity. For a specific working task, and for each dimension separately,
demand levels may be defined as low, medium, or high, where the demand
criteria are chosen so as to discriminate between good or poor work
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ergonomics, and assigned weight factors 1, 2, and 3 respectively. Combinations
of demands are evaluated by multiplication of the three weight factors, and this
product determines the acceptability of the task (Sperling, 1993).
Combinations of these demands will largely decide whether a work situation is
entails risks of strain injuries or work-related musculoskeletal disorbers.

2.3.7 Validity and reliability

According to Svensson (1996), validity and reliability are central to the
evaluation. Validity and reliability are more or less integrated in case studies,

Validity has to do with trustworthiness, that there is empirical evidence, and
the researcher has made reasonable interpretation of the evidence, and that the
result is useful in some context (Yin, 1994; Miles and Huberman, 1994).
Validity issues are concerned with the design of the study, methods for data
collection, the analysis and the results. The design guides the process of
collecting, analyzing and interpreting the observations, and therefore, validity
has to be taken into consideration when designing, therefore, validity has to be
taken into consideration when designing the study. The results of a case study
depend on multiple sources of evidence with data needing to converge in a
triangulation (Yin, 1994). Triangulation is a common technique to eliminate
validity threats in a case study (Yin, 1994; Denzin, 1989). Further, Denzin
(1989) remarked that triangulation is very important in the research act if one
wants to find evidence for, explain, predict, or understand certain empirical
phenomena.

Reliability is whether the same result would be obtained if the study is
repeated. Svensson (1996) says that it is important to remember that each event
of interviews and observations are unique. It is impossible to recreate the very
moment of an interaction. The uniqueness of the moment requires that each
occasion be validated on its own. This uniqueness also means that my
conclusions of the case studies performed in this thesis research are only valid
for the cases studied at the time | studied them.
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3 THEORY

This chapter briefly reviews the theory related to the biomechanical basis of
WMSDs, health and safety management, risk management, construction
planning, risk assessment, industrialization and prefabrication, pre-build design
as a prevention strategy and design visualization.

3.1  Biomechanics approach

A major assumption in occupational biomechanics (which is the portion of
biomechanics dealing with ergonomics issues) is that the body behaves
according to the laws of Newtonian mechanics (Kroemer, 1987). The object of
interest in a work environment context is most often a quantitative assessment
of mechanical loading that occurs within the musculoskeletal system.

The approach to biomechanical assessment is to characterise the human-work
system situation through a mathematical representation or model. The idea
behind such models is to represent the various underlying biomechanical
concepts through a series of rules or equations in a system that help us
understand how the human would be affected by exposure to work (Marras,
2006). An advantage of representing the worker in a biomechanical model is
that the model permits one to quantitatively consider the trade-offs associated
with risk to various parts of the body in the design of a workplace. When one
considers the biomechanical rationale, one finds that it is difficult to
accommodate all parts of the body in an ideal biomechanical environment.
Trade-offs considerations are necessary because it is often the case that a
situation that is advantageous to one part of the body is disadvantageous for
another part of the body. Thus, designing an ergonomic workplace requires one
to make various trade-offs and rationales for various design options.
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3.1.1 Biomechanical loading concepts

The biomechanical exposure has several concepts that define it, however it
mainly depends on three concepts namely the load, the body posture and the
time. With regard to biomechanical loading, the exposure quantity depends on
the amplitude of the load, its variability (i.e. the frequency content or
repetitiveness) and the exposure duration (Winkel, 1999).

The fundamental concept in the application of occupational biomechanics to
ergonomics is that one should design workplaces so that the load imposed upon
a structure does not exceed the tolerance of the structure (Marras, 2006). Figure
3.1 illustrates the realistic scenario of biomechanical risk. The fact that
repetitive loading of the structure tissue may decrease over time to the point
where it is more likely that the structure loading will exceed the structure
tolerance and result in injury.

o
w
o
-l
g
=1 Tolerance
0]
Loading Pattern
Time
Figure 3.1: Realistic scenario of biomechanical risk (adapted from Marras,
2006).

3.2  Health and Safety management

The aim of an occupational health and safety management system is to ensure
that the productive work of a company is designed and performed with
workers’ occupational health and safety in mind, that managers make decisions
following a systematic evaluation of health and safety risks, and the work is
adequately planned, resourced and controlled so as to prevent occupational
injuries or illnesses (Lingard and Rowlinson, 2005).
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Health and Safety Executive (HSE) (2000) guidebook “Successful Health and
Safety Management” outlined five key elements to a successful safety and
health management (see figure 3.2). Many industrially developed countries,
have also favoured the systematic approach in managing the workplace’s
health and safety (OSHA, 1989; AS/NZS 4804:1997; CCOHS, 1998).
Although their key system elements were not identical, they basically fell into
the same categories as proposed by HSE. The systematic identification and
control of risks were the fundamental core elements of all health and safety
management systems.

Policy < A Policy
development
Organising o
Organizational
l development
Auditing P | Planning and
N ”1 Implementation |«

Developing
Techniques of
planning

Measuring
performance

Measuring and
reviewing

Reviewing
performance

»
»

Feedback loop to
improve performance

Figure 3.2: Key elements of successful health and safety management
(adapted from HSE, 2000).

The necessary management activities for successful occupational health and
safety management require clearly a defined policy, well-defined plans
incorporating specific objectives, strong management commitment, the
provision of sufficient resources, a systematic training program, effective
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monitoring and reporting of performance and a process for reviewing
performance and making improvements (Lingard and Rowlinson, 2005).

According to Health and Safety Executive (2000), defining a corporate healthy
and safety policy is the first step in the occupational health and safety
management process. Policy should be established following a detailed
analysis of an organization’s current situation with regard to health and safety.
Events causing injuries and illness may also damage property and interrupt
production. Identifying hazards and assessing risks, putting precautions in
place and checking they are protects people and safeguards production. Health
and safety policy should influence the selection of people, equipment and
materials, the way work is done and how goods and services are provided. A
written statement on the arrangements for implementing and monitoring policy
shows that hazards have been identified and risks assessed, eliminated and
controlled.

To make a health and safety policy effective, the next step in the management
of health and safety is creating an organization in which roles, responsibilities
and relationships support the systematic planning and control of health and
safety. Various construction project stakeholders must be involved and
committed to making it work. This is often referred to as a 'positive health and
safety culture', of which the following five 'C's are the essential aspects:

e Commitment in being clear about your intent to achieve excellence in
health and safety.

e Competence: to ensure that the workforce is competent to fulfil their health
and safety responsibilities, the training needs of different groups of
employees must be considered.

e Control: monitor staff knowledge and awareness.

e Consultation: involve the workers in the reviewing of problems and
procedures.

e Communication: occupational health and safety information needs to flow
effectively within the organization and people outside it.

Planning and implementation is the third step for a successful occupational
health and safety management. Planning is the key to ensuring that your health
and safety efforts really work. Planning for health and safety involves setting
objectives, identifying hazards, assessing risks, implementing standards of
performance and developing a positive culture.
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Planning should provide for:

¢ ldentifying hazards and assessing risks, and deciding how they can be
eliminated or controlled,;

e Complying with the health and safety laws that apply to your business;

e Agreeing health and safety targets with managers and supervisors;

e A purchasing and supply policy which takes health and safety into
account;

o Design of tasks, processes, equipment, products and services, safe
systems of work;

e Procedures to deal with serious and imminent danger;

e Co-operation with workers, managers, contractors and/or
subcontractors;

e Setting standards against which performance can be measured.

Standards help to build a positive culture and control risks. They set out what
people in the organization will do to deliver the policy and control risk. They
should identify who does what, when and with what result. These standards
should be measurable, achievable and realistic.

As in other areas it is necessary to measure health and safety performance to
judge success. The fourth step for a successful health and safety management is
measuring and monitoring health and safety performance which is a key
activity in making sure that the organization is achieving its health and safety
policy, objectives and targets.

The measurement of occupational health and safety performance involves a
number of functions (HSE, 2000; Lingard and Rolinson, 2005). These include:

e Providing an indication of how the organization is performing in health and
safety;

¢ ldentifying problem areas in which improvements are needed;

e Providing the ability to track performance over time and evaluate the
effectiveness of health and safety improvement strategies; and

e Providing data that can be used in benchmarking or comparative
performance assessments, for example between construction projects.

As for monitoring, there are two key components to effective monitoring.
Active monitoring, before things go wrong, involves regular inspection and
checking to ensure that your standards are being implemented and management
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controls are working. Reactive monitoring, after things go wrong, involves
learning from your mistakes, whether they have resulted in injuries and illness,
property damage or near misses. Information from active and reactive
monitoring is used to identify situations that create risks, and do something
about them. Priority should be given where risks are greatest, and looking
closely at serious events and those with potential for serious harm. Both require
understanding of the immediate and the underlying causes of events. The
information is thereafter referred to the people with authority to take remedial
action, including organizational and policy changes.

Monitoring provides the information needed to review activities and decide

how to improve performance. Audits by the company own employees or

outsiders, complement monitoring activities by looking to see if the policy,

organization and systems are actually achieving the right results. Audits will

indicate whether the health and safety policy have been reliable and effective.

While reviewing the effectiveness of a health and safety policy, attention needs

to be paid to:

o the degree of compliance with health and safety performance standards
(including legislation);

e areas where standards are absent or inadequate;

e achievement of stated objectives within given time-scales;

e Injury, illness and incident data - analyses of immediate and underlying
causes, trends and common features.

3.3 Construction planning

Construction planning is a fundamental and challenging activity in the
management and execution of construction projects. It involves the choice of
technology, the definition of work tasks, the estimation of the required
resources and durations for individual tasks, and the identification of any
interactions among the different work tasks. A good construction plan is the
basis for developing the budget and the schedule for work. Developing the
construction plan is a critical task in the management of construction
(Hendrickson, 2000). Construction planning is not an activity which is
restricted to the period after the award of a contract for construction. It should
be an essential activity during the facility design. Also, if problems arise during
construction, re-planning is required. The construction planner working for the
contractor is usually a person with much experience in building construction
who knows how to estimate the required labour and equipment from a building
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design. This knowledge is used to create a construction plan as the leading
schedule for other derived plans such as safety, transport and measurement.

3.3.1 Choice of technology

According to Hendrickson (2000), in the development of appropriate
alternatives for facility design, choices of appropriate technology and methods
for construction are often ill-structured yet critical ingredients in the success of
the project. In selecting among alternative methods and technologies, it may be
necessary to formulate a number of construction plans based on alternative
methods or assumptions. Once the full plan is available, the review of impacts
of alternative approaches is possible, and this examination of several
alternatives is often made explicit in the tendering process in which several
alternative designs may be proposed.

In forming a construction plan, Hendrickson (2000) states that a useful
approach is to simulate the construction process either in the imagination of the
planner or with a formal computer based simulation technique. Due to the
critical factor of the planning, a lot of research efforts have been directed to
simulation of the building process based on planning, to visually search for
conflicts and errors (de Vries and Harink, 2007). Three and four dimensional
geometric models in a computer aided design (CAD) system may be helpful in
simulating space and time requirements for operations and for identifying any
interference. Similarly, problems in resource availability identified during the
simulation of the construction process might be effectively forestalled by
providing additional resources as part of the construction plan.

3.3.2 Work tasks definition

A parallel step to the choice of technology in the planning process is to define
the various work tasks that must be accomplished. These work tasks represent
the necessary framework to allow the scheduling of construction activities,
along with the estimation of the resources required by the individual work
tasks, and any necessary precedence or required sequence among the tasks. The
terms work "tasks" or "activities" are often used interchangeably in
construction plans to refer to specific, defined items of work. The scheduling
problem is to determine an appropriate set of activity start time, resource
allocations and completion times that will result in completion of the project in
a timely and efficient fashion (Hendrickson, 2000). Construction planning is
the necessary fore-runner to scheduling. In this planning, defining work tasks,
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technology and construction method is typically done either simultaneously or
in a series of iterations.

The definition of appropriate work tasks can be a long and a tedious process,
yet it represents the necessary information for application of formal scheduling
procedures. Since construction projects can involve thousands of individual
work tasks, this definition phase can also be expensive and time consuming
(Hendrickson, 2000). Fortunately, many tasks may be repeated in different
parts of the facility or past facility construction plans can be used as general
models for new projects.

The set of activities defined for a project should be completely exhaustive so
that all necessary work tasks are included in one or more activities. Typically,
each design element in the planned facility will have one or more associated
project activities. Execution of an activity requires time and resources,
including manpower and equipment. The extent of work involved in any one
activity can vary tremendously in construction project plans. Indeed, it is
common to begin with fairly coarse definitions of activities and then to further
sub-divide tasks as the plan becomes better defined.

3.3.3 Defining precedence relationships among activities

Once work activities have been defined, the relationships among the activities
can be specified. Precedence relations between activities signify that the
activities must take place in a particular sequence. Numerous natural sequences
exist for construction activities due to requirements for structural integrity,
regulations, and other technical requirements (Hendrickson, 2000).

3.4  Risk management in occupational health and safety

Emmett and Hickling (1995) defined risk management as: “the management of
the working environment to control those aspects of work that will lead to
undesirable health and safety outcomes. It involves an explicit analysis and
determination of an acceptable level of risk”. The principle in risk management
is to identify, assess and control risks before they could have any adverse effect
on the working environment (Loflin and Kipp, 1997).

Risk management is not a linear process that is undertaken once. The cyclical
nature of risk management is particularly important in the constantly changing
construction environment in which new or emergent risks must be often
assessed and controlled. It is critical that risk be assessed at every stage in the
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life of a construction project, and that the input of key stakeholders and project
participants is sought (Lingard and Rowlinson, 2005). An effective risk
management process should be managed by a cross-disciplinary team, and be
supported by free and open communication and consultation between the
project stakeholders.

3.4.1 Traditional approach

The cyclical nature of risk management process is opposed to the traditional
approach shown in figure 3.3 and where its main characteristics are the
separation of the design and construction processes, the lack of integration
across the boundary and the employment of a whole series of consultants to
design the project, with an independent contractor to take charge of the
construction process. Typically, the project team is led by an architect with the
responsibility for both design and project, where other consultants such as
structural engineers and quantity surveyors will come in later in the design. In
this case, the contractor’s input to the design process will be minimal, and
often none. The design and construction processes and their sub-tasks are seen
as sequential and independent.

Appointment of Appointment of
consultants main contractor

g g

+

Figure 3.3: The traditional approach (adapted after Austen and Neale, 1984).

Important characteristics of the traditional approach are the level of
differentiation among process participants, and the fragmentation in the tasks
accomplished in order to complete the project. This approach has an effect on
the health and safety system implemented on a construction project. Lingard
and Rowlinson (2005) argue that the high level of differentiation and
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specialization leads to a situation where health and safety is not considered
during the early phases of the project. As a consequence, worker’s health and
safety issues are not built into the design process, and the designers of a project
have very little influence on the construction process, methods and materials
used.

Lingard and Rowlinson (2005) state that due to the traditional process in which
there is a divorce between design and construction, there is a heavier reliance
on contract documentation and legislation to ensure that the risk assessments
are produced and presented to the client or client’s representative, and no very
detailed analysis takes place based on construction methods or the risk in
context.

3.4.2 Risk assessment

Risk assessment determines the degree of risk employees face from exposure
to health and safety hazards at work and can help establish what is necessary to
control the risk and to protect health. Broadening risk assessment to identify
specific short and long term health hazards could be the way forward for the
construction industry, driving targeted and effective health management.
However, it must always be remembered that construction workers have a key
part to play in the management of their own health, facilitated by the provision
of education and training as part of the health management system (Gyi et al.,
1998).

The risk management process is an iterative process involving a continuous
cycle of risk identification, assessment and treatment or control. The
assessment of risks informs risk control decisions, the implementation of which
is monitored and reviewed to ensure that risk is controlled and remains within
tolerable limits (Lingard and Rowlinson, 2005).

In general, in order to provide a practical guidance for the risk prevention, the
assessment along with the identification and control of risks arising from tasks
undertaken in the workplace which involve either or both the repetitive or
forceful movement and maintenance of constrained or awkward postures
should be performed.

Because of the dynamic nature of the construction work environment, Lingard
and Rowlinson (2005) argue that it is critical that risk be assessed at every
stage in the life of a construction project, and that the input of key stakeholders
and project participants are consulted. These authors further state that
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involving designers in health and safety risk assessment exercises can provide
opportunities to “design out” features of a building or structure that pose a
threat to health and safety of crews during the construction phase.

3.4.3 Ergonomic workplace assessment

Ergonomic workplace assessment addresses an operator’s work assignment
from the perspective of whether that operator or worker is physically capable
of performing the assigned tasks, possibly within a specified time.

Apart from Schneider, Griffin and Chowdhury (1998) who performed a
detailed analysis of ergonomic exposures of construction workers; research
work done in the area of quantifying ergonomic injury exposures in the
construction industry is quasi absent.

From a comprehensive review of epidemiological evidence for work-related
musculoskeletal disorders (WMSDs), Bernard (1997) concluded that there is
evidence of an association between musculoskeletal injuries and certain work-
related factors when there is a high exposure to more than one physical factor;
for instance, repetition, frequency, duration, intensity and posture. The results
suggest that, while exposure to a single risk factor alone may cause injury,
injuries are more likely where multiple risk factors occur.

In construction work, many of these physical risk factors are present and
construction’s job-related activities that increase the risk of WMSDs are hereby
identified by Schneider et al. (1995):

The frequency or repetition with which the task is performed;
The amount of physical force that is used;

The need for lifting or moving heavy loads;

The amount of prolonged static muscular tension;

Working posture and position;

Vibration from tools or machinery; and

Need for working overhead and extreme ranges of movement.

An optimal approach to reducing WMSDs among construction workers
requires a holistic assessment of all elements of the work system so that
optimal solutions can be achieved. This requires a full range of generic issues
to be considered, such as work task/workplace design, worker/equipment
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interface, work organization, organizational culture, individual variation and
legal requirements.

35 Industrialization and prefabrication

Industrialization is a term used to attempt to describe and encompass the three
aspects of offsite construction work: modularization, prefabrication and
preassembly. Warszawski (1990) defines the industrialization process as an
investment in equipment, facilities, and technology with the intent of
increasing output, decreasing manual labour and improving quality. It uses the
concepts of manufacturing and applies them to construction.

Prefabrication normally involves one skill or trade, such as electrical, piping, or
steel rebar (Hass et al., 2000). Here, prefabrication does not seem to include
concrete casting, which could be classified as an industrialization method when
it is for example self-compacting concrete casting. Prefabrication can be
defined as “a manufacturing process, generally taking place at a specialized
facility, in which various materials are joined to form a component part of a
final of installation” (Tatum, 1987). These prefabricated components often
only involve the work of a single craft. Any component that is manufactured
offsite and is not a complete system can be considered to be prefabricated
(Hass et al., 2000).

Industrialization of the construction processes in which industrialization
changes from an on-site construction process to a more controlled factory-like
construction process has been encouraged for reasons such as the attractiveness
of workplaces that will strongly be enhanced by vigilant organization, new
manufacturing methods, new architectural typology based on 2D and 3D
components, new components, new connections and interfaces, and new on-
site assembly methods (ECTP, 2005).

Increased use of off-site production furthers the industrialization of the
construction process. Transferring as many as possible on-site activities into
the factory is probably one of the most promising approaches in regard to the
improvement of health and safety on the construction site (Wright et al., 2003;
Gibb et al., 2004; McKay et al., 2005; Blismas et al., 2006).
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3.6 Pre-build design as a prevention strategy

Although theoretically and practically it is impossible to prevent all injuries
and illnesses from occurring, because of the fact that zero-risk can never be
achieved, a significant reduction in disabling injuries and illnesses is attainable,
and all other incidents can be managed through a comprehensive, multifaceted
approach (Kumar, 1994). This holds particularly true for work-related
musculoskeletal disorders (WMSDs).

Prevention through design, the concept that significant reductions in injuries
can occur when safety is designed into a product, service or process, has been
established within the general occupational health and safety field for many
decades (Manuele, 1997). The most appropriate method of dealing with
detrimental workload and preventing injuries would be to design the future task
within the limitations of the worker to significantly decrease the risk of
incident (Abdelhamid and Everett, 2002).

Ergonomics and human factors design principles may be employed as
prevention strategies. Ergonomics and human factors employ the optimal
design of workspaces, tools, equipment, environment, and processes with
respect to health and safety. With knowledge of the physical and physiological
limitations of the worker, as well as the organizational environment, the design
principles may be employed during the planning and construction of the
workspace, equipment, or job task as means of primary prevention (Amell and
Kumar, 2001). Such significant front-end thought, input and planning into
designing for the worker is desired.

3.7 Design for health

Designing for health and safety is based on the premise that many health and
safety hazards exist because they are designed into the permanent features of
the project. That is, features of the permanent facility influence the health and
safety of those who build it (Gambatese et al., 2005). The concept of designing
for safety is consistent with the traditional hierarchy of controls approach used
by health and safety professionals. This hierarchy calls for eliminating or
minimizing a workplace hazard before relying on personal protective
equipment or administrative or temporary controls to protect workers (Manuele
1997).

Conventionally the role of design consultants has been to design a building,
facility, or a structure such as it conforms to the accepted engineering practices,
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local building codes, and fulfils public safety regulations. The construction
workers’ health and safety issues are relegated to the main constructor (Lingard
and Rowlinson, 2005). However, design professionals can influence
construction safety by making better choices in the design and planning stages
of a project. This will result in fewer site decisions that have to be made by
contractors and workers that can potentially lead to injuries and accidents
(Mroszczyk, 2006) as a result of basic root causes such as lack of proper
training, deficient enforcement of safety, unsafe equipment, unsafe methods or
sequencing, unsafe site conditions, not using the available safety equipment
and a poor attitude towards safety (Toole, 2002).

Gambatese (2003) in his study which aimed to investigate designing for health
and safety as a prospective intervention for improving health and safety of
construction workers, views the concept of designing for construction safety as
a viable intervention to improve worker health and safety. This point of view is
supported by the belief that there is a greater ability to influence safety of a
project earlier in the project as illustrated by the time/safety influence curve
shown in Figure 3.4 (Szymberski, 1997).

High

[ Detailed Engineering |

Ability to Progurement
Influence
Safety
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Start date ) End date
Project Schedule

Figure 3.4: The ability to influence safety decreases as schedule moves
towards start-up (adapted from Szymberski, 1997)

According to Szymberski (1997), the ideal situation is for construction safety
to be a prime consideration in the conceptual and preliminary design phases;
thus a significant portion of the ability to influence construction safety is lost
when its consideration remains absent until the construction phase begins.
There is a possibility to eliminate occupational health and safety problems and
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even improve project constructability when works contractors’ experience and
knowledge are incorporated at the design stage (Hinze and Gambatese, 1994;
Behm, 2005).

3.8 Designing for construction worker health and safety

To follow up the rationale of influencing health and safety from the conceptual
design stage, Gambatese et al. (1997) has introduced the concept of Designing
for Construction Worker Safety (and health) (DfCS). Designing for safety
(DFS) is the formal process that incorporates health and safety hazards analysis
at the beginning of a design (Hagan et al., 2001). This process starts with the
identification of hazards. Engineering measures are then applied to eliminate
hazards or reduce risks.

The hierarchy of design measures starts with eliminating the hazard by
engineering design. If the hazards cannot be eliminated by engineering design,
then safety devices are incorporated. If the risk of injury cannot be eliminated
by engineering design, or reduced by incorporating a safety device, then
warnings, instruction, and training are the last resort (Mroszczyk, 2006). This
process has been applied in manufacturing industry during the design process
of products, equipment, machines, facilities and work tasks.

Designing for Construction Worker Safety (DfCS) is an extension of the DFS
process for construction projects. The DfCS process applies to the design of
permanent facilities or structures. The process does not address methods to
make construction safer, but to make a project safer to build. DfCS process
requires the ability to identify potential health and safety hazards associated
with construction and maintenance workers in the design stage of a project.
The skill of the design professional is then applied to eliminate the hazard or
significantly reduce the risk by incorporating the appropriate design features
(Mroszczyk, 2006).

The most essential feature of this process is the input of the site health and
safety knowledge into design decisions. A number of reviews would ensure
that health and safety issues are taken into consideration throughout the design
process. At the end of the process, the drawing or virtual models and
specifications would reflect a design that is conducive to a healthy and safe
construction work environment.
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3.9  Design visualization

Computer-aided design (CAD) software is a useful tool for addressing health
and safety in the design of a project. CAD systems are commonly used
throughout the design and construction industry, and they facilitate visualizing
the design in the three dimensions to expose design conflicts and space issues.
Incorporating the sequencing of activities of the construction work into the
CAD drawings is especially helpful for determining the impact of the
construction process on health and safety during different stages of the work.
Designers can electronically proceed step-by-step through the construction
sequencing to visualize the working conditions impacted by the design as it is
being constructed (Gambatese, 2004).

3.9.1 Current construction design techniques

The communication of the construction schedule and execution strategy of
work activities among the project team members is a unique construction
problem that takes place at almost all construction sites. In addition, the built
facility generates complex shapes of occupied workspaces by the executed
construction processes, the analyses and communications of the execution
space becomes more difficult and critical. Current space-time planning
techniques involve mainly textual description, hand sketches with site layout
templates, bar charts, network diagrams, and 2D/3D scaled visualization
models. Current construction planning techniques like Gantt chart, network
diagrams, and CPM are proven to be inadequate for construction execution
space planning (Jongeling and Olofsson, 2007; Dawood, 2006).

The traditional technique for coordination of activities and resources in
construction projects is the CPM-scheduling, which has been the predominant
scheduling method since it was introduced in the late 1950s. Over the years,
CPM has proven to be a very powerful technique for planning, scheduling and
controlling projects. However, there is criticism raised on the CPM method,
specifically in the case of construction projects, for deficient management of
construction work and discontinuous flow of resources.

Construction projects usually involve a large number of direct and indirect
stakeholders. Current methods of information exchange and communicating
building design information among them can lead to various types of problems,
including incomplete understanding of the planned construction, functional
inefficiencies, and impediments called information filtering and information
disconnects (Wakefield, O’Brien, and Beliveau, 2001).
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3.9.2 Emerging virtual design tools
3D modelling

By visualizing construction processes in 3D, operational concepts can be
validated and verified, design interferences checked, and construction
operations reviewed. Also, by using visual representations of planned or
completed construction activities, communication and information exchange
among different stakeholders can be improved (see figure 3.5).
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Quantification 3D-pictures
Cost estimation / Animation
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Basis for the tender
Order for material

Material supplier
Drawings, CNC-files
Assembling plans

Figure 3.5: The 3D database model for construction (Bergsten, 2001)

The 3D modelling is extensively used for information sharing. The 3D model
which is based on sharing a common database provides the last versions of
drawings and information available from the database to all different players in
the construction process. This database usually produced by professional
designers through consultation with building and electrical consultants,
provides a very useful resource for key stakeholders such as the client, the
contractor, the material supplier and quantity surveyors. Material specifications
and drawings obtained from the 3D model database are used for manufacturing
and assembling prefabricated building components.
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There are many advantages that 3D modelling holds for the project
stakeholders. Rischmoller et al. (2006) state that the utilization of 3D CAD
models to resolve interferences between 3D model objects during the project
design stage avoids errors and problems that can represent high costs and
delays if detected late during the project execution, extending the benefits of
CAD utilization to the construction stage. Bergsten (2001) states however, that
the 3D model is a static model, built in the computer for representing the
physical building. This could be seen as a drawback for the construction
process since the construction process is a dynamic process and needs a
dynamic presentation. This is a problem when it comes to health and safety
management at the design phase, 3D is not a model where workers and sub-
contractors could contribute optimally as the 3D model does not allow the
visualisation of a dynamic construction workplace that the construction
worksite always is.

Virtual reality (VR)

In addition to 3D CAD, virtual reality technology can be utilised to further
enhance the visualisation results. Taking the technological solutions to present-
day limits, the use of virtual reality is becoming very important as a future
mechanism for improving construction site health and safety. Hadikusumo and
Rowlinsson (2002) and Rowlinsson (2003) discuss the use of VR systems to
assist in construction layout and safety analysis. These authors argue that the
issue is addressed through a visualisation that allows the representation of
virtual product and the process data. A simple VR system can be used to
represent a 3D object that supports a ‘what-you-see-is-what-you-get’
environment. This advantage can be used to eliminate the problem of
interpreting 2D drawings as 3D mental objects, since all construction objects
can be represented as 3D objects in a VR world (Lingard and Rowlinson,
2005).

4D CAD simulation

Both in the construction industry and educational institutions there has been a
tradition of analysing the designs for building and infrastructure projects and
planning their construction by reviewing 2D project design drawings and by
developing construction cost estimates and schedules. For example, educators
in construction engineering tend to use 2D drawings and Critical Path Method
(CPM) schedules to discuss project planning. These traditional design and
construction planning tools do not support the timely and integrated decision
making necessary to move projects forward safely and quickly. Although 2D
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drawings and CPM schedules are to a degree visualization tools, they limit
their users’ ability to comprehend the impact of design and planning decisions
on projects.

CAD systems that include the time element are becoming more available in the
industry and easier to use. There is a growing interest to improve construction
planning through the use of virtual reality and 4D CAD modelling (3D CAD
with schedule time as the 4™ dimension) of construction processes and projects
(Heesom and Lamine, 2004).

In recent years, a number of civil and architectural programs are assessing the
educational value of having students develop 4D CAD models for building
projects (Messner et al., 2003). 4D CAD software supports linking of 3D
(CAD) geometry to one or more schedule activities, as reflected in Figure 3.6.

3D CAD Model . Pm]eci Schedule

L I

4D Model

Figure 3.6: 4D CAD Model development (Messner et al., 2003)

The result of an established link of 3D geometry representing building
elements and schedule activities is a simulation of the planned building
process. The simulation enables analysis and communication of a schedule.
Cory (2001), states that 4D CAD focuses on the integration of the technical
design information into the design and construction phases. Dawood et al.,
(2003) agree that 4D CAD planning consists of systems “where the process is
visualised by building the 3D product model through time according to the
critical path method”. 3D CAD is thus converted to “virtual reality” simulation.
4D construction simulation or visualization is described by Chau et al., (2003)
as being “generated automatically via integrating the 3D geometrical model
with the associated activity schedule”. As far as health and safety management
of the construction workplace, the 4D modelling offers a dynamic construction
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work environment through simulation, and thus enabling design decisions
related to health and safety to be taken earlier at design start.

3.10 Conclusions on theories

Occupational biomechanics provides us with an assessment able to
quantitatively describe the musculoskeletal loading that occurs during work so
that one can derive an appreciation for the degree of risk associated with work
tasks. Different theories of health and safety management indicate the
traditional separation between design and construction which contributes to the
difficulty of planning for a healthy workplace for construction workers. Risk
management could be controlled partly through industrialisation and
prefabrication, however to be certain that the preventive effort will be efficient
in reducing injury, established risk assessment methods should test the current
working environment in order to establish the best practices within the
construction industry. Furthermore, addressing health and safety issues early
on in the design stage shows the potential of being more beneficial than dealing
with these issues later on in the production phase. Virtual design tools could
potentially help improve communication over issues or concerns between
construction project participants in the early design where there are still many
opportunities to modify a design or simulate what if scenarios in order to
evaluate the impact of different designs on workers’ health and safety.
Planning for the healthy construction workplace requires the capacity to
communicate the construction design information adequately among the
project stakeholders including subcontractors and work crews who would be
the greatest contributors in planning for a healthy construction workplace.
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4  SUMMARIES OF PAPERS

This thesis chapter includes brief summaries of the five papers. The summary
outline of each paper includes: the title of the paper, the author or authors of
the paper, publication status, which research question the paper addresses, the
paper’s key words, the background, methods, results and contributions of the

paper.

The five papers demonstrate a line of reasoning that shows how planning for a
healthy construction workplace is done through the identification and
implementation of the best practices of the day, the workload risk assessment
and the use of 3D and 4D CAD visualisation of construction projects designs in
order to address work-related health risks (i.e. WMSDs) through a
multidisciplinary participation.

The first three papers deal with benchmarking best practices in WMSDs
reduction and workload risk assessment of carpenters and concrete workers
working with innovative construction methods. The last two papers pave the
way theoretically and practically for how to design healthy construction
workplaces (see figure 4.1.).
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“Best practices for the prevention of musculoskeletal
injuries in the construction industry”
Best practices for the healthy construction workplace

A 4

“Risk assessment and analysis of workload in an
industrialised construction process”
Identification of high workload and risk of injury

A 4

“Consequence of Industrialised Construction Methods on
the Working environment”
Measurement of injury risk in innovative construction
methods

!

“Reducing the Human Cost in Construction through
Designing for Health and Safety — Development of a
Conceptual Participatory Design Model”
Modelling a participatory design for health and safety in
construction

!

“Using Visualisation Technologies for Design and
Planning of a Healthy Construction Workplace”
Insights from project planners using 3D and 4D CAD
models for planning for a healthy construction workplace

Figure 4.1: A flow diagram of the thesis papers

4.1  Summary of Paper |

Title:

Benchmarking
best practices
and risk
assessment

Concept and
practice of
planning for a
healthy
construction
workplace

Best practices for the prevention of musculoskeletal injuries in the construction

industry

Authors:

Romuald Rwamamara, Ove Lagerqvist, Thomas Olofsson and Bo Jahansson
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Publication status:

Submitted in 2007 to the Journal of Construction Engineering and
Management

Which research question of the thesis is addressed?

Research question |I: What are the best practices which have proved to be
successful in the fight against the development of work-related musculoskeletal
injuries in the Swedish construction industry?

Key words:
Construction management, injuries, Occupational health, working conditions
Background:

The work environment alone cannot account for the large number of long-term
sick leaves due musculoskeletal disorders among construction workers, but it is
one of several factors involved, and improvements in the workplace are seen to
be the most important single measure for reducing the incidence of ill-health.
In the absence of literature that gives enough information about good industry
practices promoting musculoskeletal health, benchmarking best practices in
construction activities from the construction planning to the construction
production process was employed in research to show how different activities
impact a healthy construction workplace.

Purpose:

To identify and describe strategies and activities which have proved to be
successful in the fight against the development of work-related musculoskeletal
disorders in the construction industry.

Methods:

Empirical data concerning the construction projects’ best practices conducive
to the reduction of Work-related Musculoskeletal Disorders (WMSDs) were
obtained through a triangulation of interviews, site observations and company
documents.
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Research results:

The results have shown that there are numerous best practices both in
design/planning and production stages of the thirteen construction projects
investigated in the research study. Although best practices were identified in
the different areas of the construction workplace system, there seems to be a
significant need for good practices in Systematic Work Environment
Management (SWEM) and the implications of some payment methods on the
production schedule had a negative effect as far as construction workers” work-
related musculoskeletal health is concerned. Poor planning of work tasks done
on the construction site was often seen as the main culprit for musculoskeletal
injuries.

Contributions to knowledge:

The main theoretical contribution is the construction workplace system being
used an empirical basis to identify the construction workplace best practices
conducive to the reduction of WMSDs. Based on the empirical results in this
paper, specific practical recommendations were offered to the construction
industry, for example the need for client involvement in the implementation of
a work environment plan, and consideration of a broader consultation of
construction project key stakeholders (including work crews representatives) at
the design and planning stage. Furthermore, Paper | brought to attention the
need for planning for a dynamic construction site in order to contribute to the
health of its workers.

4.2 Summary of Paper 11
Title:

Risk assessment and analysis of workload in an industrialised construction
process

Author:
Romuald Rwamamara
Publication Status:

Published in 2007 in the scientific journal of Construction Information
Quarterly, CIOB, 9(2)
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Which research question of the thesis is addressed?

Research question 1I: How can the injury risk on construction workers be
assessed in industrialized construction process?

Key words:

Industrialised process, exposure assessment, health and safety design, best
practices

Background:

Industrialization of the construction processes in which industrialization
changes from an on-site construction process to a more controlled factory-like
construction process has been encouraged in construction projects for reasons
such as the attractiveness of the workplace in terms of health. However,
awkward and repetitive postures are still observed despite the benefits of
industrialization, for example the use of prefabricated components on
construction sites. Therefore there is a need for assessment tools that are able to
predict the risk of future WMSDs so that the monetary costs and human
suffering can be averted.

Purpose:

To measure the workload associated with the assembly/building of inner walls
using prefabricated components or gypsum wall panels and its affects on
musculoskeletal system of construction workers.

Methods:

Using video recordings, two risk analysis methods, ErgoSAM based on SAM
(a sequence-based activity method), a higher-level method-time-measurement
(MTM) system and QEC (a Quick Exposure Check) were used in the study to
measure potential exposure to risk factors for WMSDs. Work risks
measurements were limited to the inner walls assembly work tasks.

Research results:

The study presented in this paper revealed that the installation of inner walls
using prefabricated components entails a number of work tasks that are
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physically demanding due to awkward work postures and lifting of heavy
gypsum panels. The use of the methods ErgoSAM and QEC to analyse the
impact of an industrialised system (i.e. use of prefabricated components) has a
lot of potential in identifying WMSDs risks and thus providing a basis on
which these injury risks can be planned out in the design of an effective and
healthy construction workplace. Recommendations for consideration in the
selection of ergonomically designed tools are drawn from best practices
publications.

Contributions to knowledge:

ErgoSAM method which has been traditionally a manufacturing pre-production
risk assessment tool has been shown for the first time in this paper as an
adequate tool to assess and analyse the risk for musculoskeletal injury in the
construction activities during production phase. Further, the paper suggests that
the health and safety benefits from industrialization cannot be taken for granted
as the paper has identified situations of high workload and risk for
musculoskeletal injury. The paper has also linked the problematic work tasks to
corrective measures found in the best practices tools available in the
construction industry publications.

4.3  Summary of Paper Il
Title:

Consequence of Industrialised Construction Methods on the Working
environment

Authors:
Peter Simonsson and Romuald Rwamamara
Publication status:

Published in 2007 in Proceedings of the 15" International Group for Lean
Construction Conference (IGLC15)

Which research question of the thesis is addressed?

Research question Ill: How does the use of prefabrication and innovative
materials impact the construction workplace environment?
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Key words:

Working environment, Steel reinforcement, Concrete casting, Industrialization,
Lean construction

Background:

The industrialization of the construction process reflects the use of technology
to change the sector’s work environment for the better. Industrialised
construction methods such as the use of the prefabricated steel reinforcement
and the Self Compacting Concrete (SCC) have been introduced into the
construction workplace for among other reasons the improvement of the work
environment.

Purpose:

To investigate how different traditional production methods are from the
industrialised ones in terms of their impact on the concrete workers during steel
reinforcement and concrete casting work tasks.

Methods:

Empirical data were collected through construction site observations along
with video filming and informal interviews. With a sequence-based activity
method ErgoSAM, an ergonomic risk analysis was conducted on work tasks
recorded on video films.

Results:

The paper showed that the use of prefabrication and innovative materials
industrialised construction methods reduced ergonomic workload on concrete
workers. The paper indicates that industrialization of the production process
through the introduction of innovative construction methods has improved the
construction workplace environment in terms of reducing the injury risks due
to WMSDs among workers (i.e., concrete workers). With the use of these
industrialised construction methods, not only manual material handling tasks
are noticeably reduced, but the adverse affect on health due to handling
vibrating tools is eliminated.
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Contributions to knowledge:

Based on empirical results, the paper presents important differences in injury
exposures between the use of conventional and the use of industrialised
methods on the construction site.

44  Summary of Paper IV
Title:

Reducing the Human Cost in Construction through Designing for Health and
Safety — Development of a Conceptual Participatory Design Model

Authors:
Romuald Rwamamara, Peter Holzmann
Publication status:

Published in 2007 in Proceedings of 2" International Conference, World of
Construction Project Management, WCPM 2007.

Which research question of the thesis is addressed?

Research question 1V: How could design for health and safety concept improve
construction workers health and safety?

Key words:
Health and safety, design, construction, building planning, virtual design
Background:

Due to the persistent human cost related to WMSDs caused by risk factors
engendered by construction work activities, both the industry production loss
and construction workers ill health are the result of a problem yet to be solved.
Prevention through design is being introduced in the construction industry as a
concept that could be used to significantly reduce injuries occurrence through
designing health and safety into a product, service or process.
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Purpose:

To develop a conceptual model based on the participation of key stakeholders
in construction projects and as well as based on consideration of identified
areas of construction design influences on work-related musculoskeletal injury
occurrence.

Methods:
Review of literature and sites observations.
Results:

The developed model is concerned with breaking down the traditional
separation of design and construction functions and considers inputs of various
key stakeholders in a construction project. The participation of the project
stakeholders in designing for health and safety in construction will form a
participatory health design which takes account of the design originating
factors for WMSDs.

Contributions to knowledge:

The developed model pulls together the knowledge of various stakeholders in
design and construction to plan for construction workers health and safety from
the planning stage to the maintenance of the building facility or infrastructure.
The participatory nature of the model gives weight to the necessity of
partnership in the vital task of planning for construction workers health.
Practically, this model can be used by planners to design healthy construction
workplaces.

45  Summary of Paper V
Title:

Using Visualisation Technologies for Design and Planning of a Healthy
Construction Workplace

Authors:

Romuald Rwamamara, Hakan Norberg, Thomas Olofsson and Ove Lagerqvist
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Publication status:
Submitted in 2007 to the Journal of Construction Innovation
Which research question of the thesis is addressed?

Research question V: How does visualization impact the planning of a healthy
construction workplace?

Key words:

Design visualization, effective planning, healthy and safety, construction
workplace

Background:

Virtual tools such as 3D and 4D models are renowned for being capable and
innovative communication tools, and that is mainly why there is a growing
trend in the construction industry to use these tools for visualization of
construction information. The primary or nascent use of 3D and 4D modelling
has been essentially viewed as a means to increase the quality of production
through decreasing the number of potential design mistakes and increasing
buildability. However, with a constantly growing number of work injuries due
to poor planning a robust tool for visual communication of construction
activities and their potential health consequences is required.

Purpose:

To identify the advantages of the virtual tools namely 3D and 4D models in
terms of their ability to communicate design details and their impact on the
healthy construction workplace planning

Methods:

Interviews were performed with planning engineers using 3D and 4D models
as planning tools in their current construction projects. Observations were also
made on a 4D model of one of the three construction projects investigated in
this paper’s research study.
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Results:

The paper results indicate that through 3D and 4D virtual models the
construction process becomes efficient for all key stakeholders in the project.
The study presented in the paper points out that the 3D and 4D models are also
a powerful tool for a clear and tangible communication on workers health and
safety issues during the design and healthy construction site planning.

Contributions to knowledge:

The contribution of this paper is the use of the virtual models to identify health
and safety problems early in the design phase, and thereafter addressing these
problems in the design and planning of a project. The paper presents how
useful simulations of the production process through 4D CAD are in regard to
construction work methods and work tasks planning. Through simulations
logical sequencing of tasks can be performed to avoid work space congestion
and work crews overlapping and an efficient planning of lifting aid devices can
occur already in the early stages of design.
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5 CONCLUSIONS

In general the purpose of the research presented in this thesis is to enhance the
knowledge of how the planning for a healthy construction workplace could be
achieved through best practices benchmarking, risk identification and
participatory health and safety design facilitated by visualization tools during
the design phase. This purpose was essentially fulfilled through the
identification of good practices employed in the Swedish construction industry
to eliminate or reduce WMSDs, the risk assessment of industry’s current
construction methods, the development of a conceptual participatory design
model and the empirical evidence and practical use of virtual tools to facilitate
the participation of key stakeholders through tangible and clear
communication. The stepping stones of the overall purpose of this thesis
research were specified through the formulation of five research questions
already mentioned in two of the previous chapters. This concluding chapter
contains a summary of how the research questions were addressed as well as
the scientific and practical contributions, and finally this chapter will include
suggestions for future research.

5.1  Addressing research questions

The research questions are addressed through the research results obtained in
the five papers that are part of this thesis. The research gives answers to the
following five research questions:

Question I: What are the best practices which have proved to be successful in
the fight against the development of work-related musculoskeletal injuries in
the Swedish construction industry?
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This research question is addressed in Paper I, where different best practices
were recognized and identified by the interviewees from different occupational
groups with various functions in the design/planning and construction
production along the entire construction process. As a way of managing work-
related musculoskeletal disorders (WMSDs) in construction work activities, a
number of best practices were constantly identified in the empirical data
gathered from the interviews records, site observations and construction
companies’ health and safety related internal documents. The identified best
practices in the 13 construction projects investigated in the research study were
categorized in 6 interrelated areas, namely the planning, the work organization,
production technology, the physical work environment, work tasks and the
individual worker characteristics. Briefly the good practices in regard to
reducing WMSDs are comprised of a planning in which trade workers
representatives and subcontractors are invited to give their opinion on the
design in regard to workers health and safety issues and specifically in terms of
building materials and work methods to be used; the work organization in
construction projects which is hierarchically flat and streamlined allows the
workers and their representatives to raise the health issues in weekly meetings
with their managers and supervisors who are offered training on how to
recognize and deal with these issues; in terms of technology aspects,
production methods have improved to accommodate more work processes that
involve less manual material handling and much more off-site construction; the
construction site is getting physically bearable in a sense that it is becoming
less weather dependant when sites are managed under a production hall or
weather shields. Finally, the work tasks and individual characteristics have
contributed to best practices in terms of tasks being performed with
ergonomically designed tools and personal protective equipment meant that
work postures with which work tasks are performed do change for the better
thus reducing risks of WMSDs.

Question 11: How can the injury risk on construction workers be assessed in
the industrialized construction process?

This research question is addressed in the Paper Il, where an injury risk
assessment was carried out on carpenters working in an industrialized situation
using prefabricated building components. The risk assessment was performed
through two methods ErgoSAM and QEC; both these assessment tools are
quite meticulous, in particular due to their original use in the manufacturing
industry where work tasks at stationary workstations are analysed. The risk
exposure assessment methods are both based on well-established WMSDs risk
factors, namely force, posture and frequency which are found in the
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epidemiological research studies on the origins of WMSDs. Based on work
tasks observation and information from workers on their own work activities
and its risk factors, a predictive WMSDs risks assessment could be made more
accurately during production or before production at the design stage if work
tasks execution details could be available perhaps through experienced and
methodical construction workers.

Question 111: How does the use of prefabrication and innovative materials
impact the construction workplace environment?

This research question is addressed in Paper |1, by empirically investigating a
case study project where innovation in construction work methods was highly
employed in a bridge construction project. Innovation in this project consisted
of the use of prefabricated steel reinforcement and self-compacting concrete
(SCC) casting. Through a sequence-based activity method, an ergonomic
analysis was performed on work tasks entailed in steel reinforcement and
concrete casting work activities. A performed comparison between the
traditional or conventional performance and the innovative performance of
these construction activities revealed a large difference in injury risk
exposures. The new construction methods i.e. the use of prefabricated steel
structures and SCC showed a much lesser impact on the construction site work
environment in terms of reduced WMSDs risk exposure among concrete
workers who are usually exposed to risk factors such as heavy lifting, awkward
postures, repetitive movements and even vibration when their tasks are
performed in the conventional manner.

Question 1VV: How could the design for health and safety concept improve
construction workers health and safety?

This research question was addressed in Paper 1V, by developing a conceptual
model for designing health and safety in construction. The development of this
conceptual participatory design model which is based on different injury
influencing factors in the construction design, shows that a close interaction
and active partnership between various key stakeholders in a construction
project are necessary to achieve a participatory health and safety design
through the different key stakeholders inputs materials, equipment and tools
optimal design and through permanent works and work tasks design.
Furthermore, paper IV points out that the participatory health design for a
healthy construction workplace must be facilitated by a robust communication
namely the design visualization tools such as the 3D and 4D CAD models

57



Doctoral thesis

which are potentially useful for addressing health and safety in the design of a
construction project.

Question V: How does visualization impact the planning of a healthy
construction workplace?

This research question was addressed in Paper V, by investigating three
construction projects that have used virtual design tools in the planning of the
work activities in the production process. Interviews results in Paper V showed
that visualization through 3D and 4D CAD models allows representation of the
virtual building object and the process data. Interviews with the users of 3D
and 4D models in construction planning indicate that through visualization
various stakeholders in a construction project are able to communicate easily
about their health and safety concerns and thus solutions. According to
interview results, the use of 3D and 4D CAD models, allowed different people
involved in a construction project to see virtually real construction objects
easily since they are represented as 3D objects, this situation improves the
health and safety process by removing the difficult mental interpretation
process of imagining 2D architectural drawings as 3D mental objects. Finally,
the interviews with the planners using 3D and 4D models indicated that these
models made it easier to conduct risks assessment in the virtual building object
before the project design had been completed, allowing significant
contributions to be made to the health and safety planning of the construction
workplace.

5.2  Concluding discussion

In addition to providing the specific answers addressing the research questions
examined in the research presented in this thesis; the research has through its
findings contributed to theory and practice as well as practical implications vis-
a-vis the industry’s practitioners, workforce and society. Therefore the
following section will provide a description of the scientific and practical
contributions of this thesis research work.

5.2.1 Scientific contribution

In the research presented in this thesis, there are four chief areas where
contributions to theory and practice have been made. The first area of
contribution is found in Paper | where the identification of best practices
conducive to the reduction of WMSDs is provided through a model of the
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construction work system made up of various interacting aspects (i.e. planning,
work organization, production technology, physical workplace, work tasks, and
individual worker characteristics) whose balance determine whether
construction workers are exposed to WMSDs risk factors or not. The research
study presented in Paper | contributes to the research body of knowledge by
pointing out those aspects of the construction work system that are causal
factors of the work-related musculoskeletal health or the absence of it.

The second area of contribution is offered in Papers Il and Il where the risk
assessment of work tasks is shown to be imperative to determine the potential
WMSDs and risk exposure level whether a construction process uses
industrialized or traditional construction methods. Both risk assessment
methods employed in Paper Il originate from the manufacturing industry
world, and for the first time in this thesis research they have been used to
assess injury risk exposure in construction work tasks. | hope many other
researchers are going to go ahead and do further experiment with these risk
assessment methods in future construction work tasks studies.

The third area of contribution is presented in the Paper IV where a model was
built on existing theories and existing past research studies; this model needs to
be tested to prove its practical applicability, however if the model for the health
and safety participatory design is proved through future research studies to be
worth using to improve the planning of the construction site’s health and
safety, then | would say that this model has been one of the stepping stones
towards an optimal health and safety design for the construction workplace.

The fourth area of contribution is found in Paper V, where this paper indicates
the potential of 3D and 4D visualization to improve the design for health and
safety and easy identification of injury risks. In order to solve these
occupational injuries such as WMSDs, the crucial benefit of adequate
information communication provided through 3D and 4D models was shown to
be a great advantage in the quest of planning a healthy constriction workplace.

5.2.2 Practical contributions

The research findings presented in this thesis have various practical
implications for different construction stakeholders. | believe the common
interest between stakeholders for this kind of research is the tools for the
improvement of work-related health and specifically the reduction of WMSDs
among construction workers. There is no doubt that any reduction of these
injuries would reduce the individual, company and societal costs associated to
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them and would increase the image of the construction industry as a whole,
thus making the construction worksite an attractive place to work for a young
aspiring workforce.

For trade workers and engineers who are plagued by WMSDs, the study in
Paper | identified current best practices that the industry employs to reduce
WMSDs. Paper | suggests recommendations in regard to areas that need
improvement in order to contribute effectively to the musculoskeletal health of
workers. The areas such as ineffective worker consultation and involvement
and inadequate planning of health issues were addressed in Papers IV and V
through visualization design tools (i.e., 3D and 4D models) embedded in the
conceptual participatory health design model that strongly advocates consulting
key stakeholders which include workers as they are the ones who know the job
or work tasks better in order to design out potential injury risks.

The research findings in Paper Il contribute to the understanding of contractors
and clients that prefabrication is not always free of injury risk exposure
especially if the prefabricated elements have not been specified meticulously in
the factory in order to avoid adjustments that generate unplanned repetitive
work tasks before the prefabricated components are finally installed on-site.
Both ErgoSAM and QEC as risk analysis methods have great potential in the
production planning, especially where assembly work is required.

The research findings on the innovative construction methods in Paper Il
come as an encouragement to the clients and contractors as its benefits in terms
of health and safety on constriction site were highlighted. The main benefit was
specifically the reduction of WMSDs risks exposure that was significant when
working with innovative building materials such as the prefabricated steel
reinforcement and the self-compacting concrete. The use of these methods not
only reduces injury risks to construction workers, but does also reduce the
costs associated with material waste.

Finally, the research findings have practical implications on partnerships
between key project stakeholders (including subcontractors and trade workers)
that have to be improved in order to communicate effectively on health issues.
The research in this thesis shows those involved in construction projects that
there is a huge potential through visual simulation of work processes using 3D
and 4D models that enable adequate planning, communication and analysis
capabilities that create a healthy construction workplace.
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In summary, while | believe that | have not presented the final solution to
planning the healthy work environment, this work can be considered a
significant step on the way towards such a solution.

5.2.3 Limitations and future research

In this closing section of the thesis, encountered limitations and future research
work are discussed.

Research limitations

The research presented in this thesis has some limitations without which this
research may have been more accurate and perhaps more beneficial to different
stakeholders in this research, namely the society, the industry, and the scientific
community.

Time is often the main limitation when doing PhD research and this case was
no exception. The conceptual model presented in Paper IV would have been
more beneficial if it had been tested in a real case study to check the extent of
its applicability in a real construction project. To do such a case study would
have involved a large amount of time and commitment on behalf of all key
stakeholders; furthermore additional time would have been required of the
investigator or researcher to follow-up and evaluate the success or absence of it
as far as the participatory health design model being tested is concerned.

In Papers Il and Ill, limitations are not time-related but they are rather due to
the restriction of the case studies to quantitative ergonomic risk methods,
where subjective assessments such as interviews with workers would have
perhaps added a necessary confirmation to the results obtained through risk
assessment methods. In Papers Il and 111 where ErgoSAM method, the method
proved to be an easy tool to analyse a workplace by assessing the physical
workload; however the method does not take into account all ergonomic
parameters (static loading for example). Furthermore, unlike QEC method
which is relatively easy to use, ErgoSAM method is time consuming (1 minute
of video film analysis could take up to an hour). In addition, the accuracy of
ErgoSAM analysis of construction work tasks may be affected due to the use
of the limited parameters in the SAM database defined in a different industry.

Paper | identified best practices which were best at the time when the research
was done, the research is limited in a sense that it is difficult to measure the
shelf-life of these best practices. What is best today might not be best
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tomorrow. Furthermore, the best practices presented in Paper | were identified
only from thirteen construction projects, which means that it will be difficult to
generalise that the good practices are typical for all of the Swedish construction
industry.

Future research work

The next step is to test the proposed model for health and safety participatory
design. Investigate further the impact of visual simulation of construction work
processes on designing for a healthy construction workplace. Furthermore,
location and time-independent interaction and partnership among the
multidisciplinary team of stakeholders in the construction industry at the early
design stage could highly influence the level of health and safety on the
construction site. Construction projects are highly project oriented in nature,
which results in different teams being formed at a very dynamic and fast pace,
thus leading to the possibility of an inefficient partnership among the project
team members. How does one develop a mechanism that can provide an
efficient health and safety partnership among key stakeholders at early stages
of a building project?

Further improvements to be investigated include construction tasks modelling
using visualization tools that adapt tangible products and processes to human
capabilities during the design process to improve the task performance, the
physical comfort and the health and safety of construction workers. Therefore,
to incorporate ergonomic considerations in a purely digital (CAD) phase, early
in the design process, a designer will need digital representations of the future
users namely avatars in the 3 and 4D models.
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APPENDIX A

Appendix A contains some data collection tools information regarding Paper I. The
appendix firstly includes the introductory words about the research project prior to the
interviews session and secondly shows the interview guide used in the research study.

Den halsosamma byggarbetsplatsen

Projektet behandlar problemet med en tydligt okande arbetsrelaterade ohdlsa inom
byggbranschen och vad som kan och bor goras att vanda den negativa utvecklingen s att
istallet halsosamma byggarbetsplatser kan skapas.

Syftet med projektet &r att

1. Identifiera och beskriva strategier och aktiviteter som visat sig vara framgéangsrika i
kampen mot utveckling av arbetsrelaterade belastnings-sjukdomar inom byggbranschen.

2. Sprida kunskap om de strategier och aktiviteter som bidrar till att skapa den
hélsosamma byggarbetsplatsen till byggnadsindustrin for att déarigenom skapa
forutsattningar for en utveckling av halsosamma byggarbetsplatser pa bred basis.

Projektet fokuserar pa det muskel och skelett belastningsomradet. Projektet fokuseras
ocksa pa foljande yrkesgrupper: stallningsbyggare, betongarbetare, snickare, golvlaggare,
takl&ggare, el- och VVS-installatorer samt maskinforare.

Fallstudier vid storre byggprojekt ska ha genomforts via observationer, dokumentation
och intervjuer med olika byggherrar, entreprendrer (inklusive underentreprendrer),
konsulter (t.ex.arkitekter), projektledare samt byggarbetare.

Kontakt person: Romuald A. Rwamamara, Luled tekniska universitet

Tel. 0920-49 30 39; E-mail: rorw@ltu.se
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The following is the interview guide used in the study presented in Paper I. The order
followed in the interview guide may differ from the one in the Paper.

o

Planering
Beskriv hur ni arbetar med I1&ng- och kortsiktigt planering i er del av
byggprocessen. P vilket sitt beaktas halsofrdgorna i planeringen?
Hur planeras arbetsplatsen med avseende pa arbetarnas belastning av muskler och
skelett?
Hur planerar ni med avseende pd val av byggprodukter, konstruktioner,
installationer och deras placering for:
o stallningsbyggare,
betongarbetare,
snickare,
golvlaggare,
taklaggare,
el- och VVS-installatorer samt
0 maskinforare
Medverkar dessa yrkesgrupper i planeringsarbetet infor byggstart? Pa vilket satt?

OO0OO0OO0Oo

. Organisation

Beskriv i grova drag organisationen av hela byggarbetsplatsen (parter, uppgifter,
ansvar, befogenheter, resurser, kompetens mm). Vilka foretag ingar och hur samverkar
de? Hur &r foretagens samarbete med avseende pa arbetsmiljo- och halsofragor?
Varfor har ni organiserat er pa detta satt?

Vilka for- och nackdelar finns det med ert sétt att organisera er?

Har ni den bemanning som ni 6nskar er?

Hur kommer ni att utveckla er organisation?

Har ni ndgon speciell organisation for arbetsmiljoarbete? Hur fungerar den?

Vilka fordelar och nackdelar finns det med ert satt att organisera arbetsmiljoarbetet?
Vilken lonepolicy har ni och vilket l6nesystem tillampas pa arbetsplatsen? Varfor?
Vilka formaner finns utover traditionell 16n?

Vilken léneform beddms vara bast for yrkesarbetarna? Varfor?

Vilken inverkan har arbetstiderna pé yrkesarbetarnas belastning av muskler och
skelett? Varfor?

Hur fungerar information och kommunikation pa byggarbetsplatsen?

Vilka mojligheter har yrkesarbetarna till kompetens- och kunskapsutveckling i
arbetsmiljo- och halsofragor?

Vilka méjligheter har yrkesarbetarna att paverka organisationen da det géller fragor
som paverkar deras halsa?
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3. Teknik

Vilken produktionsteknik ar utmarkande for er verksamhet? Finns det ndgot som
tekniskt skiljer er vasentligt fran andra byggarbetsplatser?

Anvander ni ndgon speciell produktionsteknik som tydligt minskar belastningar
pa muskler och skelett?

Vilka speciella hjalpmedel och verktyg finns idag pa arbetsplatsen for att minska
belastningar p& muskler och skelett? Hur anvéands de?

Vilken ny teknik utvecklas for de olika yrkesgrupperna?

Hur infor och anvander ni ny produktionsteknik? Hur paverkar den nya tekniken
belastningar av muskler och skelett?

4. Fysisk arbetsmiljo

Beskriv arbetsplatsens fysiska arbetsmiljo (utformning, rbetsutrymmen,
nivaskillnader, underlag, ordning, vibrationer). Hur paverkar den fysiska
arbetsmiljon belastningen av muskler och skelett?

Hur paverkar klimatet (vadret) belastningen av muskler och skelett?

5. Arbetsuppgift

Vilka huvudsakliga arbetsuppgifter har de olika yrkesgrupperna?
Vilka mojligheter har yrkesarbetarna att utveckla sina arbetsuppgifter?
Bidrar arbetsuppgifterna till att framja arbetarnas halsa? Varfor?
Vilka belastningar av muskler och skelett innebér arbetet (for olika yrkesgrupper)
och hur hanteras/klaras de?
Hur &r balansen mellan krav, kontroll och resurser?
Hur péaverkas halsan av féljande faktorer i arbetet?

- arbetsstéllningar

- hanterade vikter

- variation

- arbetscyklernas langd

- arbetstakt

- handlingsutrymme

- precisionskrav

- kompetenskrav

- arbetsobjektens utformning

6. Individ/personal

Hur pass god &r personalens halsa? Varfor?

Hur pass god muskelstyrka, kondition och kroppskontroll har personalen?

Hur stor ar sjukfranvaron? Hur stor andel av sjukfranvaron beror pa besvar och
skador i muskler och skelett?

Hur ar alders- och konsfordelningen inom respektive yrkesgrupp?

Gor personalen nagot pa arbetstid for att vara i god kondition for krdvande
arbetsuppgifter?

Har personalen kunskap om lamplig arbetsteknik? Anvands lamplig arbetsteknik?
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o Gor personalen nagot pé fritiden for att vara i god kondition for kravande
arbetsuppgifter?

e Hur viktig ar personlig utrustning (kl&der, skor etc) och hjalpmedel? Anvands
utrustning och hjalpmedel?
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APPENDIX B

Appendix B contains information on data collection tools used in Paper V. This appendix
includes firstly a brief introduction of the research study to the interview respondents, and
secondly the interview guide is presented.

Planering av den halsosamma byggarbetsplatsen

Malet med projektet ar att utveckla forbattrade planerings- och simuleringsverktyg som
ocksa beaktar hélsorisker, t.ex val arbetsmetoder i tranga arbetsutrymmen, delade ytor for
material och utrustning pad byggarbetsplatsen. Angaende projektet kommer vi att fortsétta
studera metoder for att minska riskerna for arbetsrelaterade forslitningsskador.

Resultatet kommer att vara en praktisk metod att integrera produktions och arbetsmiljo-
planering. Planeringsresultatet kommer att kunna kommuniceras till byggherrar,
huvudentreprendrer, underentreprendrer, byggnadsarbetare m.fl.
Romuald Rwamamara
Avdelningen for byggkonstruktion
Institution for Samhéllsbyggnad
Lulea tekniska universitet

Tel. 0920 492353

e-post: romuald.rwamamara@Iltu.se
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The following is the interview guide used in the study presented in the Paper V:

Praktisk 3D/4D teknologi anvandningen fran halso- och séakerhet
perspektiv

Intervju mallen
Intresse i hélso- och sdkerhetsinriktad byggnadsdesign

1. Har nagon tidigare fragat efter din asikt om byggarbetarnas hélsa och sékerhet?
2. Kiénner du dig bekvam med att prata om byggarbetarna halsa och séikerhetsfragor?

Allmén 3D/4D anvandning inom hélso- och sékerhetsdesign

1. Anvénder du 3D/4D CAD i byggprojektet design?

2. Vad erbjuder 3D/4D modellering till olika aktorer i byggprojekt.

3. Kan byggarbetarnas hélsa och séakerhet forbattras genom 3D/4D modellering av

byggprocessen?

Vad ser du for fordelar med 3D/4D teknologi nar det galler hélsa och sékerhet?

Vilka typer av halso- och sékerhetsfragor kan man identifiera genom anvandning av

4D modellering i byggprojekt?

6. Finns det ndgon speciell information som borde finnas med i 3D/4D modeller for att
leverera en optimal design for hélsa och sékerhet?

o s

Mindre detaljerad 3D/4D anvéndning inom hélso- och sékerhetsriskbedémning

1. Hur bra tror du den simulerade inomhusarbetsmiljén senare stammer éverens med
den verkliga pa arbetsplatsen?

2. Hur bra tror du den simulerade utomhusarbetsmiljon senare stimmer éverens med
den verkliga pa arbetsplatsen?

3. Tror du att du kommer ha majlighet att ta tidiga beslut angéende byggarbetsmiljon
och sakerhet genom att anvanda dig av 4D modellering?

4. Hur kan 3D/4D modellering hjélpa olika aktdrer under designprocessen nar det géller
hélso- och sakerhetsfragor?

Bestéllare/Byggherre

Huvudentreprendr

Underentreprendr

Byggarbetare

Tillverkare och leverantdrer (av t.ex. verktyg, material etc.)

. Underhéllskonsulter

5. Hur kan olyckor och sjukdomar elimineras och reduceras med hjalp av 3D/4D modell
ering under designfasen?

6. Ar det mojigt att ge information om kvarvarande risker med hjalp av 3D/4D
modellering? Om ja, hur?

P00 oW
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Mer detaljerade 3D/4D modeller for simulering av arbetsmiljo

1.

2.

Tror du att 3D/4D modeller kommer att kunna stddja aktivitetsplanering pa
byggarbetsplatsen vad galler halsa och séakerhet?
Hur kan 3D/4D modeller stodja analyser av halso- och sikerhetsfragor i designskedet
innan produktionsstart?
a. Anbudsskedet
b. Design review
c. Produktionsplanering
Vilka av foljande fem aspekter nér det géller arbetsplatssakerhet kan upptéckas
genom 3D/4D modellering och hur kan de upptéckas?
a. Upptacka hélso- och sékerhetsmetoder
b. Sétta en séker arbetstakt
c. Upptécka vilka sékerhetshjalpmedel som kan behdvas
d. Upptacka sakerhetsbrister
e. Upptécka osdkra arbetsaktiviteter
Hur kan 3D/4D modeller anvéndas nar det galler foljande datafloden?
Bygghandlingar
Arbetsgenomforande
What-if handelser
Framtagande av tidplaner/Resursplanering
Uppfdljning
Brister i designen
Dagliga rapporter och prognoser

@~+ooooTe
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APPENDIX C

The Appendix C contains information about some of the Paper III results. Figure C.1 and
Figure C.2 which show respectively ErgoSAM analysis diagrams for short work cycles of
conventional steel reinforcement and conventional concrete casting on construction site.

Work cycle mean value = 18,2

1 9 I7 25 33 41 49 57 65 73 81 89 97 105 113 21 29 137 145 153 61 169 177 185 193 201 209 217 225 233 241 249 257 265
Time (s)

Figure C.1: ErgoSAM analysis of a short work cycle of a concrete worker working with
conventional steel reinforcement method. A cube value or work cycle mean value under 6
is acceptable, 6 to under 9 is conditionally acceptable and 9 and above is unacceptable.
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Work cycle mean value = 21

1 12 23 34 45 56 67 78 89 100 I 1222 133 44 155 166 177 188 199 210 221 232 243 254 265 276 287 298 309 320 331 342 353 364
Time (s)

Figure C.2: ErgoSAM analysis of concrete worker’s short work cycle during traditional
concrete casting and vibration. A cube value or work cycle mean value
under 6 is acceptable, 6 to under 9 is conditionally acceptable and 9 and
above is unacceptable.







“When you build a new house, then you shall make a parapet for your roof, that you may
not bring guilt of bloodshed on your household if anyone falls from it.”” Old Testament
(Deuteronomy 22:8)
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Abstract

Many construction work tasks are physically very strenuous, and the incidence of work-
related musculoskeletal disorders (WMSDs) among construction workers is considerably
higher than that in most other occupations. The aim of the study presented in this paper
was to contribute to an understanding of a healthy construction site brought about by the
best practices implemented by medium and large construction sites to prevent WMSDs.
A triangulation method made of interviews, site observations and company’s documents
study was used to identify the best practices in 13 construction projects A range of best
practices both in pre-construction and construction phases of projects were identified in
six different areas of the construction workplace system balance; however there seems to
be a significant need for good practices in the systematic work environment management.
It has now been established that the Swedish construction industry has several best
practices to protect work-related musculoskeletal health. However, the inadequate worker
participation and the neglect of health and safety issues by designers in the planning
process and the implications of some remuneration methods on the production schedule
were perceived as detrimental to musculoskeletal health of construction workers.

Key words

Construction management, injuries, Occupational health, working conditions
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Introduction

The Swedish construction work environment is regarded as the safest in the world
[Flanagan et al., 2001] as far as the working conditions and musculoskeletal health are
concerned. Nevertheless, there are still work environment related health problems to be
tackled. Public debate in recent years has focused increasingly on work environment
issues. Although this alone cannot account for the large number of long-term sick leaves,
it is surely one of several factors involved, and a multi-aspects improvement of the
workplace is seen to be the most important single measure for reducing the incidence of
ill-health such as musculoskeletal disorders and thus reducing the number of sick leaves
they cause. According to the Swedish Social Insurance Agency [2004] which administers
the various types of insurance and benefits which make up social insurance in Sweden;
musculoskeletal disorders are among the most compensated illness among male workers,
for example back pain accounts for 17 percent of all sickness compensations. The
average of the total back pain illness compensation per case for men (focusing on men
who constitute 92 % of the construction industry’s workforce) is about 5,727 US dollars;
this cost denotes 56 US dollars per sick leave day.

In the Swedish construction industry, Samuelsson and Lundholm [2006] report that out of
all 1582 cases of sick leaves caused by occupational illnesses reported in the year 2004,
1342 cases of sick leaves were caused by ergonomic risk factors. Work-related
musculoskeletal disorders (WMSDs) are described as a whole range of disorders which
are not typically the result of an acute or instantaneous event, but which are the result of a
chronic development. Various risk factors, including personal characteristics (for
example physical limitations) as well as societal factors may contribute to the
development of these disorders [Armstrong, et al., 1993].

WMSDs affect a wide variety of construction occupations, and are not specific to any
type of job or work activity. Different construction trades are exposed to various kinds of
physical workload, involving different parts of the body [Holmstrom et al., 1995] and the
incidence of WMSDs is considerably higher than in most other occupations [Schneider,
2001]. Risk factors which can cause or which may have an association with WMSDs
include repetitive, forceful or prolonged exertions of the hands, frequent or heavy lifting,
pushing, pulling or carrying of heavy objects and prolonged awkward postures. High
physical work demands such as these are considered the primary risk factor for work-
related musculoskeletal complaints [Marras et al. 2000; Hoozemans et al. 2002; Lotters et
al. 2003]. According to Djupsjobacka et al. [2004], physical risk factors encompass work
postures, heavy dynamic work, light repetitive work, static work, vibrations, temperature,
lighting and noise; whereas psychological factors include work demands (time pressure,
difficult work tasks), influence, social support, salary and rewards, work times and role
allocation/ambiguity. Many types of musculoskeletal disorders have a considerable work-
related component [Hagberg et al., 1995; NIOSH, 1997; Punnett and Bergqvist, 1997].
This is particularly true where there is a high exposure level and where there are
combinations of difficult conditions, for instance lifting loads with outstretched arms at a
high frequency is stressful for the shoulder region. There is also strong evidence that low
back disorders are associated with lifting, high exertion and awkward back postures
[Punnett et al., 1991; Marras et al., 1993]. Construction constitutes a substantial part of
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the economy of most countries, employing large numbers of workers. In Sweden, there
are 234 869 construction workers (SCB, 2006).

Large numbers of construction workers are still leaving the industry before the retirement
age due to WMSDs [Samuelsson and Andersson, 2002]. Construction workers are
exposed to physical workload such as heavy burdens, extreme working postures like
stooping, kneeling, work with hands above shoulder level, and vibration. With respect to
physical exposure, it varies between occupational groups, and it seems that significantly
increased prevalence of WMSDs within a trade often corresponds to its physical exposure
[Holmstrém and Engstrom, 2003]. There is however an emerging hope in this industry’s
workplace, as it was recently reported [Byggnads Arbetaren, Jan 16, 2006] that the
number of WMSDs in the construction sector continued to drop for the third year in a
row. Between 2003 and 2005, the number of reported work-related diseases, WMSDs
being accountable for the majority of them, has fallen 30 percent. Bengtsson et al. [2002]
attribute this improvement partly to the emerging construction workplace culture of
health promotion which focuses on a number of the surrounding and individual-related
factors. Menckel and Osterblom [2004] explained that health promotion focuses more on
creating supportive environments and conditions for a better health for all at the
workplace.

In summary, although it is observed through the review of literature that the physical
work demands which form the main cause of musculoskeletal injuries are high for the
construction workers, findings of scientific studies have identified physical,
organisational, and individual occupational risk factors for the development of work-
related musculoskeletal disorders. Thus, the response appealed to for this multifactorial
problem of WMSDs, should be a multi-aspects improvement [Morray, 2000] of the
construction workplace in the effort to prevent or at least reduce these construction
injuries.

Study Objectives

There were two general objectives underlying this research study. In the absence of
enough information about good industry practices promoting musculoskeletal health, the
first objective consisted of identifying and describing strategies and activities (i.e. best
practicesl), which have proven to be successful in the fight against the development of
work-related musculoskeletal injuries in the construction industry. The second objective
was to formulate recommendations significant to WMSDs prevention and specific to the
construction work environment; in order to bring about immediate actions or to guide
further research studies on identified issues.

Study Boundaries

The research study focused on the issue of WMSDs in the construction industry, because
these injuries still constitute a large portion, approximately 73 percent of all work-related
diseases reported among construction workers [Samuelsson and Lundholm, 2002]. Other
than developers, professional designers, site managers and contractors, the focal point of
this study was on eight construction trades (Table 2). In Sweden, these specific trades
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have been most affected by musculoskeletal injuries and with a higher average of sick
leave days due to WMSDs [Samuelsson and Lundholm, 2002; 2003]. This study was
further limited to housing construction projects.

Research Methodology and Data Sources

The methodology for data collection has used a triangulation method (Yin, 1994), that is
three complementary sources of information in an effort to increase accuracy, reliability,
and representativeness of the data: detailed site observations of construction processes;
interviews; company documents studies.

Semi-structured interviews were conducted with a sample of 94 respondents from eight
construction trades (crew leaders were selected due to their long work experience),
contractors, sub-contractors, designers and developers working with specific construction
projects were selected for the study. The respondents came from varying sizes of
construction firms with 48.9% of the sample working with large construction
organizations with over 2000 employees and with an annual turnover that exceeds 1
billion dollars. The rest of the respondents were from companies that employed less than
100 people. With the help of an interview guide with 39 questions within the framework
of six different aspects influencing musculoskeletal health (see figure 1), the interviews
were conversational and open-ended, typically varying between 45 and 90 minutes in
duration. Interviews were all conducted by the same interviewer who is a civil engineer.
Altogether, three investigative tools interviews, site observations and companies’
documents study were performed, with the objective of identifying the best practices that
are conducive to the musculoskeletal health of construction workers.

Thirteen large construction sites in different regions of Sweden were chosen.
Construction workplaces were selected on a convenience basis from the Swedish
construction industry and were invited via telephone or e-mail to participate in the study.
A criterion for participation was that construction projects/organisations had
distinguished themselves in one or more areas, namely, planning, work organisation,
technical aspects, work tasks, and physical environment. Another selection criterion was
the size of the construction workplace, because the research study was limited to
construction sites with at least fifty construction workers.

The data collected for this study was analyzed by sorting the data material into the
different best practices and relating them to the various aspects affecting the
musculoskeletal health of the construction worker, as depicted in the model for the
construction workplace system balance (see Fig. 1). Belle [2000] asserted that to improve
performance, benchmarking should single out those practices that have proved to be the
best in a given area.
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Fig 1. Six aspects affecting work-related musculoskeletal health of the construction
worker [Rwamamara, 2005].

According to the model in Fig. 1, every construction workplace can be characterized by
the planning carried out, by the organization performed, the technology used, the work
tasks performed, the physical work environment as well as those individuals that carry
out various work tasks. If these various aspects or components are not balanced, then
problems in various forms emerge, for example low productivity, injuries and other ill
health among the personnel. However, through a good balance of these components, a
corresponding positive result could be attained [Rwamamara, 2005]. The model in figure
1 takes into account external influence exerted on the individual musculoskeletal health
through the various aspects, which interact. All interaction relationships between various
aspects of the construction workplace system balance are not shown in this simplified
model in figure 1, and these relationships vary in strength and direction depending on
which workplace is being studied. The model considers the planning aspect which is
important to the construction workplace’s health because planning is very much linked to
production tasks to be performed. Hendrickson and Au [2000] stated that construction
planning is a fundamental and challenging activity in the management and execution of
construction projects. In addition to the planning component, the model takes into
consideration four more aspects namely work tasks, production technology, physical
work environment and work organization that affect the individual construction worker’s
musculoskeletal health. Karasek and Theorell [1996] and a number of other authors have
outlined principles for designing healthy work tasks for human-machine systems. The
ability to accomplish tasks and the load on the individual accomplishing the tasks are
often determined by the technology being used by the worker. Carriere et al. [1998]
examined the relationship between the introduction of new technologies and health and
safety system, and found that health minded and effective companies adopted new
technologies faster. Work environment refers to the work conditions that may affect
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individual workers in the workplace. Typically this includes the cold weather, the
vibration emissions, and mechanical environments [Smith and Sainfort, 1989]. Manuele
[1997] noted that a work organization’s culture determines the level of safety attained,
and management’s commitment or non-commitment to safety is an outward sign of that
culture. All individual workers enter the construction work environment with a variety of
strengths and weaknesses. These include age, general health status, motivation, skill
level, performance knowledge of the required work expectations, and ways of interacting
with co-workers, supervisors and management. A healthy work environment builds on
those strengths and motivations to develop a continuous learning and sharing work
environment that rewards creativity, problem-solving initiative, responsibility, and
teamwork. Open communication and participation are integral to a supportive work
environment [Jaffe, 1995].

Results

A three year investigation of 13 construction projects (Table 1) has yielded the results
presented in this paper which are the product of the analysis of site observations,
documents study, and as well as interviews with 94 participants of whom, 70 have at least
15 years of work experience in the construction industry, and the rest had worked at least
3 years in the industry (Table 2). Best practices were identified from other practices
through an analysis that matched simultaneously those practices recurring over and over
in the results of our observations, interviews (Table 3) and documents study.



Table 1. Description of the construction projects and characteristics of the sites and workers involved
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Construction work ( Building firm)

Construction period
(month/year)

Contract value

Procurement

Site visit period

Number of
subcontractors in
the construction
project

Number of
salaried
employees/ trade
workers in the
project

(NCC)

Office & Residential building Turning | 02/00- 05/05 180,832,000 US | Shared contract Spring 2004 45 100/500
Torso/ $

Malma (NCC)

Office buildings/ Malmé (PEAB) 09/02-05/04 17,404,000 US$ | Design-build contract | Auwtumn 2003 18 5/100
Refuse Incinerator Plant/ 10/02-02/05 21,486,000 US$ | Design-build contract | Autumn 2003 50 15/200
Linképing (NCC)

Office building/Staffanstorp (NCC) 03/02- 11/03 6.446,000 US$ | Design-build contract | Autumn 2002 20 (40 indiv.) 4/60
Apartments buildings/Bromma- 04/03-10/05 20.995.000 US$ | Performance-based Summer 2004 45 6/22
Stockholm (SKANSKA) contract

Senior citizen homes/ Vindeln-Umed | 06/03-08/04 6.546,000 US$ | Design-build contract | Spring 2004 5 2/15
(PEAB)

Office building renovation/Lidings 01/03-03/05 9.633.000 US$ | General contract Summer 2004 20 (60 indiv.) 416
(IM)

Multiple apartments building 12/03-03/05 Confidential | General contract & Winter 2003 24 6/60
Diamanten/Lund (NCC) Shared contract

Apartments building/Orebro (PEAB) 10/02-01/04 5.586.000 US$ | Divided contractor Summer 2004 12 4/50
Apartments building Filmstaden- 05/04-12/05 15,912,000 US$ | Design-build contract | Spring 2004 15 13/30
Stockholm (SKANSKA)

House building/Luled (PEAB) 10/03- 02/04 683.000 US$ | General contract Autumn 2003 8 4/10
Swimming pool building renovation/ 04/03-01/04 2.704,000 US$ | General contract Winter 2003 10 3/10
Gammalstad-Luled (PEAB)

University offices & facilities Luled 03/03-12/05 4,114,000 US$ | General contract Summer 2004 30 2/25
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Occupatim;al group Number of Gender Average of Occupational experience
interviewees occupational (in years)
(N=94) experience

Male Female (years) Minimum Maximum
Developers 5 5 0 22 15 25
Designers (architects + 9 8 1 18 3 27
Structural engineers)
Site managers/ supervisors 19 19 0 15 6 25
Concrete workers 11 11 0 21 12 26
Carpenters 12 12 0 25 15 35
Sub-contractor managers 3 3 0 12 9 15
Electricians 7 7 0 15 6 25
Plumbers/HAC 6 6 0 12 5 20
Scaffolding workers 6 6 0 15 10 20
Roofers 5 5 0 20 10 25
Floor layers 6 6 0 10 7 13
Machine operators 5 5 0 12 5 16

Table 3. Percentages of respondents that
effective to reduce WMSDs

have identified the best practices as highly

Best practices Planning | Work Production Physical Work tasks | Individual
Organisation Technology Work characteristics factors

Respondents Environment

Developers 60% 100% 80% 100% 80% 60%
Designers (architects + 89% 55.5% 89% 100% 22% 22%
Structural engineers)

Site managers/ supervisors | 63% 63% 95% 100% 79% 53%
Concrete workers 100% 89% 91% 82% 82% 73%
Carpenters 100% 58% 83% 75% 75% 58%
Sub-contractor managers 100% 100% 100% 100% 100% 67%
Electricians 100% 100% 57% 100% 57% 43%
Plumbers/HAC 100% 67% 83% 67% 100% 50%
Scaffolding workers 100% 83% 100% 83% 83% 67%
Roofers 100% 80% 100% 100% 100% 60%
Floor layers 100% 100% 83% 100% 100% 50%
Machine operators 60% 80% 100% 100% 100% 80%

Identified best practices

Planning

At every construction workplace, a compulsory Work Environment Plan (WEP) (AFS
1999:3) which consists of three important aspects; the regulations to be applied on the
construction site, a description of how the work environment work is to be organized and
a description of how certain work environment recommendations are to be implemented
during the construction phase; is laid down by the developer although the implementation
of WEP is delegated to the principal contractor.
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A long term planning of health issues starts with the preliminary hazard analysis of
construction activities. This risk analysis makes it easier to schedule and select
appropriate mechanical aids such as cranes and personnel and material hoists. A high
level master schedule maintained throughout the project is coordinated with the short-
term/look-ahead schedules to manage detailed flow. A common requirement during
planning and scheduling is to match the product, the process, work methods and the
promotion of health issues at the workplace.

In planning for industrialized construction, which is more often the case in large Swedish
construction workplaces, more attention is paid to the building components design and
ease of installation, thus prefabrication is preferred to the traditional construction which
entails heavy lifting, awkward postures and repetitive tasks. Although professional
designers, especially architects admitted their little knowledge about health and safety
issues affecting construction workers, thus little consideration of these issues in their
design; they expressed that there is a growing dialogue between designers and contractors
on designing for workers health. During the pre-production planning stage of preventive
measures, worker’s views and risks from previous projects are taken into account.

Work and workplace organization

Depending on how large the construction workplace is, the management is made up of
the site manager and the supervisors. The organization is a flat hierarchy and site
managers are not only responsible for the production matters but also for economic and
work environment issues. Construction workplaces currently have a more streamlined
organisation with a system of cooperation based on negotiation.

Healthy organizations included regular meetings between various groups e.g. the main
contractor and subcontractors and a good flow of information on different health and
safety issues between for example work supervisors and construction workers. This was
made easier by the flat organizational system. For more effectiveness in dealing with
WMSDs issues, worker representatives and work team leaders are offered regular
training through health and safety courses which provide updated knowledge about health
promotion and WMSDs prevention measures. At the worksites where it was practiced,
the consultation of construction workers was of a paramount importance as a number of
site managers asserted that workers are resourceful and well worth listening to when
dealing with health issues pertaining to the workers” musculoskeletal health.

Production technology

Special production techniques were discussed in the interviews and were observed on
construction sites; some of these techniques are not commonly available in all
construction workplaces. During discussions with both the management and construction
workers; production halls, Automatic Climbing System (ACS) scaffoldings (Fig. 2) and
off-site pre-assembly of bathrooms and ventilation modules (Fig. 3), were identified as
special production techniques that contributed to the reduction of WMSDs risk factors.

10
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Fig. 2. Automatic climbing system (ACS) scaffolding (Courtesy of HSB and PERI)

At construction sites where ACS scaffolding systems were used along with multiple
cranes that could serve every corner of the building site, the traditional scaffolding
system was replaced effectively, thus eliminating the risk of WMSDs due to heavy lifting
and repetitive tasks often related to scaffolding assembly tasks, in addition to avoiding
workers the risk of slip and fall injuries.

Fig. 3. Prefabricated bathroom and ventilation room modules lifted into a building site.

An automatic climbing system (ACS) scaffolding installation allows concreting of the
core ring wall at any one level to proceed at the same time as the tightening of the
internal elevator walls on the floor below.

Fig. 4. Off-site steel reinforcement in production hall with a traverse for lifting heavy
structures.

11
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Use of these innovative production techniques such as producing steel reinforcement,
bathroom and ventilation modules in a controlled work environment such as a factory or
a production hall minimizes risks of heavy manual material handling, repetitive tasks,
awkward work postures and slips and falls; thus eliminating the exposure to some of the
WMSDs risk factors. Other aids include remote-controlled concrete pumps (Fig. 5) and
traverses (used in production halls) (see Fig. 4), personnel and material hoists, carrying
aids such as automatic scissor lifts (Fig. 6).

Fig. 6. Personnel and material hoist, and a scissor lift

Other than the mechanical aids, large Swedish construction workplaces have invested a
lot in ergonomically-designed and light hand tools, in order to reduce vibration and
awkward postures. Newly developed building products such as self-compacting concrete
(SCC) (Fig. 7) has huge musculoskeletal health benefits for concrete workers.

SCC is a concrete to which no additional inner or outer vibration is necessary for the
compaction. SCC compacts itself alone due to its self-weight and is de-aerated almost
completely while flowing in the formwork. Traditional or conventional concrete casting
produces high noise levels and the vibrating tools used for compaction of the concrete
often lead to unhealthy and repetitive working postures. When SCC is used, concrete
workers don’t need to compact the concrete, therefore those work tasks related to lifting

12
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and using a vibrator disappear and thus the likelihood of workers suffering vibration
white finger will not occur.

Furthermore, the use of prefabricated building concrete components such as slabs, walls,
and stairs has reduced the number of work tasks which were traditionally performed on
site, thus minimizing the awkward work postures occurrence.

Fig. 7. Self-Compacting Concrete Casting (photo on the left) with no need to use a
compacting vibrator (as seen in photo on the right).

Work tasks

When it comes to improving work tasks by eliminating WMSDs risk factors using
mechanical aids, personal protective equipment (PPE), and work rotation within a work
group, team work and working with an upright work posture are the common preventive
measures. Among the eight trades investigated, only plumbers, electricians and carpenters
were found to have several work tasks done above shoulder level; however the
management often solves this problem by minimizing the risk exposure level.

Physical work environment

During interviews, many construction workplace managers and construction workers
have affirmed that good lighting, good house keeping and having enough work space
contribute to a reduction of work-related injuries. The use of new or improved building
materials and hand tools has considerably reduced the vibration emissions at the
construction workplace. To accommodate different working heights, the use of lifts and
access ramps is very common on construction sites, thus making it easier for workers to
perform their tasks and transport materials without undue strain. Performing production
tasks in the production hall (Fig. 8) where buildings up to five-stories can be built, or
working underneath a large tent or under weather cover sheets are considerably changing
construction activities into weather independent ones, and consequently cutting down
WMSDs related to cold, windy or snowy weather.

13
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Fig. 8. A weather independent production hall with safe lifting with a traverse.
Individual factors

Although, the Swedish construction workforce is an aging one; construction workers
indicated that their health was generally good and that they liked their occupations
despite the risk factors involved in their jobs. Workers understand the importance of
using PPE, applying adequate work methods as well as having good physical fitness in
order to minimize risk for WMDS.

Besides regular physical fitness, pre-work stretching sessions on sites which focus on
loosening up ligaments, tendons and muscles are considered to have contributed to the
reduction of WMSDs especially during winter time where workers need to warm up
before lifting and carrying building materials between 20 and 30 kilograms. A typical
pre-work stretching session emphasizes stretching the body from the neck down to the
ankles. The stretches in the ten-minute session include chin tucks, shoulder shrugs, wrist
flexion, hamstring stretch, calf stretch, and even a seated back stretch. Through massage
and naprapath therapy, the number of those who stayed at home because of muscular pain
has reduced. During interviews, the management expressed its satisfaction with the
worker’s foot anthropometry profile system that takes into account the characteristics of
individual workers and has been used to equip their workers with custom-made safety
footwear, thus reducing some of their workers’ musculoskeletal problems of the knees
and the back.

Recommendations and conclusions

The recommendations in this paper constitute a proposal on areas where good practices
need to be developed in consideration of work-related musculoskeletal health issues.

Planning

The study showed that developers had very little involvement in the implementation of
the WEP. Constant cooperation between developers and general contractors is necessary

14
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not only on designing the work environment plan but also on implementing it. A broader
worker participation in the preproduction planning should be desired for an optimal input
about the potential risks and controls. Furthermore, general contractors should encourage
sub-contractors to take part in the pre-production planning to present the identified health
risks. Furthermore, due to the ignorance expressed by designers in regard to health and
safety issues and their consideration in design; educational courses on health and safety
design in construction should be recommended for civil engineering programmes in
architecture as it is also suggested by Gambatese (2004).

Work organisation

An effective solution to reduce WMSDs among construction workers should not ignore
issues of leadership, remuneration system, employment types and worker involvement.
Training workers in health and safety issues provides a basis for consistent awareness,
identification, analysis, targeting and control of WMSDs. Therefore, construction
companies should consider providing training to workers, supervisors and site managers
through participating in the musculoskeletal disorders control program. Both the
management and the workers need more training to improve their knowledge in
Systematic Work Environment management (SWEM) (See fig.8). Features that
distinguish SWEM are similar to those of the EU-directive 89/391 (EU, 1989) which
requires a policy, risk analysis, information, division of work tasks regarding the work
environment, registration of work-related accidents etc. The Swedish regulation however,
is more far-reaching than the EU-directive 89/391/EEC.
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Fig. 9. Schematic description of SWEM (AFS 2001:1)
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Technical aspects

A greater level of industrialized production and use of assembling techniques for
prefabricated modules is recommended to construction companies in their endeavour to
prevent WMSDs. Furthermore, the availability of mechanical aids on the site should
depend on the nature of the work tasks to be performed. Construction employers should
do an evaluation of cost-effectiveness of the positive effects generated by the
accessibility of mechanical aids.

Work tasks

To reduce production pressures, the principal contractor and his subcontractors should
consider providing enough manual labour. By estimating reduced costs for sick leaves
due to reduced workload, the employer should be able to support his staffing strategy.
Employers and workers in partnership should continue addressing these risk factors by
both administrative (e.g., management systems) and engineering (e.g., mechanical aids
and ergonomic tools) controls. Further, the study showed there is a need for an efficient
planning that will make the mechanical aids and necessary work tools promptly and
readily available to workers to help them perform their work tasks.

Physical work environment

Findings indicated that a poor and inadequate planning was the first contributor to a bad
physical work environment. A dynamic and thorough site layout should be considered in
order to accommodate a constantly changing construction workplace. This point is
supported by Anumba and Bishop [1997] who state that site layout and organization are
essential management functions which should, ideally, be given full consideration early
in the construction planning stage of the construction process. The study indicated there
is a lack of coordination of housekeeping. Housekeeping responsibilities should be spelt
out in contracts and tender documents. These documents should define the
responsibilities and contractors should discuss details. In line with the study findings it
would be reasonable to suggest that the more construction activities are performed in a
production hall, the less WMSDs risk factors workers will be exposed to, especially
during winter. This suggestion is also supported by Rundgren and Ostlund’s [2002] study
on how to make the production hall more efficient.

Individual factors

The study showed that workers have different physical work capacities due to their age
and muscular strength. Therefore, it is important to consider mapping out individual
workers’ capacities and limitations. Other beneficial measures include workers foot
profile system and physical training during work hours. The benefits of physical fitness
or the consequence of the lack of it have been shown for example in studies by
Hildebrandt [2000] and Merlino et al. [2003].
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A final conclusion

In summary, all these best practices formulated into practical recommendations are part
of a quest after an optimal solution which can be achieved. As stated by Morray [2000], a
range of generic issues or aspects should be considered, such as task design (at the
planning stage), worker/equipment interface, and individual variation, training needs,
work organization and legal requirement. To create that health-yielding balance between
all these aspects affecting work-related musculoskeletal health is a challenge but
achievable. In regard to the occupational groups investigated in this study, observations
performed in the study showed that these trade groups were representative of those
performing the same work tasks throughout Sweden as the study looked at 13
construction projects located in different regions of the country.

Limitations of the Study

Limitations in this study were mainly those difficulties encountered during interviews. At
many occasions, interviewees found it difficult to identify and describe examples of best
practices at hand in their construction workplaces. Furthermore, it is possible that this
study could have given perhaps better results if there had been a fair participation of the
designers and the developers of the different construction projects investigated in the
research study. This low participation in the study was generally due to the designers and
developers’ lack of time. The participation of subcontractors’ managers in this study was
also unexpectedly low. Although several telephone and e-mail contacts were made with
contractors, inviting them to participate in the study, these invitations were often not
responded to or declined on several occasions. Another limitation of the study was the
cultural attitude of interview respondents who did not often think that they had anything
better than another construction workplace. This typically Swedish “unassuming nature”
made it hard to get some examples of best practices out of the interview participants.

Future Research

The following areas require more attention and future research will focus on finding
answers to these issues:

- Develop improved planning methods that also consider working methods, work
space allocation including dynamic site plans of shared construction site areas and
equipment with the objective to minimize the risk of WMSDs.

- Investigate ways to have a greater and adequate worker participation in the pre-
production planning.
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ABSTRACT

With the increasing industrialisation of the construction process, the
intensity and the nature of production activities are changing due the
application of cost-effective industrialised production methods such as
off-site prefabrication and on-site assembly. However, the impact of
these production methods on safety and health of the worker has not
been methodically investigated and is often assumed to be positive for
the construction workplace. The goal of the study was to measure the
workload associated with the assembly / building of inner walls using
prefabricated components or gypsum wall panels and its affects on
musculoskeletal system of construction workers.

The methods used in the study are the Quick Exposure Checklist (QES)
system and ErgoSAM, a method used to identify situations of high
workload and risk for musculoskeletal injury.

The results of the study revealed that the installation of inner walls
entails a number of work tasks that are physically demanding due to
awkward work postures and lifting of heavy gypsum panels. The use
of both methods to analyse the impact of an industrialised system has
a lot of potential in identifying health risks and thus having a basis on
which these risks can be planned out in the design of an effective and
healthy construction workplace. Recommendations for consideration
in the selection of ergonomically designed tools are drawn from best
practices’ publications.

KeywoRrbs: Industrialised process, exposure assessment, health and
safety, design, best practices

INTRODUCTION

Industrialisation of the construction processes in which industrialisation
changes from an on-site construction process to a more controlled
factory-like construction process has been encouraged for reasons such
as the attractiveness of workplaces that will strongly be enhanced by
vigilant organisation, new manufacturing methods, new architectural
typology based on 2D and 3D components, new components, new
connections and interfaces, and new on-site assembly methods

(ECT, 2005). Increased use of off-site manufacturing furthers the
industrialisation of the construction process.

Building parts are manufactured in an environment suited for effective
production, where advanced equipment can be used and the working

conditions are good. The manufactured elements are of a high level

of completion in order to minimise work at the building site. As many

parts of the building as possible are manufactured in offsite production
and finally assembled at the building site (Lessing et al, 2005).

By preassembling parts of buildings or constructions, or even whole
constructions, the construction process becomes more standardised
and less dependent on weather conditions (European Foundation for
Improvement of Living and Working Conditions, 2005). This could
speed up construction, improve quality, reduce waste and even the
degree of waste control, and reduce the cost of constructions (Ong,
2004). The industrialisation of the construction process also reflects
the use of technology to change the sector. Through advanced use of
prefabricated elements and off-site construction, the sector is hoping to
avoid mistakes; to lower costs and reduce completion times (Pasquire
and Connolly, 2002).

Transferring as many as possible on-site activities into the factory

is probably one of the most promising approaches in regard to the
improvement of health and safety on the construction site (Wright

et al., 2003; Gibb et al., 2004; McKay et al., 2005; Blismas et al.,
2006). However, it is a fact that some construction activities requiring
awkward postures and heavy lifting still remain part of the on-site
construction work tasks. Therefore, when planning new industrialised
construction process, measuring the interaction between the workers
physical capacity and the work tasks, tool usage through ergonomic
analysis is of great importance. In the manufacturing industry,
production engineers are often urged to consider the ergonomic aspects
of work when planning for production (Christmansson et al., 2000).

Understanding the relationships between workplace exposure
parameters and the health outcomes of the musculoskeletal system

is the basis for preventing and reducing work-related musculoskeletal
disorders (WMSDs) (Bao et al., 2006). Awkward, repetitive postures
and heavy lifting can increase the risk of musculoskeletal disorders;
therefore cost-effective quantification of the magnitude for physical
exposure to poor working postures is important and needed, if the
potential for injury as a result of postures is to be reduced (Andrew

et al., 1998). Assessing exposure to risk factors for WMSDs is an
essential stage in the management and prevention of WMSDs (David,
2005). Additionally, it is desirable to use assessment tools that are
able to predict the risk of future WMSDs so that the monetary costs
and human suffering can be averted through remediation efforts before
they are incurred (Hamrick, 2006).

The design principles which may refer to the existing best practices

in industry may also be applied as way of prevention in efforts to
eliminate or reduce risk factors for WMSDs (Rwamamara, 2005). In
this case, the job task or equipment may be altered to facilitate the task
and reengineer it such that it falls within the limitations of the worker
(Amell and Kumar, 2001).
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METHODS FOR EXPOSURE ASSESSMENT

During the research study reported on in this paper, two risk
assessment methods, namely ErgoSAM and QEC were used in the
study to measure potential exposure to risk factors for WMSDs.

ErgoSAM is based on a sequence-based activity method (SAM), a
higher-level method-time-measurement (MTM) system. The SAM
system is the result of work carried out in Sweden to shorten the time
needed for analyses made with MTM systems (Swedish Productivity
Center, 1995). In SAM, the main activities are Get and Put. ~ For
each SAM activity, a standard time is given. In addition to the SAM
information, the ErgoSAM method considers two additional pieces of
information: (1) the zone relative to the worker’ s body in which the
activity is carried out or ends,,and (2) the weight of the objects handled
or the force exerted in the activity (Christmansson et al., 2000; Laring
et al., 2005). The output of ErgoSAM is the product of three types

of demands namely, work posture, force and repetitivity (frequency),
according to a scientific model, the Cube model (Sperling, 1993).

For every work task, the three factors in the Cube model are given a
value between 1 and 3, where the values 1 and 3 are respectively

the lowest and the highest. The combined value representing the load
level or exposure level is obtained by multiplying the three components
illustrated in figure 1.

Figure 1 The Cube model (Sperling, 1993).

Combinations of these demands will largely decide whether a work
situation entails risks of strain injuries or musculoskeletal disorders
(Christmansson et al., 2000). ErgoSAM is implemented as a macro
program in Microsoft Excel.

The Quick Exposure Check (QEC) system for work-related
musculoskeletal risks has been developed by Li and Buckle (1998).
The method includes the assessment of the back, shoulder / upper
arm, wrist / hand and neck, with respect to their postures and
repetitive movement. Information about task duration, maximum
weight handled, hand force exertion, vibration, visual demand of

the task and subjective responses to the work is also obtained from
the worker. The magnitude of each assessment item is classified

into exposure levels (Tables 1 and 2), and the combined exposures
between different ‘risk factors’ for each anatomic region are
implemented by using a score table, in which higher scores are given
to the combination of two higher-level exposure of risk factors than the
combination of two lower-level exposures (Li and Buckle, 1999; David
etal., 2005).
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Table 1 Exposure scores for anatomic regions (David et al., 2005)

Exposure level

Score Low Moderate | High Very High
Back (static) 8-15 16-22 23-29 29-40
Back (moving) | 10-20 21-30 31-40 41-56
Shoulder / Arm | 10-20 21-30 31-40 41-56
Wrist / Hand 10-20 21-30 31-40 41-56
Neck 4-6 8-10 12-14 16-18

Table 2 Exposure scores for other factors (David et al., 2005)

Exposure level

Score Low Moderate | High Very High
Driving 1 4 9 -
Vibration 1 4 9 -
Work pace 1 4 9 -
Stress 1 4 9 -

GENERAL BACKGROUND OF THE RESEARCH STUDY

For many years now, lengthy production times in combination with
high production costs have been a problem in the construction
industry. A large Swedish construction company engineered a
concept that is based on the principle that a large portion of building
components should be prefabricated, and thus a large portion of
production work is transferred to the prefab factory, a change that
has a lot of advantages. Moving construction work activities from the
construction site to a factory has not only shortened production time
as an advantage, but it is also worth to mention that the factory is a
controlled environment and more safer than the traditional construction
site. Furthermore, the factory’s controlled work environment is
conducive to the workers health in a sense that injury risk is not

as high as on construction site, and thus implying a decrease

in the production mistakes and the defect frequency is reduced.
Consequently, large construction companies such as company

X evolved a new industrialised building concept to change the
construction workplace into an 'assembly site’ instead of a construction
worksite. The industrialised construction approach suggests that
different work tasks can be standardised which makes it possible

to analyse and suggest changes with the objective of minimising
musculoskeletal risks among construction workers.

SCOPE AND OBJECTIVE OF THE STUDY

A pilot multi story residence building project was the object of the
research study presented in this paper. The study was limited to
the assembly of inner walls using prefabricated gypsum panels. An
apparent failure to convert the whole system in order to benefit from
the manufacturing input prompted this study. The primary objective
was to analyse physical workloads on construction workers using
different risk assessment methods.

PROCEDURE

To perform the exposure assessment of inner wall assembly; 35 work
cycles were observed and a representative work cycle was video-

recorded by the researcher / author, and specific attention was paid to
work methods used by workers to perform their work tasks. Interviews
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Phase 1: Lifting and carrying of a 45 kg heavy wall panel to be installed.

Phase 2: Kneeling down and holding the gypsum panel against the ceiling
with a crowbar.

Phase 3: Kneeling down and screwing two screws in a steel angle that attach
firmly the panel to the floor.

Phase 4: Kneeling down and hammering a wedge under the panel.

Phase 5: Climbing on a stool and screwing two screws into a steel angle
to attach firmly the panel to the ceiling.

Phase 6: Drilling two holes for the steel angle in concrete floor.

Phase 7: Drilling two holes in the concrete ceiling and then nailing in two plugs.

2-
3"
4‘
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Phase 8: Kneeling down and nailing two plugs into the steel angle attaching

firmly the panel to the floor.

Figure 2 Eight main phases of inner walls assembly’s work cycle.
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Figure 3 ErgoSAM analysis of a work cycle of inner wall assembly.

were also conducted with construction carpenters on forces, physical
stress, vibration, and work tempo. Using the digital video recordings
of two carpenters doing the work tasks required in the assembly

of prefabricated inner walls elements, the researcher conducted
ErgoSAM and QEC analyses of the inner walls assembly work cycle.

RESULTS AND DISCUSSION

The work cycle (Fgure 2) of inner walls assembly is repeated 35

times per day, which equates to approximately two apartments in this

project, and lifting, drilling and screwing activities occupy a larger time
portion in the work cycle. During the typical 8 hour workday other wall
assembly-related work tasks such as the cutting of gypsum panels and
the assembly of doorframes are performed as well.

ErgoSAM analysis: An ErgoSAM analysis was performed, to assess
the risk exposure for each of the two carpenters working with inner
wall assembly. In general the ErgoSAM diagram, the cube value or the
load level falls within three levels; where under 6 is acceptable, 6 to

under 9 is conditionally acceptable and 9 and above is unacceptable.
These load levels are respectively represented by green, yellow and
red colours. The highest peaks in the ErgoSAM diagram (Figure 3)
represent the work tasks that contribute most to the work cycle’s mean
value of 11.5. This mean value is above 9 and indicates that the work
load during the inner wall assembly’s work cycle is not acceptable,
therefore the work cycle needs to be improved in order to reduce the
musculoskeletal system loading to an acceptable level. By reviewing
each inner wall assembly’s work tasks on the video film, and method
description used to generate the ErgoSAM diagram, it becomes easier
to identify which work tasks are ergonomically detrimental to workers
and thus these should be the first addressed in terms of improvement
measures.

The ErgoSAM analysis diagram in figure 3 shows a lot of 'red peaks’
indicating that the inner wall assembly work cycle entails a number of
physically demanding work tasks, particularly lifting wall panels and
working in awkward work postures while drilling and screwing screws
into concrete. During the analysis using ErgoSAM, the frequency

of work tasks performed repetitively contributed significantly to the
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Figure 4 Exposure levels for various work tasks in the inner walls assembly.

loading value or exposure level, especially in the case of drilling and
screwing. The work posture adopted by the worker also influenced
the loading value outcome. It was observed that a poor or good

work posture was often dictated by the work method adopted in the
performance of a certain work task. For example, the drilling and
screwing tasks were performed either with hands closer to or further
from the body, and the ErgoSAM analysis showed that these different
work methods have a different impact on the worker's musculoskeletal
system as far as the exposure level is concerned. The drilling and
screwing work tasks performed with hands or forearms closer to the
body generated acceptable cube values or loading levels.

Quick Exposure Check (QEC) analysis: In Figure 4, QEC analyses show
different exposure levels for different work tasks in the assembly of
inner walls cycle.

In Figure 4, according to Table 1 which shows how to determine
different exposure levels, there are a number of work tasks in the
assembly of inner walls that have exposure levels ranging from
Moderate to High. The QEC analysis indicated that lifting the 45 kg
inner walls panels has a high exposure level for the workers’ shoulders
and arms, whereas other body areas i.e., the back, hands, wrists and
the neck) have a moderate and even low exposure levels. Furthermore,
QEC analysis showed that drilling and screwing of concrete ceilings
and floors have low exposure levels, but these exposure levels could
have been high if for some reasons the work pace or stress was
increased and thus scored high.

QEC analysis which considers the workers’ own assessment of their
inner wall assembly work tasks has indicated that there is no risk of
whole body vibration as their work tasks do not require driving. Hand
and arm vibrations due to concrete drilling were estimated as low
exposure levels which do not contribute to the worker's ergonomic
loading. Carpenters interviewed expressed that work pace and stress
were low and therefore did not have any negative effect on their
musculoskeletal system.

USING ERGONOMIC TOOLS AS A BEST PRACTICE

After the risk assessment, work tasks with WMSDs risks were
identifiable, and it was possible to develop adequate solutions to
eliminate the risk exposures. The use of ergonomically-designed tools
or aid devices has been shown to be one of the best practices that the
Swedish construction industry uses to reduce WMSDs (Rwamamara,
2005). Therefore, in the case of inner wall installation, using specific
user-centred designed aid devices for demanding work tasks should
reduce risk factors. For instance, to set the inner wall at the ceiling
level where the worker (Figure 5) usually works with hand-held tools
above shoulder level which generates static loading on the worker's
musculoskeletal system; the drill and the screw-gun should be used
with a tripod / stand (Figure 6) to reduce risk factors associated with
work above the shoulders. Using a human as a hand tool tripod leads
often to musculoskeletal injuries. Static work restricts blood circulation
to body parts and causes fatigue and time studies does indicate the
influence of fatigue on efficiency at work. Therefore, it pays off to use a
tripod while the body is spared from risk exposures.

CONSTRUCTION INFORMATION QUARTERLY — VOLUME 9 — ISSUE 2

Figure 5 Worker drilling at ceiling level.

Figure 6 A drill’s tripod.
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Similarly, to avoid bending work postures that strain the back during
work tasks at the floor level (Figures 7a and 7b), a worker should
consider using a drill with an extension structure (Figure 8a) and a
screw gun cradle (Figure 8b) which fits many of the drills and screw
guns found on many construction sites.

Figure 7b Vertical screwing.

(-]
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I-I |

: %
¥

Figure 8a A horizontal extension. Figure 8b Cradle for vertical drill.
As for the lifting of the heavy wall panels (Figure 9a), using a good
liting and carrying aid device (Figure 9b) should reduce the exposure
related to heavy and awkward lifting and as well as static loading on
the back, shoulders, hand and wrists. Heavy lifting ought to be always
planned out; otherwise there is a risk of musculoskeletal injury and
damaged materials when dropped down.

Figure 9a Worker lifting a heavy o
wall panel.

e,
B

e

Figure 9b Lifting aid.

The aid devices shown in Figures 6, 8a and b, and 9b are from a
catalogue of good construction tools compiled by Rygginstitutet in
cooperation with Bygghalsan and Arbetslivsfonden (Rygginstitutet,
1995). The catalogue was developed through practical tests of tools on
construction sites with the support of the Swedish Working Life Fund
(Arbetslivsfonden) and the construction industry.

The tools suggested for use in those parts of the job identified as risk
factors bearers should be introduced after consulting the workers, after
all, workers know the most about their jobs. Consultation at this stage
will assist with the introduction new tools in the workplace.

CONCLUSIONS

In regard WMSDs in construction industry, the assessment of exposure to
risk factors is an important part of the surveillance of the industrialisation of
construction processes and the preventive work. Risk assessment should
be an integral part of the concept of designing for construction workers
safety and health as indicated in the European Union directive (CEC, 1992;
Hinze et al., 1999). The exposure assessment of risk factors is based on

well-established risk factors for a number of WMSDs according to the fairly
recent research findings (Hagberg et al., 1995; Moon and Sauter, 1996;
Johansson et al., 2003 and Lund et al., 2006). This assessment can help
in regard to planning a healthy construction workplace and introducing
changes in the construction workplace in order to eliminate when possible
or otherwise minimise exposure levels. If construction planners and
designers have taken into account the health and safety aspects as stated in
the European directives (CEC, 1992), the industrialised system investigated
in the study should result in significant benefits.

Both ErgoSAM and QEC risk assessment methods showed that inner
wall assembly work involves some easy work tasks but also entails of
demanding work tasks specifically the lifting of gypsum panels and the
drilling of the concrete slab and the screwing of screws into both the
concrete and the wall panel. It is possible however to improve the way
these work tasks are performed through anticipatory planning work and
using user-cantered designed aid devices.

If the new industrialised construction process investigated in the
study had been the old traditional process, it is certain that many
construction work tasks in the inner wall building job would have
been rated high in exposure levels. It could however be interesting
to investigate further through a comparison of the traditional and
industrialised construction methods. Moreover, because this
industrialised method is not particularly advanced, the findings of
this paper should not be inappropriately applied to the whole of the
industrialised building sector.

In the industrialised construction process, the study of inner walls panels’
installation indicated high risk values partly through heavy lifting and
repetitive tasks that the workers are required to do during their workday
to set up the inner wall. The industrialised construction approach brings
about possibilities, in a sense that on the basis of construction work
tasks analyses with instruments such as ErgoSAM and QEC, changes

in the production work methods are brought about and risk factors are
minimised or eliminated through a thorough planning.

A shortcoming in this study is that its conclusions are not based on
broader empirical data. The study has only covered the installation of
prefabricated inner wall panels and therefore cannot comment on other
work tasks within the industrialised construction process.

Another shortcoming could be that neither ErgSAM nor QEC methods
were developed for the industry of construction and could give a rigid
assessment of the WMSDs risk exposures within the construction
tasks. For example, in ErgoSAM and QEC, the weight or force exerted
scales are not high enough to accommodate a fair analysis of heavier
work tasks common to the construction industry. This is perhaps
another sign that the strain work load on our construction workers

is too high with the thought that premature retirements due to strain
injuries are quite common among construction workers.

Further research and development

When changes have been made in the inner wall installation work
environment with the introduction of the suggested aid devices,
risk exposure should be reassessed to confirm the efficiency of the
intervention in reducing the risk factors for WMSDs.
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CONSEQUENCE OF INDUSTRIALIZED
CONSTRUCTION METHODS ON THE WORKING
ENVIRONMENT

Peter Simonsson® and Romuald Rwamamara?

ABSTRACT

Traditionally, the working environment has been poor especially when it comes to steel
reinforcement and concrete casting on construction sites. Industrialised construction
methods such as self compacting concrete (SCC) casting and prefabricated steel
reinforcement are creating a basis for an improved working environment. By using these
methods, it is assumed that the cost for sick leaves due to ergonomic injuries and
accidents are reduced as health and safety risks inherent to the traditional working
methods are decreased.

Observations along with video filming and informal interviews were performed. With
a sequence-based activity method ErgoSAM, an ergonomic risk analysis was conducted.
The analysis showed that industrialised methods reduced ergonomic workload on
concrete workers.

The industrialisation of the production process through the introduction of innovative
construction methods has benefited the construction workplace environment as well as
the customer value in terms of improved material handling, elimination of additional
adverse affect on health of handling vibrating tools, reduced on site congestion and
reduced over all material costs.

KEY WORDS

Working environment, Steel reinforcement, Concrete casting, Industrialisation, Lean
construction

INTRODUCTION

The Swedish construction work environment is regarded as the safest in the world on the
subject of physical health, working conditions, illnesses and accidents (Flanagan et al.,
2001). Nevertheless, there are still work environment related health problems to be
tackled. Stress and other mental strains at work present the most dramatic development in
recent years in Sweden, but the most common cause of work-related disorders throughout
a nine year period 1996-2005, has been the physical strain (e.g. heavy manual handling,
strenuous work postures and short, repetitive operations) on the musculoskeletal system.
In the construction industry more than one man in five, twice as many as for all men
employed, reports musculoskeletal disorders of the musculoskeletal system. This
corresponds to 50,000 men in Sweden. Musculoskeletal ergonomics studies concerned
with the effects of work postures, working movements, physical loads and other
conditions on the muscles and joints indicate that more than 1.5 million workers find their
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daily work ergonomically strenuous. In the construction industry this experience is shared
by over 130,000 men, and it is obvious that musculoskeletal illness is the construction
industry’s biggest problem (69% of all reported work-related injuries in 2005). These
injuries are caused by the so-called ergonomic risk factors, and the most common risk
factors are heavy lifting, strenuous work postures and prolonged one-sided work
(Samuelsson and Lundholm, 2006; Lundholm and Swartz, 2006). Different occupational
groups in the Swedish construction industry are affected by work-related musculoskeletal
disorders (WMSDs) at different frequency levels; however the highest relative frequency
of reported WMSDs belongs to the concrete workers (Lundholm and Swartz, 2006). The
cost to the worker of WMSDs is pain, along with loss of income through being unable to
work. This results in significant costs to organisations through sick leave or ill-health
retirement, and to the tax payers in general that may have to support a person unable to
work (European Agency for Safety and Health at Work OSHA, 2004).

Public debate in recent years has focused increasingly on work environment issues,
not least in view of the dramatic rise in the cost of ill-health. Health and safety problems
in the form of work-related illnesses and accidents cause relatively high costs influencing
the projects. Safety costs will ultimately be paid for by the client either directly or
indirectly. The financial, economic, environmental and social costs of deaths, injuries,
disabilities and diseases to the industry, in particular, and to the society in general, is
colossal (Larcher and Sohail, 1999). Work-related accidents significance for a company
reputation and personnel turnover is difficult to measure for construction companies.

Many companies have little knowledge about the costs associated with work
environment risks. For example, if only sick-leave costs and social contributions are
included in the economic assessment, the cost picture is incomplete. Cost for overtime,
decreased production, increased administration, rehabilitation and productivity loss due to
reduced working ability need to be taken into account as well (Rose and Ortengren,
2000). Therefore, cutting the sector’s high incidence of accidents and work-related
illnesses could save for example the EU and its taxpayers up to 75 billion Euros
(estimated to be about 8.5 percent of the total construction costs) a year, claims the
European Agency for Safety and Health at Work (OSHA 2004).

Direct and indirect costs resulting from a poor work environment have compelled
both researchers and practitioners to look for adequate strategies and plan of actions to
tackle safety issues in the production planning in the construction process. Koskela
(2000) states that occupational safety is notoriously worse in the construction industry
than in other industries and that a number of solutions have been offered to relieve the
chronic problem in construction.

The industrialisation of the construction process reflects the use of technology to
change the sector’s work environment for the better. Industrialised construction methods
such as the use of the prefabricated steel reinforcement and the Self Compacting Concrete
(SCC) have been introduced into the construction workplace for among other reasons the
improvement of the work environment. These methods although often referred to as new,
they are not new in principle, as they have had their applications in the industry since the
early 1980’s.

This paper will share some insights obtained from an investigation study on the use of
these industrialized methods impact on the construction site work environment.

Safety, Quality And Environment
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WORKING ENVIRONMENT AND ECONOMY

Injury cost estimations, according to the Swedish Social Insurance Agency (2004), the
single biggest cause for sick leaves is back pain which accounts for 15 % of all sick
leaves among men and 12 % of sick leaves among women. The average of the total back
pain illness compensation per case for men (focusing on men which constitutes 92 % of
the construction industry’s workforce) is about 4 600 €, this cost denotes 45 € per sick
leave day. Back pain being the most common illness among men does account for 17 %
of all sickness compensations. Considering only the construction industry, Samuelsson
and Lundholm (2006) reported that out of all 1582 cases of sick leaves caused by
occupational illnesses reported in the year 2004, 1342 cases of sick leaves were caused by
ergonomic risk factors (including vibration and noise).

Furthermore, taking into account the 279 cases of WMSDs reported among concrete
workers (Lundholm and Swartz, 2006), their sick leave compensations could
approximately cost up to 1 280 000 € for the taxpayers. There are of course other direct
and indirect costs such as productivity loss and hiring substitute workers that are not often
calculated.

RISK IDENTIFICATION METHODS

Risk assessment methods determine the risk level that employees face from exposure to
hazards at work and can help establish measures that are necessary to control the risk and
to protect workers health and productivity. In the study two risk identification methods
were used to complement each other.

OBSERVATION AND ERGOSAM

Observations at the bridge were done in a form of site-walkthroughs, video films of
identified steel reinforcement and concrete casting activity work cycles. These
observations were the basis for a further risk assessment; the ErgoSAM analysis.

ErgoSAM is based on SAM (a sequence-based activity method), and a higher-level
method-time-measurement (MTM) system. The SAM system is the result of work carried
out in Sweden to shorten the time needed for analyses made with MTM systems (Swedish
Productivity Centre, 1995). In SAM, the main activities are Get and Put. For each SAM
activity, a standard time is given. In addition to the SAM information, the ErgoSAM
method considers two additional pieces of information: the zone relative to the worker’ s
body in which the activity is carried out or ends; and the weight of the objects handled or
the force exerted in the activity (Laring et al, 2005). The output of ErgoSAM is the
product of three types of demands namely, work posture, force and repetition (frequency),
according to a scientific model, the Cube model (Sperling et al., 1993).

The Cube Model is used on the site observations to acquire the risk of WMSDs on
combinations of the variables mentioned (posture, force and repetition). For a specific
working task, and for each dimension separately, demand levels may be defined as low,
medium, or high, where the demand criteria are chosen so as to discriminate between
good or poor work ergonomics, and assigned weight factors 1, 2, and 3 respectively.
Combinations of demands are evaluated by multiplication of the three weight factors, and
this product determines the acceptability of the task (Sperling et al., 1993). ErgoSAM is
implemented as a macro program in Microsoft Excel.
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FULL SCALE STUDY

A full scale study was carried out on a bridge construction with focus on the
industrialised methods and their impact on the work environment. The bridge consists of
a span of 10 metres with a width of 15 metres, Figure 1. One objective of the study was to
examine the changes on the working environment when “new” construction methods,
(use of prefabricated steel reinforcement and Self Compacting Concrete) were introduced.
Other objectives presented in Simonsson and Emborg (2007), were to study the
productivity at site, site logistics, economics of the changed working methods and
planning process.

Figure 1: Full scale bridge in elevation and section (no scale).

CONSTRUCTION METHODS

According to a study by the Danish Technological University, DTU (Nielsen, 2006) some
26 % of a workers average day consists of concrete casting and reinforcement fixing. If
this is translated into time, it will be just over 2 hours per working day, or 57 full working
days a year. This work is often done in awkward postures with heavy equipments such as
the vibrator used to compact the conventional (traditional) concrete or with heavy
material when placing the reinforcement piece by piece.

STEEL REINFORCEMENT

Traditionally, steel reinforcement is fabricated on the construction site at its final
destination involving a large labour force and a considerable amount of steel wastage.
Current methods for installing steel reinforcement in concrete structures involve
interpreting steel positions from plans and installation of individual bars by site workers.

If manufacturing of the steel reinforcement could be moved from its final position, i.e.
in the formwork, to a more controllable position, a reinforcement workshop, the working
environment could be drastically improved. Prefabricating steel reinforcement cages
offers that possibility through the use of scissor lift tables, which makes it possible for the
worker to work at the right height all the time instead of a bent posture as shown in
Figures 2 a and b. Prefabricating steel reinforcement does not necessary equal
manufacturing it in a factory, the reinforcement shop could also be located at the
construction site. In this case, the benefit would be that the production flow for the
worker can become even and possible waiting times can be eliminated through using this
work as a buffer. During the construction of the full scale bridge, the industrial
prefabrication of steel reinforcement partly replaced the manual installation on site. The
prefabricated reinforcement was easily placed in the formwork, using cranes, before
concrete casting commenced, see Figure 3.

Safety, Quality And Environment
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a)

Figure 2: a) Traditional working position when placing reinforcement piece by piece. b) Steel reinforcement
prefabricated in the factory and shipped to construction site.

P~ =

Figure 3: a) Placing prefabricated reinforcement for a foundation. b) Reinforcement carpet lifted into place.

Some of the benefits highlighted when using prefabricated steel reinforcement structures
are improved safety and reduced on-site congestion, reduction in site fixing resulting in
less exposure time, ease of identification of reinforcement with less stressful situations
and improved material handling with less heavy lifting and carrying of material
(http://www.bamtec.co.nz/elements/BAMTECsystem.pdf).

CONCRETE CASTING

Traditional concrete casting produces high noise levels and the vibrating tools used for
compaction of the concrete often lead to unhealthy working postures (Figure 4a). As
mentioned earlier, a typical concrete worker spends on average 10 % per day casting
concrete, thus working in stressful working postures and being exposed to back pains.
Self Compacting Concrete (SCC) is a concrete to which no additional inner or outer
vibration is necessary for the compaction. SCC compacts itself alone due to its self-
weight and is de-aerated almost completely while flowing in the formwork. For the
success of SCC, it is crucial to define the performance of the product, which can,
according to the Growth project Testing-SCC (Emborg et al., 2005), be discerned into
three main parameters: 1) Filling ability 2) Passing ability and 3) Segregation proneness.
For these parameters, criteria should be established to be met by a proper mix design
depending on geometry of structure to be cast, reinforcement, form type and, method and
local tradition on how to pour the concrete (Figure 4).
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<)

Figure 4: a) Worker using a vibrator for compacting normal concrete. b) SCC being pumped into formwork.
c) Slumpflow test on SCC measuring approximately 740mm.

In general SCC offers many advantages for cast-in-place construction as well as for the
pre-cast and pre-stressed concrete industry. In regard to the working environment, there is
less noise-level i.e. easier communication, eliminated vibration problems, improved
quality and durability results in less rectification work and reduced concrete volumes due
to higher strength.

RESULTS AND DISCUSSION

IMPROVEMENT OF WORK ENVIRONMENT THROUGH TECHNOLOGY INPUTS

With the increasing technology inputs into the construction workplace ergonomic
intervention, not only does one enhance productivity but also adds value to the whole
construction project. Velasco (1998) states how productivity is brought about by the
technical inputs and the quality of the performance of the worker (physiological abilities
of the worker (Abdelhamid and Everett, 2002)). Prior to the production start, the main
contractor and the client agreed on the technology that will fit workers in the construction
workplace. Off-site produced steel reinforcement and SCC were shipped into the
construction site and lifted into the site by cranes, thus avoiding any manual material
handling. The construction project presented in this paper had basic objectives of
production and safety management depending on each other; therefore an integration of
Lean Construction and safety management were emphasised on as in Saurin et al. (2006).

ECONOMIC BENEFITS OF ‘“NEW’ CONSTRUCTION METHODS

From the full scale bridge project it was observed that prefabrication of components
allowed a reduction in work time for on-site steel fixing and dedicated labour and
minimised the amount of storage space required on what is normally considered to be a
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congested site. Using prefabricated steel reinforcement elements accelerated the
installation process at the construction site and made the construction more economical in
terms of material waste. The off-site fabrication of steel reinforcement structures ensured
continuous supply regardless of inclement weather which meant the structures was ready
for immediate transportation to site to complement the construction process.

The cost related to the reinforcement can be viewed from two perspectives, the
production cost of the reinforcement and the construction cost for placing the
reinforcement before casting concrete. For the full scale bridge carpet reinforcement, the
placing cost varied from 0,02€ to 0,04€ per kilogram (bottom and top reinforcement
respectively of the superstructure), the traditional price for reinforcement fixing on the
superstructure is approximately 0,65€ per kilogram. The purchase price for the carpet
reinforcement rose with approximately 50% in comparison with traditional reinforcement
bars, but still some 35% of the total costs were saved.

Concerning the use of SCC, not only workers were pleased to have a non-vibrating
and noise-free work environment, but also costs related to the concrete compaction
equipment use were eliminated and vibrators are often used inefficiently. They often run
wastefully, or at a reduced efficiency, for about 70 % in total of their operating time, this
being made up as follows (Hong Kong City University, 2007): out of concrete and left
running 15 %, wrongly positioned in the concrete 35 % and vibrating already compacted
concrete 20 %. This means that the vibrator is doing useful work only 30 % of the time.

ERGONOMIC ANALYSIS, ERGOSAM RESULTS

After several weeks of observing concrete workers performing their jobs on the
construction site, and after informal interviews with concrete workers, it became obvious
what were classic work cycles for different methods of steel reinforcement and concrete
casting. Based on this information, video films were taken and analyses of representative
short work cycles were performed to identify any risks for WMSDs for concrete workers
performing their tasks using different construction methods namely conventional and
industrialised methods. Results of the analyses for representative work cycles are
presented in Figures 5 and 6, where different loads on concrete workers are represented
by Cube values.

The Cube value or the load level falls within three levels; where under 6 is acceptable,
6 to under 9 is conditionally acceptable and 9 and above is unacceptable. For example,
the work cycle mean value of 7.4 obtained in ErgoSAM analysis in Figure 5 falls into the
conditionally acceptable area. The situations which still fall short of being acceptable are
attributable to those tasks that have high degree of repetition and bending, such as fixing
the steel structure and cutting metal rings off the rolled out carpet reinforcement. When
the worker performed tasks with the manual steel rebar work. The concrete worker is
exceedingly exposed to WMSD risk factors which contribute to very high cube values
with a mean value of 21. This number denotes almost three times higher risk exposure to
WMSDs when working with the traditional rebar reinforcement than when working with
the prefabricated steel reinforcement with 7.4 for a mean value (figure 5).
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Work cycle mean value = 7,4

Cube Value

Time (s)

Figure 5: ErgoSAM analysis of a short work cycle of a concrete worker working with prefabricated steel
reinforcement. A cube value under 6 is acceptable, 6 to under 9 is conditionally acceptable and 9 and above
is unacceptable.

The work cycle mean value of 5.7 was obtained in the ErgoSAM analysis in the case of
SCC casting (figure 6), thus making these work tasks acceptable as far as the workers
work-related musculoskeletal health is concerned, and hence entails no risk factors for

WMSDs.

Work cycle mean value = 5,7

Cube Value
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Figure 6: ErgoSAM analysis of concrete worker*s short work cycle during SCC casting.

When the traditional concrete casting work cycle was compared to that of the SCC
casting, the ErgoSAM analysis showed a mean value of 18.2, thus it became obvious that
the normal concrete casting work exposed the worker to WMSD risk factors, over three
times higher than working with SCC casting.
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CONCLUSIONS AND FURTHER COMMENTS

The risk analysis on steel reinforcement and concrete casting work tasks by the ErgoSAM
method, has indicated that working with the prefabricated steel reinforcement and SCC
reduced a great deal of physical loading on the musculoskeletal system of the worker due
to the elimination of physical strain due to the common risk factors that are generally part
of the traditional methods of rebar reinforcement and the use of conventional concrete.

The prefabrication of steel reinforcement structures allowed a significant reduction of
on-site steel fixing and associated labour costs as well as providing a much safer working
environment without risk factors such as heavy lifting and working in bent, awkward and
repetitive postures. The SCC cast into a frame of reinforced steel without the need for the
labour intensive mechanical vibration usually associated with concrete placing, has led to
the improvement of construction work environment and the promotion of health and
safety of concrete workers. In a project such as a bridge construction in areas with heavy
traffic, the project completion time can be extremely important. As the new steel
reinforcement was prefabricated, there was higher quality control than the traditional
rebar system. The off-site fabrication of steel reinforcement accomplished difficult
construction tolerances, improved handling as well as it contributed to the speed of
construction and minimized wastage of material. All mentioned above contributes to the
customer value, in this case to the National Road Administration in Sweden.

The use of SCC in the full scale project offered many benefits to the construction: the
elimination of the compaction work resulted in reduced costs of placement, a shortening
of the construction time and the number of involved workers during casting, and therefore
in an improved productivity. Considering the economics of SCC, the material cost was
higher than traditional concrete; however the total cost was slightly lower for SCC. The
largest benefit though was the reduction in man hours used for casting the concrete, man
hours that can be used for preparing upcoming work.

Finally, when working with these industrialized and innovative working methods it
does give significant benefits both in terms of a healthy and safe work environment for
the workers, reduced staff-related costs for the company as well as the client and the
society as a whole, both in short term and long term perspectives.
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““Science is not primarily a source of authority. It is a particularly effective approach of
inquiry and analysis. Skepticism is essential to science, consensus is foreign.” Richard
Lindzen, MIT professor.
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Abstract

The construction industry is still one of the highest risk industries as far as Work-related
Musculoskeletal Disorders are concerned. Literature reviews written on and observation of the health
and safety management of construction projects show that there are windows of opportunities for
professional designers to contribute to safety and health of workers in construction and maintenance
processes. A model for a participatory design is proposed to show the paramount importance of
partnerships between various stakeholders in the preparation of a construction project to result in a
healthy and safe construction workplace over and above an enhanced productivity and quality.

Key words: Health and safety, design, construction, building planning, virtual design

1 Introduction

The construction sector remains one of the highest risk sectors in Sweden in regard to Work-related
Musculoskeletal Disorders (WMSDs). These disorders are a long-term discomfort caused by work that
it is the result of acute or instantaneous trauma of soft tissues or their surrounding structures (Dimov et
al, 2000). In the Swedish construction industry, more than one man in five, twice as many as for all
men employed, has reported work-related musculoskeletal disorders (Lundholm and Swartz, 2006)
and these disorders constitute about 69% of all reported work-related injuries in 2005 (Samuelsson and
Lundholm, 2006). The cost of WMSDs associated with direct worker compensations is high. The
direct costs from compensation of musculoskeletal disorders are appreciated far more than the indirect
costs associated with disruptions in productivity and quality, worker replacement costs, training and
work absence costs. It is believed however, that the direct costs due to compensated work related
musculoskeletal disorders are only a relatively low proportion (30-50%) of the total costs (Hagberg et
al., 1995). The construction industry health and safety image problem and today’s booming economy
make it difficult for this industry to draw more educated workers. The shortage of skilled workers
threatens the quality of construction, as inexperienced apprentices tend to make more mistakes
requiring correction (ICAF, 2000). Thus, it is really of paramount importance to improve the
construction work environment in order to keep skilled workers as well as reducing the construction
time and increasing quality. Some studies have shown that a fairly large percentage of construction
accidents could have been eliminated, reduced, or avoided by making better choices in the design and
planning stages of a project (Hecker et al, 2005). Therefore, paying attention to health and safety
issues in the design phase could have a significant impact in reducing the risk of injuries and the cost
associated with health and safety related project delays.
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2 Preventing WMSDs at the pre-build phase

Prevention through design, the concept that significant reductions in injuries can occur when safety is
designed into a product, service or process, has been established within the general occupational health
and safety field for many decades (Manuele, 1997). The basic philosophy of successful ergonomic
design seems to be the anticipatory thinking in terms of design processes and their consequences.
Thus, anticipation means that the designer is aware of the consequences of his actions (Luczak et al.,
2006).

According to OSHA (2004), architects and quantity surveyors should be made aware of the potential
improvements that can be introduced if manual handling methods were reviewed during the design
phases of projects. Contractors, clients, and suppliers can encourage good practice standards to be
fully implemented. Employers have legal duties to protect workers from WMSDs, based on European
Directives. Where the risk of musculoskeletal disorders cannot be designed out at the pre-build phase,
then employers should carry out a risk assessment to identify the hazards, assess the risks, and take
action to prevent ill health or injury (OSHA, 2004).

3 Design for construction workers and end-users

Designer decisions made during the schematic and design development phases of a construction
project directly impact health and safety of construction workers on the worksite. Many decisions also
impact the safety of end-users, maintenance and repair workers, and construction crews during
renovation or deconstruction cycles (Haas, 1999). In the design of buildings and other structures
designers consider health and safety of end users in the design of the permanent structure, but similar
concerns for construction workers during the building process are traditionally ignored (Rwamamara,
2005; Hecker et al., 2006). The hierarchy of controls and elimination of hazards in occupational health
and safety recognizes that engineering controls and the elimination of hazards through design are
preferable to administrative controls and personal protective equipment in limiting worker exposure
(Manuele, 1997; Hecker et al., 2006). Health and safety concerns addressed by architects and
engineers apply almost exclusively to the end-user of a building, rather than the workers who construct
it. For example, in a Swedish study where a number of architects were interviewed on whether or not
they take into consideration health issues into their design, to this question they responded that their
design considers the health and safety of the end-user and not the construction worker (Rwamamara,
2005). Traditionally a boundary has been created between design and construction by defining
expected scopes of work and standards of practice, however new safety knowledge exposes the design
professional’s significant influence on worker safety (Gambatese, 1998). There are however many
instances in which design improvements have been shown to affect both workers and end-users. To
mention just a few examples; designing scaffolding tie-off points into exterior walls of buildings for
construction and renovation purposes, and design of high parapet walls to protect workers on the roof
and end-users during the life of the building. These walls will provide immediate guardrail protection
and eliminate the need to construct a guardrail during construction or future roof maintenance (Behm,
2006). Further examples on impact of addressing worker’s health and safety in design are reported in
Weinstein et al. (2005), whereby providing more space and height for a variety of trade workers,
design changes reduced ergonomic risks, and likely alleviated problems related to congestion, access,
and material handling.

4 Where design can make a difference
Design has the potential to reduce health and safety risk through materials and equipment design. A
UK research project that studied about 100 accidents, using an ergonomics systems approach, to
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identify where safety is compromised and why; an analysis of design factors in the 100 accidents

suggests that approximately half of these incidents could have been prevented by design alteration

(Gibb et al., 2004).

The following were the type of designers considered in the UK study and their potential in risk

reduction:

e Permanent works designers (architects, civil and structural engineers, mechanical and electrical
engineers, etc.) could have reduced the risk in almost half of the accidents.

e Materials designers (design of materials themselves and their packaging, delivery method, etc.)
could have reduced the risk in more than a third of the accidents.

e Equipment designers (tools, plant, and equipment) could have reduced the risk in 60 of the 100
accidents through improved design of the equipment being used.

e Temporary works designers (scaffolding, formwork, etc.) could have reduced the risk of more
than a third of the accidents.

In regard to WMSDs reduction, studies on ergonomic risk factors (Schneider et al., 1995) and

ergonomic interventions in construction (Schneider, 1999) point us in the direction where to focus our

design improvements efforts; thus it makes sense that professional designers could make a difference

in the following areas identified from a study review on best practices conducive to the reduction of

WMSDs (Rwamamara, 2005): the access for material and equipment; worker’s anthropometry and

access; the size and the weight of materials; prefabricated buildings; temporary works

These suggested areas are in line with what Toole and Gambatese (2006) have identified as the
trajectories that designing for construction safety is likely to follow.

Design for material and equipment access

With the growing industrialization of construction and the gradual shift to offsite prefabrication of
structural and finishing elements that are then assembled on site, production equipment and support
structures are increasingly making room for transportation equipment (Shapira, 2007). Thus, material
handling and lifting equipment dominates construction sites. Consequently, designing for material and
equipment should take account that equipment and material need to be delivered and removed during
and after construction work; this could be done through designing vertical wall hatches (figure 1a) on
all floors which can provide access for machine stocking and mechanized lifting (figure 1b) which
could greatly reduce the risk of injury.

(- e =
lift through wall hatches

Fig. 1a. Hatch access provided through large windows  Fig. 1b. Mechanized
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When designing for material and equipment, it is extremely important to produce realistic methods
statements. These method statements should indicate type of materials, type of machinery, the type of
tools and the actual process of working to be undertaken. By devising a comprehensive method
statement for all elements of construction work, it is possible both to enhance safety and to improve
productivity. When these method statements are dealt with during the design process, then one has an
opportunity to value-manage the construction project (Lingard and Rowlinson, 2005).

Design for Worker’s anthropometry and access

To have a safe work environment, designers should account for the variations in the anthropometrics
of the workforce (Gnaneswaran and Bishu, 2006). People come in a great variety of sizes and the
proportions of their body parts are not the same. In reality, hardly a person exists who is average in
most or all respects, consequently products or processes “designed for the average” fit nobody well
(Kroemer et al., 2001). Thus, devising tools, gear, and workstations (figures 2a and 2b) to fit their
bodies require careful consideration; design for the statistical “average” will not work. Instead, for
each body segment to be fitted, the designer must determine what dimensions are critical: this may be
a minimal or a maximal value, or a range.

" 2 [
Fig. 2a. A plumber in a confined space Fig. 2b. Worker in awkward posture due to difficult access

Often, a series of such decisions is necessary to accommodate body segments or whole body by
workspace and equipment. To achieve ease, efficiency, and safety, it is mandatory to consider the
ranges of, the variations in, and the combinations of physiologic and psychological traits to
accommodate anthropometric variability (Kroemer, 2006). General criteria for workspace layout relate
to human strength, speed, effort, accuracy, importance, frequency, function, and sequence of use.
Achieving the task while assuring safety for humans, avoiding overuse and unnecessary effort, and
assuring ease and efficiency, are the primary design goals (Kroemer, 2006). Architects can draw an
assembly or arrange space to promote a safer access during work and after completion, for example by
minimizing the number of confined spaces and thus minimizing awkward postures for workers. In
addition to designing for worker’s anthropometry and his workplace for easy access; it is important to
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design for access and placement by crane or other lifting equipment such as worker-lifts (figures 3a
and 3b).

) 3 : - E e

Fig.3a. Indoors work tasks done on scissor lift Fig.3b. Heavy prefab materials in indoors workspace require me;:haniai Iiing device

Size and weight of materials
Size and weight of building materials directly impact construction workers, therefore material choice
and dimension can be used to protect workers and reduce the cost (Rwamamara, 2007). Design that
considers the size and weight of the building materials to be used will reduce the risk of WMSDS by
diminishing the likelihood of heavy manual material handling. In addition to this benefit, the cost of
material waste (due to resizing) and extra work repetitive work tasks related to resizing of materials
(figures 4a and 4b) on the construction site will be eliminated.

._,“

Fig.4b. Heavy gypsum board is lifted manually to be installed.

Fig.4a. Gypsum boards being resized

Design for prefabrication
Prefabrication involves the assembly of pieces in a factory, followed by the transportation of the
assembled component to its permanent location and the final fit up. According to Toole and
Gambatese (2006), prefabrication does reduce the hazard level of a task in two ways: First, it allows
the work location to be shifted to a lower hazard environment where risks associated with working at
height or in confined spaces are reduced; secondly, prefabrication allows the work to be shifted from
the construction site to a factory, which allows the use of safer, automated equipment which reduces
the incidence of WMSDs. The use of prefabricated components (figures 5a and 5b) eliminates or
reduces many traditional construction work tasks that are associated with WMSDs risk factors
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(Simonsson and Rwamamara, 2007). Furthermore, Gibb et al. (2004) suggest that permanent works
designers could reduce the risk by reducing the amount of work done on the construction site, mainly
through increased use of some form of pre-assembly. Among the most important benefits attributed to
the use of prefabrication or off-site production are; minimization of on-site operations, reduction of
site congestion, reduction of on-site duration and improved health and safety (Gibb and Isack, 2003).
These benefits which are all directly or indirectly lead to health and safety of the construction worker
should becon3|dered in their designs.

Fig.5a and Fig.5b. show the mstallatlon of prefabricated components with the crane’s help.

Design for temporary works

As argued by Lingard and Rowlinson (2005) the contractor is expected to design temporary works,
however in case of particularly complex elements, it is essential that the designer consider temporary
works in the design process. Temporary works are often needed either because there is a risk that a
structure might otherwise collapse or because it is necessary to remove some vital supporting member
for renovation or alteration. All temporary works should be designed before the start of the
construction phase and the level of design and drawings of temporary works such as scaffolding
(figure 6a), cranes (figure 6b) and telescopic props must commensurate with the scale of the works.
For example the design of scaffolding should not, unless it is very straightforward, be left to the
scaffold erector; it is important that prior thought be given to the location of scaffold foundations,
where standards can and cannot go and where boarded out decks are required to enable the work to
proceed with as little difficulty and risk as possible.

Fig.6a and fig.6b. show a ready assembled scaffolding system to provide a safe working platform and an effective placement of the
crane which should be designed in site layout to minimize risks on workers.
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5 Design means and methods

Design is a problem solving process, and in this paper, this process is concerned with the designer’s
ability to adopt the construction work environment to suit workers health and safety needs. The design
process could emulate the Construction Design and Management (CDM) regulations in UK and EU
which clearly define the designer’s duties in respect of reducing health and safety risks during
construction to avoid hazards, combat risks and provide information. According to the CDM
regulations in the UK, the best form of protection against a hazard is to eliminate the hazard at source.
Where elimination and /or reduction of the impact of the hazard are not possible, the information
about the hazard should be provided so that it can be dealt with as safely as possible (Wright et al.,
2003). To evaluate WMSDs risk implications in construction design, the design process needs a
multidisciplinary team, involving all stakeholders involved in the design, construction and use of the
facility. Participants might include design professionals, the client, the principal contractor, sub-
contractors, the suppliers and service consultants or maintenance contractors. A Participatory health
and safety Design (figure7) which takes into account of inputs from all stakeholders in design and
construction processes at the conceptual design level is proposed and presented as a conceptual model
to improve the construction workplace in regard to health and safety risks in general and WMSDs
risks in particular. Within the proposed model, collaboration and consultation between various project
stakeholders and the project design professionals should allow a careful consideration of materials and
equipment to be used, as well as permanent works design, layout and work tasks designs are optimized
in regard to their interaction with construction workers in order to diminish the likelihood of WMSDs.
The participatory health and safety design resulting from the consultation and collaboration between
key stakeholders brings about optimal designs of materials, equipment, permanent works and work
tasks. By optimal design, authors of this paper do not mean a flawless design where no future
corrections or adjustments may be made; instead what is meant is the best possible or the most
advantageous designs in terms of their impact on the construction workers musculoskeletal health
during construction work.
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Figure 7. Model for minimizing the WMSDs through a participatory design process

The participatory design model in fig.7 shows those important relationships that design professionals
should have in order to reach an optimal design that reduces the human and the financial cost. An
optimal participatory design for health and safety is reached through the visualization design tools
which makes it easier for the stockholders to visualize the construction workplace at early design
stages, whereas different solutions can be simulated with 3D and 4D CAD (3D + time element) to
reveal if there are any design and space conflicts issues. Visualization that incorporates the sequencing
of the construction work tasks into CAD drawing is especially helpful for determining the impact of
the construction process on health and safety during different stages of construction work. Designers
and other project stakeholders including work crews can visualize the working conditions impacted by
the design as it is being constructed (Gambatese, 2004). This visual communication can significantly
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improve the ability of key stakeholders in a construction project to improve their ability to
comprehend designs for constructability and planning a healthy construction workplace for complex
building and infrastructure projects. Designers are to get inputs from other stakeholders in a
construction project in order to produce a participatory health and safety design that is not detrimental
to the workers’ health and safety both during the construction phase as well as during the maintenance
phase for the end-users; thus the participatory design saves construction projects not only human costs
by reducing or eliminating musculoskeletal injuries, as well as saving on financial costs related to
productivity and quality.

6 Conclusion

There is an opportunity to both protect workers and reduce construction costs through paying attention
to human costs during design. This paper showed specific areas where professional designers should
consider in their designs in order to reduce or eliminate construction work injuries such as WMSDs.
The conceptual model for a participatory design proposed in this paper, shows the vital importance of
partnerships between various stakeholders at the project preparation stage. The result of such
partnerships at the design stage is of course the participatory health and safety design itself which
engenders the most favorable designs in relation to the musculoskeletal health for construction
workers and end-users, and enhanced productivity and quality which will benefit many stakeholders
especially the client in terms of reduced financial loss.
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“That, which one cannot model, should not be built.”” a contemporary Danish artist
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Abstract

In this age of increasingly complex construction projects, reliable planning of a healthy
construction workplace becomes the focus for effective collaboration among the key
stakeholders in the construction projects. Already in early stages of the construction
design, communication, tools for effective communication of health and safety concerns
and their solutions become necessary. The role of 3D and 4D modelling in the pre-
production planning of a healthy construction workplace is investigated among project
planners. Visualisation through 3D and 4D CAD models has shown a number of benefits
for planning for a healthy construction site by addressing health and safety issues in the
design of a project; however the 3D and 4D models as they are currently used in the
design of construction projects still lack the worker reference frame and the visual
interaction between the worker and the permanent as well as the temporary works.

Key words: Visualization, 3D CAD, 4D CAD, planning, design, health and safety
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Introduction

The construction workplace is, in terms of occupational health and safety, a high-risk
workplace. Construction workers suffer a disproportionate share of occupational
accidents and lost-time injuries. These injuries and accidents not only cause many human
tragedies, but they also discourage construction workers, disrupt construction processes,
delay progress, and adversely affect the cost, productivity, and reputation of the
construction industry (Kartam, 1997).

The construction industry has unique characteristics that challenge traditional models of
occupational health and risk management. Among these challenges are temporary
worksites where workers employed by many different employers may be working
alongside each other, frequently improvised work practices, risks caused by both one’s
own work, and imposed from work done by other trades (Ringen and Englund, 2006).

Many hazardous exposures result from inadequacies in access to information,
measurement technology, and personal protective equipment. One of the potential
solutions proposed by Ringen et al. (1995) is in the labour-management and site health
and safety planning and management.

Historically, the construction workplace has suffered from health and safety problems;
particularly this workplace has been plagued with work-related musculoskeletal disorders
(WMSDs). Hidden health and safety issues that have not been identified and planned for
during the design stage consultation process could potentially lead to injury risks during
the production process. It has been difficult to create a true picture of a project before it is
built, to see if a particular design approach is not just feasible, but optimal in terms of
resulting into a healthy construction workplace.

Traditional design and construction planning tools, such as 2D drawings, hand sketches
with site layout templates, Gantt charts and network diagrams, do not support the timely
and integrated decision-making necessary to plan for health and safety for the
construction workplace. The traditional approaches that represent construction planning
information in an abstract textual description of construction activities, lead to the fact
that planners must visually conceptualize the sequence of construction, and
subcontractors must elaborate the construction plan because it lacks necessary detailing
(Dawood and Mallasi, 2006).

Construction is information-intensive and the number of documents increases
geometrically with the project size. Construction projects usually involve a large number
of direct and indirect stakeholders, all of which must collaborate in the design and
construction process. Unfortunately, these individuals often have little experience in
construction and less ability to work with design tools such as architectural drawings.
Even scale models may be misleading, because actual adjacencies and distances are
ambiguous (McGuiness and Bauld, 2007). Current methods of information exchange and
communicating building design information among them can lead to various types of
problems, including incomplete understanding of the planned construction, functional
inefficiencies, and impediments called information filtering and information disconnects
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(Wakefield, O’Brien, and Beliveau, 2001). Therefore, a certain level of mutual
understanding and know-how between different project stakeholders as well as a close
coordination and communication is indispensable. The result is that there are significant
barriers to communication between clients, design professionals and contractors, on the
one hand, and with sub-contractors and work crews, on the other.

MacKenzie et al. (2000), state that communication is the key to designing health and
safety in construction, whereby encouraging designers to think safely will only flourish in
an environment where technical information is easily accessible.

Designing for construction health and safety entails consideration of the health and safety
of construction workers in the design of a project. Suraji et al. (2001), reveal that a
significant number of injuries and accidents originate from conditions of the upstream of
the construction process during planning, scheduling and design. Furthermore, research
studies (The European Foundation, 1991; Smallwood, 1996; Hecker, 2001; Gibb et al.,
2004 and Behm, 2004) have identified the design aspect of projects as being a significant
contributing factor to construction site health and safety. Designing to eliminate or avoid
hazards prior to exposure on the jobsite is also listed as the top priority in the hierarchy of
controls common to the safety and health professions (Gambatese et al, 2005).

Researchers have been investigating the ability of design visualization tools in addressing
the problem of information communication in construction projects from their early
design stages. Messner et al. (2003) state that visualizing a construction project using
tools such as 2D drawings and Critical Path Method (CPM) schedules limit the users’
ability to comprehend the impact of design and planning decisions on projects. With
recent improvements in computer display technology, Gambatese (2004) in his overview
of Design-for-Safety tools and technologies is able to state that CAD systems namely 3D
and 4D CAD (which includes the time element) are being used increasingly in the design
and construction to facilitate the visualization of the design to expose design conflicts and
space issues, thus determining the impact of the construction process on health and safety
during different stages of the work.

In the quest to improve the construction planning and work flow, Jongeling (2006)
introduced two levels of work flow management, namely, macro- and micro-
management. Scheduling of work flow on the macro-level is suggested as an alternative
to the common discipline-oriented work breakdown scheduling approach. Micro-level
scheduling is suggested to be initiated in the design and production planning process
using 3D CAD models from which a bill of quantities can be extracted, structured
according to the location-based logic. The micro-management of work flow is intended to
be an instrument in the planning and control of the day-to-day construction tasks.

The purpose of this paper is to investigate how health and safety gains and improvements
of the construction workplace can be made through the adoption of the current and
emerging trends in the development of 3D, VR and 4D CAD visualization and
simulation, which have affected or are likely to have an impact on construction project
planning.
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Model-based design and visualization tools
3D CAD modelling

The 3D design modelling focuses on the design of the building and its spatial
construction. 3D visualization techniques allow spatial concepts to be conveyed in an
easily understandable form. Common for all stages in the construction process is the
extensive use of information. Current 3D modelling tools offer pre-defined objects that
facilitate the development, routing, and connection of building systems in 3D, and
provide conflict detection mechanisms that help to automatically identify physical
interferences between components (Staub-French and Khanzode, 2007).

Parametric three-dimensional (3D) modelling has the potential to replace the age-old
paradigm of 2D drawings as the main medium of design, communication and information
storage for construction in civil engineering (Eastman et al., 2003). However, Jongeling
(2006) argues that the true value of 3D modelling is to establish a common picture and
understanding of a project (throughout all stages) for multiple stakeholders and the
effectiveness of communication with these stakeholders.

Virtual reality (VR) technology

VR is a technology which enables the visualization of large amounts of complex
information. Users can navigate freely in real time in a three-dimensional environment.
The use of VR in design applications, (VR prototyping) requires that the 3D models from
the different disciplines can be imported by the VR system in order to create the virtual
environment to be explored. Applications of virtual prototyping have clearly been an area
of increasing research and development activities in architecture and construction
(Kéhkonen, 2003). Research efforts have compiled detailed studies that assess the
benefits and limitations of VR and its application at different stages of the construction
process (e.g. Messner et al., 2006; Woksepp et al., 2006). Woksepp (2007) concluded in
studies of large and complex construction projects that VR can substantially contribute to
the quality of the end product as well as reducing costs and lead times by improving the
communication and coordination between the stakeholders in the projects.

4D Modelling

4D CAD is a technology that has lately come into use in the construction industry. It is
generally held to mean the integration of a 3D CAD model with a construction schedule
creating a VR model thereby adding the element of time when the different building
objects are planned to be realized. Cory (2001) states that 4D CAD focuses on integrating
the technical information created in the design and construction phases. Dawood et al.,
(2003) agree that 4D CAD planning consists of systems where the process is visualized
by building the 3D product model through time according to the critical path method.
Thus there is a suggestion to work with location-based 4D models in which the flow of
work through different types of locations can be planned and controlled at a macro and
micro level, by integrating 3D building and 3D space models to linear scheduling
methods. Macro and micro applications of 3D and 4D CAD models that are referred to in
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the study presented in this paper are explained by Jongeling and Olofsson (2007). Koo
and Fischer (2000) explain that a 4D CAD maodel results from the linking of 3D graphic
images to the fourth dimension of time. In the 4D model the temporal and spatial aspects
of the project are inextricably linked as they are during the actual construction process.

Currently, 4D CAD is extensively used as an explanatory and communication tool in the
construction phase (Heesom, 2004). The utilization of 4D visualization allows a more
intuitive comprehension of the construction process than the traditional 2D drawings and
schedule information (Chau et al., 2003), and provides the user with a clear and direct
picture of the schedule intent and helps to quickly and clearly communicate this schedule
to different stakeholders in a project, (Jongeling and Olofsson, 2007). 4D models are
mainly used as a visual tool, but data can also be extracted from the 4D model providing
time-based datasets to assist planners to reason quantitatively in terms of work flow
scheduling (e.g. the distance between different construction trades can be analyzed and
controlled over time, thereby minimizing the risk for conflicts in terms of space usage on
the construction site).

Methods

The purpose of the interviews was to identify the advantages of the use of two virtual
design tools namely 3D CAD and 4D CAD in the planning for health and safety issues in
the construction work environment.

Semi-structured, in-depth interviews were conducted with project planners involved in
the design process of building facilities in Sweden. The interviews were fully recorded on
audio tapes and transcribed thereafter for analysis. The analysis followed a three stage
process of data management; data reduction, data display, verification and conclusion
drawing, as proposed by Miles and Huberman (1994). The planners came from three of
the four largest construction firms in Sweden. Interviews with the project planners were
planned to provide the insights that might be necessary not only for future potential users
of these virtual tools, but also for potential future improvements of these design tools.
The construction planners were asked to answer to the interviews open questions related
to the areas:

o Interest in designing for health and safety: this area’s questions sought to assess the
project planners’ functions in relationship to designing health and safety in
construction.

e General application of 3D and 4D CAD in the design of health and safety: this area
wanted to assess the project planner’s familiarity with 3D and 4D tools. This section
also includes questions on advantages and disadvantages of the use of 3D and 4D in a
nutshell.

e Macro application of 3D and 4D CAD in health and safety issues assessment: this
section gathered information on the accuracy of 3D and 4D models in comparison to
the real construction work environment; what do these virtual tools have to offer to
different key project stakeholders and how in general do the 3D and 4D models help
reduce injuries and accidents.



Paper V

e Micro application of 3D and 4D modelling of the work environment: this section
assesses how the 3D and 4D modelling helps in a more detailed manner the planning
for health and safety in the construction work environment.

The 3D and 4D models were also examined in three construction projects all of which
have used 3D models to design the building facilities, however only one of these projects
has simulated their construction project using 4D. The observations’ focus was on three
areas namely the logic or technical dependency among activities of a schedule, the space
congestion and collisions. During these observations, relevant snapshots from a 4D
model used by one of the projects investigated were used to illustrate some points made
in the interviews.

Case study objects

Vasterport is a construction project in the Stockholm area (construction period extending
from June 2006 to June 2008). This building project consists of four building blocks of
around 20 400 square meters of office space and about 9 500 square meters of garage and
storage spaces divided into 7 floors of which two floors represent garages and storage
rooms. Fifty-five construction workers were employed in the project production in
August 2007 when the project was studied. The project design was performed using 3D
CAD modelling tools.

Figure 1. A drawing showing the Vasterport project with its seven-storey buildings.

Hotellviken is a residential construction project which started in summer 2005 and aims
to finish in 2008. The construction project consists of 110 flats and town houses. In our
study we only investigated a part of the project which is a building facility made of five
building blocks, four of which will accommodate 30 residential apartments and the fifth
building block will be a public facility. The project used 4D CAD simulation during the
design and planning process (see figure 2a).



Figure 2b. Hotellviken, virtual picture of a part of the building

Boden’s sport arena (figure 3a) is a construction project worth 12.5 million Euros which
consists of many sports facilities including a three-storey building for dressing rooms,
cafeteria and restaurant. This project started in summer 2007 and will end a year later in
2008. The multi-arena is going to have sports halls of 1 900 square meters, a soccer
stadium of 12 000 square meters and the restaurant, cafeteria and dressing rooms on 2
400 square meters. Sixteen construction workers are involved in this multi-arena building
construction. The project planners have designed this multi-arena using 3D CAD
modelling (see figure 3b).

Figure 3a. A 3D virtual overview picture of the Boden’s multi-arena
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Figure 3b. A 3D snapshot of a sport hall of Boden’s multi-arena, Sweden

Results

The three projects were different in terms of their final purposes namely, office and
garage buildings, residential and entertainment facilities and soccer arena with guests
facilities.

The interviews with the construction planners revealed that there is a strong interest in
workers’ health and safety issues, however the planners expressed that it is not often that
they get asked about these issues and how they deal with them in their designs.

General application of 3D and 4D CAD in the design of health and safety

In regard to the general application, three planners out of five revealed that they have
never used 4D CAD modelling in any project designs they have been involved in in the
past and that it was only in recent months that they have heard of 4D CAD simulation in
building design for the first time. Although planners admitted that 3D CAD modelling
has been applied only on a few construction projects designs, they still claim that there is
an increasing recognition of numerous benefits it offers to their construction firms as well
as to other project participants. According to the projects planners, the use of the 3D and
4D modelling by construction firms is primarily motivated by the economic benefits such
as productivity through elimination of rework and reduction of uncertainties due to the
lack of adequate communication.

In general, the project planners stated that planning for health and safety at early stages of
the design phase was facilitated by the ease of communication offered to all projects
participants. Project planners have expressed that the use of 3D and 4D modelling
provides a platform for early cooperation and coordination between consultants and
subcontractors. Project planners added that visualization of the construction process

9
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before it starts, becomes a communication channel through which solutions to detected
health and safety issues, can be discussed between projects stakeholders especially work
groups and property developers. Furthermore, planners have stated that modelling the
construction facilities at the design stage allowed contractors and sub-contractors to
understand easily what is going to be built and how it is conceived.

According to the planners, the 4D CAD visualization of the workflow allowed
subcontractors to make early decisions to avoid congestions and work space conflicts;
thus planning the workspace effectively between different construction trades. It was
further mentioned by planners that 3D-4D modelling unlike 2D drawings does benefit the
planning for the work tasks performed at height, thus helping the contractors to plan into
the production adequate lifting aid devices of heavy materials as well as the lifting of
workers themselves in order to perform their work tasks at a proper working height.

With the help of 4D CAD visualization, MEP (Mechanical, Electrical and Plumbing)
installations (see figure 4) can be simulated to identify the difficulty involved in their
installation or assembly of prefabricated components. Figure 4 shows an example of
collision detected between installations. This kind of collision detection invites early
corrections in the design in order to prevent future reworks that could induce injury risk
factors at the production stage.

Figure 4. HVAC installations collision detected in a black circled area

Visualizing the construction work flow through a 4D CAD model makes it easier for the
project participants to organize the availability and logistics of equipment and materials.
This especially applies to heavy building materials that should be lifted in by a crane
before covering the floor where the heavy materials will be needed. An example of this is
shown in Figure 5.

10
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Figure 5. Two heavy building components to be lifted into the floor by a crane

Height differences in both 3D and 4D CAD models are easily noticeable compared to
using 2D drawings. It is important to be able to detect different heights in order to plan
for workers safety guards and materials lifting devices. An example of this is illustrated
in figure 6.

0 |

Figure 6. Noticeable height differences enhanced by colour highlights

In figure 7, there is an illustration of a mistake in the building materials specification,
where the prefabricated pillar protrudes through the floor above, this specification
mistake is easily visualized and can be prevented before production commences. When
this type of design amendment is made, it spares construction workers a lot of
unnecessary and awkward work tasks such as rework, fixing. In one of the projects
investigated in this study, it was indicated that 3D and 4D visualisation helps to

11
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significantly reduce the situations of space conflicts and non-standard work in confined
spaces. Furthermore, site managers in one of the projects have expressed that through the
use of 3D and 4D visualisation they use only one-tenth of the time they normally use to
solve space conflicts and mistakes compared to similar projects using conventional
design and planning methods.

LN LT | [ F ] |

2007-10-30

Figure 7. An example of a design specifications error

Those planners working with 3D models in the projects investigated have expressed that
these models are limited in terms of how many risks they allow the planner to detect,
especially because they do not show the work sequence of the production process.

Macro application of 3D and 4D CAD in health and safety issues assessment

As far as the interviews results are concerned, this section explored the extent to which
there is an agreement between the virtual models and the reality of future work
environment, the influence of 3D and 4D CAD models on decisions about the
construction work environment, the contributions of different stakeholders in the design
stage and the way potential work injuries are eliminated through 3D and 4D CAD
modelling.

On the agreement between the virtual models and the reality of the future work
environment, the planners state that their experience with 3D and 4D CAD models is that
these models do agree and should agree with the real work environment right from the
beginning. For those using only 3D CAD models, they reckon that these models have a
very good precision which they roughly estimated to be at least 95%.

12
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Concerning how the 3D and 4D CAD models help the planners to make early decisions,
the planners said that these models have helped them in planning production work tasks
sequencing, so that no work crew stands in the way of another and lifting devices
equipment are made available on time for HVAC workers for specific installation
scheduled times.

3D and 4D CAD models were also used as a communication tool between stakeholders
who visualized the needs as far as future maintenance services required by the building
facility are concerned. Two of the planners gave as an example the access into the attic
which can be visualized by stakeholders such as the client and contractors to see that
there is easy accessibility and that this workspace is not confined for HVAC workers and
has an easy access for future maintenance workers. In all these projects where 3D CAD
models were used, it was much easier for HYAC workers to see what materials were
going to be used and the sizes that were going to be handled either by the work crews or
by the lifting devices available. In the interviews, planners stated that 3D modelling is
also seen as a partnering tool between various subcontractors, the contractor and other
key actors in a construction project.

Possible reduction of work injuries through 3D and 4D CAD modelling was mainly
attributed to the visualization of logical sequencing of work tasks, the avoidance of
workspace congestion and elimination of collisions which could create unnecessary work
and awkward work positions for work crews.

Micro application of 3D and 4D modelling of the work environment

This section investigated four areas namely, the 3D and 4D support to the site planning
task, the degree to which these virtual design tools support the analysis of health issues in
the design and planning phase, the health and safety areas which 3D and 4D models help
determine or monitor and how 3D and 4D CAD models relate to certain data flows.

Sequencing of work tasks was brought up often by the planners to explain how the 3D
and 4D CAD models contain construction sequences and use the logical sequencing of
work tasks in order to avoid clashes between work crews or even space congestion by
organizing different resources on the construction site.

Project planners stated that 3D models do support the identification and analysis of health
and safety issues prior to production start. With the specifications for building techniques
and installations in mind, 3D models help the subcontractors to check if a good work
environment is considered in the planned production process. Construction work methods
such as off-site production and on-site assembly of prefabricated building components
are made easy by 3D CAD models which contain all the relevant information for safe
manufacturing and assembly of the prefabricated elements. Robots in the factory
prefabricate building components according to 3D CAD modelling specifications.

The planners in the investigated projects enumerated two areas of the construction

workplace’s health and safety where 3D and 4D CAD models do or could help determine
or monitor, and these were setting up a safe workspace and early identification of what
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personal protective equipment would be needed for the yet to come production phase. 3D
and 4D modelling allows design changes in order to create safe working spaces and
heights for workers.

From their experiences, the planners have further identified which data flows 3D and 4D
CAD models deal with, these being:

e Method statements where work procedures and construction methods are
explained visually to those who are to execute the work tasks; workers and other
actors can also see in a simple way which work crew is working with what first.

e Design problems communication: collision detection and other design problems
can be communicated easily between the stakeholders.

e Resource planning can easily be visualized and adjusted through 4D CAD
simulation.

e Both 3D and 4D CAD modelling give room to simulate what-if scenarios in order
to identify and evaluate what impact certain designs might have on the
construction work environment and work-related health.

Discussion and conclusions

The use of visualisation technologies in the design and planning of a healthy construction
workplace was discussed in interviews with the project planners that had used 3D and 4D
CAD models in their construction projects. The projects planners expressed their interest
in issues regarding the workers’ health and safety. This attitude might be a good starting
point to considering construction work environment issues in the design models they
work with.

Interviewees mentioned that 3D and 4D visualisation tools were not common in
construction projects design and planning; this point of view is related to those projects
they have worked with in the past and those projects they are familiar with. The reason
given for this uncommon use of 3D and 4D virtual tools was that they were new,
however the real reason seems to be linked to the cost and the lack of training in the use
of the innovative tools which might intimidate due to a sense of inadequacy that might be
felt by older project planners and other users in the project..

Having mentioned these constraints, project planners said that they have noticed a
growing interest in 3D and 4D modelling due to its economic benefits in regard to
increased productivity associated with elimination of design conflicts, workspace
conflicts that lead to rework and stressful and awkward work postures. Besides these so-
called economic benefits, the working environment is improved when most of design
conflicts are identified prior to construction; it results in a healthy and safe construction
process for MEP subcontractors.

The interviewees expressed that 3D and 4D technologies have afforded them and other

project participants an adequate communication tool through which problems were
identified and addressed. Examples of identification of collisions, height differences and
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materials size were easily observed through 3D and 4D models, and thus rework and
heavy manual material handling could be avoided through other design alternatives,
lifting devices and planning a logical work tasks sequencing. Here, it is especially the 4D
model that allowed all members of the work crew to visualise their tasks and the
relationships that exist between the work of the different construction trades in the future
or actual site.

The interviewees mentioned that 3D and 4D technologies gave all stakeholders the
possibility to visualize a building design and allowing design changes in the workspace
and height lead to a healthy worksite for the workers. Weinstein et al. (2005) supports
this statement in their studies on construction worker safety where he found that by
providing more space and height for a variety of workers, these design changes reduced
ergonomic risks and likely alleviated problems related to congestion, access and material
handling; and thus the worker could work standing rather than in awkward or constrained
postures which contribute to the risk for WMSDs.

Furthermore, interviewees argued that 3D and 4D visualization gave them an opportunity
to simulate alternative scenarios and assess the benefit and detriment of optional design
approaches as far as health and safety of workers is concerned.

In conclusion, the most important benefit frequently mentioned in the study’s interviews
on the use of 3D and 4D models is that through these visualization tools, the healthy
construction workplace design process is becoming more of a collaborative effort,
involving the design and building contractors, the owner's procurement team in charge of
supervising the project, their consultants, workers representatives from contractors and
subcontractors and the eventual users who will have to make use of the facility.

Finally, the study in this paper has investigated construction site health and safety
possibilities afforded by the use of 3D and 4D visualization. These virtual tools proved to
be an adequate communication channel at the design stage for planning a healthy
construction workplace and thus improving workers health and safety. Furthermore,
through the exchange of knowledge, all designers and other project stakeholders were
able to make known to each other through the 3D and 4D visualization, their respective
considerations for improving health and safety in the course of designing.

Future improvements to 3D and 4D CAD

Improvements to be investigated include construction tasks modelling using visualization
tools that adapt tangible products and processes to human capabilities during the design
process to improve the task performance, the physical comfort and the health and safety
of construction workers. Therefore, to incorporate ergonomic considerations in a purely
digital (CAD) phase, early in the design process, a designer will need digital
representations of the future users or avatars.
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