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Prolonged exposure to whole body vibration (WBV) is a major health hazard 

for construction workers, leading to various chronic health problems. Heavy 

equipment operators ( HEOs) are exposed to WBV most of the time. This causes 

both short and long-term health effects, such as headache, motion sickness, spinal 

disc disease, and lower back pain (LBP). LBP due to WBV exposure causes high 

compensation cost, and a long–term LBP prevention program is needed to reduce 

the compensation cost. To develop an effective program to reduce LBP due to WBV 

exposure in the long-term, however, there are a number of influential factors to 

consider, for example, working hour, age of the worker, age of the machine, job 

satisfaction, and working experience. These factors also have influence on each 

other, making it hard to plan for long-term implementation. This study, thus, 

develops a dynamic model of LBP prevention index to reduce LBP due to WBV 

exposure in the construction industry in the long-term.  

Five key factors affecting due to WBV exposure are hypothesized, together 

with 17 associated items, based on a number of construction and health related 

literatures. A questionnaire survey is then developed; based on the 17 items, for data 

collection in Sri Lankan construction industry.The collected data are screened and 
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performed with the exploratory factor analysis to confirm five key factors affecting 

LBP due to WBV exposure with their associated items. The organizational and 

equipment factors are extracted with four associated items each, while the personal, 

job related, and social context factors are associated with three items each.  

Five key factors are performed with the structural equation modelling to 

examine causal relationships among those factors. The results reveal that the 

organizational factor plays a primary role in improving LBP prevention program, as 

it influences the other four factors directly and indirectly, while equipment factor is 

affected by the other four factors. It is then suggested that providing new machines 

are not effective in reducing LBP symptoms without proper training and good 

working conditions . 

The dynamic model of the LBP prevention index is then developed based on 

the five key factors, and their inter relationships utilizing a system dynamics 

modelling technique. The LBP prevention index developed, in the model is used to 

assess a current level of LBP prevention maturity. The developed dynamic model is 

simulated, and the results show that with proper LBP prevention program, the 

construction company achieves a higher LBP prevention index through time.  

The results show that the construction company is currently in level 2 of 

maturity. With supports from management, the company reaches level 3 in year 4 

and level 4 in eight years. To achieve level 5, however, it takes both effort and 

support, mainly on budget, to proceed with program implementation. With 

continuous improvement, the company can reach level 5 of maturity at the end of 

year 39. The results also show the importance of workers over equipment provision 

to achieve higher maturity levels. The company, therefore, should focus on 

providing adequate budget to support the LBP-related activities, such as LBP–

related training, job rotation, and exercise scheme to reduce chances of having LBP. 

The construction company can perform alternative strategies to effectively 

plan for LBP prevention maturity.  Strategies, such as hiring workers, training 

workers, purchasing new equipment, and mixed strategies are tested to achieve 

higher LBP prevention index in the long-term.  

The dynamic model of LBP prevention index brings insights into five key 

factors, affecting LBP due to WBV exposure, as well as their inter relationships. A 

construction company can use the developed dynamic model to effectively plan for 
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LBP prevention program to achieve higher maturity level in the long-term. This 

proves the contribution of the study to the world-wide construction industry.  

 

Keywords: Construction industry, Exploratory factor analysis, Lower back pain 

index, Structural equation modelling, System dynamics modelling, Whole body 

vibration 
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Chapter 1 

Introduction 

1.1 General overview 

This chapter illustrates background of this research study. Characteristics of 

the construction industry, nature of heavy equipment operators (HEOs) and their 

health problems, and whole body vibration (WBV) exposure among HEOs are 

explained in this chapter. The research problem, aim, and objectives of the study are 

outlined at the end of the chapter. 

1.2 Construction industry 

The construction industry is an important industry in both developed and 

developing countries (Kazaz et al., 2008). The employment share of the construction 

sector is an indicator of the development of a country (Kazaz et al., 2008). The major 

employment positions in construction industry include management, skilled worker, 

semiskilled worker, and unskilled worker (Vitharana et al., 2015). Average 

educational level of the construction workers is, however, low. Only 3% of them have 

completed high school (Solís–Carcaño and Franco–Poot, 2014). 

The construction industry consists of several phases of activities, such as 

design, decommission, demolition, clearness, execution, planning, and viability 

(Hassan, 2012). These make the industry a complex and dynamic industry. Moreover, 

the industry is considered as a heavy-duty industry with high death rate (Hassan, 

2012). Falling from heights, lifting activities, electrical shocks, and vibration from 

tools are major health hazards, which lead to a large number of deaths in the industry 

as they cause damages in lower back, lung, kidney, shoulder, knee, hip, wrist, and 

finger with negligence (Vitharana et al., 2015; Hassan, 2012). 

 The above mentioned health hazards can be divided into two major types: 

health hazard with acute health effects and health hazard with chronic health effects 
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(Vitharana et al., 2015; Ringen et al., 1995). Effects of acute health hazards can be 

seen within a short period of time, while the effects of chronic health hazards are 

visible after a prolonged period of time. Ladder, roof work, harmful chemical, plant 

and machinery, and fire are considered health hazards that cause acute health 

problems. Noise, whole body vibration (WBV) exposure, and skin irritant are, on the 

other hand, considered as health hazards that lead to chronic health problems 

(Vitharana et al., 2015). Among the chronic health hazards, WBV exposure is 

becoming more crucial, and is considered as one of the major health problems in the 

construction industry (Smith and Leggat, 2005). 

1.3 Whole body vibration (WBV) exposure 

Vibration is oscillation motion of solid bodies. Vibration exposure of human 

body can be categorized as whole body vibration (WBV) and segmental vibration 

(McPhee et al., 2001). Generally, WBV is considered as the vibration that is 

conveyed to the complete human body via a contact with vibration emission source 

(Smith and Leggat, 2005). It is transmitted to the whole body via seat or floor. 

Segmental vibration, in contrast, is the vibration transmitted to specific segments of 

the body, such as hand, arm, foot, and leg.  

Vibration energy can be transmitted to human body from vehicles, rough 

roads, vibration tools, and vibration machines. WBV has the vibration ranges from 

0.5 to 80 Hz. Different frequencies of WBV level cause different types of health 

problems. Frequencies below 1 Hz cause motion sickness, while around 5 Hz 

frequency causes alerting effect, chest and abdomen pain, and degrade of manual 

actions. Frequencies of 8–10 Hz cause back problems. Frequencies around 20 Hz 

cause intestine and bladder pain, and degrade vision controls and manual actions 

(Shivakumara and Sridhar, 2010). 

In the construction industry, around 40% of workforce is exposed to WBV 

(Donati, 2008). In USA, 6.8 million of workers are exposed to WBV, and majority of 
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them, work with heavy equipment (Paschold and Mayton, 2011; Smith and Leggat, 

2005; McPhee et al., 2001). 

1.3.1 Heavy equipment operators and WBV exposure 

Soil roller, excavator, motor grader, skid steer loader, and pile machine 

operators are exposed to high level of WBV in the construction industry (Vitharana et 

al., 2014). According to the ISO 2631-1 Guidelines, the exposure level of operators 

must not exceed the value of 2.00 ms-2. Nevertheless, the WBV exposure level of 

those heavy equipment operators (HEOs) exceeds the limited value, specifically 

among the soil roller operators (Vitharana et al., 2014; International Organization for 

Standardization, 1997).  

Exposure to high level of WBV causes both acute and chronic health 

problems. Increase in heart rate, hyperventilation, headache, loss of balance, motion 

sickness, muscle fatigue, discomfort, and effect of vision are acute effects, while 

degenerative disorder, spinal disc disease, lower back pain (LBP), and disorders of the 

gastrointestinal system are considered as chronic effects (Smith and Leggat, 2005) 

(see Table 1.1). Among those, LBP is reported as the most common health problem 

caused by WBV exposure (Bovenzi et al., 2017). Bovenzi et al. (2017), for example, 

mentioned that a major cause of LBP prevalence is WBV exposure. Azlis-sani et al. 

(2015) conducted a cross sectional study among the light rail transit drivers in 

Malaysia, and found that 82% of them suffer from LBP due to WBV exposure. 

Funakoshi et al. (2004) likewise mentioned that around half of taxi drivers in Japan 

suffer from LBP due to WBV exposure. Issever et al., (2003) conducted a study 

among HEOs in Turkey construction industry, and concluded that permanent WBV 

exposure causes negative physical impacts, especially LBP.  Boshuizen et al. (1990) 

confirmed that highest prevalence health problem among tractor drivers in the 

agricultural industry in Netherland is LBP due to WBV exposure. They added that 

LBP occurrence increases with the WBV exposure time.  

 

 

Ref. code: 25615822300462VQH



 

 

4 

 

Table 1.1 Health effects among construction workers exposing to WBV 

Health problem Reference Purpose of the study 

Lower back pain 

(LBP) 

Bovenzi et al., 2017; Azlis-sani et al., 2015; Mayton et al., 

2014; Paschold and Mayton, 2011; Hutchinson et al., 2010; 

Salmoni et al., 2008; Tiemessen et al., 2007; Smith and Leggat, 

2005; Funakoshi et al., 2004; Kittusamy and Buchholz, 2004; 

Issever et al., 2003; McPhee et al., 2001; Magnusson et al., 

1998; Boshuizen et al., 1990 

 Investigate relationships between LBP 

and WBV exposure 

 Assess WBV exposure level and 

related health problems 

 Identify and manage risks associated 

with WBV exposure 

 Illustrate issues and challenges of 

WBV exposure 

Problems in digestive 

system 

Paschold and Mayton, 2011; Smith and Leggat, 2005; McPhee 

et al., 2001 

 Assess WBV exposure level and 

related health problems 

 Identify and manage risks associated 

with WBV exposure 

Reproductive damages 

in female 

Paschold and Mayton, 2011; Kittusamy and Buchholz, 2004; 

McPhee et al., 2001 

 Identify and manage risks associated 

with WBV exposure 

Gastrointestinal tract 

problem 
Salmoni et al., 2008; Kittusamy and Buchholz, 2004 

 Identify work related injuries and 

illnesses 
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Impairment of vision 

or balance 
Salmoni et al., 2008; McPhee et al., 2001 

 Illustrate issues and challenges of 

WBV exposure 

Irritation to the lung, 

bladder, and abdomen 
Paschold and Mayton, 2011 

 Assess WBV exposure level and 

related health problems 

Loss of hearing Salmoni et al., 2008 
 Illustrate issues and challenges of 

WBV exposure 

Nausea Salmoni et al., 2008 
 Illustrate issues and challenges of 

WBV exposure 

Spinal degeneration Salmoni et al., 2008 
 Illustrate issues and challenges of 

WBV exposure 

Discomfort McPhee et al., 2001 
 Identify and manage risks associated 

with WBV exposure 

Cardiovascular, 

respiratory, endocrine 

and metabolic changes 

McPhee et al., 2001 

 Identify and manage risks associated 

with WBV exposure 
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1.3.2 Chronic LBP problems among HEOs 

Chronic LBP is defined as an occurrence of LBP longer than three months 

(Karunanayake et al., 2013).  It is the most commonly reported health problem from 

all sources of WBV exposures (McPhee et al., 2001). Joubert and London, (2007), for 

example, stated that 92% of forklift drivers in South Africa reported LBP due to 

WBV exposure. Okunribido et al. (2006) mentioned half of delivery drivers in 

Scotland suffer from LBP due to WBV exposure. Bovenzi et al. (2006) investigated 

LBP due to WBV exposure among the Italian professional drivers and found that 

71.4% of them suffer from chronic LBP due to WBV exposure, and 23% of them 

become disabled.  

In the construction industry, the LBP among HEOs is strongly related to WBV 

exposure (Paschold and Mayton, 2011). It is the major cause of workers’ 

compensation claim, sick leave, and early retirement (Hutchinson et al., 2010; 

Freburger et al., 2009; McPhee et al., 2001). Countries, such as Belgium, Germany, 

Netherland, and France categorize LBP as a compensation-qualifying occupational 

disease (Paschold and Mayton, 2011). 

1.4 Problem statement 

LBP due to WBV exposure has been a crucial issue in the construction 

industry over the last three decades. Life time prevalence of LBP due to WBV 

exposure has been estimated at 59% - 90% of HEOs in the construction industry (De 

Beeck and Hermans, 2000). It causes loss of working days with consequent rate of 

welfare payment by government (Magnusson et al., 1998). Total direct cost for LBP 

in Netherlands, for example, is 367.6 million US$ per year. Moreover, expenditure 

due to absenteeism is 3.1 billion US$ and that due to disablement is 1.5 billion US$. 

These represent 1.7% of gross national product in the country (Vlaeyen et al., 2001; 

De Beeck and Hermans, 2000).  
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Appropriate application of ergonomic intervention can save a considerable 

amount of money for the construction industry (Lahiri et al., 2005). Long-term LBP 

prevention program is, therefore, needed especially for among HEOs. A construction 

company should also be able to assess its current LBP prevention maturity, through 

the LBP prevention index, and effectively plan for index enhancement in the long-

term.  

1.5 Research aim and research objectives 

This study aims to develop a dynamic model of LBP prevention index for 

HEOs in Sri Lankan construction industry utilizing the exploratory factor analysis 

(EFA), structural equation modelling (SEM), and system dynamics (SD) modelling 

approaches. To achieve the aim, the following research objectives are defined:  

 To extract items affecting LBP due to WBV exposure from literature 

reviews. 

 To develop a questionnaire survey for data collection in Sri Lanka. 

 To confirm key factors and items affecting LBP due to WBV exposure with 

an EFA method. 

 To examine the relationships between key factors utilizing an SEM 

approach. 

 To develop a dynamic model of LBP prevention index for HEOs in the 

construction industries using an SD modelling approach. 

 To assess LBP prevention index and LBP prevention maturity level from the 

developed dynamic model.  

 To perform several scenario analyses to assist the construction company to 

plan for LBP prevention index improvement, and achieve higher maturity 

levels in the long-term. 
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1.6 Thesis organization 

Eight chapters are included in this thesis. The main content of each chapter is 

described below. 

 Chapter 1 introduces background of the study, nature of the construction 

industry, WBV exposure among HEOs, and chronic LBP problems among 

HEOs. The chapter further presents the problem statement, research aim, and 

objectives. 

 Chapter 2 outlines the utilized research methodology and the expected 

outcomes. 

 Chapter 3 reviews literature related to Sri Lankan construction industry, 

WBV exposure, and LBP due to WBV exposure among HEOs. The 

introductions of the LBP prevention, EFA, SEM, maturity level, and SD 

modelling are also presented. 

 Chapter 4 details the questionnaire survey development and data collection. 

Preliminary analyses are also performed to increase confidence in the data 

collected. 

 Chapter 5 presents an EFA method to extract key factors affecting LBP due 

to WBV exposure.  

 Chapter 6 performs an SEM analyses to examine causal relationships among 

key factors extracted from the EFA method. 

 Chapter 7 develops a dynamic model of LBP prevention index for HEOs 

using an SD approach. Model validation and verification are performed to 

increase confidence in the developed model. Various scenarios to enhance 

the LBP prevention index in the long-term are also examined in this chapter. 

 Chapter 8 summarizes main findings, contributions to the existing 

knowledge, limitations, and recommendations for the future research.  
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Chapter 2 

Research Methodology 

2.1 General overview 

This chapter presents the research frame work, research activities, and 

expected outcomes. The introductions to EFA, SEM, and SD modelling approaches 

presented. The LBP prevention maturity level is also reviewed at the end of the 

chapter.  

2.2 Research framework, research activities, and expected outcomes  

Research framework, activities, and outcomes are as shown in Figure 2.1. 

Literature related to WBV exposure, LBP due to WBV exposure, health problems 

among HEOs, and characteristics of the Sri Lankan construction industry is reviewed 

to identify research gaps (see Chapters 1 and 3). Shivakumara and Sridhar (2010), for 

example, studied WBV exposure and health-related problems, while Vitharana et al. 

(2014), Cann et al. (2003), and Burdorf and Sorock (1997) focused on WBV exposure 

of HEOs in the construction industry.  
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Figure 2.1 Research framework, activities and expected outputs 
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Research aim and objectives are then set to fulfil the research gaps (see 

Chapter 1). To achieve the research aim and objectives, the EFA, SEM, and SD 

modelling analyses are performed. It is expected that the EFA results extract key 

factors affecting LBP due to WBV exposure in the construction industry. The 

relationships among those key factors are achieved through the SEM analysis. The 

LBP prevention index, used for the maturity level assessment, is expected to achieve 

through the SD modelling.  

To perform the above analyses, a questionnaire survey is developed in Chapter 

4 for data collection. Interviews are also conducted with managers in the construction 

industry to gather insight information for a dynamic model development. Collected 

data are performed with the preliminary analyses, including normality and outlier tests 

to screen data. The EFA is then conduced with the screened data to group items 

affecting LBP due to WBV exposure into key factors (see Chapter 5). The 

relationships among key factors are examined through the SEM analysis in Chapter 6.  

The dynamic model of LBP prevention index is then developed based on key 

factors and their interrelationships achieved from the EFA and SEM results (see 

Chapter 7). The developed dynamic model is validated using a number of validation 

tests. Different policies to improve the LBP prevention program are examined with 

the developed model to recommend suitable policies for the construction company. 

Major findings of the study, contributions to the existing knowledge, limitations, and 

recommendations for future studies are finally presented in the last chapter, Chapter 8. 

2.3 Introduction to exploratory factor analysis 

Exploratory factor analysis (EFA) is a statistical method that explains the 

relationships among variables in terms of fundamental entity called factors (Gaskin 

and Happell, 2014; Cudeck, 2000). It is used in various areas, such as construction, 

chronic health, education, energy, environmental, and mining. Kim et al. (2017), for 

example, utilized an EFA to identify factors affecting water quality variation of the 

monitoring network of Nakdong River, Korea. Bovwe et al. (2016) assessed factors 

affecting energy generation from solid waste in Nigeria. Jamil et al. (2015) utilized an 

EFA to extract factors influencing performance of learning styles in Malaysia. 
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Kakurina et al. (2015) performed an EFA analyses to examine the correlations 

between clinical activities of rheumatoid arthritis and human parvovirus infection.  

In the construction industry, the EFA method is utilized in a number of 

studies. Chinda (2016), for example, examined key factors affecting selection of 

safety equipment in Thai construction industry. Mustapha et al. (2016) used an EFA 

method to determine indicators affecting employees’ actions towards health and 

safety compliance in construction sites. Fang et al. (2006) extracted key factors 

affecting safety climate in Hong Kong construction industry utilizing an EFA method. 

Sawacha et al. (1999) determined factors affecting safety in construction industry.  

Various software programs can be used to conduct an EFA analysis, such as 

statistical package for the social sciences (SPSS), statistical analysis system (SAS), 

and bio-medical data package (BMDP) (Lorenzo-Seva and Ferrando, 2006). SPSS 

Version 20, however, is chosen in this study, as it is a user friendly software package 

(Landau and Everitt, 2004) (see Figure 2.2). Each column represents a variable while 

a row represents a participant.  

 

 

Figure 2.2 Interface of the SPSS software 
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2.4 Introduction to structural equation modelling 

A number of methods can be used to examine interrelationships between 

factors, such as structural equation modelling (SEM), partial least squares (PLS), 

Tetrad analysis, and latent class analysis (Rigdon, 2014). The SEM however, is used 

in this study, as it has the capability to handle complex interrelationships between 

factors and items. It has been proposed in number of health-related studies (see Table 

2.1). For example, Rahman et al. (2017) identified forearm, shoulder, and LBP as 

factors in musculoskeletal disorders, and examined relationships among those factors 

with work-related fatigue. Murri et al. (2017) examined relationships between 

diabetes, depression, and other factors using an SEM approach. Kwon and Shin 

(2016) developed an SEM model to identify effects of physical exercise on daytime 

sleepiness.  

 

Table 2.1 SEM applications in different areas 

Application Reference 

Identification of psychological paths to suicide 

among people lives with HIV. 
Wang et al., 2018 

Examination of factors affecting musculoskeletal 

disorders among nurses. 
Rahman et al., 2017 

Modelling of cross–national invariance and 

predications by gender and age. 
Lewis et al., 2017 

Examination of relationships between diabetes, 

depression, and other factors. 
Murri et al., 2017 

Identification of effects of physical exercise on 

daytime sleepiness. 
Kwon and Shin, 2016 

Assessment of risk factors on sexual risk 

behaviour. 
Van Horn et al., 2016 

 

Various software packages can be used to perform an SEM analysis, such as 

analysis of moment structures (AMOS), statistical analysis system (SAS), 
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programmed random occurrence (Proc), structural equation modelling software 

(EQS), and Mplus (Narayanan, 2012). Narayanan (2012), however, commented that 

the AMOS software package, which has an excellent graphical interface and well 

organized and quickly accessible formal outputs, outperforms the other packages. It 

is, thus, utilized in this study. The interface of AMOS software is as shown in Figure 

2.3.  

 

 

Figure 2.3 AMOS software interface 

2.5 Introduction to system dynamics modelling 

Several methods, such as regression analysis, artificial neural network, SD 

modelling, and genetic algorithm can be used to assess the health-related problems. 

Campbell et al.  (2013), for example, determined short and long-term outcomes of 

primary LBP care service using a Cox regression analysis. Glombiewski et al. (2010) 

utilized a regression analysis to predict the depression among the back pain patients in 
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Germany. Hallner and Hasenbring (2004) applied an artificial neural network to 

examine risk of LBP development in Germany.  

In this study, a, SD modelling is used to develop a dynamic model of LBP 

prevention index. It is a simulation method to examine the structure of complex 

systems and their behaviours over time (Marshall et al., 2015; Yu et al., 2015). It can 

be used to guide policy and system design in numerous fields (Groff, 2013). Doan and 

Chinda (2016) mentioned that an SD modelling can be used to deal with dynamic 

changes, in which a change can cause other changes through time.  

SD method is used in various researches, such as business, construction, 

education, economy, policy, environment, medicine, urban planning, and health (Yu 

et al., 2015; Groff, 2013). Jetha et al. (2016), for example, developed a dynamic 

model to examine relationships among individual, psychosocial, and organizational 

factors affecting work disability and return to work. Shin et al. (2014) utilized an SD 

model to examine the effectiveness of safety improvement in Korean construction 

industry. Feng et al.  (2013) developed an SD model to examine demand of future 

energy and carbon emission in Beijing. Groff (2013) utilized an SD model to design 

the future education system in US. Mohamed and Chinda (2011) developed a 

construction safety culture index to be used in Thai construction industry. Ritchie-

Dunham and Galvan (1999) utilized an SD model to better understand the impacts of 

alternative strategies for addressing national epidemics. 

This study utilizes the iThink software Version 6.1.30 to develop the dynamic 

model of LBP prevention index. It contains visualized symbols, such as converter, 

flow, connector, and stock, as presented in Figure 2.4. Converter stores the 

information about the state of the system. Flow, on the other hand, changes the state 

that affects a stock at any point of time. Connector interprets a relationship between 

two variables. Stock accumulates the influences it receives over time (Bauer and 

Bodendorf, 2005).  
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Figure 2.4  iThink software components 

2.6 LBP prevention maturity level 

A number of studies have been conducted to define ergonomic, safety, and 

health-related maturity levels (see Table 2.2). Hopkinson et al. (2015), for example, 

developed a health risk management maturity index for the construction industry with 

a total of five levels, in which each level contains 10 points. Vidal et al. (2012) 

divided an ergonomic maturity into five levels, namely informal, organized, 

structured, managed, and optimized levels. Mohamed and Chinda (2011) developed a 

construction safety culture maturity index to assess a current level of construction 

safety culture. They divided 1,000 points into five levels, with equal score range of 

200 points in each level.  
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Table 2.2 Different maturity levels used in ergonomic, safety and health-related areas 

Maturity index Level Score range Area Reference 

Health risk 

management 

maturity index 

Unknown 0–10 

Construction 

industry 

Hopkinson et 

al., 2015 

Reactive 10–20 

Compliant 20–30 

Proactive 30–40 

Enlightened 40–50 

Ergonomic 

maturity level 

Informal 0–1 

Ergonomic 

practitioners 

Vidal et al., 

2012 

Organized 1–2 

Structured 2–3 

Managed 3–4 

Optimized 4–5 

Construction 

safety culture 

maturity index 

Level 1 0–200 

Construction 

industry 

Mohamed and 

Chinda, 2011 

Level 2 201–400 

Level 3 401–600 

Level 4 601–800 

Level 5 801–1,000 

 

 

In this study, the LBP prevention index, to be developed through the dynamic 

model of LBP prevention index, is used to assess a level of LBP prevention maturity. 

A total of 1,000 points of LBP prevention index are divided into five levels with equal 

score of 200 points in each level (see Figure 2.5). Details of each level are as follows.  
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Figure 2.5 LBP prevention maturity levels 

 

 Level 1: This level has a score range of 0–200 points. In this level, the 

company does not consider LBP due to WBV exposure among HEOs as a 

key business risk. The company considers chances of having LBP due to 

WBV exposure as part of the job. There is no proper LBP-related training for 

HEOs. There is a high potential for illegal safety practices, and superficial 

incident investigation is occurred in this level (Foster and Hoult, 2013). 

 Level 2: This level has a score range of 201–400 points. In this level, the 

company sees LBP prevalence among HEOs as a business risk, and puts 

efforts to reduce chance of repeated occurrence. Prevention of LBP due to 

WBV exposure among HEOs is defined in terms of rules, procedures, and 

engineering controls. There is, however, minimum or inconsistent training in 

this level. Disciplinary actions are taken for misconduct of safety activities, 

and personal protective equipment is accepted to eliminate exposure of 

hazards (Foster and Hoult, 2013). 

 Level 3: This level has a score range of 401–600 points. In this level, the 

company is convinced that involvement of HEOs in LBP prevention is a 

must. Majority of HEOs accept personal responsibility to reduce chances of 

Ref. code: 25615822300462VQH



 

 

19 

 

having LBP due to WBV exposure. Appropriate training and awareness 

programs are implemented, and workers are strictly enforced to use personal 

protective equipment (Foster and Hoult, 2013). 

 Level 4: This level has a score range of 601–800 points. In this level, LBP 

prevention among HEOs is important in both moral and economic point of 

view. The company develops the LBP- and WBV- related guidelines to 

reduce chances of having LBP (Foster and Hoult, 2013). 

 Level 5: This level has a score range of 801–1,000 points. In this level, 

company has a sustained period without reporting LBP due to WBV 

exposure incidents. HEOs believe that LBP prevention is a critical aspect of 

their job. The company invests a considerable effort to reduce LBP among 

HEOs. Managers and HEOs are engaged to continuing reducing LBP 

prevalence (Foster and Hoult, 2013). 

 

The five maturity levels are used, together with the LBP prevention index, to 

assess a current level of LBP prevention maturity of a construction company, and plan 

for an index improvement in the long-term.  
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Chapter 3 

Literature Review 

3.1 General overview 

This chapter presents characteristics of Sri Lankan construction industry. 

Literature related to LBP due to WBV exposure among HEOs in the construction 

industry is reviewed. Items affecting LBP due to WBV exposure are extracted and 

used for questionnaire survey development for data collection.   

3.2 Sri Lankan construction industry 

Sri Lankan construction industry contributes 8% of country’s gross domestic 

products (Barnabas and Sriram, 2011). It is the third largest industry in the country 

(Amarasekara, 2014). There are three main entities of contractors enrolled with 

construction activities: 1) registered contractors of the Institute of Construction 

Training and Development (ICTAD), 2) international contactors, and 3) unregistered 

informal contractors (Barnabas and Sriram, 2011). The ICTAD is the institute 

responsible for registration and grading of contractors in Sri Lanka (Amarasekara, 

2014). More than 2,000 contractors have been registered under the existing scheme 

(i.e. C1–C10) (Amarasekara, 2014; Barnabas and Sriram, 2011). This registration and 

grading system is based on financial limited value. The construction companies with 

C1 grade have the highest limited value of more than 4.2 million US dollars 

(Amarasekara, 2014). Currently, 50 companies are registered under the C1 category. 

Those companies contribute mainly to buildings and road construction projects all 

around Sri Lanka, and are used as a target group of this research study.  

Construction workers in the construction industry are divided into four groups 

including, 1) professional (consultant and engineer), 2) technical (supervisor and 

foreman), 3) craft (mason and carpenter), and 4) machine operator (construction 

machinery operator) (Amarasekara, 2014). It is found that HEOs in Sri Lankan 

construction industry are exposed to high WBV level (2.19 to 4.69 ms
-2

). This is 

higher than the acceptable value of 2.00 ms
-2

 based on the ISO 2631 Guide lines, 
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which is an international standard for mechanical vibration and shock-evaluation of 

human exposed to WBV (Vitharana et al., 2014).  

3.3 Items affecting LBP due to WBV exposure among HEOs in the construction 

industry 

A number of studies mentioned various items affecting LBP due to WBV 

exposure among HEOs in the construction industry. Chaudhary et al. (2015), for 

example, stated that age of the machine, seat type, and soil type are items associated 

with LBP due to WBV exposure among HEOs. Ramond-Roquin et al. (2015) 

concluded that age and weight of the worker and job satisfaction are leading items 

causing LBP due to WBV exposure. Hutchinson et al. (2010) commented that training 

program initiation, suspension seat, and WBV standard enforcement help reduce 

chances of having LBP due to WBV exposure.  

Griffin et al. (2006) stated that high level of WBV exposure and long working 

hour cause LBP due to WBV exposure. McPhee et al. (2001) explained that age of the 

machine, seat type, soil type, job rotation, and vibration exposure affect LBP 

prevalence among HEOs. Based on the literature, 17 items associated with LBP due 

to WBV exposure among HEOs in the construction industry are summarized in Table 

3.1.  
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Table 3.1 Items affecting LBP due to WBV exposure among HEOs 

 

No. Item Reference 

1. Age of the 

machine 

(AOM) 

Chaudhary et al., 2015; Govindu and Babski-Reeves, 2014; Mayton et al., 2014; Paschold and Mayton, 2011; 

Subhash and Ario, 2011; Kordestani, 2010; Miller and Gariephy, 2008; Salmoni et al., 2008; Tiemessen et al., 

2007; Gillin et al., 2006; Gervais, 2003; McPhee et al., 2001; Magnusson et al., 1998; Krause et al., 1997;  

Zimmermann et al., 1997 

2. Age of the 

worker 

(AOW) 

Yang et al., 2016; Chaudhary et al., 2015; Ramond-Roquin et al., 2015; Karunanayake et al., 2013; Ferguson 

et al., 2012; Murtezani et al., 2011; Hutchinson et al., 2010; Malchaire et al., 2001; De Beeck and Hermans, 

2000; Bovenzi and Hulshof, 1998; Burdorf and Sorock, 1997; Krause et al., 1997; Zimmermann et al., 1997 

3. Exercise 

(EXR) 

Lunde et al., 2014; Karunanayake et al., 2013; Murtezani et al., 2011;  Miller and Gariephy, 2008; Rainville et 

al., 2004; Malchaire et al., 2001; Magnusson et al., 1998; Burdorf and Sorock, 1997 

4. Education  

(EDU) 

Udom et al., 2016; Karunanayake et al., 2013; Murtezani et al., 2011; Hutchinson et al.,  2010; Miller and 

Gariephy, 2008; Bovenzi and Hulshof, 1998; De Beeck and Hermans, 2000; Magnusson et al., 1998; Burdorf 

and Sorock, 1997 

5. Job rotation 

(JOR) 

Paschold and Mayton, 2011; Frazer et al., 2003; Malchaire et al., 2001; Zimmermann et al., 1997 

6. Job satisfaction 

(JOS) 

Ramond–Roquin et al., 2015; Govindu and Babski-Reeves, 2014; Manek and MAcGregor, 2005; Malchaire et 

al., 2001; De Beeck and Hermans, 2000; Bovenzi and Hulshof, 1998; Burdorf and Sorock, 1997 
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7. Night shift 

(NSF) 

Yang et al., 2016; Takahashi et al., 2015; Lunde et al., 2014; Manek and MAcGregor, 2005; Krause et al., 

1997; Zimmermann et al., 1997 

8. Safety and 

health budget 

(SBT) 

Pellicer et al., 2014; Fan and Jin, 2011; Hutchinson et al., 2010;Gervais, 2003; Bovenzi and Hulshof, 1998 

9. Seat type 

 (STP) 

Mayton et al., 2014; Paschold and Mayton, 2011; Subhash and Ario, 2011; Miller and Gariephy, 2008; 

Tiemessen et al., 2007; Makhsous et al., 2005; McPhee et al., 2001; Zimmermann et al., 1997 

10. Smoking  

(SMK) 

Govindu and Babski-Reeves, 2014; Karunanayake et al., 2013; Murtezani et al., 2011;  Malchaire et al., 2001; 

De Beeck and Hermans, 2000; Bovenzi and Hulshof, 1998 ; Magnusson et al., 1998;  Burdorf and Sorock, 

1997 

11. Soil type  

(SOT) 

Chaudhary et al., 2015; Subhash and Ario, 2011; Tiemessen et al., 2007; Griffin et al., 2006  

12. Training 

program  

(TPM) 

Langer et al., 2015; Paschold and Mayton, 2011; Miller and Gariephy, 2008; Tiemessen et al., 2007; Lahiri et 

al., 2005;  Gervais, 2003; De Beeck and Hermans, 2000; Zimmermann et al., 1997 

13. WBV exposure  

(VEX) 

Raffler et al., 2016; Langer et al., 2015; Ramond-Roquin et al., 2015; Mayton et al., 2014; Cvetanović, 2013; 

Murtezani et al., 2011; Paschold and Mayton, 2011; Subhash and Ario, 2011; Donati, 2008; Miller and 

Gariephy, 2008; Salmoni et al., 2008; Tiemessen et al., 2007; Griffin et al., 2006; Makhsous et al., 2005; 

Manek and MAcGregor, 2005; Kittusamy and Buchholz, 2004;  Malchaire et al., 2001; McPhee et al., 2001; 
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De Beeck and Hermans, 2000;  Magnusson et al., 1998; Bovenzi and Hulshof, 1998; Burdorf and Sorock, 

1997; Zimmermann et al., 1997 

14. 
WBV standard 

(VST) 

Chaudhary et al., 2015; Paschold and Mayton, 2011; Donati, 2008; Miller and Gariephy, 2008; Salmoni et al., 

2008; Magnusson et al., 1998 

15. 

Weight of the 

worker  

(WGT) 

Alghadir and Anwer, 2015; Chaudhary et al., 2015; Govindu and Babski-Reeves, 2014; Karunanayake et al., 

2013; Ferguson et al., 2012; Murtezani et al., 2011;  Malchaire et al.,2001; Burdorf and Sorock, 1997; Krause 

et al., 1997; Zimmermann et al., 1997 

16. 

Working 

experience 

(WEP) 

Chaudhary et al., 2015; Murtezani et al., 2011; Miller and Gariephy, 2008; Bovenzi and Hulshof, 1998; 

Zimmermann et al., 1997 

17. 
Working hour  

(WHO) 

Takahashi et al., 2015; Griffin et al., 2006; Miller and Gariephy, 2008; Malchaire et al., 2001; Krause et al., 

1997; Zimmermann et al., 1997 
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3.3.1 Age of the machine (AOM) 

Outdated machine increases the probability of vibration emission, which 

increases chances of having LBP due to WBV exposure. When the age of the machine 

is increasing, the efficiency of the machine decreases, resulting in an increased WBV 

exposure (Mansfield, 2004). Chaudhary et al. (2015) commented that machines used 

in the construction industry last for 15–20 years. 

3.3.2 Age of the worker (AOW) 

There is a positive relationship between the LBP prevalence and worker’s age 

(De Beeck and Hermans, 2000). Figure 3.1 shows that senior workers experience 

higher chances of having LBP due to WBV exposure than young workers (John Lant 

and Partners, 2015). 

 

Figure 3.1 Age of the worker and chances of having LBP due to WBV exposure (John 

Lant and Partners, 2015) 

3.3.3 Exercise (EXR) 

Karunanayake et al. (2013) showed that exercise has a significant role in 

reducing LBP occurrence. Rainville et al. (2004) added that exercise is widely used as 
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a LBP treatment. Workers who exercise regularly (i.e. three to four times a week) 

experience only half chance of having LBP due to WBV exposure (see Table 3.2). 

 

Table 3.2 Chances of having LBP due to WBV exposure with exercise (Rainville et 

al., 2004) 

Exercise pattern 
Chance of having LBP due to WBV 

exposure 

No exercise 82% 

Randomly exercise 70% 

Regular exercise 50% 

3.3.4 Education (EDU) 

According to De Beeck and Hermans (2000), LBP prevelance is higher with 

workers who have low education level. In this study, workers are divided into three 

different education background; workers who never attend school or achieve up to 5
th

 

grade, workers who attend 6
th

 to 12
th

 grade, and workers who achieved higher than 

12
th

 grade (Udom et al., 2016; Karunanayake et al., 2013) (see Table 3.3). 

 

Table 3.3 Chances of having LBP due to WBV exposure with education background 

(Udom et al., 2016) 

Education background Chance of having LBP due to WBV exposure 

≤ 5
th

 grade 64.60% 

6
th

 –12
th

 grade 45.80% 

>12
th

 grade 41.50% 

 

3.3.5 Job rotation (JOR) 

Job rotation should be introduced in work, so that exposure time of individuals 

can be reduced (Paschold and Mayton, 2011). Frazer et al. (2003) mentioned that 
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LBP prevalence could be reduced by half when the second job is introduced to the 

workers. 

3.3.6 Job satisfaction (JOS) 

De Beeck and Hermans (2000) showed that low job satisfaction has a positive 

relationship with the LBP occurrence. When workers are highly satisfied, with their 

job, chances of having LBP reduce to 19.48% (Hoogendoorn et al., 2002) (see Table 

3.4). 

 

Table 3.4 Chances of having LBP due to WBV exposure with job satisfaction 

(Hoogendoorn et al., 2002) 

Job satisfaction level Chance of having LBP due to WBV exposure 

Low 34.78% 

Medium 25.30% 

High 19.48% 

 

3.3.7 Night shift (NSF) 

Working night shift causes a number of LBP-related problems. Workers who 

work night shift experience 42% chance of having LBP, while those who do not work 

night shift have only 18% chance of having LBP (Takahashi et al., 2015). 

3.3.8 Safety and health budget (SBT) 

To reduce LBP prevalence, safety and health budget must be adequately 

provided so that a number of LBP prevention activities can be implemented. These 

include hiring more workers to reduce night shifts and working hours, purchasing new 

equipment, and training workers with LBP-related programs. According to Pellicer et 

al. (2014), safety and health budget of a construction company should be at least 5% 

of the total budget.  
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3.3.9 Seat type (STP) 

Makhsous et al. (2005) concluded that proper seat design helps relieve reduce 

musculoskeletal pain. Subash and Ario (2011) and Tiemessen et al. (2007) agreed that 

by replacing cushion seat with suspension seat, WBV exposure can be reduced. 

3.3.10 Smoking (SMK) 

Smokers have higher chances of having LBP. Nicotine decreases the blood 

flow, and diminishes mineral content of bones, thus causing bone fractures (De Beeck 

and Hermans, 2000). According to Alghadir and Anwer (2015), smokers experience 

15% higher chance of having LBP than non-smokers. 

3.3.11 Soil type (SOT) 

WBV exposure is dependent on soil type on site (Subhash and Ario, 2011). 

Construction work in Sri Lanka, deals with different soil types, including heavy clay, 

silty clay, mixture of gravel, and sand and clay. The compaction level of each soil 

type is different, resulting in different vibration exposure levels exposed to HEOs 

working with heavy equipment (Government of Ministry of Railways, India, 2005). 

3.3.12 Training program (TPM) 

LBP-related training programs should be provided to HEOs to avoid LBP 

prevalence (Paschold and Mayton, 2011). Lahiri et al. (2005) mentioned that the 

vibration-related training helps reduce chances of having LBP by 15%.  

3.3.13 WBV exposure (VEX) 

McPhee et al. (2001) showed relationships between health risk of construction 

workers and WBV exposure level with time, as shown in Figure 3.2. It is found that 

workers who expose to WBV for long duration have higher health risk at the same 

exposure level.  
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Figure 3.2 Vibration level and health risk of construction workers (McPhee et al., 

2001) 

3.3.14 WBV standard (VST) 

There are a number of international standards explaining about WBV exposure 

in the construction; air craft, agriculture, fisheries, forestry, health care, and mining 

industries (see Table 3.5).  
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Table 3.5 Different international standards related to WBV exposure 

Standard Industry Reference 
Established country 

(Year) 

ISO 2631-1 

(1997) 

Construction, aircraft, accident prevention, 

agriculture, fisheries, forestry, health care, mining 

Chaudhary et al., 2015; Cvetanović, 2013;  

Paschold and Mayton, 2011; Subhash and 

Ario, 2011; Miller and Gariephy, 2008; 

Salmoni et al., 2008; Gillin et al., 2006; 

Griffin et al., 2006; Lundström et al., 1998  

Switzerland, 1987 

ISO 2631-5 
Construction, aircraft, accident prevention, 

agriculture, fisheries, forestry, health care, mining 
Zhao and Schindler, 2014; Cvetanović, 2013 Switzerland, 2004 

ISO 2631 
Construction, aircraft, accident prevention, 

agriculture, fisheries, forestry, health care, mining 
Cvetanović, 2013 Switzerland, 1974 

ISO 10326-

1:1992 
Laboratory methods Cvetanović, 2013 Switzerland , 1992 

ISO 10326-

2:2001 
Laboratory methods and railway vehicles Cvetanović, 2013 Switzerland, 2001 

ISO 

7096:2000 
Laboratory evaluation of operator seat vibration Cvetanović, 2013 Switzerland, 2000 
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ISO 

5007:2003 
Laboratory measurement for transmitted vibration Cvetanović, 2013 Switzerland, 2003 

Directive 

2002/44/EC 

Construction, aircraft, accident prevention, 

agriculture, fisheries, forestry, health care, mining 

Cvetanović, 2013; Paschold and Mayton, 

2011; Subhash and Ario, 2011; Salmoni et 

al., 2008; Tiemessen et al., 2007 

European Union, 

2002 

Machinery 

Directive 

(Directive 

98/37/EEC) 

Manufactures, importers, and suppliers Cvetanović, 2013 
European 

commission, 1998 

BS 6841 
Construction, aircraft, accident prevention, 

agriculture, fisheries, forestry, health care, mining 

Paschold and Mayton, 2011; Salmoni et al., 

2008 

United Kingdom, 

1987 

BS EN 

13490:2001 
Industrial trucks Cvetanović, 2013 

United Kingdom, 

2004 

BS 

EN13490:2

003 

Construction, aircraft, accident prevention, 

agriculture, fisheries, forestry, health care, mining 
Cvetanović, 2013 

United Kingdom, 

2004 

AS 2670-

2001 

Construction, aircraft, accident prevention, 

agriculture, fisheries, forestry, health care, mining 
Cvetanović, 2013 Australia, 2001 
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Based on Table 3.5, the most identified standard is the ISO Standards 2631-1 

(1997). This standard was published in 1987. It uses three orthogonal directions (i.e. 

X = fore and aft direction, Y = lateral, and Z = vertical) to explain and evaluate the 

WBV exposure (Griffin et al., 2006; Lundström et al., 1998). The improved version, 

the ISO 2631-5 developed in 2004, provided a guideline to predict health effects 

from WBV containing multiple shocks (Zhao and Schindler, 2014). This 

international standard is mainly considered in this study.  

3.3.15 Weight of the worker (WGT) 

Weight of the worker affects chance of getting LBP. Table 3.6 emphasizes 

the 100% chances of having LBP of underweight workers. 

 

Table 3.6 Chances of having LBP with weight (Alghadir and Anwer, 2015) 

Weight Chance of having LBP due to WBV exposure 

Underweight 100% 

Normal 40.63% 

Overweight 50.00% 

Obese 58.62% 

 

3.3.16 Working experience (WEP) 

Years of working experience affect chances of having LBP. Janwantanakul et 

al. (2011) showed that chance of having LBP among workers who have less than 

10–year experience is 55.6%. Workers with more than 10–year experience, on the 

other hand, experience around 10% less chance of having LBP.  
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3.3.17 Working hour (WHO) 

In South Asian countries, including Sri Lanka, common working hour is 12 

hours per day (Vaid, 1999). Trejo (1993) however, argued that each worker should 

only work for eight hours per day. Alghadir and Anwer (2015) added that working 

more than eight hours per day causes more than half the chance of having LBP, 

while, working less than eight hours per day incur less than half the chance of having 

LBP.  

3.4 Factors affecting LBP among HEO in the construction industry 

Many research studies attempt to group the 17 items affecting LBP due to 

WBV exposure into key factors (see Table 3.7). Chaudhary et al. (2015), for 

example, conducted field measurement in the mine industry in India to identify three 

key factors affecting LBP due to WBV exposure, including 1) machine-related, 2) 

individual, and 3) rock-related factors. Age of the machine, seat type, and WBV 

exposure items are categorized under the machine-related factor, while age and 

weight of the worker are in the individual factor. Ramond-Roquin et al. (2015) 

utilized a multistep logistic regression model to conclude four risk factors affecting 

LBP among French male employees, including biomechanical, organizational, 

psychosocial, and individual factors with a total of 21 associated items. Govindu and 

Babski-Reeves (2014) identified three key factors affecting LBP due to WBV 

exposure including job-related, personal, and psychosocial. Age, smoking, and 

weight are categorized under personal factor, while VEX item is in job-related 

factor, and JOS item as psychosocial factor (Govindu and Babski-Reeves, 2014).   

Manek and MAcGregor (2005) conducted an in-depth review of literature to 

identify risk factors and their associated items affecting LBP prevalence. They 

concluded that smoking, weight of the worker, and education background items are 

grouped into the individual risk factor, while the WBV exposure and night shift 

items are grouped in the occupational risk factor, and the job satisfaction item in the 

psychosocial risk factor. De Beeck and Hermans (2000) developed a conceptual 
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frame work of musculoskeletal disorders due to WBV exposure with five key 

factors, namely 1) personal, 2) job-related, 3) organizational, 4) equipment, and 5) 

social context factors. They categorized vibration exposure, seat type, and age of the 

machine as the equipment factor, job rotation and training program as the 

organizational factor, and education and smoking as the social context factor. 
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Table 3.7 Factors and associated items affecting LBP due to WBV exposure based on literature 

Reference 

Equipment

/ Machine 

related 

Job-related/ 

Occupational 
Organizational 

Personal/ 

Individual 

Social-

context 
Psychological Biomechanical Rock-related 

Yang et al., 

2016 
- - 

JOR 

NSF 

VST 

WHO 

- - JOS - - 

Chaudhary et 

al., 2015 

AOM 

STP 

VEX 

- - 
AOW 

WGT 
- - - SOT 

Ramond-

Roquin et al., 

2015 

- - WOH 
AOW 

WGT 
- JOS VEX - 

Govindu and 

Babski-

Reeves, 2014 

- VEX - 

AOW 

SMK 

WGT 

- JOS - - 
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Yilmaz and  

Dedeli, 2014 
- 

JOS 

NSF 

VEX 

- 

AOW 

SMK 

WGT 

- - - - 

Murtezani et 

al., 2011 
- VEX - 

JOS 

SMK 

WGT 

- - - - 

Wong et al., 

2010 
- 

EDU 

JOS 

TPM 

VEX 

WEP 

- 

AOW 

EXR 

SMK 

- - - - 

Miller and 

Gariephy, 

2008 

AOM 

STP 

VEX 

WOH 
- 

AOM 

AOW 
- - - - 

Manek and 

MAcGrego, 

2005 

- 
NSF 

VEX 
- 

AOW 

EDU 

SMK 

WGT 

- JOS - - 
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Muzammil et 

al., 2004 

SOT 

VEX 
JOS - - - - - - 

Bovenzi et al., 

2002 
- VEX WEP 

AOW 

SMK 
- - - - 

Fransen et al., 

2002 
- 

WHO 

VEX 
- 

AOW 

EDU 

SMK 

WGT 

- JOS - - 

Malchaire et 

al., 2001 
- 

JOR 

VEX 

WEP 

WHO 

- 

AOW 

EDU 

SMK 

WGT 

EDU JOS - - 

De Beeck and 

Hermans, 

2000 

AOM 

STP 

VEX 

JOS 

JOR 

SBT 

TPM 

AOW 

WGT 

EDU 

SMK 
- - - 

Magnusson et 

al., 1998 
- 

AOM 

STP 

VEX 

WEP 

- - 

EDU 

EXR 

JOS 

SMK 

- - - 
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WHO 

Bernard and 

Putz-

Anderson, 

1997 

- 

EXR 

JOS 

VEX 

- 

AOW 

WGT 

WHO 

EDU - - - 

Burdorf and 

Sorock, 1997 

VEX 

 
- - 

ADU 

AOW 

EXR 

SMK 

WGT 

- JOS - - 

Krause et al., 

1997 
AOM JOS 

WHO 

NSF 

AOW 

WGT 
- - - - 

Zimmermann 

et al., 1997 
- 

TPM 

VEX 

WHO 

- - - - - - 
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Based on the Table 3.7, this study hypothesizes five key factors affecting 

LBP due to WBV exposure with a total of 17 associated items as shown in Table 3.8. 

The five key factors and their associated items are later confirmed with an EFA 

analysis (see Chapters 4 and 5) to represent key factors affecting LBP due to WBV 

exposure in Sri Lankan construction industry. 

 

Table 3.8 Hypothesized factors and items with their associated factors affecting LBP 

due to WBV exposure 

Factor Item Reference 

Equipment 

Age of the machine 
Chaudhary et al., 2015; De Beeck and 

Hermans, 2000 

Seat type 
Chaudhary et al., 2015; De Beeck and 

Hermans, 2000 

Soil type Muzammil et al., 2004 

Vibration exposure 
Chaudhary et al., 2015; De Beeck and 

Hermans, 2000 

Job-related 

Exercise Bernard and Putz-Anderson, 1997 

Job rotation Malchaire et al., 2001 

Night shift 
Yilmaz and  Dedeli, 2014 

Manek and MAcGregor, 2005 

Organizational 

Safety and health budget De Beeck and Hermans, 2000 

Training program De Beeck and Hermans, 2000 

Vibration standard Yang et al., 2016 

Working experience Bovenzi et al., 2002 

Personal Age of the worker 

Chaudhary et al., 2015; Ramond-

Roquin et al., 2015; Govindu and 

Babski-Reeves , 2014; Manek and 

MAcGregor, 2005; De Beeck and 

Hermans, 2000 
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Weight 

Ramond-Roquin et al., 2015, 

Chaudhary et al., 2015; Manek and 

MAcGregor, 2005; De Beeck and 

Hermans, 2000 

Working hour Bernard and Putz-Anderson, 1997 

Social context 

Education De Beeck and Hermans, 2000 

Job satisfaction Magnusson et al., 1998 

Smoking 
De Beeck and Hermans, 2000; 

Magnusson et al., 1998 
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Chapter 4 

Data Collection and Preliminary Analysis 

4.1 General overview 

This chapter presents data collection based on the questionnaire survey. 

Descriptive and preliminary analyses, including the normality, skewness and kurtosis, 

and outlier tests are performed in this chapter. 

4.2 Data collection method 

Different data collection methods are used by various studies, such as 

experiment, survey, structured questionnaire, and qualitative research (Hox and 

Boeije, 2005). Generally, data are separated as primary and secondary data. Primary 

data is data collected for specific research goal. Secondary data are, on the other hand, 

collected by different studies, and can be reused for other research questions (Hox and 

Boeije, 2005). 

In this study, secondary data are collected through a number of construction-, 

ergonomics-, and health-related studies. The questionnaire survey method is, on the 

other hand used to collect primary data, as it is a common tool for data collection 

(Mathers, 2007). Apart from questionnaire survey, interviews and observations on 

sites are conducted to collect necessary data for the dynamic model development. A 

total of 45 managers and engineers are interviewed with specific questions, such as 

training history and safety and budget available for safety- and health-related 

activities. Observations on site are conducted to collect such data as soil type, 

working condition, and site condition. These data are later used to develop equations 

for a dynamic model of LBP prevention index. 
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4.3 Questionnaire survey and data collection 

The target group of this study is the construction industry in Sri Lanka. Target 

respondents are those in managerial positions and HOEs to gain perception on both 

strategies and operation level. Questionnaire survey is developed for each group of 

respondents. For management level, part 1 consists of 10 questions about personal 

information, such as age, weight and working experience. Part 2 consists of 

statements representing items affecting LBP due to WBV exposure. Respondents are 

requested to rate their opinions on the items affecting LBP due to WBV exposure 

using a 5-point Likert scale (1 = strongly disagree, 3 = neither agree nor disagree, 5 = 

strongly agree). For HEOs, part 1 requires demographic information, such as age, 

education background, and LBP history. Similar to management level part 2 asks 

opinion on each statement representing item affecting LBP due to WBV exposure 

using a 5-point Likert scale. Sample statements are as follows: 

 Age of the worker has an effect on LBP prevalence. 

- In this statement, respondents are asked to consider if different ages have 

significant effect on LBP prevalence. 

 Age of the machine has an effect on LBP prevalence. 

 Education background of the worker has an effect on LBP prevalence. 

 Exercise has an effect on LBP prevalence. 

 Training program has an effect on LBP prevalence. 

 

Full details on the questionnaire surveys are provided in Appendices B, C, and D. 

4.4 Sample characteristics of the respondents 

One hundred and forty–nine questionnaire surveys were distributed to both 

management and operation positions, with a response rate of 100% (see raw data in 

Appendix E). All of the surveys are returned, as surveys are given directly to the 
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respondents, and returned immediately after completion.  Ratio between management 

level and HEOs is 3:7 (see Figure 4.1).  

 

Figure 4.1 Respondents in management and operational levels 

4.4.1 Age distribution 

Almost all of the respondents, both in management and operation positions, 

age between 25–45 years (see Figure 4.2 and Figure 4.3). 

 

Figure 4.2 Age distribution among the managerial position 
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Figure 4.3 Age distribution among HEOs 

4.4.2 Education background 

Majority of the respondents in management position hold bachelor degrees, 

while almost all of HEOs hold moderate education (i.e. education background 

between 6
th

 –12
th

 grade) (see Figure 4.4 and Figure 4.5). 

 

Figure 4.4 Education background of managerial position 
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Figure 4.5 Education background of HEOs 

4.4.3 Common working hour 

Seventy five percent of respondents in management position work more than 

eight hours per day, while around half of HEOs work longer than eight hours per day 

(see Figure 4.6 and Figure 4.7).  

 

Figure 4.6 Working hour among managerial position 
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Figure 4.7 Working hour among HEOs 

 

4.4.4 Safety training record 

Half of the respondents in management position receive safety- and health- 

related training (see Figure 4.8). On the other hand, 37% of HEOs receive specific 

training, such as site safety and personal protective equipment training (see Figure 

4.9). 

 

 

Figure 4.8 Safety training in managerial position 
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Figure 4.9 Safety training among HEOs 

4.5 Data screening 

To increase confidence in data to be used with the EFA, a number of data 

screening processes are performed. According to Hair and Lukas (2014), various 

methods can be performed to screen data; however common methods used in health-

related studies are normality and outlier tests (Rose et al., 2017; Shaw et al., 2016; 

Kim, 2013).   

4.5.1 Test of normality 

According to Das and Imon, (2016), data used for statistical analysis must 

have a normal distribution. In this study, skewness and kurtosis are two measures 

used to test normality of the data (Park, 2015). Skewness determines the relative 

position of the median and mean (Von Hippel, 2005). If the data skew is positive, then 

the median and mean lay right aside of the data. Kurtosis, on the other hand, is used to 

measure the symmetric distribution (Groeneveld and Meeden, 1984).  

Various studies consider different acceptable values for skewness and 

kurtosis. Common ranges for skewness and kurtosis are, however, are, ±2.00 and 

Yes

37%

No

63%
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±7.00 respectively (Kim, 2013; Abdulwahab et al., 2011; Ryu, 2011). These values 

are considered as the acceptable ranges of skewness and kurtosis in this research 

study. A total of 149 data sets from both management and operational levels, are 

tested with normality using an SPSS version 20. The analysis results show that all 

data sets have skewness and kurtosis values in acceptable ranges, confirming normal 

distribution of the data (see Table 4.1). 

 

Table 4.1 Skewness and kurtosis values of the 17 items affecting LBP due to WBV 

exposure 

Item Skewness (Statistic values) Kurtosis (Statistic values) 

AOM -1.00 0.52 

AOW -0.11 -1.36 

EXR -0.85 -0.41 

EDU 0.14 -1.20 

JOR -0.84 -0.38 

JOS -0.40 -1.25 

NSF 0.15 -1.43 

SBT -1.16 0.83 

STP -1.18 2.07 

SMK 0.55 -0.83 

SOT -1.07 0.65 

TPM -1.29 2.86 

WGT 0.49 -1.24 

VEX -0.97 0.24 

VST -1.46 3.96 

WEP -1.13 1.56 

WHO -1.04 0.54 

Note: See full names of abbreviations in the list of abbreviations 
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4.5.2 Outlier test 

An outlier is a data that is too large or small compared with other data sets 

(Seo, 2006). It can negatively affect data analyses. Detection of outlier is thus an 

important part of data analysis. According to Dan and Ijeoma (2013), the box plot, 

5% trimmed mean, and Z score tests are commonly used to detect outliers. Box plot 

(see Figure 4.10) graphically represents the dispersion of the data within first quartile, 

second quartile, third quartile, and largest observation (Dan and Ijeoma, 2013). The 

distance between the various parts of the box indicates the degree of dispersion, and 

helps identify outliers.  

The difference between mean and 5% trimmed mean of greater than 0.2 

causes problems in the analysis (Pallant, 2005). The results in Table 4.2 show that all 

17 items have the difference between mean and 5% trimmed mean of less than 0.2, 

confirming no other outlier of 145 data sets.  The Z-score test is also performed with 

the 145 data sets. The value exceeds ±3.29 is considered as a potential outlier 

(Tabachnick and Fidell, 2007). The highest Z-score in this study is 3.17 proving the 

absence of outliers of the 145 data sets (see Appendix F).  

The 145 screened data sets are used to perform with the EFA method to group 

the 17 items affecting LBP due to WBV exposure into key factors. Details are in the 

next chapter.  

 

Table 4.2 Mean, 5% trimmed mean, and difference between mean values of 17 items 

Item Mean 5%Trimmed mean ∆ mean 

AOM 3.72 3.76 0.04 

AOW 3.22 3.21 0.01 

EXR 3.41 3.45 0.04 

EDU 3.05 3.02 0.03 

JOR 3.58 3.59 0.01 

JOS 3.30 3.29 0.01 
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NSF 3.11 3.09 0.02 

SBT 3.62 3.66 0.01 

STP 4.07 4.14 0.07 

SMK 2.74 2.71 0.03 

SOT 3.77 3.79 0.02 

TPM 3.93 3.97 0.04 

WGT 2.80 2.76 0.04 

VEX 3.77 3.79 0.02 

VST 3.91 3.96 0.05 

WEP 3.83 3.86 0.03 

WHO 3.86 3.91 0.05 

Note: See full names of abbreviations in the list of abbreviations 

 

Figure 4.10 An example of box plot 

 

Table 4.3 and Table 4.4 show data sets and items with higher frequencies of 

potential outliers. It appears those data sets 61, 63, 67, and 81 contains items with 

high frequencies of potential outliers, such as the SOT, TPM, and VEX items. These 
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four data sets are then removed from the data file resulting in the remaining 145 data 

sets for further screening processes.  

 

Table 4.3 Frequency of potential outlier of data sets 

Data set Item with potential outlier Total frequency of potential outlier 

63 EXR, SOT, TPM, VEX  4 

67 AOM , SOT, TPM, VST 4 

61 TPM, VST , WHO 3 

81 SOT, VEX, WHO 3 

28 STP , WHO 2 

48 SBT , WEP 2 

60 SBT , WEP 2 

62 SOT, TPM 2 

64 AOM, SBT 2 

75 SOT, TPM 2 

80 AOM, VEX 2 

89 STP, WHO 2 

91 SOT, WHO 2 

92 TPM, WHO 2 

 

 

Table 4.4 Frequency of potential outlier of items 

Item Data set with potential outlier 
Frequency of 

potential outlier 

SOT 62, 63, 67, 75, 77, 81, 91, 126, 127, 135, 140, 148 12 

TPM 59, 61, 62, 63, 67, 75, 92, 113, 117, 118, 129, 147 12 

VEX 57, 63, 78, 80, 81, 119, 132, 141, 142, 147, 148, 

149 
12 

WEP 48, 51, 56, 60, 85, 110, 112, 117, 119, 122, 123, 

126 
12 

WHO 18, 20, 28, 61, 81, 89, 91, 92, 134, 137, 140 12 
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STP 19, 28, 33, 89, 113, 120, 130, 132, 135, 142, 144 11 

AOM 46, 64, 66, 67, 80, 96, 100, 105, 130, 143 10 

VST 40, 41, 49, 50, 55, 60, 61, 65, 67, 73 10 

EXR 45, 63 2 

SBT 64, 48 2 
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Chapter 5 

Exploratory Factor Analysis 

5.1 General overview 

In this chapter, the 17 items are performed with the EFA method to extract key 

factors affecting LBP due to WBV exposure.  

5.2 Steps to perform an EFA 

An EFA consists of three main steps: 1) assessment of the suitability of data, 

2) factor extraction, and 3) factor rotation. The details of these research steps are 

described below (Yong and Pearce, 2013). 

5.2.1 Assessment of the suitability of data 

There are two main issues when a suitability of a data set is assessed: sample 

size and sampling adequacy (Williams et al., 2010). Comrey and Lee (2013) stated 

that sample size of 100, 200, 300, 500, and more than 500 are poor, fair, good, very 

good, and excellent, respectively. Nevertheless, Hair et al. (1995) suggested that 

sample size of 100 sets or greater is suitable for factor analysis. A total of 145 cases 

are thus considered acceptable for the analysis in this study. Measure of sampling 

adequacy evaluates how strongly an item is correlated with other items in EFA 

correlation matrix (Williams et al., 2010). Bartlett’s test of sphericity and Kaoser-

Mayer-Olkin (KMO) index test are normally applied to check the suitability of data 

for factor analysis (Williams et al., 2010). Bartlett’s test of sphericity should be 

significant (p<0.05), and KMO index should be at least 0.6 to confirm sampling 

adequacy for factor analysis (Taherdoost et al., 2014). The values of the Bartlett’s test 

of sphericity and KMO index are as shown in the Table 5.1. They indicate that the 

145 data sets are suitable for the EFA.  
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Table 5.1 Bartlett’s test of sphericity and the KMO index 

Test Recommended value Calculated value 

Bartlett’s test of sphericity < 0.05 0.000 

KMO index > 0.60 0.614 

 

5.2.2 Factor extraction 

Factor extraction is a process to determine the smallest number of factors that 

best represent the interrelationships among set of items (Henson and Roberts, 2006). 

There are several methods used for factor extraction, including principle component 

analysis (PCA), principle axis factoring (PAF), maximum likelihood, unweighted 

least squares, generalized least square, alpha factoring, and image factoring (Costello 

and Osbone, 2005). According to Henson and Roberts (2006), PCA and PAF methods 

tend to be the most common method in factor extraction. Nevertheless, Costello and 

Osbone (2005) suggested that the PCA method is preferable in factor analysis. 

Therefore, the PCA method is used for the analysis in this research study.  

5.2.3 Factor rotation and interpretation 

Rotation method must be decided for the factor extraction. The goal of 

rotation is to simplify and clarify data structure (Costello and Osbone, 2005). There 

are different rotation methods, in which each method uses slightly different 

algorithms to achieve broad goal-simplification of the factor structure (Osborne, 

2015). Osborne (2015) proposed two broad categories: orthogonal and oblique 

rotation methods. Most of the studies, however, use the orthogonal rotation method, 

since uncorrelated factors are easily interpreted.  

Common orthogonal rotation methods are varimax, quartimax, and equamax 

(Costello and Osbone, 2005). Varimax rotation is by far the most utilized orthogonal 

rotation as it helps to maximize the variance of factor loadings by making a clear 

difference between high and low loadings of each factor (Osborne, 2015; Costello and 

Osbone, 2005).This study, therefore, considers a varimax rotation method for the 

EFA. 
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5.2.4 Factor loading 

It is important to identify which items load on each retained factor (Cappelleri 

et al., 2000). This is known as factor loadings, which is the correlation coefficient 

between the items and factors. For example, factor loading of 0.40 represents that 

there is 40% of an approximate relationship with the item to the factor.  

 According to Taherdoost et al., (2014), factor loading of 0.30 is minimal, 0.40 

is important, 0.50 is practical. If the factor loading is less than 0.30, then it is 

considered as no relationship between an item and its related factor (Taherdoost et al., 

2014). In this study, therefore, a minimum factor loading of 0.3 is used as cut-off 

loading for the EFA.  

5.3 The EFA results 

In summary the principal component analysis is used, together with varimax 

rotation method and factor loading of 0.30, to extract the 17 items affecting LBP due 

to WBV exposure into groups. The first run extracts four factors, as shown in Table 

5.2. 

 

Table 5.2 Four factors extracted from the 17 items 

Item 
Factor loading 

Factor 1 Factor 2 Factor 3 Factor 4 

STP 0.68 - - - 

VEX 0.60 - - - 

AOM 0.59 - - - 

SOT 0.34 - - - 

JOR - 0.67 - - 

WGT - 0.57 - - 

WHO - 0.56 - - 

NSF - 0.54 - - 
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EXR - 0.36 - - 

AOW - 0.34 - - 

TPM - - 0.63 - 

VST - - 0.63 - 

SBT - - 0.58 - 

WEP - - 0.45 - 

JOS - - - 0.57 

SMK - - - 0.55 

EDU - - - 0.54 

 

Factor 1 is accounted by four items explaining mainly about equipment and 

machines, and is called equipment (EQF) factor. This is consistent with the EQF 

factor previously hypothesized in Table 3.8 in Chapter 3. Chaudhary et al. (2015) also 

recommended the STP, AOM, and VEX items grouped into an equipment-related 

factor. Factor 2 is accounted by six items relating to personal and job characteristics. 

Factor 3 is associated with four items, including TPM, VST, SBT, and WEP. These 

items are in an organizational context, therefore is called as the organizational (ORF) 

factor. Factor 4 is associated with three items explaining mainly about social context 

(SCF) factor (seeTable 3.8) in chapter 3. This is consistent with Magnusson et al. 

(1998) that the JOS, SMK, and EDU explain the social-context. Close examination of 

Factor 2 reveals potential in further extracting six items into groups that are 

previously hypothesized in Chapter 3 (see Table3.8). The principal component 

analysis method is again used with varimax rotation and factor loading of 0.30 to 

extract from Factor 2 into groups.  The results divide six items into two new factors. 

The first factor is called personal (PNF) factor, and is associated with three items: the 

AOW, WGT, and WHO. The second factor is called job related (JRF) factor, and 

consists of the EXR, JOR, and NSF items. This is consistent with factors and their 

associated items hypothesized in Table 3.8 in Chapter 3. 
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 In summary, a total of five key factors affecting LBP due to WBV exposure 

are as shown in Table 5.3. 

 

Table 5.3 Five factors affecting LBP due to WBV exposure extracted from the EFA 

Item 
Factor loading 

EQF PNF ORF SCF JRF 

STP 068 - - - - 

VEX 0.60 - - - - 

AOM 0.59 - - - - 

SOT 0.34 - - - - 

AOW - 0.73 - - - 

WGT - 0.71 - - - 

WOH - 0.67 - - - 

TPM - - 0.63 - - 

VST - - 0.63 - - 

SBT - - 0.58 - - 

WEP - - 0.45 - - 

JOS - - - 0.57 - 

SMK - - - 0.55 - 

EDU - - - 0.54 - 

EXR - - - - 0.76 

JOR - - - - 0.74 

NSF - - - - 0.39 
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5.4 Reliability test  

To further confirm the five key factors extracted from the EFA, the reliability 

test is performed. It confirms the accuracy and precision of the factors and their 

associated items (Suhr, 2003). It concerns with internal consistency, stability, and 

dependence of the scores. According to Vehkalahti et al. (2009) there are two 

methods used in reliability test, namely Tarkkonen's rho and Cronbach’s alpha. 

However, the widely used reliability test is Cronbach’s alpha (Yu and Richardson, 

2015; Suhr, 2003). In this study, therefore, the Cronbach’s alpha is used. Cronbach’s 

alpha value ranges from 0 to 1. Cronbach’s alpha value of 0.4 is used, with a 

minimum value of 0.4 is considered reliable (Ghazanfarpour, 2014). The results, as 

shown in Table 5.4 show Cronbach’s alpha values of the five factors of at least 0.4 to, 

thus, confirming the five key factors to explain LBP due to WBV exposure.  

 

Table 5.4 Cronbach's Alpha value of five factors 

Factor Cronbach’ s Alpha value 

PNF 0.56 

EQF 0.51 

ORF 0.41 

SCF 0.40 

JRF 0.40 

 

The conceptual model of LBP due to WBV exposure is then developed based 

on the five key factors and their 17 associated items (see Figure 5.1). They are used to 

perform the SEM analysis in the next chapter.  
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Figure 5.1 The conceptual model of LBP due to WBV exposure achieved from the 

EFA 
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Chapter 6 

Structural Equation Modelling of LBP Prevention among HEOs 

6.1 General overview 

In this chapter, structural equation modelling (SEM) is performed to examine 

direct and indirect relationships between key factors extracted from the EFA method.  

6.2 Structural equation modelling 

SEM is the technique that provides a good theoretical basic analysis (Kohn et 

al., 2011). It is used to examine the independent factors and combined mediated 

relationships (Bardenheier et al., 2013). Chinda and Mohamed (2008) mentioned that 

the SEM method can be used to investigate the causal relationships among factors. 

SEM consists of two models: measurement and structural models (Chinda and 

Mohamed, 2008). Measurement model depicts the pattern of observed variables 

(known as “items” in this study) and latent variables (known as “factors” in this study) 

in the hypothesized model (Schreiber et al., 2006). It also identifies the 

interrelationships and covariance among latent variables. The structural model on the 

other hand, confirms direction of relationships between latent variables (Schreiber et 

al., 2006).  

To assess the model fit and accept the best fit model, a number of indices are 

used. Different researchers recommend different indices in assessing model fit, such 

as chi square per degree of freedom (χ
2/DF) or CMIN/DF, root mean squared error of 

approximation (RMSEA), comparative fit index (CFI), goodness of fit index (GFI), 

Bentler-Bonett normed fit index (NFI), incremental fit index (IFI), and Turcker-Lewis 

index (TLI) (Jonathan et al., 2001). Details of each index are as shown in Table 6.1. 

In this study χ
2/DF, RMSEA, and CFI are used to assess model fit of measurement 

Ref. code: 25615822300462VQH



 

 

61 

 

and structural models, as they are commonly used in construction-, and health-related 

studies (Li et al., 2017; Khosravi et al., 2013; Chinda and Mohamed, 2008).  
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Table 6.1 Definition and acceptable range of fit indices 

Fit index Description Acceptable value Reference 

χ
2/DF 

It tests the closeness of the fit between the sample 

covariance matrix and the fitted covariance matrix. 
< 2.00 

Li et al., 2017; Gao et al., 2016; 

Ghazanfarpour et al., 2014; Khosravi et al., 

2013; Chinda and  Mohamed, 2008 

RMSEA It measures the lack of fit per degree of freedom. < 0.08 

Li et al., 2017; Gao et al., 2016; 

Ghazanfarpour et al., 2014; Khosravi et al., 

2013; Chinda and  Mohamed, 2008 

CFI It compares the existing model fit with a null model. > 0.90 

Li et al., 2017; Gao et al., 2016; Khosravi et 

al., 2013; Chinda and  Mohamed, 2008; 

Shadfar and Malekmohammadi, 2003 

GFI 
It calculates the proportion of variance accounted for 

by the estimated population covariance. 
> 0.90 

Gao et al., 2016; Hooper et al., 2008 

IFI 
It compares the chi-square for the hypothesized 

model to one from a null model. 
> 0.90 

Gao et al., 2016; Miles and Shevlin, 2007 

NFI 
It assesses the difference between chi-square of the 

hypothesized model and null model. 
> 0.90 

Gao et al., 2016; Hooper et al., 2008 
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TLI It adjusts the model complexity. > 0.90 Gao et al., 2016; Kim et al., 2016 
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6.3 Measurement model of LBP prevention 

In this study, the five confirmed factors affecting LBP due to WBV exposure 

and their 17 associated items (see Figure 5.1) are used to develop a measurement 

model of LBP prevention to examine correlations among them. At the beginning, it is 

assumed that all the factors are correlated. Then the model is run, and the fit indices 

results are achieved. To improve the model and achieve a better fit the modification 

index (MI) and path correlations are used (Hox and Bechger, 2007). MI, achieved 

from the model output, suggests whether a path between two items should be added or 

removed. To add a path in the model, however, it is important to ensure that linked 

path can be explained in real practice. Paths with low correlations are, on the other 

hand, removed  .The measurement model of LBP prevention is run, and the results are 

as shown in Table 6.2. The results show good fits in the χ
2
/DF and RMSEA with the 

values of 1.24 and 0.04, respectively. The CFI results, however, requires adjustment 

to achieve a better fit. The paths between the ORF and JRF factors and ORF and SCF 

factors are deleted, due to low correlations  .Moreover, correlations with high MI 

values are added as followings. 

 A correlation between the AOM and STP items: This is confirmed by Donati 

(2008), that new machine facilitates less vibration exposure.  

 A correlation between the VST and JOR items: This correlation is confirmed 

by Paschold (2008) that, improving standards related to WBV exposure lead 

to more job rotation. 

 

 

Table 6.2 Fit indices of measurement and structural model  

Fit indices 
Base measurement 

model 

Best fit 

measurement 

model 

Best fit structural 

equation model 

CMIN/DF 1.24 1.14 1.07 

RMSEA 0.04 0.03 0.02 

CFI 0.86 0.92 0.96 
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After the modifications, the model is run, and the fit indices results are as 

shown in Table 6.2 and Appendix H. The results show that all indices fall into 

acceptable range, leading to the best fit measurement model, as shown in Figure 6.1. 

 

 

Figure 6.1 Best fit measurement model 

 

Five key factors and their 17 associated items affecting LBP due to WBV 

exposure are confirmed with the best fit measurement model. It is concluded that the 

AOW, EDU, VEX, VST, and NSF items have high effects on LBP due to WBV 
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exposure, as they have high loading on their respective factors (0.74, 0.71, 0.64, 0.52, 

and 0.50, respectively). The correlations of the five key factors affecting LBP due to 

WBV exposure are also confirmed. The EQF and PNF factors have the highest path 

correlation of 0.85. This is consistent with, for example, Donati (2008) that seat 

adjustment (an item in the EQF factor) for different body weights (an item in the PNF 

factor) is important to reduce WBV exposure. The SCF and PNF factors have the 

second highest path correlation with the value of 0.68. According to Beeck and 

Hermans (2000), time pressure causes low job satisfaction leading to a positive 

association of LBP disorders due to WBV exposure. The EQF and ORF factors, on 

the other hand, have the lowest path coefficient with the value of 0.10, indicating less 

influence the two factors have on each other.  

6.4 Structural model of LBP prevention 

The best fit measurement model is then performed with the structural model to 

examine directions of relationships between the five key factors. A correlation 

between two factors (a double headed arrow) is substituted with a path (a single 

headed arrow), to perform the structural model (Schreiber et al., 2006). In this study, 

eight correlations are replaced with eight paths with the hypothesized directions 

derive from a number of construction-related literature as the following. 

 The ORF factor influences the PNF factor (ORF→PNF): Maintaining WBV 

standards requires appropriate working hours (Griffin, 1998). 

 The ORF factor influences the EQF factor (ORF→EQF): Experienced 

workers manage to operate outdated vehicles with less chances of having 

LBP (Jailer et al., 2015). 

 The PNF factor forces the EQF factor (PNF→EQF): Less working hour 

results in less WBV exposure (Donati, 2008). 

 The PNF factor forces the JRF factor (PNF→JRF): Underweight and 

overweight workers should regularly exercise to reduce LBP prevalence 

(Nilsen et al., 2011).  
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 The PNF factor affects the SCF factor (PNF→SCF):  Workers working long 

hours tend to smoke; this leads to high chance of having LBP (Ueno et al., 

1999). 

 The SCF factor affects the EQF factor (SCF→EQF): Good education leads 

the operators to operate machines safely (Jailer et al., 2015). 

 The JRF factor influences the EQF factor (JRF→EQF): Having job rotation 

reduces chances of WBV exposure (Frazer et al., 2003). 

 The JRF factor forces the SCF factor (JRF→SCF): Having job rotation 

increases job satisfaction (Kaymaz, 2010). 

 

The above eight hypothesized relationships are tested with structural model .

The MI values, achieved in the model output, suggest correlations between the the 

WEP and VEX items, the VST and AOM items, and the VST and WGT items  .After 

the modification, the best fit structural model (i.e .the final model of LBP due to WBV 

exposure) is achieved (see Table 6.2 and Figure 6.2). The final model has the lowest 

χ
2/DF and RMSEA values of 1.07 and 0.02, respectively, and the highest CFI value of 

0.96. 

 

 

 

Figure 6.2 Final model of LBP due to WBV exposure 
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6.4.1 Direct and indirect relationships of the ORF factor 

The ORF factor directly influences the PNF and EQF factors with path 

coefficients of 0.22 and -0.20, respectively (see Figure 6.2). To explain, the PNF factor 

increases by 0.22 of standard deviation when the ORF factor increases by one 

standard deviation. This is confirmed by Griffin (1998) that maintaining a good WBV 

standard (an item in the ORF factor) results in an appropriate working hour (an item in 

the PNF factor) and less chance of having LBP. The EQF factor, in contrast, decreases 

by 0.20 of standard deviation when the ORF factor increases by one standard 

deviation. This is confirmed by Langer et al. (2012) that specific WBV-related training 

(an item in the ORF factor) leads operators to effectively use of outdated equipment 

and machines (an item in the EQF factor). 

The ORF factor also indirectly affects the EQF, SCF, and JRF factors through 

the implementation of the PNF factor. For example, the use of safety and health 

budget (an item in the ORF factor) in hiring more workers reduce overall working 

hour (an item in the PNF factor) and night shifts (an item in the JRF factor), and 

increase job rotation (an item in the JRF factor),  leading to lower chances of having 

LBP (De Beeck and Hermans, 2000). Less working hour also reduces WBV exposure 

(an item in the EQF factor), and brings higher job satisfaction (an item in the SCF 

factor) (De Beeck and Hermans, 2000; Griffin, 1998).   

6.4.2 Direct and indirect relationships of the PNF factor 

The PNF factor has the strongest relationship with the EQF factor with a path 

coefficient of 1.00 (see Figure 6.2). It also positively affects the SCF and JRF factors 

with path coefficients of 0.55 and 0.47, respectively. Donati (2002) concluded the 

relationships between the body-weight (an item in the PNF factor) and seat adjustment 

(an item in the EQF factor) in reducing LBP among HEOs. Nilsen et al. (2011) also 

mentioned that overweight workers should regularly exercise to reduce the risk of 

LBP prevalence.  
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The PNF factor, on the other hand, indirectly influences the SCF factor 

through the implementation of the JRF factor .Kaymaz (2010), for example, stated that 

appropriate working hour (an item in the PNF factor) provides workers with job 

rotation (an item in the JRF factor), thus, enhancing job satisfaction  (an item of the 

SCF factor). The PNF factor also indirectly affects the EQF factor through the JRF 

and SCF factors. New generation workers (young workers, an item in the PNF factor) 

tend to have higher education background (an item in the SCF factor), and that they 

can use heavy equipment effectively (Hoeckel, 2008). 

6.4.3 Direct and indirect relationships of the JRF factor 

The JRF factor directly affects the SCF and EQF factors with path coefficients 

of 0.25 and -0.13 respectively ( see Figure 6.2). Having a job rotation (an item in the 

JRF factor) assists the HEOs in applying new knowledge (an item in the SCF factor) 

to work with different site conditions (an item in the EQF factor) (Hoeckel, 2008). 

6.4.4 Direct and indirect relationships of the SCF factor 

The SCF factor has a negative relationship with the EQF factor (see Figure 

6.2). This is consistent with Beeck and Hermans (2000) that workers who exercise 

regularly (an item in the JRF factor) are better fit, and are able to work with the 

outdated machine (an item in the EQF factor) with less risk of injuries.  

Direct and indirect relationships among the five key factors are summarized in 

Table 6.3. Path coefficients less than 0.10 are not included, as they show insignificant 

effects (Suhr, 2008).  It is observed that some factors are strongly correlated with the 

other factors, while some factors affect the other factors indirectly through the 

intermediaries. For example, the ORF factor directly influences the EQF factor by 

20%, but indirectly affects the EQF factor through the implementation of the PNF 

factor by 22% (see Table 6.3). It is also noticed that the EQF factor does not have any 

influences on the other four factors.  
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Table 6.3 Direct and indirect path coefficients of five key factors 

Factor Correlation coefficient 

Organizational - 

Personal 0.22 × ORF 

Job related (0.47 × PNF) + (0.22 × 0.47 × PNF × ORF) 

Equipment 

(1.00 × PNF) + (-0.20 × ORF) + (-0.20 × SCF) + (-0.13 × JRF) + 

(0.22 × 1.00 × PNF × ORF) 

Social context 

(0.55 × PNF) + (0.25 × JRF) + (0.22 × 0.55 × PNF × ORF) + 

(0.47 × 0.25 × JRF × PNF) 

Note: The ORF factor is not influenced by the other four factors. 

 

The ORF factor plays an important role in reducing LBP due to WBV 

exposure among HEOs, as it directly and indirectly influences all other four factors. 

The company, therefore, needs to focus on the implementation of items in the ORF 

factor. Such actions as adequately provision of safety and health budget and initiation 

of specific training program could be implemented to reduce LBP prevalence.  

To further examine the LBP prevention program, and plan for long-term 

improvement, a system dynamics modelling is performed in the next chapter.  
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Chapter 7 

Dynamic Model of LBP Prevention Index 

 

7.1 General overview 

This chapter presents causal relationships of key factors and items affecting 

LBP due to WBV exposure. A dynamic model of LBP prevention index is then 

developed utilizing an SD modelling approach. Model validation and verification are 

performed to increase confidence in the developed model.  A number of scenarios are 

finally conducted to test different strategies to prevent LBP among HEOs in the 

construction industry in the long-term. 

7.2 Causal loop diagram of LBP prevention index 

One of the major steps of SD model development is to develop a causal 

relationship diagram (Bouloiz et al., 2013). The diagram shows whether a relationship 

between each pair of variables is positive or negative, that is if the influence of one 

variable on another is amplifying (positive influence) or stabilizing (negative 

influence) (Bouloiz et al., 2013). Typically, there are two components of a casual 

loop diagram: causal link and closed loop.  

Causal link consists of an element and an arrow. Element A to element B is 

considered as a positive causal link if a change in A produces a change in B in the 

same direction. If a change in A affects B in the opposite direction, then it is a 

negative causal link (Kirkwood, 1998). 

A causal loop, on the other hand, is a closed sequence of causes and effects 

(Kirkwood, 1998). A positive causal feedback loop starts and ends with the same 

direction. It contains even numbers of negative link. On the other hand, if the loop 

starts and ends in different direction, and then it is known as a negative causal loop. It 

contains odd numbers of negative causal links (Kirkwood, 1998). 
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Seventeen items, under five key factors, create a number of causal links and 

causal loops, as shown in Figure 7.1. For instance, with adequate safety and health 

budget (SBT), the company can afford to purchase good quality machines (AOM) 

(Vitharana and Chinda, 2016). This makes a positive causal link between the SBT and 

AOM items. Good machine (AOM) incurs less WBV exposure level (VEX), 

representing a negative causal link between the AOM and VEX items (Vitharana et 

al., 2014). Less VEX indicates good WBV standard (VST) (a negative causal link), 

encouraging a company to support more budget (SBT) to improve the program 

implementation (a positive causal link) (Blood et al., 2010). This, thus, closes a 

positive causal loop between the SBT, AOM, VEX, and VST items (see Figure 7.2).   

 

 

Figure 7.1 Causal loop diagram of LBP prevention index 
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Figure 7.2 Example of a positive causal loop 

 

The safety and health budget (SBT) can also be used to train (TPM) HEOs 

with LBP-related programs (Lahiri et al., 2005). This represents a positive causal link 

between the SBT and TPM items. Trained workers work more effectively and gain 

more experience (WEP) through time (Lee and Tserng, 2006). Experienced workers 

tend to work longer in the industry. This represents a positive causal link between the 

WEP and AOW items. However, senior workers (AOW), as they are older than young 

workers, are less fit (Sawacha et al., 1999). With senior workers, less budget (SBT) 

might be provided for the training (Lahiri et al., 2005). This, then, makes a negative 

causal link between the AOW and SBT items, and closes a negative causal loop 

between the SBT, TPM, WEP, and AOW items (see Figure 7.3).  

 

Figure 7.3 Example of a negative causal loop 

 

The positive and negative causal links are used to develop the equations in a 

dynamic model of LBP prevention index.  
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7.3 A dynamic model of LBP prevention index 

A dynamic model of LBP prevention index is developed using an SD 

modelling approach. The model consists of six sub-models, namely 1) personal factor 

sub-model, 2) organizational factor sub-model, 3) equipment factor sub-model, 4) 

job-related factor sub-model, 5) social context factor sub-model, and 6) LBP 

prevention index sub-model. Primary data collected from questionnaire survey and 

interviews, and secondary data collected through in-depth literature are used to 

develop equations for the dynamic model of LBP prevention (see Table 7.1 ). 

 

Ref. code: 25615822300462VQH



 

 

75 

 

Table 7.1 Input data of the dynamic model development 

Factor 

and item 
Description Chance of having LBP Reference 

Personal factor 

AOW 

Young age (group A), middle age (group B), and senior (group C) 

experience different chances of having LBP.  

 Group A ranges between 25-44 years. 

 Group B ranges between 45-54 years. 

 Group C ages more than 54 years old.  

 Group A: 48%  

 Group B: 54% 

 Group C: 50% 

Vitharana and Chinda, 

2016; 

Paschold, 2008 

 

WGT 

There are four different weight types in this study; underweight, 

normal weight, overweight, and obese. 

 Underweight: 100% 

 Normal weight: 

40.63% 

 Overweight: 50% 

 Obese: 58.62% 

Alghadir and Anwer, 

2015 

WHO 

Standard working hour is eight hours per day. 

Many countries in South Asia, including Sri Lanka, however use, 12 

working hours per day. 

 Work less than eight 

hours per day: 48.8% 

 Work more than eight 

hours per day: 51.2% 

 

Alghadir and Anwer, 

2015 
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Organizational factor 

SBT 
Safety and health budget of a construction company is 

approximately 5% of the total budget. 

- Pellicer et al., 2014 

TPM 

Different training programs are required for different age groups. 

 Training cost for group A is 100 US$ per person. 

 Training cost for group B is 127 US$ per person. 

 Training cost for group C is 100 US$ per person. 

 HEOs should receive training every three years. 

 Group A: 33%  

 Group B: 39%  

 Group C: 35% 

Lahiri et al., 2005 

VST 
The ISO 2631 Guidelines and EU Directives are used as guidelines 

for WBV exposure in this study. 

- Paschold, 2008 

WEP 

Working experience is separated into: less than ten years experience 

and more than ten years experience. 

 Less than ten years: 

55.6% 

 More than ten years: 

44.3% 

Janwantanakul et al., 

2011 

Equipment factor 

STP 
Common seats used with heavy equipment are cushion and 

suspension seats. 

 Cushion seat: 63% 

 Suspension seat: 30.4% 

Subhash and Ario, 2011 

AOM 
Vibration level of the machine becomes higher after ten years. 

 Machine should be replaced every ten years. 

 Old machine: 63% 

 New machine: 30.4% 

Vitharana and Chinda, 

2016; Paschold, 2008  
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 Price of a machine is average at 100,000 US$. 

VEX 
WBV exposure is reflected by the AOM, JOR, NSF, STP, TPM, 

and WHO items. 

- Vitharana and Chinda, 

2016 

SOT 

Different soil types incur different compaction levels. 

Four soil types are defined, including heavy clay, silty clay, mixture 

of gravel, and sand and clay. 

 Maximum chance: 63% Rainville et al., 2004 

Job-related factor 

NSF 

Working night shift causes higher chance of having LBP.  With night shift: 42% 

 Without night shift: 

21.5% 

Takahashi et al., 2015 

JOR 

Having job rotation reduces half the chance of having LBP.  With job rotation: 40% 

 Without job rotation: 

80% 

Frazer et al., 2003 

EXR 

Exercise helps reduce chance of having LBP. 

Exercise is separated into three groups, including regular, 

sometimes, and never exercise. 

 Regular: 50% 

 Sometimes: 70% 

 Never: 82% 

Rainville et al., 2004 

Social context factor 

JOS 
Job satisfaction is separated into moderate, reasonable, and good 

satisfaction. 

 Moderate: 34.30% 

 Reasonable: 25.30% 

Hoogendoorn et al., 

2002 
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 Good: 19.48% 

SMK 
LBP prevalence is higher among smokers.  Smoker: 57.14% 

 Non-smoker: 43.13% 

Alghadir and Anwer, 

2015 

EDU 

Education background is separated into bachelor degree, high 

school, and primary school 

 Bachelor degree: 

41.5% 

 High school: 45.8% 

 Primary school: 64.6% 

Udom et al., 2016 
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7.3.1 Personal factor sub-model 

The PNF factor sub-model consists of three associated items, including 1) age 

of the worker (AOW), 2) weight of the worker (WGT), and 3) working hour (WHO) 

(see Figure 7.4). Each item has a maximum chance of LBP prevalence of 1,000 

points.
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Figure 7.4 Personal factor sub-model 
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7.3.1.1 Age of the worker 

Chance of having LBP varies with age. According to John Lant and Partners 

(2015), HEOs are separated into three age groups: group A (young HEOs who age 

between 25–44 years), group B (middle aged HEOs who age between 45–54 years), 

and group C (senior HEOs more with than 54 years old). Groups A, B, and C 

experience 48%, 54%, and 50% chances of having LBP, respectively (John Lant and 

Partners, 2015). Total chance of LBP prevalence based on this item is the sum of 

chances of each age group (see equations 7.1–7.4).  

 

ApopR  =  APop/ TPop       (7.1) 

BpopR =  BPop/ TPop       (7.2) 

CpopR =  CPop/ TPop       (7.3) 

CAOW = ((48   × APopR) + (54 × BPopR) + (50 ×  CPopR)) × 1000      (7.4)  

 

When, 

APop  = A population  

APopR  = Ratio of group A population to total population 

BPop  = B population  

BPopR  = Ratio of group B population to total population 

CAOW = Chance of having LBP based on the AOW item 

CPop  = C population 

CPopR  = Ratio of group C population to total population 

TPop  = Total population 
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7.3.1.2 Weight of the worker 

According to Alghadir and Anwer (2015), HEOs are separated into four 

weight ranges with the different chances of having LBP. Underweight (PUWGT) 

workers experience 100% chance of having LBP, while normal (PNWGT), 

overweight (POWGT), and obese (PBWGT) workers experience 40.63%, 50%, and 

58.62% chances of having LBP, respectively (see equations 7.5–7.9). 

 

PUWGTR = PUWGT/ TPop       (7.5) 

PNWGTR = PNWGT/ TPop       (7.6) 

POWGTR = POWGT/ TPop       (7.7) 

PBWGTR = PBWGT/ TPop       (7.8) 

CWGT = (((40.63 × PNWGT) + (58.62 × PBWGT) + (50 × POWGT) + (100 × 

PUWGT))) ×1000       (7.9) 

 

When, 

CWGT  = Chance of having LBP based on the WGT item 

PBWGT = Obese population 

PBWGTR = Ratio of obese population to total population 

PNWGT = Normal weight population 

PNWGTR = Ratio of normal weight population to total population 

POWGT = Overweight population 

POWGTR = Ratio of overweight population to total population 

PUWGT = Underweight population  

PUWGTR  = Ratio of underweight population to total population 
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7.3.1.3 Working hour 

In South Asian countries, including Sri Lanka, common working hour is 12 

hours per day (Vaid, 1999). However, Trejo (1993) argued that workers should work 

only eight hours per day. Alghadir and Anwer (2015) mentioned that workers who 

work eight hours per day have less chance of having LBP than those who work longer 

hours. In this study, safety and health budget is spent to hire additional workers to 

reduce working hour of each HEOs, from 12 to eight hours per day. 

Workers are hired based on the physical conditions of each age group. First 

priority is given to group A workers. Hiring rate of workers (HRO) increases from 

4%–100% when company has more budget to support this strategy (Dixon, 2009) (see 

equation 7.10). 

 

HRO = IF (0.04+ ((counter_y - 1) × 0.5/100)) < 1 THEN (0.04+ ((counter_y - 1) × 

0.5/ 100)) ELSE 1        (7.10) 

 

When, 

HRO  = Hiring rate of workers 

 

New HEOs are considered as standard workers with eight working hours per 

day. HEOs who work 12 hours per day are considered as non-standard workers 

(NSOs). Based on LWHOs and NSOs, the required additional workers (RAOs) are 

calculated (see equation 7.11). 

 

RAOs = IF ((LWHOs - NSOs) > 0) THEN (LWHOs - NSOs) ELSE 0  (7.11) 

 

When, 

LWHOs = Workers deduct 12 hour to 8 hours 
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NSOs  = Non-standard workers 

RAOs  = Required additional workers 

 

Based on the required additional workers (RAOs), required additional A 

workers (RAAOs), required additional B workers (RABOs), and required additional C 

workers (RACOs) are then calculated (see equations 7.12 –7.14). 

 

RAAOs = IF (RAOs = 0) THEN 0 ELSE IF (counter_y = 1) THEN 0 ELSE ROUND 

(((RAOs × 0.85 × HRO) + 0.5))     (7.12) 

RABOs = IF (RAOs = 0) THEN 0 ELSE IF (counter_y = 1) THEN 0 ELSE ROUND 

(((RAOs × 0.14 × HRO)) - 0.5)     (7.13) 

RACOs = IF (RAOs = 0) THEN 0 ELSE IF (counter_y = 1) THEN 0 ELSE ROUND 

(((RAOs × 0.01 × HRO)) - 0.5)     (7.14) 

 

When, 

RAAOs = Required additional A workers 

RABOs = Required additional B workers 

RACOs = Required additional C workers 

RAOs  = Required additional workers 

 

Based on equation 7.12–7.14, required budget to hire group A workers 

(RMHAOs), group B workers (RMHBOs), and group C workers (RMHCOs), are 

calculated, as shown in equation 7.15 – 7.17. 

   

RMHAOs = WHRA × WEPerYear × RAAOs    (7.15) 

RMHBOs = WHRB × WEPerYear × RABOs     (7.16) 

RMHCOs = WHRC × WEPerYear × RACOs    (7.17) 
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When, 

WEPerYear  = Number of working hours per week 

WHRA = Weekly hiring rate of A group  

WHRB  = Weekly hiring rate of B group  

WHRC  = Weekly hiring rate of C group  

 

By considering the physical fitness of the workers, expenditure to hire group 

A workers (BHAOs) is first calculated from the available budget (see equation 7.18). 

Total additional A workers (AAHOs) are then calculated (see equation 7.19).  

 

BHAOs = IF (SBT > RMHAOs) THEN RMHAOs ELSE SBT  (7.18) 

AAHOs = ROUND ((BHAOs/ (WHRA × WEPerYear)))   (7.19) 

 

When, 

AAHOs = Total hired additional A workers 

BHAOs = Expenditure to hire group A workers 

RMHAOs = Required budget to hire group A workers 

SBT  = Safety and health budget 

WEPerYear = Number of working hours per week 

WHRA = Weekly hiring rate of A group 

 

Leftover budget after hiring group A workers (LHAOs) is then calculated, and 

used to hire additional group B workers (see equation 7.20–7.22).  

 

LHAOs = IF (SBT > BHAOs) THEN (SBT - BHAOs) ELSE 0  (7.20) 

BHBOs = IF (LHAOs > RMHBOs) THEN RMHBOs ELSE LHAOs (7.21) 

ABHOs = ROUND ((BHBOs/ (WHRB × WEPerYear)))   (7.22) 
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When, 

ABHOs = Total hired additional B workers 

BHAOs = Expenditure to hire group A workers 

BHBOs = Budget expenditure for hire B operators 

LHAOs = Leftover budget after hiring group A workers 

RMHBOs = Required budget to hire group B workers 

SBT  = Safety and health budget 

WEPerYear = Number of working hours per week 

WHRB  = Weekly hiring rate of B group 

 

Leftover budget after hiring group B workers (LHBOs) is then calculated, and 

used to hire additional group C workers (see equation 7.23–7.25).  

 

LHBOs = IF (LHAOs > BHBOs) THEN (LHAOs - BHBOs) ELSE 0 (7.23) 

BHCOs = IF (LHBOs > RMHCOs) THEN RMHCOs ELSE LHBOs (7.24) 

ACHOs = ROUND ((BHCOs/ (WHRC × WEPerYear)))   (7.25) 

 

When, 

ACHOs = Total hired additional C workers 

BHBOs = Expenditure to hire group B workers 

BHCOs = Expenditure to hire group Cworkers 

LHAOs = Leftover budget after hiring group A workers 

LHBOs = Leftover budget after hiring group B workers 

RMHCOs = Required budget to hire group C workers 

WEPerYear = Number of working hours per week 

WHRC  = Weekly hiring rate of B group 

 

Leftover budget after hiring group C workers (LHCOs) is then calculated (see 

equation 7.26). This Leftover budget is then use for training (TSBT). 
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LHCOs = IF (LHBOs > BHCOs) THEN (LHBOs - BHCOs) ELSE 0 (7.26) 

 

When, 

BHCOs = Expenditure to hire group Cworkers 

LHBOs = Leftover budget after hiring group B workers 

LHCOs = Leftover budget after hiring group C workers 

 

Addidtional workers reduce working hour of each HEO, leading to less chance 

of having LBP. Chance of having LBP based on the WHO item (CWHO) is then 

calculated (see equation 7.27). 

 

CWHO = (CMWHO × RNSOs) + (CLWHO × (1- RNSOs)) × 1000 (7.27) 

 

When, 

CLWHO = Chance of having LBP among HEOs work less than 8 hours 

CMWHO  = Chance of having LBP among HEOs work more than 8 hours  

CWHO = Chance of having LBP based on the WHO item 

RNOs  = Ratio of non standard operators 

 

Total chance of having LBP due to WBV exposure based on the PNF factor 

(CPNF) is then the average of the chances of its three associated items (the AOW, 

WGT, and WHO items) with a maximum score of 1,000 points (see equation 7.28). 

The implementation of the PNF factor influences the implementation of the 

other three factors, including the EQF, JRF, and SCR factors. The CPNF score then 

affects the EQF, JRF, and SCF factors’ scores by 100%, 47%, and 55%, respectively 

(see Figure 6.2 in Chapter 6).  
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CPNF = (CAOW + CWGT + CWHO)/ 3     (7.28) 

 

When, 

CPNF  = Chance of having LBP based on the personal factor 

CAOW = Chance of having LBP based on the AOW item 

CWGT  = Chance of having LBP based on the WGT item 

CWHO = Chance of having LBP based on the WHO item 

7.3.2 Organizational factor sub-model 

The ORF factor sub-model consists of four items, namely safety and health 

budget (SBT), training program (TPM), WBV standard (VST), and working 

experience (WEP) (see Figure 7.5). Each item has a maximum chance of LBP 

prevalence of 1,000 points. 
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Figure 7.5 Organizational factor sub-model 
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7.3.2.1 Safety and health budget  

To effectively implement the LBP prevention program, it is necessary for the 

company to provide adequate safety and health budget. Pellicer et al. (2014) stated 

that safety and health budget of a construction company should be approximately 5% 

of the total budget, with an increasing rate of 2% per year (Barnabas and Sriram, 

2011) (see equation 7.29). Huang (2006) added that safety and health budget is 

commonly used in five areas, including 1) environment and heredity, 2) personal 

failing, 3) unsafe behaviour or physical hazard, 4) accident, and 5) injury. LBP due to 

WBV exposure is, however, categorized under the physical hazard, and that the 

budget is used in this category to 1) reduce night shift and working hour of HEOs, 2) 

train HEOs with LBP–related program, and 3) purchase suspension seat and heavy 

equipment, respectively. The priority of budget spending is based on the importance 

of each item, as shown in factor loadings in Figure 6.1 in Chapter 6. To explain, the 

NSF item has a highest factor loading of 0.50, while AOM item has the lowest 

loading of 0.35 among the NSF, TPM, and AOM items.  

 

SBT = (IntSBT × IRSBT) ^ (counter_y)      (7.29)  

 

When, 

IntSBT  = Initial safety and health budget 

IRSBT  = Increasing rate of safety and health budget 

SBT  = Safety and health budget 

 

7.3.2.2 Training program 

According to Lahiri et al. (2005), a proper training assists in reducing chance 

of having LBP. To explain, groups A, B, and C experience 48%, 54%, and 50% 

chances of having LBP due to WBV exposure without training. The chances of 
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having LBP due to WBV exposure reduce to 33%, 39%, and 35%, for groups A, B, 

and C respectively, after the training program is introduced.  

In this study, the budget is used to train HEOs based on the necessity of each 

age group. To explain, group C workers are less fit than those in groups A and B. 

They should have the first priority to be trained first to prevent LBP due to WBV 

exposure. Training cost per group C worker (CTCPP) is calculated (see equation 

7.30). The cost increases by 6% per year (Barriuso et al., 2018). 

 

CTCPP = 100 × TCIR        (7.30) 

 

When, 

CTCPP = Training cost per group C worker 

TCIT  = Increasing rate of training cost 

 

According to Tam et al., (2004) minimum and maximum number of workers 

to be trained should be 54% and 80% of total workers, respectively. Training 

percentage (TPCY) is then caluculated, as shown in equation 7.31. Expected number 

of group C workers to be trained (TPC) is also calculated (see equation 7.32). 

 

TPCY = IF (counter_y = 1) THEN 0.54 ELSE (IF (counter_y = 4) THEN 0.6433 

ELSE (IF (counter_y = 7) THEN 0.7711 ELSE (0.80)))  (7.31) 

TPC = IF (TY = 1) THEN ROUND ((CPop × TPCY) - 0.5) ELSE 0 (7.32) 

 

When, 

Cpop  = C population 

TPC  = Expected number of group C workers to be trained 

TPCY  = Training percentage 

TY  = Train year 
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Number of groups A, B, and C workers entitled to be trained can be 

calculated, as shown in equation 7.33–7.35. 

 

STC = IF (TY = 1) THEN (IF (ROUND (TPC) > ROUND ((TSBT/ CTCPP)) - 0.5) 

THEN (ROUND (TSBT/ CTCPP) - 0.5) ELSE (ROUND (TPC))) ELSE (0)

          (7.33) 

 

STB= IF (TY=2) THEN (IF (ROUND (TPB)>ROUND ((TSBT /BTCPP) - 0.5)) 

THEN (ROUND ((TSBT /BTCPP)-0.5)) ELSE (ROUND (TPB))) ELSE (0)

          (7.34)  

 

STA = IF (TY=0) THEN (IF (ROUND (TPA)>ROUND ((TSBT /ATCPP)) - 0.5) 

THEN (ROUND ((TSBT /ATCPP)-0.5)) ELSE (ROUND (TPA))) ELSE (0)

           (7.35)  

 

When, 

ATCPP = Training cost per worker in group A 

BTCPP = Training cost per worker in group B 

CTCPP = Training cost per worker in group C 

STA  = Number of group A workers entitled to be trained 

STB  = Number of group B workers entitled to be trained 

STC  = Number of group C workers entitled to be trained 

TPA  = Expected number of group A workers to be trained 

TPB  = Expected number of group B workers to be trained 

TPC  = Expected number of group C workers to be trained 

TSBT  = Budget for training 
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Total chance of having LBP due to WBV exposure based on the TPM item 

(CTPM) is as shown in equation 7.36.  

 

CTPM = ((1 - TR) × 63) + (TR × 48)) × 1000     (7.36) 

 

When, 

CTPM  = Chance of having LBP based on the TPM item 

TR  = Ratio of operators received a training program 

 

7.3.2.3 WBV standard 

The ISO 2631 Guidelines and the EU Directives are two international 

standards relating to WBV exposure (Paschold, 2008). They focus mainly on 

organizational, human, and equipment perspectives by suggesting decreasing night 

shift (NSF), increasing job rotation (JOR), reducing working hour (WHO), providing 

a number of ergonomic-related trainings (TPM), and supporting with safety- and 

health-related equipment to reduce WBV exposure level (see equation 7.37).  

 

CVST = ((Check JOR NSF &WHO + Check_Train + Check_seat + Check_machine) 

×1000)/ 6        (7.37) 

 

When, 

Check JOR NSF &WHO = Fully implementation of the JOR, NSF, and WHO 

items  

Check_machine   = Fully implementation of the AOM items  

Check_seat    = Fully implementation of the STP items  

Check_Train    = Fully implementation of the TPM items  
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CVST     = Chance of having LBP based on the VST item 

7.3.2.4 Working experience 

Janwantanakul et al. (2011) stated that chance of having LBP among workers 

who have less than 10-year experience (LWEP) is 55.6%. Workers with more than 10-

year experience (MWEP), on the other hand, experience around 10% less  chance of 

having LBP. Chance of having LBP based on this item (CWEP) is, then, the 

summation of the two worker groups (see equation 7.38–7.40).  

 

RLWEP = LWEP/ TPop       (7.38) 

RMWEP = MWEP/ TPop       (7.39) 

CWEP = ((55.60 × RLWEP) + (44.3× RMWEP)) ×1000     (7.40)  

 

When, 

CWEP  = Chance of having LBP based on the WEP item 

LWEP   = Workers who have less than 10-year experience 

MWEP  = Workers who have more than 10-year experience 

RLWEP = Ratio of workers who have less than 10-year experience 

RMWEP = Ratio of workers who have more than 10-year experience 

TPop  = Total population 

         

Total chance of having LBP due to WBV exposure based on the ORF factor 

(CORF) is then the average of chances of its associated items with a maximum score 

of 1,000 points (see equation 7.41). The implementation of the ORF factor not only 

affects LBP prevention index, but also influences the implementation of the other two 

factors, which are the PNF and EQF factors (see Figure 6.2 in Chapter 6). 

 

CORF   = (CWEP + CTPM + CVST)/ 3     (7.41) 
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When, 

CORF  = Chance of having LBP based on the ORF factor 

CTPM  = Chance of having LBP based on the TPM item 

CVST  = Chance of having LBP based on the VST item 

CWEP  = Chance of having LBP based on the WEP item 

7.3.3 Equipment factor sub-model 

The EQF factor sub-model consists of four items, namely seat type (STP), age 

of the machine (AOM), WBV exposure (VEX), and soil type (SOT) (see Figure 7.6). 

Each item has a maximum chance of LBP prevalence of 1,000 points. 

 

 

Figure 7.6 Equipment factor sub-model 
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7.3.3.1 Seat type 

Common seat used with heavy equipment is the cushion seat. However, the 

cushion seat creates 63% chance of having LBP due to WBV exposure, while 

suspension seat incurs 30.4% chance of having LBP (Subhash and Ario, 2011). In this 

study, the leftover budget after hiring and training workers (LT) is used for 

suspension seat purchasing. The budget is used for replace old seats every 5 years 

(SBY).  

Required budget for suspension seat acquisition (RBSS) is calculated based on 

a unit price (PSS), and number of cushion seats to be replaced (NCSs) (see equation 

7.42). 

 

RBSS = NCS × PSS × SBY        (7.42) 

 

When, 

RBSS  = Required budget for process suspension seats 

NCSs  = Number of cushion seats to be replaced 

PSS  = Unit price of a suspension seat 

SBY  = Seat buying year 

 

Chance of having LBP based on the STP item (CSTP) is as shown in equation 

7.43.  

 

CSTP = ((30.4 × (1 - CSR)) + (63 × CSR)) ×1000    (7.43) 

When, 

CSR  = Cushion seat ratio to total seats 

CSTP  = Chance of having LBP based on the STP item 
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7.3.3.2 Age of the machine 

WBV emission level is high in an old machine  .Based on Vitharana and 

Chinda (2016), heavy equipment should be replaced every ten years (EBY). 

Therefore, leftover budget after hiring workers, training workers, and purchasing 

suspension seats is used to replace heavy equipment (see equation 7.44).  

 

SRBR = IF (EBY = 0) THEN (ROUND ((ESB/ PSR) - 0.5)) ELSE (0) (7.44) 

 

When, 

EBY  = Equipment buying year 

ESB  = Budget for processing equipments and seats 

PSR  = Price of a soil roller 

SRBR  = Soil roller buying rate 

 

Chances of having LBP based on the AOM item (CAOM) is calculated based 

on old and new machines (see equation 7.45).  

 

CAOM = (((1 - NSRR) × 63) + (NSRR × 30.40)) × 1000   (7.45) 

 

When, 

CAOM  = Chance of having LBP based on the AOM item 

NSRR  = New equipment ratio to total eqiupments 

7.3.3.3 WBV exposure 

In this study, the WBV exposure (VEX) item indirectly affects chance of 

having LBP through the AOM, JOR, NSF, STP, TPM, and WHO items (Vitharana 

and Chinda, 2017). Use of old machine, for example, causes high chance of having 

LBP (Chaudhary et al., 2015).  
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7.3.3.4 Soil type 

The construction work in Sri Lanka, deals with different soil types, including 

heavy clay, silty clay, mixture of gravel, and sand and clay (Barnabas and Sriram, 

2011). In this study, chance of having LBP based on the SOT item (CSOT) is set at 

63% to represent the highest vibration level that might occur (Kittusamy and 

Buchholz, 2004).  

Total chance of having LBP due to WBV exposure based on the EQF factor 

(CEQF) is then the average of its four associated items with a maximum score of 

1,000 points (see equation 7.46). 

 

CEQF = (CAOM + CSOT + CSTP)/ 3     (7.46) 

 

When, 

CAOM  = Chances of having LBP based on the AOM item 

CEQF  = Chance of having LBP based on the EQF factor 

CSOT  = Chances of having LBP based on the SOT item 

CSTP  = Chances of having LBP based on the STP item 

 

The EQF factor has no influence on the other factors. Instead, the 

implementation of this factor is based on the implementation of its four associated 

items, together with the influences from the other four factors. 

7.3.4 Job-related factor sub-model 

The JRF factor sub-model consists of three associated items, namely night 

shift (NSF), job rotation (JOR), and exercise (EXR) (see Figure 7.7). Each item has a 

maximum chance of LBP prevalence of 1,000 points. 
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Figure 7.7 Job-related factor sub-model 

7.3.4.1 Night shift 

According to Takahashi et al. (2015), workers who work night shifts 

experience 42% chance of having LBP, while those who do not engage in night shifts 

experience around half the chance of those who work night shifts. Chance of having 

LBP based on this item (CNSF) is then calculated (equation 7.47).  

 

CNSF = ((42 × RNSOs) + (1 - RNSOs × 21.5)) × 1000    (7.47) 

 

When, 

CNSF = Chance of having LBP based on the NSF item 

RNOs = Ratio of non standard operators 
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7.3.4.2 Job rotation 

Frazer et al. (2003) stated that chance of having LBP can be reduced by half 

by rotating jobs. Chance of having LBP based on the JOR item (CJOR) is calculated 

based on workers with and without job rotations (see equation 7.48).  

 

CJOR = ((80 × RNSOs) + ((1 - RNSOs) × 40)) × 1000   (7.48) 

When, 

CJOR  = Chance of having LBP based on the JOR item 

RNOs  = Ratio of non standard operators 

 

7.3.4.3 Exercise 

According to Rainville et al. (2004), workers who regularly exercise 

experience 50% chance of having LBP, while those who do not exercise has 82% of 

LBP prevalence. In this study, workers are separated into three groups: those who 

regularly exercise (RPEXR), those who sometimes exercise (SPEXR), and those who 

never exercise (NPEXR) (see equation 7.49).  

 

CEXR = ((50 × RPEXR) + (70 × SPEXR) + (82 × NPEXR)) × 1000  

          (7.49) 

 

When, 

CEXR  = Chance of having LBP based on the EXR item 

NPEXR = Ratio of workers who never exercise 

RPEXR = Ratio of workers who exercise regulary 

SPEXR  = Ratio of workers who sometimes exercise 
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Total chance of having LBP due to WBV exposure based on the JRF factor 

(CJRF) is then the average of chances of its three associated items with a maximum 

score of 1,000 points (see equation 7.50). 

 

CJRF = (CJOR + CEXR + CNSF)/ 3      (7.50) 

 

When, 

CEXR  = Chance of having LBP based on the EXR item 

CJOR  = Chance of having LBP based on the JOR item 

CJRF  = Chances of having LBP due to JRF factor 

CNSF  = Chance of having LBP based on the NSF item 

 

The JRF factor also influences the EQF and SCF factors by 13% and 25%, 

respectively. To explain, when the chance of having LBP in the JRF factor increases 

by 100%, the chances of having LBP in the EQF and SCF factors increase by 13% 

and 25%, respectively (see Figure 6.2 in Chapter 6).  

7.3.5 Social context factor sub-model 

The SCF factor sub-model consists of three associated items: job satisfaction 

(JOS), smoking (SMK), and education (EDU) (see Figure 7.8). Each item has a 

maximum chance of having LBP of 1,000 points. 
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Figure 7.8 Social context factor sub-model 

7.3.5.1 Job satisfaction 

Hoogendoorn et al. (2002) classified job satisfaction into three levels with 

three chances of having LBP: moderate with 34.30% chance, reasonable with 25.30% 

chance, and good with 19.48% chance. In this study, job satisfaction can be enhanced 

by hiring more HEOs to reduce working hour, training HEOs with LBP-related 

programs, and supply HEOs with new equipment to reduce LBP prevalence (Abiyev 

et al., 2016). Chance of having LBP based on the JOS item (CJOS) is then calculated 

(see equation 7.51).  

 

CJOS = ((19.48 × RGJOSP) + (25.30 × RRJOSP) + (34.78 × RMJOSP)) ×1000 

          (7.51) 

 

When, 

CJOS  = Chance of having LBP based on the JOS item  

RGJOSP = Ratio of HEOs with good job satisfaction  

RMJOSP = Ratio of HEOs with moderate job satisfaction  
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RRJOSP = Ratio of HEOs with regular job satisfaction to total 

population 

 

7.3.5.2 Smoking 

Chance of having LBP based on the SMK item (CSMK) is based on ratio of 

smokers and non smokers in each group (see equation 7.52).  

 

CSMK = (((((1 - RAPSMK) × 0.4313) + (RAPSMK × 0.5714) + ((1 - RBPSMK) × 

0.4313) + (RBPSMK × 0.5714) + ((1 - RCPSMK) × 0.4313) + (RCPSMK × 

0.5714)) × 1000))       (7.52) 

 

When, 

CSMK  = Chance of having LBP based on the SMK item  

RAPSMK  = Ratio of smokers in A group to total population 

RBPSMK  = Ratio of smokers in B group to total population 

RCPSMK = Ratio of smokers in C group to total population 

 

7.3.5.3 Education 

This study considers three education levels in each age group. Chances of 

having LBP based on the education in groups A,B, and C are as shown in equations 

7.53–7.55. 

 

CAEDU= (HAEDU × 41.50) + (LAEDU × 64.60) + (NMAEDU × 45.80) (7.53) 

CBEDU= (HBEDU × 41.50) + (LBEDU × 64.60) + (NMBEDU × 45.80) (7.54) 

CCEDU= (HCEDU × 41.50) + (LCEDU × 64.60) + (NMCEDU × 45.80) (7.55) 
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When,  

CAEDU = Chance of having LBP based on the EDU item in group A 

CBEDU = Chance of having LBP based on the EDU item in group B 

CCEDU = Chance of having LBP based on the EDU item in group C 

HAEDU = Percentage of group A workers with >12
th

 grade education 

background 

HBEDU = Percentage of group B workers with >12
th

 grade education 

HCEDU = Percentage of group C workers with >12
th

 grade education 

LAEDU = Percentage of group A workers with ≤ 5
th

 grade education 

background 

LBEDU = Percentage of group B workers with ≤ 5
th

 grade education 

background 

LCEDU = Percentage of group C workers with ≤ 5
th

 grade education 

background 

NMAEDU = Percentage of group A workers with 6
th

 –12
th

 grade education 

background 

NMBEDU = Percentage of group B workers with 6
th

 –12
th

 grade education 

background 

NMCEDU = Percentage of group C workers with 6
th

 –12
th

 grade education 

background 

 

Based on the three age groups, chances of having LBP based on the EDU 

(CEDU) item is then calculated (see equation 7.56). 

 

CEDU= ((CAEDU + CBEDU + CCEDU) × 1000)    (7.56) 

When,  

CAEDU = Chance of having LBP based on the EDU item in group A 

CBEDU = Chance of having LBP based on the EDU item in group B 

CCEDU = Chance of having LBP based on the EDU item in group C 
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CEDU  = Chance of having LBP based on the EDU item 

 

Total chance of having LBP due to WBV exposure based on the SCF factor 

(CSCF) is then the average of chances of its three associated items with a maximum 

score of 1,000 points (see equation 7.57). 

 

CSCF = (CJOS + CSMK + CEDU)/ 3     (7.57) 

When,  

CEDU  = Chance of having LBP based on the EDU item  

CJOS  = Chance of having LBP based on the JOS item  

CSCF  = Chance of having LBP based on the SCF factor 

CSMK  = Chance of having LBP based on the SMK item  

 

7.3.6 LBP prevention index sub-model 

The LBP prevention index sub-model is shown in Figure 7.9. Chance of 

having LBP due to WBV exposure not only comes from the implementation of each 

factor, but is also achieved by the influences each factor has on each other. For 

instance, total chance of having LBP due to WBV exposure of the EQF factor comes 

from the implementation of its four items (i.e. the STP, AOM, VEX, and SOT items) 

and the influences this factor achieves from the PNF, ORF, JRF, and SCF factors (see 

equation 7.58). 
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Figure 7.9 LBP prevention index sub-model 

 

Final EQF = CEQF + ((delta_CPNF × 1) - (delta_CSCF × 0.2) - (delta_CJRF × 0.13)) - 

(delta_CORF × 0.20)      (7.58) 

 

When,  

CEQF  = Chance of having LBP based on the EQF factor 

delta_CJRF   = A change of chances of having LBP due to WBV exposure of 

the JRF factor 

delta_CORF  = A change of chances of having LBP due to WBV exposure of 

the ORF factor 

delta_CPNF  = A change of chances of having LBP due to WBV exposure of 

the PNF factor 

delta_CSCF  = A change of chance of having LBP due to WBV exposure of 

the SCF factor 

Final EQF = Final chances of having LBP due to WBV exposure based on 

the EQF factor 
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Final chance of having LBP (TCLBP) is then the average chance of the five 

key factors (see equation 7.59). 

 

TCLBP = (CORF + Final PNF + Final SCF + Final JRF + Final EQF)/ 5 (7.59) 

 

When,  

CORF  = Chance of having LBP based on the ORF factor 

Final EQF = Final chances of having LBP due to WBV exposure based on 

the EQF factor 

Final JRF = Final chances of having LBP due to WBV exposure based on 

the JRF factor 

Final PNF = Final chances of having LBP due to WBV exposure based on 

the PNF factor 

Final SCF = Final chances of having LBP due to WBV exposure based on 

the SCF factor 

TCLBP = Final chances of having LBP 

 

Based on the TCLBP, the LBP prevention index (PILBP) and maturity level 

are calculated (see equations 7.60 and 7.61). 

 

PILBP = 1000 - TCLBP        (7.60) 

Maturity index = IF (PILBP<200) THEN 1 ELSE ( IF (PILBP = 200 OR (PILBP> 

200 AND PILBP <400) )THEN 2 ELSE(  IF (PILBP = 400 OR (PILBP> 

400 AND PILBP <600) )THEN 3  ELSE  IF (PILBP = 600 OR (PILBP> 600 

AND PILBP <800) )THEN 4 ELSE  IF (PILBP = 800 OR (PILBP> 600 

AND (PILBP <1000 OR PILBP = 1000) ))THEN 5 ELSE 0))  (7.61)  
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When,  

TCLBP = Final chances of having LBP 

PILBP  = LBP prevention index 

7.4 Simulation results 

The dynamic model of LBP prevention index is simulated, and the base run 

results are as shown in Figure 7.10, Table 7.2, and Table 7.3. At the beginning a 

construction company achieves level 2 of maturity with the LBP prevention index of 

269.29 points. This could be explained with, for example, some young age HEOs with 

different working experiences and education background.   

It takes three years for the company to progress from level 2 to level 3 of 

maturity, when safety and health budget is provided to improve the LBP prevention 

index. When the LBP prevention program is implemented, the company starts to 

follow the ISO 2631 Guidelines and EU Directives by focusing on reducing working 

hour, cutting-off night shift, and improving job rotation. Specific training program is 

also initiated.  

The company spends four more years to progress from level 3 to level 4 of 

maturity (i.e. year 8). In this level, HEOs have full awareness of LBP symptoms, and 

attempt to avoid them. The company provides more budget to train workers with 

LBP-related programs, and purchases better equipment to reduce LBP prevalence. 

After level 4 is achieved, it takes 30 years for the company to achieve level 5 

of maturity. To achieve the final maturity level, the company focuses on continuous 

improvement with adequate safety and health budget to, for example, eliminate long 

working hour and night shift, and support workers with LBP preventive activities.  

The base run results show that the company achieves level 5 of maturity at the 

end of year 39 with the LBP prevention index of 802.96 points.  

Table 7.3 shows that the JRF factor is the first factor that achieves its 

maximum score (i.e. 1,000 points) at the end of year 24. This is due to the provision 

of safety and health budget to cut-off night shift, reduce working hour, and improve 

job rotation. The EQF factor, on the other hand, achieves the lowest score among the 
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five key factors. This might be because not enough budget is provided to replace old 

machines, as each machine costs over 100,000 US$.  
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Table 7.2 Simulation results of LBP prevention index  

Year 
PILBP 

(points) 
Maturity Level Year 

PILBP 

(points) 
Maturity Level 

1 269.29 2 21 763.48 4 

2 309.00 2 22 764.44 4 

3 390.46 2 23 765.83 4 

4 456.46 3 24 768.45 4 

5 492.53 3 25 767.71 4 

6 544.85 3 26 767.66 4 

7 568.40 3 27 769.69 4 

8 602.47 4 28 768.88 4 

9 624.50 4 29 768.70 4 

10 639.01 4 30 765.56 4 

11 651.16 4 31 764.75 4 

12 662.55 4 32 764.66 4 

13 669.54 4 33 771.27 4 

14 676.33 4 34 770.19 4 

15 684.05 4 35 769.84 4 

16 743.75 4 36 771.69 4 

17 747.82 4 37 770.59 4 

18 753.75 4 38 770.27 4 

19 756.46 4 39 802.96 5 

20 759.17 4 40 801.90 5 
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Figure 7.10 Graphical results of the dynamic model of LBP prevention index 

 

Table 7.3 Simulation results of LBP prevention index of five key factors 

Year 
LBP prevention index (points) 

Final EQF Final JRF Final ORF Final PNF Final SCF 

1 0 45.66 0 578.06 722.75 

2 0 110.85 86.99 615.22 731.92 

3 9.45 197.37 298.62 667.74 779.11 

4 0 328.49 348.18 744.63 860.97 

5 0 402.55 403.18 772.57 884.34 

6 95.92 460.79 466.61 798.17 902.75 

7 95.92 503.56 502.67 821.87 917.97 

8 95.92 639.90 503.79 842.88 929.84 

9 95.92 722.43 504.42 861.44 938.32 

10 95.92 778.11 496.56 878.85 945.61 

11 98.67 817.16 494.90 893.65 951.42 

12 98.67 848.59 501.51 907.46 956.52 

13 98.67 874.35 494.45 919.67 960.55 

14 98.67 896.01 492.03 930.12 964.79 

15 98.67 914.59 499.08 939.62 968.29 
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16 317.58 931.52 548.23 948.08 972.14 

17 317.58 944.67 546.45 955.02 975.38 

18 317.58 956.87 553.93 961.36 979.02 

19 317.58 967.51 547.82 966.81 982.60 

20 317.58 976.69 546.02 971.77 983.79 

21 319.20 984.62 553.86 975.77 983.97 

22 319.20 991.41 548.25 979.23 984.10 

23 319.20 997.14 546.40 982.19 984.21 

24 319.20 1,000 554.61 984.12 984.32 

25 319.20 1,000 549.18 986.10 984.09 

7.5 Model verification and validation 

Verification and validation of a model is an important process of model 

development (Martis, 2006). Validation is a process of establishing the confidence of 

the model (Senge and Forrester, 1980). Building up good confidence helps enhancing 

the understanding of the model, and leads to better policies. In this study, three 

structures and two behaviour tests are used to verify and validate the developed 

dynamic model (Barlas, 1996) (see Table 7.4). 

 

Table 7.4 Model verification and validation tests 

Type Test Explanation 

S
tr

u
ct

u
re

 

Structure 

verification 

This test reviews model assumptions with real-world 

system. 

Parameter 

verification 

This test compares the model parameters with 

knowledge of the real-world system, both 

conceptually and numerically. 

Dimensional 

consistency 

Equations used in the model should be checked for 

consistency.  
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B
eh

av
io

u
r 

Behaviour 

prediction 

This test confirms the consistency of the model results 

and the real world system. 

Behaviour 

sensitivity 

This test determines the sensitivity of model 

behaviour to changes in parameter values.  

 

7.5.1 Structure test 

Structure test assesses structures and parameters of the model, and not 

examining relationships between structures and behaviours (Senge and Forrester, 

1980). This test includes the structure verification, parameter verification, and 

dimensional consistency tests.  

7.5.1.1 Structure verification test 

Structure verification test compares model assumptions to description of 

organizational relationships found in relevant literature (Senge and Forrester, 1980). 

The dynamic model of LBP prevention index is developed based on a number of 

reliable sources, such as textbooks, annual reports, proceedings, and international 

journal papers in construction and health related areas. Examples are Chaudhary et al. 

(2015), Ramond-Roquin et al. (2015), Yilmaz and Dedeli (2014), Miller and Gariephy 

(2008), Manek and MAcGregor (2005), Malchaire et al. (2001), De Beeck and 

Hermans (2000), and Bernard and Putz-Anderson (1997). Those references are used 

in, for example, item extraction, methodology verification, and data acquisition for 

equations development.  

7.5.1.2 Parameter verification test 

Parameter verification test compares model parameters to knowledge of the 

real-world system ( Senge and Forrester, 1980). The parameters used in the LBP 

prevention index dynamic model are based on well-known journal papers, such as 

Udom et al. (2016), Alghadir and Anwer (2015), and Hoogendoorn et al. (2002). 

Ref. code: 25615822300462VQH



 

 

114 

 

7.5.1.3 Dimensional consistency test 

The equations developed in the dynamic model of LBP prevention index are 

checked to ensure dimensional consistency. It is confirmed that the units in both left 

and right–hand sides are consistent, such as US dollar for safety and health budget, 

years of working experience in the construction industry, and weights of HEOs in 

kilograms.  

7.5.2 Behaviour validity test 

Behaviour validity test evaluates the adequacy of model structure through 

analysis of behaviour generated by the structure. This test consists of the behaviour 

prediction and behaviour sensitivity tests (Barlas, 1996; Forrester and Senge, 1980). 

7.5.2.1 Behaviour prediction test 

The consistency between the simulation results and other research studies are 

needed  (Barlas, 1996). In this study, it is found that the simulation results are 

consistent with studies in USA and UK (see Table 7.5) (Thiese et al., 2014; Watson, 

2007). This, thus, confirms the utilization of the developed model in real practices. 

 

Table 7.5 Behaviour prediction test results 

Country Industry 
Profit margin 

Source 
Max Min 

Sri Lanka 
The construction 

industry 
26.91% 80.20% 

The results of the 

study 

USA Drivers 36.60% 79.20% Thiese et al., 2014 

UK Drivers 25.00% 82.50% Watson, 2007 
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7.5.2.2 Behaviour sensitivity test 

The behaviour sensitivity test, or the scenario analysis, concentrates on 

sensitivity of model behaviour to changes in parameter values. The dynamic model of 

LBP prevention index is tested with a number of parameters, as described in the next 

section.  

7.6 Scenario analysis 

To examine alternative strategies construction companies can implement to 

prevent LBP occurrence, a scenario analysis is performed. The scenario analysis 

consists of single and mix strategies. In this study, single strategies are performed to 

examine the LBP prevention program in the construction industry under changes of 

five key parameters, including 1) hiring rate, 2) safety and health budget, 3) exercise, 

4) equipment acquisition, and 5) training. Mix strategies are also performed to 

evaluate the LBP prevention index when at least two parameters are changed. In this 

study, three mix strategies scenarios are performed, including, 1) safety and health 

budget and hiring rate, 2) safety and health budget and exercise, and 3) hiring rate, 

training, and equipment acquisition.  

7.6.1 Single strategy 

7.6.1.1 Hiring rate strategy 

According to Dixon (2009), hiring rate could range from 4%–100% of current 

HEOs. The simulation results show that 100% hiring rate assists in achieving higher 

index score, as more workers help reduce, night shift and working hour (see Figure 

7.11 and Table 7.6). At the beginning, the LBP prevention index is the same, 

regardless of hiring rate due to the limited safety and health budget. The results also 

show that at least 50% of hiring rate assists company to achieve level 5 of LBP 

prevention maturity.  
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Figure 7.11 LBP prevention index with different hiring rates 

 

Table 7.6 LBP prevention index with different hiring rates 

Year 

LBP prevention index (Points) 

HR 0% 
Base run 

HR 4% 
HR 25% HR 50% HR 100% 

1 269.29 269.29 269.29 269.29 269.29 

2 297.91 309.00 338.50 338.50 338.50 

3 363.16 390.46 440.39 440.39 440.39 

4 420.51 456.46 489.99 493.20 493.20 

5 474.50 492.53 533.44 538.76 538.76 

6 548.69 544.85 588.37 580.46 578.69 

7 568.18 568.40 624.45 605.58 599.28 

8 604.84 602.47 638.82 620.18 641.43 

9 623.85 624.50 650.46 646.15 679.24 

10 637.46 639.01 656.08 654.02 689.79 

11 650.35 651.16 658.83 658.59 695.86 

12 661.01 662.55 679.71 661.20 698.64 

13 669.24 669.54 690.14 692.02 698.31 
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14 677.59 676.33 695.76 716.94 715.87 

15 687.24 684.05 697.34 725.75 724.32 

16 733.27 743.51 767.22 800.04 801.46 

17 739.51 747.82 767.15 801.24 801.43 

18 746.83 753.75 768.72 800.96 802.46 

19 750.84 756.46 801.11 803.74 801.47 

20 755.16 75917 800.80 802.72 801.18 

21 760.61 763.48 803.52 802.42 803.26 

22 763.06 764.44 802.55 804.16 802.27 

23 765.87 765.83 802.26 803.12 801.97 

24 770.36 768.45 804.00 802.80 803.67 

25 771.65 767.71 803.00 804.55 802.66 

26 773.59 767.66 802.62 803.59 802.28 

27 777.19 769.69 804.38 803.20 804.06 

28 777.11 768.88 803.42 801.28 803.07 

29 777.22 768.70 803.03 800.29 802.70 

30 773.17 765.56 800.70 800.02 800.92 

31 772.91 764.75 799.72 805.23 800.56 

32 772.96 764.66 799.48 800.02 800.27 

33 780.74 771.27 805.11 801.28 805.36 

34 779.82 770.19 804.00 800.02 804.25 

35 779.58 769.84 803.65 804.55 803.89 

36 781.51 771.69 805.42 803.59 805.66 

37 780.51 770.59 804.29 803.20 804.53 

38 780.21 770.27 803.89 801.28 804.12 

39 778.62 802.96 803.88 800.29 804.96 

40 777.64 801.90 802.79 800.02 803.84 
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7.6.1.2 Safety and health budget strategy 

Jaselskis et al. (1996) recommended that safety and health budget provided 

should be increased by 2%–10% of total budget each year. Figure 7.12 and Table 7.7 

prove that the LBP prevention index is improved when more safety and health budget 

is provided. The results show that with 10% increasing rate, the index reaches level 5 

of maturity in 30 years, almost 10 years earlier than the base run results. The results 

show that the more SBT increasing rate, the higher the LBP prevention index.  

 

 

Figure 7.12 Graphical results of LBP prevention index with different safety and health 

budget increasing rates 
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Table 7.7 LBP prevention index with different safety and health budget increasing 

rates 

Year 

LBP prevention index (Points) 

Base run 

(SBT 2%) 
SBT 4% SBT 6% SBT 8% SBT 10% 

1 269.29 269.29 269.29 269.29 269.29 

2 309.00 309.00 309.00 309.00 309.00 

3 390.46 390.46 390.46 390.46 390.46 

4 456.46 456.46 456.46 456.46 456.46 

5 492.53 492.53 492.53 492.53 492.53 

6 544.85 555.40 561.00 566.00 571.34 

7 568.40 577.49 582.86 587.86 593.19 

8 602.47 614.64 620.51 625.51 630.84 

9 624.50 640.96 654.73 661.50 666.83 

10 639.01 654.36 668.26 675.10 680.43 

11 651.16 666.02 679.14 686.25 691.94 

12 662.55 676.85 692.57 700.90 706.59 

13 669.54 683.27 698.37 706.55 712.25 

14 676.33 689.04 703.47 711.53 717.23 

15 684.05 696.29 713.57 720.50 726.19 

16 743.51 749.86 761.98 763.75 764.07 

17 747.82 753.29 764.93 766.65 766.97 

18 753.75 758.54 773.08 773.62 773.94 

19 756.46 760.34 774.31 774.85 775.17 

20 75917 762.62 776.08 776.60 776.92 

21 763.48 766.62 782.98 784.19 785.91 

22 764.44 767.39 783.19 784.39 786.11 

23 765.83 768.61 783.88 785.09 786.80 

24 768.45 771.20 787.97 789.17 790.89 

25 767.71 770.93 787.29 788.50 790.21 

26 767.66 770.73 787.56 787.77 789.49 
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27 769.69 771.84 789.62 790.83 792.55 

28 768.88 770.93 788.15 789.35 791.07 

29 768.70 770.66 787.32 788.53 790.25 

30 765.56 771.44 790.23 791.43 793.15 

31 764.75 771.95 791.16 795.15 800.20 

32 764.66 771.59 790.22 794.21 799.27 

33 771.27 772.23 792.99 796.97 802.03 

34 770.19 771.16 791.29 795.27 800.33 

35 769.84 770.81 790.33 794.32 799.37 

36 771.69 772.61 793.03 797.02 802.08 

37 770.59 771.52 791.31 795.30 800.35 

38 770.27 771.17 790.35 794.34 799.40 

39 802.96 806.31 826.38 830.36 835.42 

40 801.90 801.15 824.59 828.58 833.63 

 

7.6.1.3 Exercise strategy 

Exercise helps reduce LBP occurrence. Figure 7.13 and Table 7.8 show the 

LBP prevention indices when workers are encouraged with different levels of 

exercising. It is found that, with no exercise, the company struggles to reach level 5 of 

maturity in the long-term.  
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Figure 7.13 Graphical results of LBP prevention index with different exercise 

schemes 

 

Table 7.8 LBP prevention index with different exercise schemes 

Year 
LBP prevention index (Points) 

Base line Never Sometimes Regular 

1 269.29 263.26 288.26 329.93 

2 309.00 302.97 327.97 369.63 

3 390.46 382.87 407.87 449.54 

4 456.46 438.21 463.21 504.88 

5 492.53 469.67 494.67 536.34 

6 544.85 519.99 544.99 586.66 

7 568.40 543.76 568.76 610.43 

8 602.47 558.55 583.55 625.22 

9 624.50 571.05 596.05 637.71 

10 639.01 580.87 605.87 647.54 

11 651.16 590.85 615.85 657.51 

12 662.55 601.14 626.14 667.80 

13 669.54 607.54 632.54 674.2 

14 676.33 614.04 639.04 680.71 

15 684.05 621.63 646.63 688.29 
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16 743.51 681.01 706.01 747.67 

17 747.82 685.28 710.28 751.95 

18 753.75 691.19 716.19 757.86 

19 756.46 693.89 718.89 760.56 

20 759.17 696.59 721.59 763.26 

21 763.48 700.91 725.91 766.45 

22 764.44 701.86 726.86 766.05 

23 765.83 703.25 728.25 766.29 

24 768.45 706.14 731.14 768.34 

25 767.71 706.09 731.09 767.61 

26 767.66 706.67 731.67 767.55 

27 769.69 709.20 734.20 769.58 

28 768.88 708.85 733.85 768.77 

29 768.70 709.02 734.02 768.59 

30 765.56 706.21 731.21 765.46 

31 764.75 705.60 730.60 764.64 

32 764.66 705.71 730.71 764.55 

33 771.27 712.50 737.50 771.16 

34 770.19 711.53 736.53 770.08 

35 769.84 711.26 736.26 769.73 

36 771.69 713.20 738.20 771.58 

37 770.59 712.17 737.17 770.48 

38 770.27 711.92 736.92 770.16 

39 802.96 744.61 769.61 802.85 

40 801.90 743.55 768.55 801.79 

 

 

7.6.1.4 Equipment acquisition strategy  

The equipment acquisition scenario examines when all safety and health 

budget are allocated and not allocated to acquire suspension seats and new heavy 
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equipment. The results shown in Figure 7.14 and Table 7.9  reveal that investing all 

safety and health budget in equipment, without considering human resources 

improvement, is not recommended, as the LBP prevention index might never reach 

level 5 of maturity. Not investing on equipment, on the other hand, results in longer 

times in achieving level 5 of maturity, compared with the base run results.  

 

Figure 7.14 Graphical results of LBP prevention index with different equipment 

acquisition percentage 

 

Table 7.9 LBP prevention index with different equipment acquisition percentage 

Year 
LBP prevention index (Points) 

Base line EQP 100% EQP 0% 

1 269.29 269.29 269.29 

2 309.00 290.88 309.00 

3 390.46 313.86 390.46 

4 456.46 330.20 456.46 

5 492.53 344.45 492.53 

6 544.85 422.58 525.66 

7 568.40 435.15 548.86 

8 602.47 440.73 582.79 

9 624.50 445.77 604.81 

10 639.01 451.18 619.36 
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11 651.16 457.76 630.95 

12 662.55 462.58 642.43 

13 669.54 467.16 649.50 

14 676.33 471.93 656.35 

15 684.05 476.51 664.13 

16 743.51 493.49 668.74 

17 747.82 497.80 673.09 

18 753.75 502.20 679.05 

19 756.46 506.55 681.78 

20 759.17 510.66 684.50 

21 763.48 515.82 688.50 

22 764.44 519.26 689.46 

23 765.83 522.62 690.86 

24 768.45 525.85 693.49 

25 767.71 528.99 692.75 

26 767.66 532.19 692.70 

27 769.69 535.28 694.73 

28 768.88 538.29 693.92 

29 768.70 541.29 693.74 

30 765.56 544.16 690.61 

31 764.75 547.66 689.80 

32 764.66 550.49 689.71 

33 771.27 553.25 696.32 

34 770.19 555.87 695.25 

35 769.84 558.50 694.89 

36 771.69 561.09 696.75 

37 770.59 563.61 695.64 

38 770.27 566.10 695.32 

39 802.96 568.49 728.01 

40 801.90 570.89 726.95 
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7.6.1.5 Training strategy  

This scenario examines the LBP prevention index when no and all workers are 

trained with LBP-related trainings. The LBP prevention index as shown in Figure 

7.15 and Table 7.10, is higher when all HEOs receive the training. With no training 

provided, it is hard for the construction company to achieve level 5 of maturity.  

 

 

Figure 7.15 Graphical results of LBP prevention index with different training rates 

 

 

Table 7.10 LBP prevention index with different training rates 

Year 
LBP prevention index (Points) 

Base line TPM 0% TPM 100% 

1 269.29 269.29 269.29 

2 309.00 304.05 313.32 

3 390.46 353.24 400.34 

4 456.46 401.93 481.9 

5 492.53 433.17 516.49 

6 544.85 509.47 542.83 

7 568.40 535.64 599.82 

8 602.47 550.94 622.52 

9 624.50 564.02 627.64 
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10 639.01 576.06 650.22 

11 651.16 587.38 660.94 

12 662.55 596.79 660.39 

13 669.54 604.98 678.01 

14 676.33 612.27 684.73 

15 684.05 618.69 681.16 

16 743.51 654.91 757.89 

17 747.82 659.69 762.33 

18 753.75 664.23 757.06 

19 756.46 668.25 770.84 

20 759.17 671.38 773.64 

21 763.48 675.14 766.45 

22 764.44 677.25 778.44 

23 765.83 679.05 779.98 

24 768.45 680.32 771.64 

25 767.71 681.37 781.98 

26 767.66 682.35 782.05 

27 769.69 683.16 772.90 

28 768.88 683.86 783.14 

29 768.70 684.39 783.07 

30 765.56 684.88 766.63 

31 764.75 685.76 777.29 

32 764.66 686.05 777.38 

33 771.27 686.32 774.80 

34 770.19 686.42 784.79 

35 769.84 686.53 784.58 

36 771.69 686.67 773.73 

37 770.59 686.74 783.73 

38 770.27 686.85 783.57 

39 802.96 720.14 803.59 

40 801.90 720.79 813.69 
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7.6.2 Mix strategy 

7.6.2.1 Safety and health budget and hiring rate 

Figure 7.16 and Table 7.12 show the LBP prevention index with different 

safety and health budget increasing rates and hiring rates to reduce night shift, 

working hour, and job rotation. With the minimum budget increasing rate of 2% and 

no hiring the company cannot reach level 5 of maturity. On the other hand, with 

maximum budget provided to hire as many workers as possible the company reaches 

level 5 of maturity in less than 20 years.  

 

 

Figure 7.16 Graphical results of LBP prevention index with different safety and health 

budge increasing rates, and hiring rates 
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Table 7.11 LBP prevention index with different safety and health budget increasing 

rates, and hiring rates 

Year 

LBP prevention index (Points) 

SBT 10% 

and 

HR100% 

SBT 10% 

and HR 0% 

SBT 2% and 

HR100% 

SBT 2% and 

HR0% 
Base run 

1 269.29 269.29 269.29 269.29 269.29 

2 349.34 297.91 338.50 297.91 309.00 

3 469.65 363.16 440.39 363.16 390.46 

4 534.11 420.51 493.20 420.51 456.46 

5 587.30 474.50 538.76 474.50 492.53 

6 674.85 568.35 578.69 548.69 544.85 

7 714.35 587.85 599.28 568.18 568.40 

8 721.36 624.51 641.43 604.84 602.47 

9 731.02 656.01 679.24 623.85 624.50 

10 758.81 670.11 689.79 637.46 639.01 

11 760.40 682.62 695.86 650.35 651.16 

12 764.32 698.81 698.64 661.01 662.55 

13 762.88 706.05 698.31 669.24 669.54 

14 761.94 713.55 715.87 677.59 676.33 

15 764.28 725.44 724.32 687.24 684.05 

16 825.78 751.09 801.46 733.27 743.51 

17 824.91 756.58 801.43 739.51 747.82 

18 827.28 765.93 802.46 746.83 753.75 

19 825.64 769.15 801.47 750.84 756.46 

20 824.71 772.74 801.18 755.16 759.17 

21 831.90 784.21 803.26 760.61 763.48 

22 830.25 785.91 802.27 763.06 764.44 

23 829.30 788.03 801.97 765.87 765.83 

24 831.68 794.12 803.67 770.36 768.45 

25 830.02 794.72 802.66 771.65 767.71 
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26 828.99 795.96 802.28 773.59 767.66 

27 831.49 800.99 804.06 777.19 769.69 

28 829.85 800.23 803.07 777.11 768.88 

29 828.84 799.68 802.70 777.22 768.70 

30 831.34 803.00 800.92 773.17 765.56 

31 837.85 809.87 800.56 772.91 764.75 

32 836.81 809.08 800.27 772.96 764.66 

33 839.39 812.20 805.36 780.74 771.27 

34 837.63 810.63 804.25 779.82 770.19 

35 836.66 809.78 803.89 779.58 769.84 

36 839.25 812.69 805.66 781.51 771.69 

37 837.46 811.05 804.53 780.51 770.59 

38 836.44 810.14 804.12 780.21 770.27 

39 839.10 813.01 804.96 778.62 802.96 

40 837.31 811.28 803.84 777.64 801.90 

 

 

7.6.2.2 Safety and health budget and exercise 

The results (see Figure 7.17 and Table 7.12) show that with no financial 

support to improve LBP prevention index, the index score can be improved with 

various exercise schemes. With both financial support and full exercise 

encouragement, on the other hand, the company achieves level 5 of maturity in 

around 30 years. This proves the importance of exercising in enhancing the LBP 

prevention index. 
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Figure 7.17 Graphical results of LBP prevention index with different safety and health 

budget increasing rates and exercise rates 

 

 

Table 7.12 LBP prevention index with different safety and health budget increasing 

rates and exercise rates 

Year 

LBP prevention index (Points) 

SBT 0% and 

EXR 0% 

SBT 0% and 

EXR 100% 

SBT 10% 

and EXR 

0% 

SBT10% 

and EXR 

100% 

Base run 

1 263.26 329.93 263.26 329.93 269.29 

2 283.71 350.38 302.97 369.63 309.00 

3 310.13 376.80 382.87 449.54 390.46 

4 339.37 406.04 438.21 504.88 456.46 

5 355.41 422.08 469.67 536.34 492.53 

6 372.10 438.76 546.48 613.15 544.85 

7 386.70 453.36 569.89 636.56 568.40 

8 392.15 458.81 584.35 651.02 602.47 

9 397.17 463.84 607.47 674.14 624.50 

10 402.36 469.02 616.48 683.14 639.01 

11 406.98 473.65 626.96 693.62 651.16 

12 411.62 478.28 641.34 708.00 662.55 
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13 415.91 482.58 646.90 713.57 669.54 

14 420.21 486.87 652.62 719.29 676.33 

15 424.39 491.06 662.28 728.94 684.05 

16 428.41 495.08 700.92 767.59 743.51 

17 432.13 498.80 704.47 771.14 747.82 

18 435.97 502.63 712.17 778.84 753.75 

19 439.62 506.29 714.12 780.78 756.46 

20 442.48 509.15 716.11 782.78 759.17 

21 445.25 511.92 725.13 790.67 763.48 

22 447.88 514.55 725.36 789.55 764.44 

23 450.40 517.06 726.08 789.12 765.83 

24 452.81 519.48 730.18 792.38 768.45 

25 455.06 521.72 729.46 790.98 767.71 

26 457.29 523.96 729.38 790.26 767.66 

27 459.44 526.11 732.96 793.34 769.69 

28 461.53 528.20 731.96 791.87 768.88 

29 463.52 530.19 731.49 791.06 768.70 

30 465.41 532.07 734.72 793.97 765.56 

31 467.25 533.92 741.99 801.02 764.75 

32 469.08 535.74 741.30 800.14 764.66 

33 470.78 537.45 744.25 802.90 771.27 

34 472.39 539.06 742.64 801.20 770.19 

35 473.98 540.65 741.76 800.23 769.84 

36 475.54 542.20 744.59 802.97 771.69 

37 476.98 543.65 742.93 801.24 770.59 

38 478.42 545.09 742.08 800.31 770.27 

39 479.75 546.42 778.09 836.32 802.96 

40 481.10 547.77 776.32 834.56 801.90 
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7.6.2.3 Hiring rate, training, and equipment acquisition  

Closer examination of budget spending to improve LBP prevention index 

reveals two areas of improvement: human resources and equipment scopes. Human 

resources aim to improve human performance by reducing night shift, reducing 

working hour, and providing workers with LBP related training. Equipment scope, on 

the other hand, focuses on replacing cushion with suspension seats, and purchasing 

new heavy equipment. The results, shown in Figure 7.18 and Table 7.13, prove the 

importance of human resources over the equipment acquisition in improving LBP 

prevention index in the long-term. 

 

 

Figure 7.18 Graphical results of LBP prevention index with different hiring rates, 

training rates, and equipment acquisition 
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Table 7.13 LBP prevention index with different hiring rates, training rates, and 

equipment acquisition 

Year 

LBP prevention index (Points) 

HR100%, TPM 

100%, and EQP 0% 

HR0%, TPM 0% , 

and EQP100% 
Base run 

1 269.29 269.29 269.29 

2 338.50 292.95 309.00 

3 440.39 324.91 390.46 

4 493.20 361.48 456.46 

5 538.76 387.89 492.53 

6 578.69 475.66 544.85 

7 610.53 499.44 568.40 

8 656.00 513.45 602.47 

9 686.41 526.19 624.50 

10 708.18 538.82 639.01 

11 713.78 551.63 651.16 

12 705.16 562.60 662.55 

13 714.38 572.51 669.54 

14 733.08 581.70 676.33 

15 730.53 590.09 684.05 

16 745.37 613.96 743.51 

17 745.81 621.11 747.82 

18 735.68 627.79 753.75 

19 745.79 634.03 756.46 

20 745.62 639.05 759.17 

21 736.21 644.02 763.48 

22 746.28 647.82 764.44 

23 746.11 651.15 765.83 

24 736.64 654.08 768.45 

25 746.72 656.57 767.71 

26 746.47 658.94 767.66 
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27 737.08 660.95 769.69 

28 747.15 662.69 768.88 

29 746.89 664.17 768.70 

30 732.02 665.30 765.56 

31 742.17 667.20 764.75 

32 742.08 668.05 764.66 

33 737.81 668.83 771.27 

34 747.77 669.43 770.19 

35 747.54 669.97 769.84 

36 737.67 670.43 771.69 

37 747.60 670.80 770.59 

38 747.35 671.07 770.27 

39 733.92 671.30 802.96 

40 743.99 671.52 801.90 
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Chapter 8 

Conclusion and Recommendation 

8.1 General overview 

This chapter concludes major findings of the study. Contributions to the 

existing body of knowledge, limitations, and recommendations for future studies are 

also presented.  

8.2 Major findings 

The main aim of this study is to develop a LBP prevention index to examine a 

current LBP prevention maturity level, and plan to improve the LBP prevention index 

in the long-term. To achieve the aim, a number of objectives are defined as follows: 

 Identify items and factors affecting LBP due to WBV exposure based on a 

number of literature review. 

 Develop a questionnaire survey for data collection. 

 Perform an EFA to confirm key factors affecting LBP due to WBV exposure 

and their associated items. 

 Perform an SEM analysis to examine relationships among key factors 

affecting LBP due to WBV exposure. 

 Develop a dynamic model of LBP prevention index to asses a current LBP 

prevention maturity level. 

 Perform various scenario analyses to improve the LBP prevention index, and 

achieve higher maturity level in the long-term. 

 

To achieve the above objectives, a number of construction-, health-, 

ergonomic-, and WBV exposure-related literatures are reviewed, and five key factors 

and their 17 associated items are hypothesized. A questionnaire survey is then 

developed based on the extracted items to gather data for the analysis. Data collection 

is performed with managers and HEOs in Sri Lankan construction companies. 

Collected data are tested with two major data screening processes, including 
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normality and outlier tests to increase the confidence in data. The screened data are 

then performed with an EFA to confirm five key factors affecting LBP due to WBV 

exposure, namely 1) organizational, 2) equipment, 3) personal, 4) job-related, and 5) 

social-context factors.  

To further examine causal relationships among five key factors affecting LBP 

due to WBV exposure, an SEM model is developed, including measurement and 

structural models. The best fit measurement model confirms correlations among five 

key factors except those between the organizational and job-related factors, and the 

organizational and social context factors. The model also confirms a strong 

relationship between the equipment and personal factors. In contrast, equipment and 

organizational factors are found having a weak relationship.  

The directions of relationships among five key factors are confirmed with the 

structural model. The best fit structural model reveals that the organizational factor is 

the most important factor, as it influences the other four factors, both directly and 

indirectly .The organizational factor has a positive impact on the personal factor, but a 

negative effect on the equipment factor  .It also indirectly influences the job-related 

and social context factors through the implementation of the personal factor . 

To plan for the LBP prevention program in the long term, a dynamic model of 

LBP prevention index is developed based on the confirmed five factors and their 

relationships. A construction company can reach level 5 of maturity with the LBP 

prevention index higher than 800 points in the long-term. Simulation results reveal 

that at the beginning years, a construction company achieves level 2 of maturity, with 

support from the company, both physically and financially, the company can progress 

to higher levels of maturity.  

A number of scenarios are performed to examine different strategies a 

construction company can develop to improve the LBP prevention index. The 

company should also initiate a number of activities, such as training and exercising, to 

improve the maturity level; and achieve higher LBP index in the long-term. The 

results confirm the importance of financial support in hiring additional workers to 

improve the LBP prevention index. 
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8.3 Contribution 

The dynamic model of LBP prevention index is developed based on the data 

collected in Sri Lankan construction industry. The study results contribute to the body 

of knowledge in the following areas.   

 Most of the studies examine items and factors affecting health among HEOs. 

However, none of them look at causal relationships among factors affecting 

LBP due to WBV exposure in specific. This study, therefore, enlarges the 

understandings of LBP due to WBV exposure. 

 The developed dynamic model consolidates key factors and their associated 

items to reduce chances of having LBP among HEOs in the construction 

industry. By analyzing the different scenarios to reduce LBP prevalence, 

managers can select the best policy that matches their situation. 

 The developed model also assists a construction company effectively 

utilizing the limited budget to improve the LBP prevention index in the long-

term. 

 Even though the study is based on the construction industry, the results can 

be immensely beneficial for academic purposes. The developed dynamic 

model can be applied in similar areas of studies.  

8.4 Limitations and recommendations for future studies 

There are limitations in this study. Data used in this study are based on the 

construction industry in Sri Lanka, which is a developing country. Therefore, 

applying the study results in other developing or developed countries may need some 

adjustments. Items such as gender, posture, and weather are not included in this study. 

Moreover, the maturity levels used in this study are based on literature review. In-

depth interview can be conducted to adjust the score ranges of the maturity level in 

compliance with the company.  
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8.5 Closure 

The dynamic model of LBP prevention index provides a deep perception into 

interactions among key factors and items affecting LBP due to WBV exposure in the 

construction industry. It assists a construction company in planning for the long-term 

reduction of LBP prevalence, thus, enhancing safety and health standard in the 

construction industry.  
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Appendix B 

Questionnaire Survey for Management Level 

Survey of identifying factors affecting health effects among soil roller compactors 
 

School of Management Technology, 

Sirindhorn International Institute of Technology, 

ThammasatUniversity, 

Rangsit,Thailand 

PhD Research  

Under EFS Scholarship 

 

Date: __/__/____  Time:__:__ Form Number: Project Budget:____SLR 

  

1.0 Personal Information 

 

01. Position  Project manager  Project engineer  Site engineer 

  Others (please specify)              __________             

    

02. Age  25-45  45-54  >54 

 

03. Education background  High school  Bachelor 

   Masters  Doctoral 

    

04. Working 

experience 
 In current company ________ years 

 In construction industry ________ years 

    

05. Working hours per 

day 
 < 8  8  > 8 

   

06. Have you ever received a safety training program?  Yes  No 

 If yes, please specify    _________________ 

  

07. What standards do your company maintain?(can 

answer more than one) 
 EC directives  BS code 

 ISO 2631  Other 

_________ 

   

08. What is the life time of a soil roller compactor? _______ years 

    

09. Price of a soil roller compactor             ________ SLR 

    

10. On average, what is the budget the company 

provides for safety and health activities? 

 

 1-5 %  5-10% 

 Other (Please specify) ________________ 

(out of total budget) 

    

   

  

    

    

 

M 
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Survey of identifying factors affecting health effects among soil roller compactors 
 

2.0 Factors 

Please rate the degree of your agreement in each statement relating to factors affecting health problems among soil 

roller compactor operators using the scale 1 to 5. 

     

1 

 

2 

 

3 

 

4 

 

5 

 

Strongly disagree Disagree Neither agree nor 

disagree 

 

Agree 

 

Strongly agree 

Statement Scale 

  

1. Age of the machine has an effect to LBP. 1 2 3 4 5 

2. Age of the worker has an effect to LBP. 1 2 3 4 5 

3. Exercise has an effect to LBP. 1 2 3 4 5 

4. Education background has an effect to LBP. 1 2 3 4 5 

5. Job rotation has an effect to LBP. 1 2 3 4 5 

6. Job satisfaction has an effect to LBP. 1 2 3 4 5 

7. Night shift has an effect to LBP 1 2 3 4 5 

8. Safety and health budget  has an effect to LBP 1 2 3 4 5 

9. Seat type of the soil roller compactor has an effect to LBP. 1 2 3 4 5 

10. Smoking has an effect to LBP. 1 2 3 4 5 

11. Soil type at the site has an effect to LBP. 1 2 3 4 5 

12. Training program has an effect to LBP. 1 2 3 4 5 

13. Weight of the worker has an effect of LBP 1 2 3 4 5 

14. Whole body vibration has an effect to LBP. 1 2 3 4 5 

15. Whole body vibration standard has an effect to LBP. 1 2 3 4 5 

16. Working experience has an effect to LBP. 1 2 3 4 5 

17. Working hours has an effect to LBP. 1 2 3 4 5 

18. My wage is good. 1 2 3 4 5 

19. All my talent and skills are used at work. 1 2 3 4 5 

20. On the whole, I believe work is good for my physical health. 1 2 3 4 5 

 Note: LBP= Low back pain 
 

Thank you for your co-operation 
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Appendix C 

Questionaire Surevey for HEO Operators 

Survey of identifying, factors affecting health effects among soil roller compactors 
 

School of Management Technology, 

Sirindhorn International Institute of Technology, 

ThammasatUniversity, 

Rangsit,Thailand. 

PhD Research  

Under EFS Scholarship 

 

   

Date: __/__/____  Time:__:__ Form Number:_______ 

   

 Smooth wheel/  

Vibratory roller 

 Sheep’s foot/  

tamping roller 

 Pneumatic tired 

roller 

 Grid roller 

 

1.0 Personal Information 

 

01. Age  25-45  45-54  >54 

    

02. Weight __________________ kg.  

    

03. Height __________________ m.  

    

04. Education 

background 
 Not attended or 

attended less than 

5
th
 standard GCE 

A/L 

 Attended 6
th
 

standard to 12
th
 

standard 

 Higher education 

    

05. Working 

experience 

 

In current company _______________ years 

As a soil roller operator _______________ years 

In construction industry _______________ years 

   

06. Working hours 

per day 
 <8  8  >8 

   

07. Exercise   Never  Sometimes  Regularly 

   

08. Are you smoking?  Never  Occasionally  Regularly 

    

09. Have you ever received a safety training 

program? 
 Yes  No 

If yes, please specify ______________ 

  

10. Have you taken any medication to deal with 

the Low Back Pain (LBP)? 
 Never  Sometimes 

 Regularly  

   

11. Have you suffered from LBP in the last 6 

months? 
 Yes  No 

 If yes, please describe the severity of the pain 

experienced: 

 No pain        Extreme pain 

 0 1 2 3 4 5 6 7 8 9 10   

    

12. What is the life time of a soil roller 

compactor? 

_______________ years 

 

W 
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Survey of identifying factors affecting health effects among soil roller compactors 
 

2.0 Factors 

Please rate the degree of your agreement in each statement relating to factors affecting health problems among soil 

roller compactor operators using the scale 1 to 5. 

     

1 

 

2 

 

3 

 

4 

 

5 

 

Strongly disagree Disagree Neither agree nor 

disagree 

 

Agree 

 

Strongly agree 

Statement Scale 

  

1. Age of the machine has an effect to LBP. 1 2 3 4 5 

2. Age of the worker has an effect to LBP. 1 2 3 4 5 

3. Exercise has an effect to LBP. 1 2 3 4 5 

4. Education background has an effect to LBP. 1 2 3 4 5 

5. Job rotation has an effect to LBP. 1 2 3 4 5 

6. Job satisfaction has an effect to LBP. 1 2 3 4 5 

7. Night shift has an effect to LBP 1 2 3 4 5 

8. Safety and health budget  has an effect to LBP 1 2 3 4 5 

9. Seat type of the soil roller compactor has an effect to LBP. 1 2 3 4 5 

10. Smoking has an effect to LBP. 1 2 3 4 5 

11. Soil type at the site has an effect to LBP. 1 2 3 4 5 

12. Training program has an effect to LBP. 1 2 3 4 5 

13. Weight of the worker has an effect of LBP 1 2 3 4 5 

14. Whole body vibration has an effect to LBP. 1 2 3 4 5 

15. Whole body vibration standard has an effect to LBP. 1 2 3 4 5 

16. Working experience has an effect to LBP. 1 2 3 4 5 

17. Working hours has an effect to LBP. 1 2 3 4 5 

18. My wage is good. 1 2 3 4 5 

19. All my talent and skills are used at work. 1 2 3 4 5 

20. On the whole, I believe work is good for my physical health. 1 2 3 4 5 

 Note: LBP= Low back pain 
 

Thank you for your co-operation 
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Appendix D 

Cover Letter for the Questionaire Surevey 

 

 

School of Management Technology , 

Sirindhorn International Institute of Technology, 

131 Moo 5, Tivanond Road, 

Bangkadi Industrial Park, Bangkadi, 

Muang, Pathumthani 12000, Thailand 

 

20th March 2016 

 

Dear Sir/Madam,  

 

I am V.H.P.Vitharana who is a doctoral degree student under the supervision of 

Asst.Prof.Dr.Thanwadee Chinda in Thammasat University, Thailand. Now my adviser and I are 

planning to develop a system dynamic model for examining the chronic health effect of the soil 

roller operators due to whole body vibration. 

  

For that, a questionnaire survey among soil roller operators and management level of 

construction companies will be conducted in Sri Lanka from March 20 April, 2016- . It will be 

highly appreciated if you can set aside 20 minutes to fill in the questionnaire survey. The 

information will be kept confidentially, and will be used for academic purpose only. 

 

The questionnaire survey consists of two parts. 

 Part I collects personal information 

 Part II asks the respondent to rate his agreement on statements relating to factors 

affecting Low Back Pain using the 1-5 scale. 

 

Please return the completed survey by putting it in the envelop provided. If you have any 

question, please feel free to contact me via +94712767575 or vhashi@yahoo.com. 

 

Thank you very much for your corporation. 

  

Best Regards,  

 

Yours sincerely 

 

------------------ 

V.H.P.Vitharana 

PhD Candidate 

Endorsement 

 

------------------ 

Asst.Prof.Dr.Thanwadee Chinda 

Principal Supervisor 
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Appendix E 

Raw Data 

Case AOM AOW EXC EDU JRN JSN NSF SBT STP SMK SOT TPM WGT WBV WBS WEP WKH 

1 5 4 4 3 4 4 4 1 5 3 4 4 4 5 4 4 4 

2 4 4 2 2 4 4 3 4 5 4 4 3 2 5 4 4 5 

3 4 4 4 4 4 5 4 4 5 4 4 4 2 4 5 3 5 

4 2 2 3 2 4 2 4 2 4 2 5 5 2 4 2 5 4 

5 4 4 3 4 2 4 4 4 4 4 4 4 4 4 4 4 4 

6 4 3 4 4 4 2 2 2 4 4 3 4 3 4 4 5 4 

7 4 4 4 4 5 3 5 4 5 2 4 4 4 5 4 4 5 

8 4 4 3 4 5 3 4 3 4 2 4 4 4 4 5 3 5 

9 5 5 3 2 4 4 5 3 5 3 5 4 5 5 5 5 5 

10 4 4 3 1 4 4 2 2 5 4 4 5 4 5 5 3 4 

11 4 5 4 4 3 1 2 5 4 1 4 4 5 5 5 4 5 

12 4 4 2 4 2 4 4 3 5 4 2 4 4 3 4 3 5 

13 4 4 5 4 5 5 4 5 4 5 5 5 4 4 4 5 5 

14 3 4 4 4 4 2 2 4 5 2 5 4 4 4 4 4 5 

15 5 4 3 5 5 4 5 3 4 3 4 4 5 5 5 4 5 

16 4 4 4 4 2 4 2 4 4 3 4 4 2 4 3 4 4 

17 5 5 3 3 4 5 5 5 5 4 5 4 3 4 3 3 5 

18 5 5 3 4 4 4 5 3 5 3 5 4 3 5 4 5 3 

19 4 4 3 4 4 4 3 4 3 4 4 4 2 4 4 4 4 

20 4 3 4 4 3 4 2 4 4 3 4 4 3 4 4 4 3 

21 5 5 5 5 5 3 3 4 5 5 5 5 3 4 4 5 5 

22 5 5 2 5 5 2 2 2 5 3 4 4 4 4 5 4 5 
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Case AOM AOW EXC EDU JRN JSN NSF SBT STP SMK SOT TPM WGT WBV WBS WEP WKH 

23 5 5 4 3 3 4 2 4 5 3 4 4 2 5 4 4 4 

24 5 4 4 4 4 3 2 4 5 3 3 4 4 4 4 4 4 

25 5 5 2 4 2 2 2 4 5 4 4 4 2 5 2 4 4 

26 3 3 2 2 2 4 4 4 2 4 4 2 4 4 4 4 4 

27 2 4 4 4 2 4 4 3 4 3 4 5 4 4 4 4 5 

28 3 4 4 4 3 4 2 5 3 2 5 5 2 4 4 5 3 

29 5 4 4 3 4 5 5 5 4 1 4 5 2 4 5 4 4 

30 4 4 2 3 3 2 2 5 5 1 4 5 4 4 5 5 2 

31 4 4 2 2 3 3 4 4 4 2 4 4 4 4 4 3 4 

32 4 4 2 4 4 2 4 4 4 2 4 4 4 4 4 4 4 

33 4 4 4 5 4 4 3 3 3 4 4 5 2 4 4 5 3 

34 3 4 4 3 4 2 4 3 4 3 3 3 3 4 4 3 4 

35 2 4 4 4 3 4 5 4 4 4 4 4 2 4 4 4 4 

36 4 4 3 4 4 4 5 5 4 3 4 5 3 5 4 5 5 

37 3 4 4 2 4 4 4 4 4 2 4 4 4 4 4 4 4 

38 3 4 2 4 4 3 4 3 4 4 2 4 3 4 4 3 4 

39 4 4 4 4 4 4 4 4 5 2 4 4 2 4 4 4 4 

40 4 5 5 4 5 3 5 5 4 3 4 5 3 5 5 5 5 

41 4 4 3 4 3 5 3 4 4 4 3 4 5 4 5 4 4 

42 4 4 4 3 4 4 2 4 4 2 4 4 4 4 4 4 4 

43 4 4 2 4 3 2 2 4 4 4 4 2 4 4 4 4 4 

44 3 4 3 4 4 3 4 4 4 3 4 4 3 4 4 4 4 

45 3 3 1 4 2 2 2 4 5 3 4 3 2 3 4 2 2 

46 1 5 4 5 3 4 5 4 5 4 4 4 5 5 2 4 4 

47 3 2 4 2 4 4 2 2 2 4 4 4 2 4 4 4 2 

48 5 5 4 3 2 2 3 1 5 1 2 2 2 5 2 5 4 

49 4 2 4 5 4 2 4 2 3 2 2 2 4 4 2 4 5 

50 4 3 4 4 4 2 4 2 5 5 5 2 4 4 2 2 4 

51 4 2 4 4 4 3 3 4 5 3 4 3 2 4 4 5 2 

Ref. code: 25615822300462VQH



 

 

171 

 

Case AOM AOW EXC EDU JRN JSN NSF SBT STP SMK SOT TPM WGT WBV WBS WEP WKH 

52 2 2 4 2 4 4 2 4 2 4 5 4 2 4 4 4 4 

53 4 2 4 2 4 4 2 2 5 2 4 4 4 5 4 4 5 

54 4 4 4 4 5 2 2 4 5 3 4 5 4 4 4 2 5 

55 4 4 3 2 4 2 4 2 5 3 5 4 4 5 5 4 5 

56 5 5 3 4 4 5 2 4 5 4 5 5 1 4 3 5 4 

57 4 3 3 4 4 2 4 3 5 4 4 4 3 5 4 4 4 

58 2 4 2 2 2 2 1 3 4 4 4 5 4 2 3 4 4 

59 4 1 5 2 2 1 1 4 5 5 4 5 2 2 4 2 5 

60 4 5 4 3 5 4 4 5 4 4 2 4 4 2 5 5 5 

61 4 1 1 2 4 2 4 5 4 2 3 5 1 3 2 4 1 

62 4 1 2 2 4 4 4 4 5 3 3 5 1 4 3 3 4 

63 4 2 1 2 4 2 5 4 5 3 3 5 2 3 3 4 5 

64 5 2 4 4 4 5 5 1 4 2 2 4 2 4 4 4 5 

65 4 4 4 3 3 4 2 2 5 3 4 3 2 4 3 3 5 

66 5 2 2 2 2 4 2 4 4 2 4 2 2 4 4 4 2 

67 5 2 3 2 3 2 4 2 4 4 5 3 2 2 2 4 2 

68 2 2 2 3 2 4 2 3 4 2 4 4 2 4 4 4 4 

69 4 4 2 2 3 2 3 3 4 2 4 4 3 4 4 4 5 

70 2 2 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

71 4 4 4 2 4 2 2 4 4 4 4 4 2 4 4 4 4 

72 4 3 4 3 2 4 3 4 4 4 4 4 4 2 4 2 4 

73 2 4 2 4 4 4 2 2 4 3 4 4 2 4 3 3 4 

74 4 2 3 2 4 4 3 4 4 4 4 4 4 4 4 4 2 

75 4 4 4 4 4 4 4 4 4 4 5 2 2 2 3 2 4 

76 4 2 3 3 2 4 2 4 4 2 4 4 2 4 4 4 4 

77 4 2 2 2 4 4 2 4 4 4 3 4 2 4 4 4 4 

78 4 2 2 3 4 4 2 4 5 3 4 4 2 3 4 4 2 

79 2 2 4 2 4 3 2 4 4 2 4 4 4 2 3 4 2 

80 5 4 4 2 4 2 5 4 4 2 4 4 2 5 4 4 4 

Ref. code: 25615822300462VQH
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Case AOM AOW EXC EDU JRN JSN NSF SBT STP SMK SOT TPM WGT WBV WBS WEP WKH 

81 4 5 4 4 4 2 2 4 5 2 5 4 4 5 4 4 5 

82 2 4 4 4 4 3 4 3 2 2 4 4 2 2 4 4 4 

83 4 3 3 4 2 4 2 4 4 2 4 4 2 4 4 4 4 

84 4 2 2 2 2 4 2 2 4 3 4 4 2 4 4 4 2 

85 4 3 4 4 4 4 4 2 4 3 4 4 2 4 4 3 4 

86 4 4 4 4 2 4 4 4 4 2 4 4 2 4 4 4 4 

87 4 4 4 3 2 4 4 4 4 2 4 4 2 4 4 4 4 

88 4 2 4 4 2 4 2 4 4 2 4 4 2 2 4 4 4 

89 4 2 4 4 3 4 4 4 5 3 4 4 2 4 4 4 5 

90 4 4 4 4 4 5 5 4 4 2 2 4 2 4 4 4 2 

91 4 4 2 2 4 4 5 4 4 2 5 4 4 4 4 4 5 

92 4 4 4 4 4 4 2 3 4 2 4 2 2 4 4 4 5 

93 2 2 4 4 4 4 4 2 4 2 4 4 4 4 4 4 4 

94 2 2 4 2 4 4 4 4 4 2 4 4 2 2 4 4 4 

95 2 2 4 2 4 2 2 2 4 2 4 4 2 4 4 4 4 

96 3 2 4 2 4 2 4 4 4 2 4 4 2 2 4 2 4 

97 4 3 3 2 2 4 2 4 4 2 4 4 2 4 4 4 4 

98 4 4 4 2 4 2 4 4 4 2 4 4 4 4 4 2 4 

99 4 4 4 2 2 2 4 4 4 2 4 4 2 4 4 4 4 

100 3 2 4 2 4 4 4 4 4 2 4 4 4 4 4 4 4 

101 4 3 2 2 4 2 2 4 4 2 2 4 2 2 4 4 4 

102 4 3 2 2 2 2 2 4 4 2 4 4 2 4 4 4 4 

103 2 2 3 2 4 2 4 4 4 2 2 4 3 4 4 2 4 

104 4 4 2 2 4 2 2 4 4 2 2 4 4 4 4 4 4 

105 3 2 4 2 4 4 2 2 4 2 2 4 2 2 4 4 2 

106 4 4 4 2 4 4 2 4 4 2 2 4 2 4 4 4 2 

107 4 2 4 2 4 4 4 4 4 2 4 4 2 2 4 4 2 

108 2 2 2 2 4 2 2 4 4 2 2 4 2 2 4 4 4 

109 4 2 4 2 2 4 3 4 4 2 4 4 2 4 4 4 4 

Ref. code: 25615822300462VQH
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Case AOM AOW EXC EDU JRN JSN NSF SBT STP SMK SOT TPM WGT WBV WBS WEP WKH 

110 4 2 4 2 2 4 2 4 4 2 4 4 2 2 4 3 2 

111 2 2 2 2 2 4 2 4 4 2 4 4 2 2 4 4 4 

112 4 2 4 2 4 4 2 3 4 3 4 4 2 2 4 2 2 

113 4 2 4 3 4 4 2 3 5 2 4 3 2 4 4 4 4 

114 4 2 4 3 2 2 4 4 4 4 4 4 4 4 4 4 4 

115 4 2 4 2 4 4 2 2 2 4 2 4 4 4 4 4 2 

116 3 4 4 2 4 2 4 4 4 4 4 4 4 4 4 4 4 

117 4 2 4 2 4 2 2 4 4 2 4 3 2 4 4 3 4 

118 4 3 4 2 4 2 4 4 4 2 2 2 4 4 4 4 4 

119 4 2 4 3 4 2 2 4 2 2 2 4 2 3 4 2 4 

120 4 2 4 4 4 2 4 4 5 2 4 4 2 4 4 4 4 

121 4 2 3 3 5 4 4 4 4 2 4 4 4 4 4 4 4 

122 4 4 4 3 2 4 3 4 4 3 4 4 4 4 4 2 4 

123 4 2 4 3 4 2 2 4 4 2 2 4 2 4 4 2 4 

124 4 2 4 4 4 2 2 4 4 2 4 4 2 4 4 4 2 

125 4 4 4 3 4 4 2 4 4 3 4 4 4 4 4 4 4 

126 4 4 4 3 4 4 4 4 4 2 2 4 2 4 4 3 4 

127 2 2 4 3 4 4 2 4 2 2 2 4 2 4 4 4 4 

128 4 4 4 3 4 4 2 4 4 2 4 4 2 4 4 4 4 

129 4 2 2 2 4 2 4 4 4 2 4 2 2 2 4 4 4 

130 2 4 4 4 4 4 4 4 2 2 4 4 2 4 4 4 4 

131 4 4 4 3 4 4 2 4 4 4 4 4 4 4 4 4 4 

132 4 4 4 3 4 2 2 4 5 2 4 4 2 5 4 4 4 

133 4 2 2 2 2 4 4 4 4 2 4 4 2 4 4 4 4 

134 4 2 3 2 4 2 4 4 4 2 4 4 2 4 4 4 2 

135 2 2 2 2 4 2 2 4 2 2 2 4 2 4 4 4 4 

136 4 4 4 3 4 4 4 4 4 2 4 4 2 4 4 4 4 

137 4 4 2 3 4 4 3 4 4 2 4 4 2 4 4 4 2 

138 4 2 4 3 4 4 4 4 4 4 4 4 2 4 4 4 4 

Ref. code: 25615822300462VQH
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Case AOM AOW EXC EDU JRN JSN NSF SBT STP SMK SOT TPM WGT WBV WBS WEP WKH 

139 4 4 4 3 4 2 2 4 4 2 4 4 4 4 4 4 4 

140 4 4 4 3 4 4 4 4 4 3 2 4 2 2 4 4 2 

141 4 4 4 3 2 2 2 4 4 2 4 4 2 3 4 4 2 

142 4 2 4 3 4 4 4 4 2 2 4 4 4 2 4 4 4 

143 2 4 4 3 4 4 2 4 4 2 4 4 4 4 4 4 4 

144 4 2 2 3 4 3 4 4 2 4 4 4 2 4 4 4 4 

145 4 2 4 2 4 4 2 2 4 2 4 4 2 4 4 4 4 

146 4 4 4 4 4 4 2 4 4 2 4 4 4 4 4 4 4 

147 4 2 4 3 4 4 2 2 4 4 4 3 2 2 4 4 4 

148 4 2 4 3 4 4 4 4 4 2 3 4 2 2 4 4 4 

149 2 2 4 4 4 4 2 4 4 2 4 4 2 2 4 4 4 

Ref. code: 25615822300462VQH
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Appendix F 

Standardized Score (Z scores) 

Case ZAOM ZAOW ZEXC ZEDU ZJRN ZJSN ZNSF ZSBT ZSTP ZSMK ZSOT ZTPM ZWGT ZWBV ZWBS ZWEP ZWKH 

1 1.5 0.7 0.7 -0.1 0.5 0.7 0.8 -3.0 1.2 0.3 0.3 0.1 1.2 1.4 0.1 0.2 0.2 

2 0.3 0.7 -1.6 -1.1 0.5 0.7 -0.1 0.4 1.2 1.3 0.3 -1.4 -0.8 1.4 0.1 0.2 1.2 

3 0.3 0.7 0.7 1.0 0.5 1.7 0.8 0.4 1.2 1.3 0.3 0.1 -0.8 0.3 1.8 -1.1 1.2 

4 -2.0 -1.1 -0.5 -1.1 0.5 -1.3 0.8 -1.9 -0.1 -0.8 1.5 1.6 -0.8 0.3 -3.2 1.6 0.2 

5 0.3 0.7 -0.5 1.0 -1.8 0.7 0.8 0.4 -0.1 1.3 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

6 0.3 -0.2 0.7 1.0 0.5 -1.3 -1.0 -1.9 -0.1 1.3 -0.9 0.1 0.2 0.3 0.1 1.6 0.2 

7 0.3 0.7 0.7 1.0 1.6 -0.3 1.7 0.4 1.2 -0.8 0.3 0.1 1.2 1.4 0.1 0.2 1.2 

8 0.3 0.7 -0.5 1.0 1.6 -0.3 0.8 -0.7 -0.1 -0.8 0.3 0.1 1.2 0.3 1.8 -1.1 1.2 

9 1.5 1.6 -0.5 -1.1 0.5 0.7 1.7 -0.7 1.2 0.3 1.5 0.1 2.2 1.4 1.8 1.6 1.2 

10 0.3 0.7 -0.5 -2.2 0.5 0.7 -1.0 -1.9 1.2 1.3 0.3 1.6 1.2 1.4 1.8 -1.1 0.2 

11 0.3 1.6 0.7 1.0 -0.7 -2.3 -1.0 1.6 -0.1 -1.8 0.3 0.1 2.2 1.4 1.8 0.2 1.2 

12 0.3 0.7 -1.6 1.0 -1.8 0.7 0.8 -0.7 1.2 1.3 -2.1 0.1 1.2 -0.9 0.1 -1.1 1.2 

13 0.3 0.7 1.8 1.0 1.6 1.7 0.8 1.6 -0.1 2.4 1.5 1.6 1.2 0.3 0.1 1.6 1.2 

14 -0.8 0.7 0.7 1.0 0.5 -1.3 -1.0 0.4 1.2 -0.8 1.5 0.1 1.2 0.3 0.1 0.2 1.2 

15 1.5 0.7 -0.5 2.1 1.6 0.7 1.7 -0.7 -0.1 0.3 0.3 0.1 2.2 1.4 1.8 0.2 1.2 

16 0.3 0.7 0.7 1.0 -1.8 0.7 -1.0 0.4 -0.1 0.3 0.3 0.1 -0.8 0.3 -1.5 0.2 0.2 

17 1.5 1.6 -0.5 -0.1 0.5 1.7 1.7 1.6 1.2 1.3 1.5 0.1 0.2 0.3 -1.5 -1.1 1.2 

18 1.5 1.6 -0.5 1.0 0.5 0.7 1.7 -0.7 1.2 0.3 1.5 0.1 0.2 1.4 0.1 1.6 -0.9 

19 0.3 0.7 -0.5 1.0 0.5 0.7 -0.1 0.4 -1.4 1.3 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

20 0.3 -0.2 0.7 1.0 -0.7 0.7 -1.0 0.4 -0.1 0.3 0.3 0.1 0.2 0.3 0.1 0.2 -0.9 

21 1.5 1.6 1.8 2.1 1.6 -0.3 -0.1 0.4 1.2 2.4 1.5 1.6 0.2 0.3 0.1 1.6 1.2 

22 1.5 1.6 -1.6 2.1 1.6 -1.3 -1.0 -1.9 1.2 0.3 0.3 0.1 1.2 0.3 1.8 0.2 1.2 

23 1.5 1.6 0.7 -0.1 -0.7 0.7 -1.0 0.4 1.2 0.3 0.3 0.1 -0.8 1.4 0.1 0.2 0.2 

Ref. code: 25615822300462VQH
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Case ZAOM ZAOW ZEXC ZEDU ZJRN ZJSN ZNSF ZSBT ZSTP ZSMK ZSOT ZTPM ZWGT ZWBV ZWBS ZWEP ZWKH 

24 1.5 0.7 0.7 1.0 0.5 -0.3 -1.0 0.4 1.2 0.3 -0.9 0.1 1.2 0.3 0.1 0.2 0.2 

25 1.5 1.6 -1.6 1.0 -1.8 -1.3 -1.0 0.4 1.2 1.3 0.3 0.1 -0.8 1.4 -3.2 0.2 0.2 

26 -0.8 -0.2 -1.6 -1.1 -1.8 0.7 0.8 0.4 -2.7 1.3 0.3 -2.9 1.2 0.3 0.1 0.2 0.2 

27 -2.0 0.7 0.7 1.0 -1.8 0.7 0.8 -0.7 -0.1 0.3 0.3 1.6 1.2 0.3 0.1 0.2 1.2 

28 -0.8 0.7 0.7 1.0 -0.7 0.7 -1.0 1.6 -1.4 -0.8 1.5 1.6 -0.8 0.3 0.1 1.6 -0.9 

29 1.5 0.7 0.7 -0.1 0.5 1.7 1.7 1.6 -0.1 -1.8 0.3 1.6 -0.8 0.3 1.8 0.2 0.2 

30 0.3 0.7 -1.6 -0.1 -0.7 -1.3 -1.0 1.6 1.2 -1.8 0.3 1.6 1.2 0.3 1.8 1.6 -2.0 

31 0.3 0.7 -1.6 -1.1 -0.7 -0.3 0.8 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 -1.1 0.2 

32 0.3 0.7 -1.6 1.0 0.5 -1.3 0.8 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

33 0.3 0.7 0.7 2.1 0.5 0.7 -0.1 -0.7 -1.4 1.3 0.3 1.6 -0.8 0.3 0.1 1.6 -0.9 

34 -0.8 0.7 0.7 -0.1 0.5 -1.3 0.8 -0.7 -0.1 0.3 -0.9 -1.4 0.2 0.3 0.1 -1.1 0.2 

35 -2.0 0.7 0.7 1.0 -0.7 0.7 1.7 0.4 -0.1 1.3 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

36 0.3 0.7 -0.5 1.0 0.5 0.7 1.7 1.6 -0.1 0.3 0.3 1.6 0.2 1.4 0.1 1.6 1.2 

37 -0.8 0.7 0.7 -1.1 0.5 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

38 -0.8 0.7 -1.6 1.0 0.5 -0.3 0.8 -0.7 -0.1 1.3 -2.1 0.1 0.2 0.3 0.1 -1.1 0.2 

39 0.3 0.7 0.7 1.0 0.5 0.7 0.8 0.4 1.2 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

40 0.3 1.6 1.8 1.0 1.6 -0.3 1.7 1.6 -0.1 0.3 0.3 1.6 0.2 1.4 1.8 1.6 1.2 

41 0.3 0.7 -0.5 1.0 -0.7 1.7 -0.1 0.4 -0.1 1.3 -0.9 0.1 2.2 0.3 1.8 0.2 0.2 

42 0.3 0.7 0.7 -0.1 0.5 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

43 0.3 0.7 -1.6 1.0 -0.7 -1.3 -1.0 0.4 -0.1 1.3 0.3 -2.9 1.2 0.3 0.1 0.2 0.2 

44 -0.8 0.7 -0.5 1.0 0.5 -0.3 0.8 0.4 -0.1 0.3 0.3 0.1 0.2 0.3 0.1 0.2 0.2 

45 -0.8 -0.2 -2.7 1.0 -1.8 -1.3 -1.0 0.4 1.2 0.3 0.3 -1.4 -0.8 -0.9 0.1 -2.5 -2.0 

46 -3.1 1.6 0.7 2.1 -0.7 0.7 1.7 0.4 1.2 1.3 0.3 0.1 2.2 1.4 -3.2 0.2 0.2 

47 -0.8 -1.1 0.7 -1.1 0.5 0.7 -1.0 -1.9 -2.7 1.3 0.3 0.1 -0.8 0.3 0.1 0.2 -2.0 

48 1.5 1.6 0.7 -0.1 -1.8 -1.3 -0.1 -3.0 1.2 -1.8 -2.1 -2.9 -0.8 1.4 -3.2 1.6 0.2 

49 0.3 -1.1 0.7 2.1 0.5 -1.3 0.8 -1.9 -1.4 -0.8 -2.1 -2.9 1.2 0.3 -3.2 0.2 1.2 

50 0.3 -0.2 0.7 1.0 0.5 -1.3 0.8 -1.9 1.2 2.4 1.5 -2.9 1.2 0.3 -3.2 -2.5 0.2 

51 0.3 -1.1 0.7 1.0 0.5 -0.3 -0.1 0.4 1.2 0.3 0.3 -1.4 -0.8 0.3 0.1 1.6 -2.0 

52 -2.0 -1.1 0.7 -1.1 0.5 0.7 -1.0 0.4 -2.7 1.3 1.5 0.1 -0.8 0.3 0.1 0.2 0.2 

Ref. code: 25615822300462VQH
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Case ZAOM ZAOW ZEXC ZEDU ZJRN ZJSN ZNSF ZSBT ZSTP ZSMK ZSOT ZTPM ZWGT ZWBV ZWBS ZWEP ZWKH 

53 0.3 -1.1 0.7 -1.1 0.5 0.7 -1.0 -1.9 1.2 -0.8 0.3 0.1 1.2 1.4 0.1 0.2 1.2 

54 0.3 0.7 0.7 1.0 1.6 -1.3 -1.0 0.4 1.2 0.3 0.3 1.6 1.2 0.3 0.1 -2.5 1.2 

55 0.3 0.7 -0.5 -1.1 0.5 -1.3 0.8 -1.9 1.2 0.3 1.5 0.1 1.2 1.4 1.8 0.2 1.2 

56 1.5 1.6 -0.5 1.0 0.5 1.7 -1.0 0.4 1.2 1.3 1.5 1.6 -1.8 0.3 -1.5 1.6 0.2 

57 0.3 -0.2 -0.5 1.0 0.5 -1.3 0.8 -0.7 1.2 1.3 0.3 0.1 0.2 1.4 0.1 0.2 0.2 

58 -2.0 0.7 -1.6 -1.1 -1.8 -1.3 -1.9 -0.7 -0.1 1.3 0.3 1.6 1.2 -2.0 -1.5 0.2 0.2 

59 0.3 -2.0 1.8 -1.1 -1.8 -2.3 -1.9 0.4 1.2 2.4 0.3 1.6 -0.8 -2.0 0.1 -2.5 1.2 

60 0.3 1.6 0.7 -0.1 1.6 0.7 0.8 1.6 -0.1 1.3 -2.1 0.1 1.2 -2.0 1.8 1.6 1.2 

61 0.3 -2.0 -2.7 -1.1 0.5 -1.3 0.8 1.6 -0.1 -0.8 -0.9 1.6 -1.8 -0.9 -3.2 0.2 -3.1 

62 0.3 -2.0 -1.6 -1.1 0.5 0.7 0.8 0.4 1.2 0.3 -0.9 1.6 -1.8 0.3 -1.5 -1.1 0.2 

63 0.3 -1.1 -2.7 -1.1 0.5 -1.3 1.7 0.4 1.2 0.3 -0.9 1.6 -0.8 -0.9 -1.5 0.2 1.2 

64 1.5 -1.1 0.7 1.0 0.5 1.7 1.7 -3.0 -0.1 -0.8 -2.1 0.1 -0.8 0.3 0.1 0.2 1.2 

65 0.3 0.7 0.7 -0.1 -0.7 0.7 -1.0 -1.9 1.2 0.3 0.3 -1.4 -0.8 0.3 -1.5 -1.1 1.2 

66 1.5 -1.1 -1.6 -1.1 -1.8 0.7 -1.0 0.4 -0.1 -0.8 0.3 -2.9 -0.8 0.3 0.1 0.2 -2.0 

67 1.5 -1.1 -0.5 -1.1 -0.7 -1.3 0.8 -1.9 -0.1 1.3 1.5 -1.4 -0.8 -2.0 -3.2 0.2 -2.0 

68 -2.0 -1.1 -1.6 -0.1 -1.8 0.7 -1.0 -0.7 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

69 0.3 0.7 -1.6 -1.1 -0.7 -1.3 -0.1 -0.7 -0.1 -0.8 0.3 0.1 0.2 0.3 0.1 0.2 1.2 

70 -2.0 -1.1 0.7 1.0 0.5 0.7 0.8 0.4 -0.1 1.3 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

71 0.3 0.7 0.7 -1.1 0.5 -1.3 -1.0 0.4 -0.1 1.3 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

72 0.3 -0.2 0.7 -0.1 -1.8 0.7 -0.1 0.4 -0.1 1.3 0.3 0.1 1.2 -2.0 0.1 -2.5 0.2 

73 -2.0 0.7 -1.6 1.0 0.5 0.7 -1.0 -1.9 -0.1 0.3 0.3 0.1 -0.8 0.3 -1.5 -1.1 0.2 

74 0.3 -1.1 -0.5 -1.1 0.5 0.7 -0.1 0.4 -0.1 1.3 0.3 0.1 1.2 0.3 0.1 0.2 -2.0 

75 0.3 0.7 0.7 1.0 0.5 0.7 0.8 0.4 -0.1 1.3 1.5 -2.9 -0.8 -2.0 -1.5 -2.5 0.2 

76 0.3 -1.1 -0.5 -0.1 -1.8 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

77 0.3 -1.1 -1.6 -1.1 0.5 0.7 -1.0 0.4 -0.1 1.3 -0.9 0.1 -0.8 0.3 0.1 0.2 0.2 

78 0.3 -1.1 -1.6 -0.1 0.5 0.7 -1.0 0.4 1.2 0.3 0.3 0.1 -0.8 -0.9 0.1 0.2 -2.0 

79 -2.0 -1.1 0.7 -1.1 0.5 -0.3 -1.0 0.4 -0.1 -0.8 0.3 0.1 1.2 -2.0 -1.5 0.2 -2.0 

80 1.5 0.7 0.7 -1.1 0.5 -1.3 1.7 0.4 -0.1 -0.8 0.3 0.1 -0.8 1.4 0.1 0.2 0.2 

81 0.3 1.6 0.7 1.0 0.5 -1.3 -1.0 0.4 1.2 -0.8 1.5 0.1 1.2 1.4 0.1 0.2 1.2 

Ref. code: 25615822300462VQH
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Case ZAOM ZAOW ZEXC ZEDU ZJRN ZJSN ZNSF ZSBT ZSTP ZSMK ZSOT ZTPM ZWGT ZWBV ZWBS ZWEP ZWKH 

82 -2.0 0.7 0.7 1.0 0.5 -0.3 0.8 -0.7 -2.7 -0.8 0.3 0.1 -0.8 -2.0 0.1 0.2 0.2 

83 0.3 -0.2 -0.5 1.0 -1.8 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

84 0.3 -1.1 -1.6 -1.1 -1.8 0.7 -1.0 -1.9 -0.1 0.3 0.3 0.1 -0.8 0.3 0.1 0.2 -2.0 

85 0.3 -0.2 0.7 1.0 0.5 0.7 0.8 -1.9 -0.1 0.3 0.3 0.1 -0.8 0.3 0.1 -1.1 0.2 

86 0.3 0.7 0.7 1.0 -1.8 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

87 0.3 0.7 0.7 -0.1 -1.8 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

88 0.3 -1.1 0.7 1.0 -1.8 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 -2.0 0.1 0.2 0.2 

89 0.3 -1.1 0.7 1.0 -0.7 0.7 0.8 0.4 1.2 0.3 0.3 0.1 -0.8 0.3 0.1 0.2 1.2 

90 0.3 0.7 0.7 1.0 0.5 1.7 1.7 0.4 -0.1 -0.8 -2.1 0.1 -0.8 0.3 0.1 0.2 -2.0 

91 0.3 0.7 -1.6 -1.1 0.5 0.7 1.7 0.4 -0.1 -0.8 1.5 0.1 1.2 0.3 0.1 0.2 1.2 

92 0.3 0.7 0.7 1.0 0.5 0.7 -1.0 -0.7 -0.1 -0.8 0.3 -2.9 -0.8 0.3 0.1 0.2 1.2 

93 -2.0 -1.1 0.7 1.0 0.5 0.7 0.8 -1.9 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

94 -2.0 -1.1 0.7 -1.1 0.5 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 -2.0 0.1 0.2 0.2 

95 -2.0 -1.1 0.7 -1.1 0.5 -1.3 -1.0 -1.9 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

96 -0.8 -1.1 0.7 -1.1 0.5 -1.3 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 -2.0 0.1 -2.5 0.2 

97 0.3 -0.2 -0.5 -1.1 -1.8 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

98 0.3 0.7 0.7 -1.1 0.5 -1.3 0.8 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 -2.5 0.2 

99 0.3 0.7 0.7 -1.1 -1.8 -1.3 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

100 -0.8 -1.1 0.7 -1.1 0.5 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

101 0.3 -0.2 -1.6 -1.1 0.5 -1.3 -1.0 0.4 -0.1 -0.8 -2.1 0.1 -0.8 -2.0 0.1 0.2 0.2 

102 0.3 -0.2 -1.6 -1.1 -1.8 -1.3 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

103 -2.0 -1.1 -0.5 -1.1 0.5 -1.3 0.8 0.4 -0.1 -0.8 -2.1 0.1 0.2 0.3 0.1 -2.5 0.2 

104 0.3 0.7 -1.6 -1.1 0.5 -1.3 -1.0 0.4 -0.1 -0.8 -2.1 0.1 1.2 0.3 0.1 0.2 0.2 

105 -0.8 -1.1 0.7 -1.1 0.5 0.7 -1.0 -1.9 -0.1 -0.8 -2.1 0.1 -0.8 -2.0 0.1 0.2 -2.0 

106 0.3 0.7 0.7 -1.1 0.5 0.7 -1.0 0.4 -0.1 -0.8 -2.1 0.1 -0.8 0.3 0.1 0.2 -2.0 

107 0.3 -1.1 0.7 -1.1 0.5 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 -2.0 0.1 0.2 -2.0 

108 -2.0 -1.1 -1.6 -1.1 0.5 -1.3 -1.0 0.4 -0.1 -0.8 -2.1 0.1 -0.8 -2.0 0.1 0.2 0.2 

109 0.3 -1.1 0.7 -1.1 -1.8 0.7 -0.1 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

110 0.3 -1.1 0.7 -1.1 -1.8 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 -2.0 0.1 -1.1 -2.0 
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Case ZAOM ZAOW ZEXC ZEDU ZJRN ZJSN ZNSF ZSBT ZSTP ZSMK ZSOT ZTPM ZWGT ZWBV ZWBS ZWEP ZWKH 

111 -2.0 -1.1 -1.6 -1.1 -1.8 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 -2.0 0.1 0.2 0.2 

112 0.3 -1.1 0.7 -1.1 0.5 0.7 -1.0 -0.7 -0.1 0.3 0.3 0.1 -0.8 -2.0 0.1 -2.5 -2.0 

113 0.3 -1.1 0.7 -0.1 0.5 0.7 -1.0 -0.7 1.2 -0.8 0.3 -1.4 -0.8 0.3 0.1 0.2 0.2 

114 0.3 -1.1 0.7 -0.1 -1.8 -1.3 0.8 0.4 -0.1 1.3 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

115 0.3 -1.1 0.7 -1.1 0.5 0.7 -1.0 -1.9 -2.7 1.3 -2.1 0.1 1.2 0.3 0.1 0.2 -2.0 

116 -0.8 0.7 0.7 -1.1 0.5 -1.3 0.8 0.4 -0.1 1.3 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

117 0.3 -1.1 0.7 -1.1 0.5 -1.3 -1.0 0.4 -0.1 -0.8 0.3 -1.4 -0.8 0.3 0.1 -1.1 0.2 

118 0.3 -0.2 0.7 -1.1 0.5 -1.3 0.8 0.4 -0.1 -0.8 -2.1 -2.9 1.2 0.3 0.1 0.2 0.2 

119 0.3 -1.1 0.7 -0.1 0.5 -1.3 -1.0 0.4 -2.7 -0.8 -2.1 0.1 -0.8 -0.9 0.1 -2.5 0.2 

120 0.3 -1.1 0.7 1.0 0.5 -1.3 0.8 0.4 1.2 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

121 0.3 -1.1 -0.5 -0.1 1.6 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

122 0.3 0.7 0.7 -0.1 -1.8 0.7 -0.1 0.4 -0.1 0.3 0.3 0.1 1.2 0.3 0.1 -2.5 0.2 

123 0.3 -1.1 0.7 -0.1 0.5 -1.3 -1.0 0.4 -0.1 -0.8 -2.1 0.1 -0.8 0.3 0.1 -2.5 0.2 

124 0.3 -1.1 0.7 1.0 0.5 -1.3 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 -2.0 

125 0.3 0.7 0.7 -0.1 0.5 0.7 -1.0 0.4 -0.1 0.3 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

126 0.3 0.7 0.7 -0.1 0.5 0.7 0.8 0.4 -0.1 -0.8 -2.1 0.1 -0.8 0.3 0.1 -1.1 0.2 

127 -2.0 -1.1 0.7 -0.1 0.5 0.7 -1.0 0.4 -2.7 -0.8 -2.1 0.1 -0.8 0.3 0.1 0.2 0.2 

128 0.3 0.7 0.7 -0.1 0.5 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

129 0.3 -1.1 -1.6 -1.1 0.5 -1.3 0.8 0.4 -0.1 -0.8 0.3 -2.9 -0.8 -2.0 0.1 0.2 0.2 

130 -2.0 0.7 0.7 1.0 0.5 0.7 0.8 0.4 -2.7 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

131 0.3 0.7 0.7 -0.1 0.5 0.7 -1.0 0.4 -0.1 1.3 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

132 0.3 0.7 0.7 -0.1 0.5 -1.3 -1.0 0.4 1.2 -0.8 0.3 0.1 -0.8 1.4 0.1 0.2 0.2 

133 0.3 -1.1 -1.6 -1.1 -1.8 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

134 0.3 -1.1 -0.5 -1.1 0.5 -1.3 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 -2.0 

135 -2.0 -1.1 -1.6 -1.1 0.5 -1.3 -1.0 0.4 -2.7 -0.8 -2.1 0.1 -0.8 0.3 0.1 0.2 0.2 

136 0.3 0.7 0.7 -0.1 0.5 0.7 0.8 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

137 0.3 0.7 -1.6 -0.1 0.5 0.7 -0.1 0.4 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 -2.0 

138 0.3 -1.1 0.7 -0.1 0.5 0.7 0.8 0.4 -0.1 1.3 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

139 0.3 0.7 0.7 -0.1 0.5 -1.3 -1.0 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 
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Case ZAOM ZAOW ZEXC ZEDU ZJRN ZJSN ZNSF ZSBT ZSTP ZSMK ZSOT ZTPM ZWGT ZWBV ZWBS ZWEP ZWKH 

140 0.3 0.7 0.7 -0.1 0.5 0.7 0.8 0.4 -0.1 0.3 -2.1 0.1 -0.8 -2.0 0.1 0.2 -2.0 

141 0.3 0.7 0.7 -0.1 -1.8 -1.3 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 -0.9 0.1 0.2 -2.0 

142 0.3 -1.1 0.7 -0.1 0.5 0.7 0.8 0.4 -2.7 -0.8 0.3 0.1 1.2 -2.0 0.1 0.2 0.2 

143 -2.0 0.7 0.7 -0.1 0.5 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

144 0.3 -1.1 -1.6 -0.1 0.5 -0.3 0.8 0.4 -2.7 1.3 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

145 0.3 -1.1 0.7 -1.1 0.5 0.7 -1.0 -1.9 -0.1 -0.8 0.3 0.1 -0.8 0.3 0.1 0.2 0.2 

146 0.3 0.7 0.7 1.0 0.5 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 1.2 0.3 0.1 0.2 0.2 

147 0.3 -1.1 0.7 -0.1 0.5 0.7 -1.0 -1.9 -0.1 1.3 0.3 -1.4 -0.8 -2.0 0.1 0.2 0.2 

148 0.3 -1.1 0.7 -0.1 0.5 0.7 0.8 0.4 -0.1 -0.8 -0.9 0.1 -0.8 -2.0 0.1 0.2 0.2 

149 -2.0 -1.1 0.7 1.0 0.5 0.7 -1.0 0.4 -0.1 -0.8 0.3 0.1 -0.8 -2.0 0.1 0.2 0.2 
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Appendix G 

Measurement model result 

Computation of degrees of freedom (Default model) 

 

Number of distinct sample moments: 153 

Number of distinct parameters to be estimated: 44 

Degrees of freedom (153 - 44): 109 

Result (Default model) 

Minimum was achieved 

Chi-square = 134.797 

Degrees of freedom = 109 

Probability level = .047 

Notes for Group (Group number 1) 

The model is recursive. 

Sample size = 145 

 

CMIN 

Model NPAR CMIN DF P CMIN/DF 

Default 

model 
44.00 134.80 109.00 0.05 1.24 

Saturate

d model 
153.00 0.00 0.00 - - 

Indepen

dence 

model 

17.0 323.13 136.00 0.00 2.38 

 

RMR, GFI 

 

Model RMR GFI AGFI PGFI 

Default model 0.05 0.91 0.87 0.65 
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Model RMR GFI AGFI PGFI 

Saturated model 0.00 1.00 - - 

Independence model 0.11 0.76 0.73 0.67 

 

 

 

Baseline Comparisons 

 

Model 
NFI 

Delta

1 

RFI 

rho1 

IFI 

Delta

2 

TLI 

rho2 
CFI 

Default model 0.58 0.48 0.88 0.83 0.86 

Saturated model 1.00 - 1.00 - 1.00 

Independence model 0.00 0.00 0.00 0.00 0.00 

 

Parsimony-Adjusted Measures 

 

Model PRATIO PNFI PCFI 

Default model 0.80 0.47 0.69 

Saturated model 0.00 0.00 0.00 

Independence model 1.00 0.00 0.00 

 

NCP 

 

Model NCP LO 90 HI 90 

Default model 25.80 0.35 59.42 

Saturated model 0.00 0.00 0.00 

Independence model 187.13 138.39 243.57 

 

FMIN 

 

Model FMIN F0 LO 90 HI 90 

Default model 0.94 0.18 0.00 0.41 

Saturated model 0.00 0.00 0.00 0.00 

Independence model 2.24 1.30 0.96 1.69 

 

RMSEA 

 

Model 
RMSE

A 
LO 90 HI 90 

PCLOS

E 

Default model 0.04 0.01 0.06 0.75 

Independence model 0.10 0.08 0.11 0.00 
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Appendix H 

Best fit model result 

Computation of degrees of freedom (Default model) 

Number of distinct sample moments: 153 

Number of distinct parameters to be estimated: 44 

Degrees of freedom (153 - 44):109 

Result (Default model) 

Minimum was achieved 

Chi-square = 124.571 

Degrees of freedom = 109 

Probability level = .146 

 

CMIN 

 

Model NPAR CMIN DF P CMIN/DF 

Default model 44.00 124.57 109.00 0.14 1.14 

Saturated model 153.00 0.00 0.00 - - 

Independence model 17.00 323.13 136.00 0.00 2.38 

 

RMR, GFI 

 

Model RMR GFI AGFI PGFI 

Default model 0.05 0.91 0.88 0.65 

Saturated model 0.00 1.00 - - 

Independence model 0.11 0.76 0.73 0.67 

 

Baseline Comparisons 

 

Model 
NFI 

Delta

1 

RFI 

rho1 

IFI 

Delta

2 

TLI 

rho2 
CFI 

Default model 0.61 0.52 0.93 0.90 0.92 
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Model 
NFI 

Delta

1 

RFI 

rho1 

IFI 

Delta

2 

TLI 

rho2 
CFI 

Saturated model 1.00 - 1.00 - 1.00 

Independence model 0.00 0.00 0.00 0.00 0.00 

 

Parsimony-Adjusted Measures 

 

Model PRATIO PNFI PCFI 

Default model 0.80 0.49 0.74 

Saturated model 0.00 0.00 0.00 

Independence model 1.00 0.00 0.00 

 

NCP 

 

Model NCP LO 90 HI 90 

Default model 15.57 0.00 47.31 

Saturated model 0.00 0.00 0.00 

Independence model 187.13 138.39 243.57 

 

FMIN 

 

Model FMIN F0 LO 90 HI 90 

Default model 0.87 0.11 0.00 0.33 

Saturated model 0.00 0.00 0.00 0.00 

Independence model 2.24 1.30 0.96 1.69 

 

RMSEA 

 

Model RMSEA LO 90 HI 90 PCLOSE 

Default model 0.03 0.00 0.06 0.89 

Independence model 0.10 0.08 0.11 0.00 
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Appendix I 

Structuaral model result 

Computation of degrees of freedom (Default model) 

Number of distinct sample moments: 153 

Number of distinct parameters to be estimated: 45 

Degrees of freedom (153 - 45): 108 

Result (Default model) 

Minimum was achieved 

Chi-square = 115.393 

Degrees of freedom = 108 

Probability level = .296 

  

 

CMIN 

Model NPAR CMIN DF P CMIN/DF 

Default model 45.00 115.39 108.00 0.30 1.07 

Saturated model 153.00 0.00 0.00 - - 

Independence model 17.00 323.13 136.00 0.00 2.38 

 

RMR, GFI 

Model RMR GFI AGFI PGFI 

Default model 0.05 0.92 0.89 0.65 

Saturated model 0.00 1.00 - - 

Independence model 0.11 0.76 0.73 0.67 

 

Baseline Comparisons 

Model 
NFI 

Delta

1 

RFI 

rho1 

IFI 

Delta

2 

TLI 

rho2 
CFI 

Default model 0.64 0.55 0.97 0.95 0.96 

Saturated model 1.00 - 1.00 - 1.00 

Independence model 0.00 0.00 0.00 0.00 0.00 
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Parsimony-Adjusted Measures 

Model PRATIO PNFI PCFI 

Default model 0.79 0.51 0.76 

Saturated model 0.00 0.00 0.00 

Independence model 1.00 0.00 0.00 

 

NCP 

Model NCP LO 90 HI 90 

Default model 7.39 0.00 37.42 

Saturated model 0.00 0.00 0.00 

Independence model 187.13 138.39 243.57 

 

FMIN 

Model FMIN F0 LO 90 HI 90 

Default model 0.80 0.05 0.00 0.26 

Saturated model 0.00 0.00 0.00 0.00 

Independence model 2.24 1.30 0.96 1.69 

 

RMSEA 

Model RMSEA LO 90 HI 90 PCLOSE 

Default model 0.02 0.00 0.05 0.96 

Independence model 0.10 0.08 0.11 0.00 
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Appendix J 

SD Equations of dynamic model of LBP prevention index 

 

A_stock(t)   = A_stock(t - dt) + (A_add_increase) * dt 

INIT A_stock   = 0 

 

INFLOWS: 

A_add_increase  = AAHOs 

B_stock(t)  = B_stock(t - dt) + (B_add_increase) * dt 

INIT B_stock   = 0 

 

INFLOWS: 

B_add_increase = ABHOs 

C_stock(t)   = C_stock(t - dt) + (C_add_increase) * dt 

INIT C_stock   = 0 

 

INFLOWS: 

C_add_increase  = ACHOs 

ESB(t)   = ESB(t - dt) + (IESB - EB - SB) * dt 

INIT ESB   = 0 

 

INFLOWS: 

IESB    = LT 

 

OUTFLOWS: 

EB    = PSR*SRBR 

SB    = IF(ESB>RBSS)THEN RBSS ELSE ROUND((ESB/PSS)-

0.5)*PSS 

Init_chances(t)  = Init_chances(t - dt) 

INIT Init_chances  = Tot_C_chcnace 

LAT(t)   = LAT(t - dt) + (Leftover_increasing - additional_train_budget 

- LT) * dt 

INIT LAT   = 0 

 

INFLOWS: 

Leftover_increasing  = ((TSBT)-

(A_budget_spend_for_training+B_Budget_spend_for_training+C_Budget_spend_for

_training)) 

 

OUTFLOWS: 

additional_train_budget = Tot_extra_cost 

LT    = IF (Check_seat_and_equip= 4 AND Tot_extra_cost=0) 

THEN LAT ELSE IF (Check_seat_and_equip=4 AND (LAT-Tot_extra_cost)>0) 

THEN (LAT-Tot_extra_cost) ELSE 0 

Max_JRF(t)  = Max_JRF(t - dt) + (JRF_increase) * dt 
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INIT Max_JRF  = 0 

 

INFLOWS: 

JRF_increase  = IF DeltaJRF>Max_JRF THEN DeltaJRF ELSE 0 

Max_ORF(t)   = Max_ORF(t - dt) + (ORF_increase) * dt 

INIT Max_ORF  = 0 

 

INFLOWS: 

ORF_increase   = IF DelataORF>Max_ORF THEN DelataORF ELSE 0 

Max_PNF(t)   = Max_PNF(t - dt) + (PNF_increase) * dt 

INIT Max_PNF  = 0 

 

INFLOWS: 

PNF_increase   = IF DeltaPNF>Max_PNF THEN DeltaPNF ELSE 0 

Max_SCF(t)   = Max_SCF(t - dt) + (SCF_increase) * dt 

INIT Max_SCF  = 0 

 

INFLOWS: 

SCF_increase   = IF DelataSCF>Max_SCF THEN DelataSCF ELSE 0 

NCSs(t)   = NCSs(t - dt) + (- suspension_seats_buying_rate) * dt 

INIT NCSs   = 200 

 

OUTFLOWS: 

suspension_seats_buying_rate = NSSs 

Normal_A_Pop(t)  = Normal_A_Pop(t - dt) + (Deduct_Over_A + A_normal_new) 

* dt 

INIT Normal_A_Pop  = 451 

 

INFLOWS: 

Deduct_Over_A  = ROUND(0.2159*Over_A_pop) 

A_normal_new = 

ROUND(New_A_per_year*0.6629+New_A_per_year*0.2022*0.2159) 

Normal_B_pop(t)  = Normal_B_pop(t - dt) + (Deduct_over_B + B_normal_new) 

* dt 

INIT Normal_B_pop  = 0.6667*112 

 

INFLOWS: 

Deduct_over_B  = 0.25*Over_B_pop 

B_normal_new  = New_B_per_year*0.6667+New_B_per_year*0.1333*0.25 

Normal_C_pop(t)  = Normal_C_pop(t - dt) + (Deduct_over_C + C_under_new) * 

dt 

INIT Normal_C_pop  = 0*8 

 

INFLOWS: 

Deduct_over_C  = 0.25*Over_C_pop 

C_under_new   = New_C_per_year*0 

NPEXR(t)   = NPEXR(t - dt) + (- never_reduction_rate) * dt 
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INIT NPEXR   = 83.81/100 

 

OUTFLOWS: 

never_reduction_rate  = (NPEXR*TR) 

NSOs(t)   = NSOs(t - dt) + (- DNSOs) * dt 

INIT NSOs   = Initial_operators 

 

OUTFLOWS: 

DNSOs   = (AAHOs+ABHOs+ACHOs)*2 

NSR(t)   = NSR(t - dt) + (INSR) * dt 

INIT NSR   = 0 

 

INFLOWS: 

INSR    = SRBR 

NSS(t)   = NSS(t - dt) + (suspension_seats_buying_rate) * dt 

INIT NSS   = 0 

 

INFLOWS: 

suspension_seats_buying_rate = NSSs 

Obese_A_pop(t)  = Obese_A_pop(t - dt) + (A_obese_new - Deduct_obese_A) * 

dt 

INIT Obese_A_pop  = 69 

 

INFLOWS: 

A_obese_new   = ROUND(New_A_per_year*0.1011*(1-0.1896)) 

 

OUTFLOWS: 

Deduct_obese_A  = ROUND(0.1896*Obese_A_pop) 

Obese_B_Pop(t)  = Obese_B_Pop(t - dt) + (B_obese_new - Deduct_obese_B) * 

dt 

INIT Obese_B_Pop  = 0*112 

 

INFLOWS: 

B_obese_new   = 0*New_B_per_year 

 

OUTFLOWS: 

Deduct_obese_B  = 0.11*Obese_B_Pop 

Obese_C_pop(t)  = Obese_C_pop(t - dt) + (C_obse_new - Deduct_obese_C) * dt 

INIT Obese_C_pop  = 0*8 

 

INFLOWS: 

C_obse_new   = New_C_per_year*0 

 

OUTFLOWS: 

Deduct_obese_C  = 0.25*Obese_C_pop 

Over_A_pop(t)  = Over_A_pop(t - dt) + (Deduct_obese_A + A_over_new - 

Deduct_Over_A) * dt 
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INIT Over_A_pop  = 137 

 

INFLOWS: 

Deduct_obese_A  = ROUND(0.1896*Obese_A_pop) 

A_over_new   = ROUND(New_A_per_year*0.2022*(1-

0.2159)+New_A_per_year*0.1011*0.1896) 

 

OUTFLOWS: 

Deduct_Over_A  = ROUND(0.2159*Over_A_pop) 

Over_B_pop(t)  = Over_B_pop(t - dt) + (Deduct_obese_B + B_over_new - 

Deduct_over_B) * dt 

INIT Over_B_pop  = 0.1333*112 

 

INFLOWS: 

Deduct_obese_B  = 0.11*Obese_B_Pop 

B_over_new   = New_B_per_year*0.1333*0.75 

 

OUTFLOWS: 

Deduct_over_B  = 0.25*Over_B_pop 

Over_C_pop(t)  = Over_C_pop(t - dt) + (Deduct_obese_C + C_over_new - 

Deduct_over_C) * dt 

INIT Over_C_pop  = 0*8 

 

INFLOWS: 

Deduct_obese_C  = 0.25*Obese_C_pop 

C_over_new   = New_C_per_year*0 

 

OUTFLOWS: 

Deduct_over_C  = 0.25*Over_C_pop 

RGJOSP(t)   = RGJOSP(t - dt) + (R_decrease) * dt 

INIT RGJOSP  = Good_population 

 

INFLOWS: 

R_decrease   = IF (RMJOSP<0.05) THEN (RRJOSP*S_Rate) ELSE 0 

RMJOSP(t)   = RMJOSP(t - dt) + (- M_decrease) * dt 

INIT RMJOSP  = Moderate_population 

 

OUTFLOWS: 

M_decrease   = RMJOSP*S_Rate 

RPEXR(t)   = RPEXR(t - dt) + (increasing_regular) * dt 

INIT RPEXR   = 4.76/100 

 

INFLOWS: 

increasing_regular  = decreasing_sometimes 

RRJOSP(t)   = RRJOSP(t - dt) + (M_decrease - R_decrease) * dt 

INIT RRJOSP  = Reasonable_population 
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INFLOWS: 

M_decrease   = RMJOSP*S_Rate 

 

OUTFLOWS: 

R_decrease   = IF (RMJOSP<0.05) THEN (RRJOSP*S_Rate) ELSE 0 

SOs(t)    = SOs(t - dt) + (ISOs) * dt 

INIT SOs   = 0 

 

INFLOWS: 

ISOs    = (AAHOs+ABHOs+ACHOs)*3+NHOs 

SPEXR(t)   = SPEXR(t - dt) + (increasing_sometimes - 

decreasing_sometimes) * dt 

INIT SPEXR   = 11.43/100 

 

INFLOWS: 

increasing_sometimes = IF(NPEXR>0.05) THEN never_reduction_rate ELSE 0 

 

OUTFLOWS: 

decreasing_sometimes = IF (NPEXR<0.05) THEN (SPEXR*TR) ELSE 0 

SR(t)    = SR(t - dt) + (SRBR) * dt 

INIT SR   = 200 

 

INFLOWS: 

SRBR    = IF(EBY=0 )THEN(ROUND((ESB/PSR)-0.5))ELSE(0) 

Trained_workers_A(t) = Trained_workers_A(t - dt) + (STA) * dt 

INIT Trained_workers_A = 0 

 

INFLOWS: 

STA    = IF (TY=0) THEN (IF (ROUND (TPA)>ROUND ((TSBT 

/ATCPP)) -0.5) THEN (ROUND 

((TSBT /ATCPP)-0.5)) ELSE (ROUND (TPA))) ELSE (0) 

Trained_workers_B(t) = Trained_workers_B(t - dt) + (STB) * dt 

INIT Trained_workers_B = 0 

 

INFLOWS: 

STB    = IF (TY=2) THEN (IF (ROUND (TPB)>ROUND ((TSBT 

/BTCPP) -0.5)) THEN (ROUND 

((TSBT /BTCPP)-0.5)) ELSE (ROUND (TPB))) ELSE (0) 

Trained_workers_C(t) = Trained_workers_C(t - dt) + (STC) * dt 

INIT Trained_workers_C = 0 

 

INFLOWS: 

STC    = IF (TY=1) THEN (IF (ROUND (TPC)>ROUND 

((TSBT/CTCPO))-0.5) THEN (ROUND 

(TSBT/CTCPO)-0.5) ELSE (ROUND (TPC))) ELSE (0) 
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AAHOs   = ROUND((BHAOs/(WHRA*WEPerYear))) 

ABC_detect   = MOD(counter_y,3) 

ABHOs   = ROUND((BHBOs/(WHRB*WEPerYear))) 

ACHOs   = ROUND((BHCOs/(WHRC*WEPerYear))) 

addictional_B_train_budget = IF B_Extra_cost>0 THEN (IF (LAT>B_Extra_cost) 

THEN (B_Extra_cost) ELSE LAT) ELSE 0 

additional_A_train_budget = IF A_extra_cost>0 THEN (IF (LAT>A_extra_cost) 

THEN (A_extra_cost) ELSE LAT) ELSE 0 

additional_C_train_budget = IF C_extra_cost>0 THEN (IF (LAT>C_extra_cost) 

THEN (C_extra_cost) ELSE LAT) ELSE 0 

additional_tot   = AAHOs+ABHOs+ACHOs 

Annual_Improved_chances = IF (counter_y>1) THEN ((Init_chances-

Tot_C_chcnace)/counter_y ) ELSE 0 

APop     = A_stock+AAHOs+A_operators 

APopR   = APop/Tot_op 

ATCPP   = 100*TAIR 

A_budget_spend_for_training = STA*ATCPP 

A_EDU  = 

(HAEDU*CHEDU)+(LAEDU*CLEDU)+(CMEDU*NMAEDU) 

A_extra_cost   = If TY=0 THEN (IF(TSBT>A_min_budget) THEN 0 ELSE 

(A_min_budget-TSBT)) ELSE 0 

A_initial_pop  = ROUND(Initial_operators*.85) 

A_min_budget  = (MIN(Minimum_train_A_portion,TPA))*ATCPP 

A_normal_initial  = ROUND(0.6629*680) 

A_obese_initial  = ROUND(0.1011*680) 

A_operators   = 

ROUND(A_initial_pop*(Net_Hireing_and_turnover_A+1)^(counter_y-1)) 

A_operator_adjust  = 

ROUND(A_initial_pop*(Net_Hireing_and_turnover_A+1)^(counter_y)) 

A_over_initial  = ROUND(0.2022*680) 

BHAOs   = IF (SBT>RMHAOs) THEN RMHAOs ELSE SBT 

BHBOs   = IF (LHAOs>RMHBOs) THEN RMHBOs ELSE LHAOs 

BHCOs   = IF (LHBOs>RMHCOs) THEN RMHCOs ELSE LHBOs 

BHHEOs   = 

(AAHOs*WHRA+ABHOs*WHRB+ACHOs*WHRC)*WEPerYear 

BPop     = B_stock+ABHOs+B_operators 

BPopR   = BPop/Tot_op 

BTCPP   = 127*TBIR 

Budget_for_replece_existing_suspension_seats = PSS*NSS*SBY 

Bud_check   = IF (IntSBT>0) THEN 1 ELSE 0 

Bud_check_3   = IF (IntSBT>0) THEN 1 ELSE 0 

B_Budget_spend_for_training = STB*BTCPP 

B_EDU   = 

(HBEDU*CHEDU)+(LBEDU*CLEDU)+(CMEDU*NMBEDU) 

B_Extra_cost   = If TY=2 THEN (IF(TSBT>B_Min_budget) THEN 0 ELSE 

(B_Min_budget-TSBT)) ELSE 0 

B_initial_pop   = ROUND(Initial_operators*.14) 
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B_Min_budget  = (MIN(minimum__train_B_portion,TPB))*BTCPP 

B_opeator_adjust = 

ROUND(B_initial_pop*(Net_Hieing_and_turnover_B+1)^(counter_y)) 

B_operators   = 

ROUND(B_initial_pop*(Net_Hieing_and_turnover_B+1)^(counter_y-1)) 

CAOM   = (((1 -NSRR) *63) + (NSRR*30.40)) *1000 

CAOW   =  ((48* APopR) + (54* BPopR) + (50* CPopR)) *1000 

CEQF    = (CAOM+CSOT+CSTP)*(1/3) 

CEXR     = ((50*RPEXR) + (70*SPEXR) + (82*NPEXR)) *1000 

check2   = Init_chances-Tot_C_chcnace 

CheckTrain   = ( IF (ABC_detect=1) THEN Check_C ELSE IF 

ABC_detect=2 THEN Check_B ELSE IF (ABC_detect=0) THEN Check_A 

ELSE 0)*1000 

Check_A   = IF((STA>DELAY(APop,3,0)) AND counter_y>3)THEN 

0.304 ELSE 0.63 

Check_B  = IF((STB>DELAY(BPop,3,0)) AND counter_y>2)THEN 

0.304 ELSE 0.63 

Check_C   = IF((STC>DELAY(CPop,3,0)) AND counter_y>1)THEN 

0.304 ELSE 0.63 

Check_JOR_NSF_&_WOH = (IF (Tot_op = SOs) THEN 0.304 ELSE 0.63)*1000*3 

Check_machine  = (IF (SR = NSR) THEN 0.304 ELSE 0.63)*1000 

Check_seat   = (IF (NSS = Total_seats) THEN 0.304 ELSE 0.63)*1000 

Check_seat_and_equip = MOD(counter_y,5) 

Check_train   = IF (STA>0 OR STB >0 OR STC>0) THEN 1 ELSE 0 

Check_train_3  = IF (STA=(TPA+TPB+TPC) OR STB =(TPA+TPB+TPC) 

OR STC=(TPA+TPB+TPC)) THEN 1 ELSE 0 

CHEDU   = 0.415 

CJOR     = ((80* RNSOs) + (1 -RNSOs*40)) * 1000 

CJRF     = (CEXR+CJOR+CNSF)*(1/3) 

CLEDU   = 0.646 

CLWHO   = 0.488 

CMEDU   = 0.458 

CMWHO   = 0.512 

CNSF     = ((42* RNSOs)+ (1 -RNSOs*21.5) )* 1000 

CORF     = (CTPM+CVST+CWEP)*(1/3) 

counter_y  = COUNTER(1,201) 

CPNF     = (CAOW+CWGT+CWHO)*(1/3) 

CPop     = C_stock+ACHOs+C_operators 

CPopR   = CPop/Tot_op 

CSCF     = (EDU+JOS+CSMK)*(1/3) 

CSMK   = (((((1-RAPSMK)*0.4313)+(RAPSMK*0.5714)+((1-

RBPSMK)*0.4313)+(RBPSMK*0.5714)+((1-

RCPSMK)*0.4313)+(RCPSMK*0.5714))*1000)) 

CSOT     = 630 

CSR     = NCSs/ (NCSs+NSS) 

CSTP     = ((30.4* (1 -CSR)) + (63*CSR)) *1000 

CTCPO   = 100*TCIR 
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CTPM    =  (( (1-TR)*63)  + ((1-TR)*48))*1000  

cussion_seats_ratio = NCSs/Total_seats 

CVST     = ((Check_JOR_NSF_&_WOH   + CheckTrain+ Check_seat+ 

Check_machine) 

*1000)/6 

CWEP   = (55.60*RLWEP+44.3*RMWEP) *1000 

CWGT   = (((40.63*PNWGTR) + (58.62*PBWGTR) + (50*POWGTR) 

+ (100*PUWGTR))) *1000 

CWHO   =  (CMWHO*RNSOs) + (CLWHO*(1-RNSOs))*1000 

C_Budget_spend_for_training = STC*CTCPO 

C_EDU   = 

(CHEDU*HCEDU)+(CLEDU*LCEDU)+(CMEDU*NMCEDU) 

C_extra_cost   = If TY=1 THEN (IF(TSBT>C_Min_budget) THEN 0 ELSE 

(C_Min_budget-TSBT)) ELSE 0 

C_initil_pop   = ROUND(Initial_operators*.01) 

C_Min_budget  = (MIN(minimum_train_C_portion,TPC))*CTCPO 

C_operators   = 

ROUND(C_initil_pop*(Net_Hiring_and_Turnover_C+1)^(counter_y-1)) 

C_operator_adjust = 

ROUND(C_initil_pop*(Net_Hiring_and_Turnover_C+1)^(counter_y)) 

DelataORF   = (DELAY(CORF,1)-CORF) 

DelataSCF   = (DELAY(Final_SCF,1)-Final_SCF) 

DeltaJRF   = (DELAY(Final_JRF,1)-Final_JRF) 

DeltaPNF   = (DELAY(Final_PNF,1)-Final_PNF) 

delta_JRF   = -Max_JRF 

delta_ORF   = -Max_ORF 

delta_PNF   = -Max_PNF 

delta_SCF   = -Max_SCF 

EBY     = MOD(counter_y,10) 

EDU     = (A_EDU+B_EDU+C_EDU)*1000 

EQFF     = Final_EQF*0.6536 

FCEQF   = 1000-EQFF 

FCJRF   = 1000-Final_JRF 

FCORF   = 1000-CORF 

FCPNF   = 1000-Final_PNF 

FCSCF   = 1000-Final_SCF 

Final_EQF   = CEQF+((delta_PNF)-(delta_SCF*0.2)-(delta_JRF*0.13)-

(delta_ORF*0.2)) 

Final_JRF   = IF (CJRF+((delta_PNF*0.47)))>0 THEN 

CJRF+((delta_PNF*0.47)) ELSE 0 

Final_LBP   = (FCEQF+FCJRF+FCORF+FCPNF+FCSCF)/(5) 

Final_PNF   = CPNF+(delta_ORF*0.22) 

Final_SCF   = CSCF+((delta_PNF*0.55)+(delta_JRF*0.25)) 

Good_population  = 0.28 

HAEDU   = IF (counter_y=0) THEN (1.05/100)*APopRELSE( 

(1.05/100)*APopR)+(MAEDU*(0.2/100)) 
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HBEDU   = IF (counter_y=0) THEN (0*BPopR) ELSE 

(0*BPopR+(MBEDU*(0.02/100))) 

HCEDU   = IF (counter_y=0) THEN (0*CPopR) 

ELSE(0*CPopR+(MCEDU*(0.02/100))) 

Health_index_2  = 1000-Tot_C_chcnace 

Hire_check   = IF (additional_tot>0) THEN 1 ELSE 0 

Hire_check_3   = IF (additional_tot>(RAOs)) THEN 1 ELSE 0 

HRO     = IF(0.04+((counter_y-1)*0.5/100))<1 THEN 

(0.04+((counter_y-1)*0.5/100)) ELSE 1 

improvement_increse  = DELAY(Tot_C_chcnace,1)-Tot_C_chcnace 

initial_A_pop  = 680 

initial_B_pop   = 112 

initial_C_pop   = 8 

Initial_operators = 800 

Initial_working_hours = Initial_operators*12*225 

IntSBT   = 252414 

IRSBT   = 1.02 

JOS     =  ((19.48*RGJOSP) + (25.30*RRJOSP) + (34.78*RMJOSP)) 

*1000 

JRFF     = Final_JRF*0.68027 

LAEDU   = 4.44/100*APopR 

LBEDU   = 20/100*BPopR 

LBP_prevention_index = Final_LBP 

LCEDU   = 1*CPopR 

LHAOs   = IF(SBT>BHAOs) THEN (SBT-BHAOs) ELSE 0 

LHBOs   = IF(LHAOs>BHBOs) THEN (LHAOs-BHBOs) ELSE 0 

LHCOs   = IF(LHBOs>BHCOs) THEN (LHBOs-BHCOs) ELSE 0 

LWEP    = RANDOM(0.2667,0.7333) 

LWHOs   = ROUND(Working_hours_with_12_hours/(8*225)) 

MAEDU   = 94.51/100*APopR 

Maturity_index  = IF (LBP_prevention_index<200) THEN 1 ELSE ( IF 

(LBP_prevention_index=200 OR (LBP_prevention_index> 200 AND 

LBP_prevention_index<400) )THEN 2 ELSE(  IF 

(LBP_prevention_index=400 OR (LBP_prevention_index> 400 AND 

LBP_prevention_index<600) )THEN 3  ELSE  IF 

(LBP_prevention_index=600 OR (LBP_prevention_index> 600 AND 

LBP_prevention_index<800) )THEN 4 ELSE  IF 

(LBP_prevention_index=800 OR (LBP_prevention_index> 600 AND 

(LBP_prevention_index<1000 OR LBP_prevention_index=1000) ))THEN 5 

ELSE 0)) 

MBEDU   = 80/100*BPopR 

MCEDU  = 0*CPopR 

Moderate_population = 0.07 

MWEP   = 1-LWEP 

Net_Hieing_and_turnover_B = 0.04 

Net_Hireing_and_turnover_A = 0.039 

Net_Hiring_and_Turnover_C = 0.042 
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New_A_per_year  = APop-DELAY(APop,1) 

New_B_per_year  = BPop-DELAY(BPop,1) 

New_C_per_year  = CPop-DELAY(CPop,1) 

New_replces_sus  = ROUND((Budget_for_suspension_replace/PSS)) 

new_suspension_ratio = NSS/Total_seats 

NHOs     = Operators-Initial_operators 

NMAEDU   = IF (counter_y=0) THEN MAEDU ELSE (MAEDU-

(MAEDU*(0.2/100))) 

NMBEDU   =  

IF (counter_y=0) THEN MBEDU ELSE (MBEDU-(MBEDU*(0.2/100))) 

NMCEDU   =  

IF (counter_y=0) THEN MCEDU ELSE (MCEDU-(MCEDU*(0.2/100))) 

Non_Standad_C_operators = NSOs*0.01 

Non_standard_A_Operators = NSOs*0.85 

Non_standard_B_operators = NSOs*0.14 

Normal_A_popu  = ROUND(Normal_A_Pop+A_normal_new) 

Normal_B_popu  = ROUND(Normal_B_pop+B_normal_new) 

Normal_C_popu  = ROUND(Normal_C_pop+C_under_new) 

NSRR     = NSR/(SR) 

NSSs     = ROUND ((SB/PSS)-1) 

Obese_A_popu  = ROUND(Obese_A_pop+A_obese_new) 

Obese_B_popu  = ROUND(Obese_B_Pop+B_obese_new) 

Obese_C_popu  = ROUND(Obese_C_pop+C_obse_new) 

Operators  = A_operators+B_operators+C_operators 

Over_A_popu   = ROUND(Over_A_pop+A_over_new) 

Over_B_popu   = ROUND(Over_B_pop+B_over_new) 

Over_C_popu   = ROUND(Over_C_pop+C_over_new) 

PBWGT   = Obese_A_popu+Obese_B_popu+Obese_C_popu 

PBWGTR   = PBWGT/Tot_op 

percentage_improvement = IF (counter_y>1) THEN ((Init_chances-

Tot_C_chcnace)/Init_chances) *100 ELSE 0 

PNWGT   = Normal_A_popu+Normal_B_popu+Normal_C_popu 

PNWGTR   = PNWGT/Tot_op 

POWGT   = Over_A_popu+Over_B_popu+Over_C_popu 

POWGTR   = POWGT/Tot_op 

PSR     = 100000 

PSS     = 700 

PUWGT   = Under_A_popu+Under_B_popu+Under_C_popu 

PUWGTR   = PUWGT/Tot_op 

RAAOs   =  IF RAOs=0 THEN 0 ELSE IF counter_y=1THEN 0 ELSE 

ROUND(((RAOs*0.85*HRO)+0.5)) 

RABOs   =  IF RAOs=0 THEN 0 ELSE IF counter_y=1THEN 0 ELSE 

ROUND(((RAOs*0.14*HRO))-0.5) 

RACOs   =  IF RAOs=0 THEN 0 ELSE IF counter_y=1THEN 0 ELSE 

ROUND(((RAOs*0.01*HRO))-0.5) 

RAOs     = IF((LWHOs-NSOs)>0) THEN(LWHOs-NSOs) ELSE 0 
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RAPSMK   = IF((APopR*0.2444)-Reduction_of_A)>0.015THEN 

((APopR*0.2444)-Reduction_of_A) ELSE 0.015 

RBPSMK   = IF((BPopR*0.40)-Reduction_of_B)>0.015THEN 

((BPopR*0.40)-Reduction_of_B) ELSE 0.015 

RBSS     = NCSs*PSS*SBY 

RCPSMK   =  IF((CPopR*1)-Reduction_of_C)>0.015THEN ((CPopR*1)-

Reduction_of_C) ELSE 0.015 

Reasonable_population = 0.65 

Reduction_of_A  = counter_y*0.01 

Reduction_of_B  = 0.0165*counter_y 

Reduction_of_C  = counter_y*0.0168 

Remain_after_buying_cusion = ESB-SB 

RLWEP   = LWEP/TPop 

RMHAOs   = WHRA*WEPerYear*RAAOs 

RMHBOs   = WHRB*WEPerYear*RABOs 

RMHCOs   = WHRC*WEPerYear*RACOs 

RMWEP   = MWEP/ TPop 

RNSOs   = NSOs/(NSOs+SOs) 

SBT     = (IntSBT* IRSBT) ^ (counter_y) 

SBY     = IF(EBY =5 AND MOD(counter_y,5)=0) THEN 1 

ELSE 0 

SR_check   = IF (SRBR>0) THEN 1 ELSE 0 

SR_check_3   = IF (SRBR=(SR)) THEN 1 ELSE 0 

SS_check   = IF (NSS>0) THEN 1 ELSE 0 

SS_check_3   = IF (NSS>(SR)) THEN 1 ELSE 0 

S_Rate   =  

 (Bud_check+(2*Check_train)+(3*Hire_check)+SR_check+SS_check) 

S_Rate_3   =  

 (Bud_check_3+(2*Check_train_3)+(3*Hire_check_3)+SR_check_3+SS_chec

k_3) 

TAIR     = IF TY=0 THEN 1.06 ^ROUND((counter_y/3)-0.5) ELSE 0 

TBIR     = IF TY=2 THEN 1.06 ^ROUND((counter_y/3)-0.5) ELSE 0 

TCIR     = IF TY=1 THEN 1.06 ^ROUND((counter_y/3)-0.5) ELSE 0 

Total_seats   = NSS+NCSs 

Tot_A_train_budget  = TSBT+additional_A_train_budget 

Tot_C_chcnace  = (EQFF+Final_JRF+CORF+Final_PNF+Final_SCF)/(5) 

Tot_extra_cost  = 

addictional_B_train_budget+additional_C_train_budget+additional_A_train_b

udget 

Tot_op   = NSOs+SOs 

TPAY     = IF (counter_y=3) THEN 0.54 ELSE ( IF (counter_y=6) 

THEN 0.6433 ELSE( IF(counter_y= 9) THEN 0.7711 ELSE(0.80)) ) 

TPBY     = IF (counter_y=2) THEN 0.54 ELSE ( IF (counter_y=5) 

THEN 0.6433 ELSE( IF(counter_y= 8) THEN 0.7711 ELSE(0.80)) ) 

TPCY     = IF (counter_y=1) THEN 0.54 ELSE ( IF (counter_y=4) 

THEN 0.6433 ELSE( IF(counter_y= 7) THEN 0.7711 ELSE(0.80)) ) 

TPop     = APop+BPop+CPop 
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TR     = (TTOs/Tot_op) 

TSBT     = IF (counter_y=1) THEN 0 ELSE IF(SBT-BHHEOs)<0 

THEN 0 ELSE SBT-BHHEOs 

TTOs     = 

STA+STB+STC+DELAY(STA,1)+DELAY(STC,1)+DELAY(STC,2)+DELA

Y(STA,2)+DELAY(STB,1)+DELAY(STB,2) 

TY     = MOD(counter_y,3) 

Under_A_popu  = APop-(Normal_A_popu+Obese_A_popu+Over_A_popu) 

Under_B_popu  = BPop-(Normal_B_popu+Obese_B_popu+Over_B_popu) 

Under_C_popu  = CPop-(Normal_C_popu+Obese_C_popu+Over_C_popu) 

WEPerYear   = 52 

WHRA   = 18.1 

WHRB   = 20.63 

WHRC   = 21.19 

Working_hours_with_12_hours = NSOs*225*12 
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