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Purpose - Heat stress, having caused preventable and lamentable deaths, is hazardous to construction workers in the 

hot and humid summers of Hong Kong. The purpose of this article is to develop a heat stress model, based on the Wet 

Bulb Globe Temperature (WBGT) index. 

Design/methodology/approach - Field studies were conducted during the summer time in Hong Kong (July to 

September 2010). Based upon 281 sets of synchronized meteorological and physiological data collected from 

construction workers in four different construction sites between July and September 2010, physiological, work–related, 

environmental and personal parameters were measured to construct and verify the heat stress model. 

Findings - It is found that drinking habit, age and work duration are the top three significant predictors to determine 

construction workers’ physiological responses. Other predictors include percentage of body fat, resting heart rate, air 

pollution index, WBGT, smoking habit, energy consumption, and respiratory exchange rate. The accuracy of the model 
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is verified against data which has not been used in developing the model. The accuracy of the heat stress model is 

found to be statistically acceptable (Mean Absolute Percentage Error = 5.6%, Theil's U inequality coefficients = 0.003).  

Practical implications - Based on these findings, appropriate work-rest pattern can be designed to safeguard the well 

being of workers when working in a hot and humid environment. 

Originality/value - The model reported in this paper provides a more scientific and reliable prediction of the reality 

which may benefit the industry to produce solid guidelines for working in hot weather. 
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Abstract  

Purpose - Heat stress, having caused preventable and lamentable deaths, is hazardous to construction workers in the hot 

and humid summers of Hong Kong. The purpose of this article is to develop a heat stress model, based on the Wet Bulb 

Globe Temperature (WBGT) index. 

Design/methodology/approach - Field studies were conducted during the summer time in Hong Kong (July to 

September 2010). Based upon 281 sets of synchronized meteorological and physiological data collected from construction 

workers in four different construction sites between July and September 2010, physiological, work–related, environmental 

and personal parameters were measured to construct and verify the heat stress model. 

Findings - It is found that drinking habit, age and work duration are the top three significant predictors to determine 

construction workers’ physiological responses. Other predictors include percentage of body fat, resting heart rate, air 

pollution index, WBGT, smoking habit, energy consumption, and respiratory exchange rate. The accuracy of the model is 

verified against data which has not been used in developing the model. The accuracy of the heat stress model is found to 

be statistically acceptable (Mean Absolute Percentage Error = 5.6%, Theil's U inequality coefficients = 0.003).  

Practical implications - Based on these findings, appropriate work-rest pattern can be designed to safeguard the well 

being of workers when working in a hot and humid environment. 

Originality/value - The model reported in this paper provides a more scientific and reliable prediction of the reality 

which may benefit the industry to produce solid guidelines for working in hot weather. 
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1. Introduction 

The existence of extreme hot conditions in many work environments may have a serious negative effect on the health and 



 

safety of employees (Fogleman et al, 2005). Such extreme conditions are commonly encountered in many occupational 

settings such as steel and iron manufacturing, glass factories, mining, textiles, ceramics, food canneries, and outdoor 

operations (Kähkönen et al, 1992). The construction industry involves many of these occupational settings and is found to 

be more susceptible to heat stress than other industries (JCOSH, 2001). Construction workers are subjected to heat stress 

not only from outdoor physical work but also in confined spaces which could be even worse. In Hong Kong, the incidence 

of heat stress in the construction industry has been alarming and caused a number of verifiable reported deaths which 

suggest that heat stress was the probable causal factor (Apply Daily, 2007-2010). These incidents have drawn the attention 

of the government, statutory bodies and the industry to investigate the health and safety problem of working in hot weather. 

The Construction Industry Council (CIC), which is a statutory coordinating body encompassing all key sectors in the 

construction industry of Hong Kong, has set up a Task Force on Working in Hot Weather and has promulgated a set of 

guidelines on preventing heat stress. Although the literature abounds with general guidance notes on heat stress hazards in 

construction (Labour Department, 2004; Construction Industry Council, 2008; US Department of Labor, 2004; ISO7243; 

Department of Health, 2010), there is a lack of scientific research specific to the construction industry to put forward 

safety measures for combating heat stress based on reliable clinical parameters.  

 

 

2. The original heat stress model 

Rebar work is one of the most labor-intensive and long duration tasks in construction (Balasubramanian and Prasad, 2007; 

Jarkas, 2010). Unfortunately, it was reported that 10 percent of rebar workers in Hong Kong have suffered heat stroke 

(Apple Daily, 2009) and a rebar worker was reported to fall to death on a construction site in last summer because of heat 

stroke (Apple Daily, 2010). Hence, heat stress can seriously threaten rebar workers’ health and safety. To ensure the health 

and safety of site personnel working in hot weather, research on physiological responses of rebar workers under heat stress 

is urgently needed.  

 

For this purpose, the authors have developed a heat stress model based on a relatively simple thermal indicator, Heat Index 

(HI), which is a function of temperature and relative humidity, to determine how a worker’s physiological responses 

change with the environmental parameters and other factors (Chan et al, 2011). Based upon 281 sets of synchronized 



 

meteorological and physiological data collected from bar benders and fixers in four different construction sites between 

July and September 2010, physiological, work–related, environmental and personal parameters were measured to construct 

a heat stress model with an adjusted R2 of 0.78 (p<0.05), which is shown as Eq. (1) (Chan et al, 2011). Human 

physiological responses were proxy by the Rating of Perceived Exertion (RPE), which is defined as the intensity of 

subjective effort, stress, or discomfort felt during physical activity (Foster et al, 2001).  The model reported that many 

factors would affect human physiological responses. These include physiological factors such as heart rate, ventilation, 

respiratory rate, oxygen uptake and fatigue in undertaking the work activity; work-related factors such as type of exercise 

and time; environmental factors such as air quality, temperature, and relative humidity; as well as other personal factors 

such as age, percentage of body fat, and drinking/smoking habits (Chan et al, 2011).  

 

RPE = -7.27+0.11HI+1.26T+0.09API+0.08A-0.05PBF+2.23DH+0.38SH+0.17EC+0.17RER   (1)                                               

 

where HI is heat index (
o

C); T is work duration (hour); API is air pollution index; A is age; PBF is percentage of body fat 

(%), DH is drinking habit (“none”= 0, “occasionally”= 1, “usually”= 2), SH is smoking habit (“none”= 0, “occasionally”= 

1, “usually”= 2); EC is energy consumption; and RER is respiratory exchange rate. 

 

 

3. Limitations of the original model 

Although the prediction percentage error of the original model is statistically acceptable, the model has been criticized of 

utilizing a relatively simple indicator, HI, to measure the thermal environment. HI is a rough indicator (a function of 

temperature and relative humidity) and does not fully reflect heat stress on human body in terms of environmental 

parameter. The National Weather Service (NWS) heat index (HI) was derived from a database generated by a more 

complex mathematical model developed by Steadman (1979). Simplifying a complex, multi-input model into a single 

equation using two common meteorological values (temperature and humidity) may oversimplify the real environmental 

condition. When conditions differ significantly from the standard conditions, such as a higher or lower solar load or wind 

speed, the actual risk may also vary significantly from the level predicted using the standard inputs. Sunlight is the main 



 

component of the environmental heat load (Brotherhood, 1987), and adequate air movement is essential for the efficient 

evaporation of sweat (Brotherhood, 2008). By ignoring sunlight and wind, the temperature-humidity limits could 

underestimate or overestimate environmental warmth.  The original heat stress model, using air temperature and relative 

humidity to evaluate HI, does not fully reflect the complex thermal environment-physiological relationship. 

 

A wet-bulb globe temperature index (WBGT) was invented more than 50 years ago and is now the most widely used index 

in assessing heat stress. It was invented and first used during the 1950s as one element in an imaginative and successful 

campaign to control heat illness in training camps of the United States Army and Marine Corps (Yaglou and Minard, 

1957). The equation to evaluate the WBGT in outdoor condition is shown in Eq. (2). And its main strengths are that it 

accounts for the effects of sun and wind – the two crucial components of the outdoor climate - as well as to the air 

temperature and humidity (American College of Sports Medicine, 1996; Sports Medicine Australia, 2006; Budd, 2008). 

 

WBGT = 0.7Tw + 0.2Tg + 0.1Td                               (2) 

where 

Tw = Natural wet-bulb temperature (humidity indicator); Tg = Globe thermometer temperature (measured with a globe 

thermometer, also known as a black globe thermometer, to measure solar radiation); Td = Dry-bulb temperature (normal air 

temperature). 

 

This index has also been recognized by other organizations for setting limits in industrial plants (National Institute for 

Occupational Safety and Health, 1986), approved by the ISO organization as an international standard for heat load 

assessment (ISO, 1989) and as a safety index for workers in different occupations (Chaurel et al. 1993; Froom et al. 1992; 

Gun and Budd, 1995; Singh et al. 1995).  

 

Furthermore, the original model simply utilized percentage of body fat (PBF) to reflect an individual's fitness level. It is 

believed that resting heart rate (RHR) also has a great effect on the worker’s sensation of the thermal environment. Indeed, 

previous studies demonstrated that elevated resting heart rate (RHR) was a predictive factor for morbidity and mortality 



 

(Kannel et al, 1987). As a significant determinant in the development and progression of physical illness, RHR 

independently predicted myocardial infarction and coronary deaths (Kannel et al. 1996). Thus, RHR is also included as a 

contributing factor of personal physique as well as PBF in developing the enhanced model. 

 

From the above, it could be argued that there is a need for developing a more embracing heat stress model which could 

capture all input variables that have an impact on physiological response. This should lead to a more accurate estimate of 

the change in rebar workers’ physiological condition due to thermal environment variations. Therefore WBGT is adopted 

in this study to refine the original model and to develop an enhanced heat stress model. 

 

 

4. Method of data collection 

Field studies were conducted during the summer time in Hong Kong (July to September 2010). The study was conducted 

according to the Declaration of Helsinki and the protocol was fully approved by the Human Subjects Ethics Application 

Review System (HSEARS) of authors’ employing institution before the commencement of the assessments (The Hong 

Kong Polytechnic University, 2008).  The participants were informed of the purpose and the procedure of the study. Their 

participation was on a voluntary basis and the participants can withdraw any time as they desired. Prior to the experiment, 

the participants were asked to rest at room temperature of approximately 22°C for 15 minutes to stabilize their body 

temperature and heart rates. During this period, they were asked to complete a pre-experiment data collection sheet which 

includes questions on age, smoking, drinking habits and other personal information. Then, body weight, percentage of 

body fat (PBF) (InBody 230, Biospace Co., Ltd.), and heart rate (Heart rate monitor, Polar, Finland) of the participants 

were measured. Blood pressure (HEM-712C, OMRON, Japan) was measured before the field study (after the 15min RHR 

measurement) and after the participants cooled down from work for 20 minutes. The minimum heart rate recorded during 

this period is considered as the resting heart rate (RHR).  

 

During the experiment, the participants performed rebar bending and fixing tasks as per their usual daily work routine and 

were allowed to drink water as and when they desired. Physiological parameters were measured by a portable metabolic 

cart (K4b2, COSMED, Rome, Italy). Calibration of gas and volume were carried out prior to recording the measurement 



 

of each participant. The metabolic cart allows real-time collection of physiological data. Oxygen consumption (VO2), 

minute ventilation (MV), respiratory exchange ratio (RER), metabolic equivalent (MET), energy expenditure (EE), heart 

rate and a train of physiological parameters would be continuously monitored and recorded during the test via a telemetry 

system (K4b2, COSMED, Rome, Italy) for every 5 seconds. Without disturbing the participants’ normal operation, the 

participants were asked to report a RPE value for every 5 minutes, to indicate the amount of strain or level of exhaustion. 

Perceived exertion was assessed with Borg CR10 Scale, a 10-point single-item scale with anchors ranging from 1 ‘very 

very easy’ to 10 ‘maximal exertion’ (Borg, 1990). RPE has been used in evaluating different physical tasks with proven 

validity and reliability (McDermott et al, 2008). At the same time, a heat stress monitor (QUESTemp°36, Australian) was 

used to measure and record the prevailing environmental data. The heat stress monitor measures four environmental 

parameters simultaneously at 1 minute interval: ambient or dry bulb temperature, natural wet bulb temperature, globe 

temperature, relative humidity from which the corresponding WBGT index can be computed. The recorded WBGT ranged 

from 26.7
o

C to 36.4
 o

C with an average value of 30.6
 o

C.  Figure 1 shows the set up of the field experiments.  

 

 

Fig.1 Set up of field experiment 

 

Different stages of construction from foundation works to core structural works were studied to capture a wide spectrum of 

empirical data. Locations where the participants worked were recorded to ascertain the effects of heat stress under shade 

and under direct sunlight.  

 



 

 

5. Result   

5.1 Demographic data 

Data were collected for 10 worker-days at four different construction sites in Hong Kong. 12 rebar workers aged between 

20 and 60 years were invited to participate. And ten apparently healthy participants without a history of diagnosed major 

health problem including diabetes, hypertension, cardiovascular disease and neurological problem; and no regular 

medication intake participated in this study. Two workers did not meet the pre-qualification criteria and were excluded 

from the experiment.  Table 1 shows demographic data of the participants.  Participants with a wide spectrum of age, 

height, body weight, and fitness participated in these studies ensuring a representative sample of rebar workers working in 

the industry (ACSM, 2008). 

  

Table 1 Demographic data of the participating rebar workers (N=10) 

 Mean SD Range 

Age (year) 39.0 ± 12.5 20-55 

Height (cm) 169.2 ± 6.5 160-180 

Body weight (kg) 60.3 ± 6.2 53.8-74 

Percentage of body fat (%) 12.3 ± 6.3 3-23 

Resting heart rate (bpm) 82.7 ± 11.9 63-102 

Lower blood pressure (mmHg) 80.0 ± 10.0 58-99 

Upper blood pressure (mmHg) 127.8 ± 10.8 98-145 

 

Fig.2 shows the job nature of the participating rebar workers, 70% of them were engaged in rebar fixing, while the others 

undertook bending tasks. Fig.3 manifests the smoking and drinking habits of the participants. Fig.4 indicates the 

distribution of 10 participants from 4 different construction sites. 

 

 



 

 

Fig. 2 Job nature of the participating rebar workers (N=10) 

 

 

Fig.3 Smoking and Drinking habits of the participating rebar workers (N=10) 

 

 

Fig.4 Distribution of 10 participants from 4 different construction sites (N=10) 



 

 

 

5.2 Environmental conditions 

The environmental conditions (WBGT and API) were captured by a heat stress monitor and by referring to the record 

broadcasted by the Environmental Protection Department respectively.  The heat stress monitor measures four 

environmental parameters simultaneously at 1 minute interval: ambient or dry bulb temperature, natural wet bulb 

temperature, globe temperature, relative humidity from which the corresponding WBGT index can be computed. The API, 

based on the level of 6 atmospheric pollutants, namely sulfur dioxide (SO2), nitrogen dioxide (NO2), suspended 

particulates, carbon monoxide (CO), ozone (O3), lead (Pb), is measured and broadcasted hourly by the Environmental 

Protection Department (Environmental Protection Department, Hong Kong, 2007). Table 3 shows a summary of the 

environmental conditions whilst the field studies were undertaken. 

 

Table 2 Environmental conditions whilst the field studies were undertaken 

 Mean SD Range 

Tw  (°C) 28.5 ± 2.0 25.3-34.0 

Tg  (°C) 38.7 ± 2.2 29.8-56.1 

Td  (°C) 30.7 ± 6.2 26.2-37.2 

H.R. (%) 65.6 ± 14.3 38.0-95.0 



 

WBGT  (°C) 30.6 ± 2.2 27.1-36.4 

API 30.7 ± 5.9 21-33 

Where (Tw ) = natural wet-bulb temperature, (Tg) = globe thermometer temperature, (Td) = dry-bulb temperature, (W) = 

wind speed  in meter per second (m/s), (H.R.) = percentage of relative humidity, (WBGT) = Wet bulb globe temperature  

index, and (API) = air pollution index  

 

5.3 Physiological measurements 

Objective physiological parameters such as oxygen consumption (VO2), minute ventilation (MV), respiratory exchange 

ratio (RER), metabolic equivalent (MET), energy expenditure (EE), heart rate were monitored every 5 seconds, while 

subjective physiological parameter RPE was recorded every 5 minutes during the experiment. Table 3 shows the summary 

results of the physiological measurements.  Ultimately 281 data sets of environmental and physiological data together 

with the corresponding RPEs were captured in four construction sites over ten different working days.  271 sets of data 

were used to construct the heat stress model, and the remaining 10 sets were used for validation. 

 

 

Table 3 Physiological measurements of the participating rebar workers (N=10) during the test 

 Mean SD  Range 

VO2 (ml/min/Kg) 13.5 ± 4.9 3.17-30.8 

MV (l/min) 28.5 ± 8.6 10.1-74.5 

RER 1.0 ± 0.2 0.58-1.83 

HR (bpm) 115.1 ± 18.1 74.0-162.6 

MET (W/m
2
) 3.8 ± 1.4 0.9-8.8 

EE (Kcal/min) 4.1 ± 1.4 1.0-9.5 

RPE 4.7 ± 1.5 2-8 

Where (VO2) = oxygen consumption, (MV) = minute ventilation, (RER) = respiratory exchange ratio, (HR) = heart rate, 



 

(MET) = metabolic equivalent, (EE) = energy expenditure, (RPE) = rating of perceived exertion. 

 

 

6. Developing an enhanced heat stress model 

In this study, factor analysis and multiple regression analysis were two essential tools used for analyzing the 

meteorological and physiological data and thus formulating a model for predicting the worker’s physiological response. 

The basic assumption of factor analysis is that underlying dimensions or factors can be used to explain complex 

phenomena (Norusis, 2008). Multiple regression analysis is used to indicate the relative effects of independent variables 

on a dependent variable and the strength of relationships between the variables (Fellows and Liu, 1997). Both factor 

analysis and multiple regression analysis were chosen as the statistical tools for developing the enhanced model. 

 

6.1 Factor analysis on physiological parameters 

Factor analysis technique was used to identify the underlying cluster of physiological variables on rebar workers. To 

obtain principal factors for a clearer image, factor extraction with Varimax Rotation and Kaiser Normalization was 

conducted through the SPSS FACTOR program (SPSS v13.0, USA). The appropriateness of the factor model was 

evaluated before using factor analysis in this study. The Kaiser–Meyer–Olkin test (KMO) is a measure of sampling 

adequacy that compares the magnitudes of the partial correlation coefficients. Kaiser (1974) recommended KMO values of 

greater than the threshold of 0.5 as acceptable and the KMO value obtained in the research is 0.803, which is of 

meritorious nature and is well above the acceptable threshold (Norusis, 2008). Moreover, the factor extraction process 

should be terminated when a threshold for maximum variance extracted (e.g., 75–80%) has been achieved.  Two 

underlying grouped factors were extracted in this case, totally accounted for 82% of the variance in responses. Fig.5 shows 

a plot of total variance associated with each underlying grouped factor. The plot indicates a distinct break between the 

steep slope of the large individual factors and the gradual trailing off of the rest. This gradual trailing off is referred to as 

the “scree” as it resembles the rubble that forms at the foot of a mountain (Norusis 2008). SPSS drops the individual 

factors “3” to “6” as their eigenvalues are less than 1.0. This represents that they are less influential than the two observed 

underlying grouped factors. The original physiological parameters were all included in one of two underlying grouped 



 

factors.  

 

To identify the factors, it is necessary to group the variables that have large loadings for the same factors (Kim and Mueller, 

1978). Factor analysis does not attach labels to the factors and the substantive meaning given to a factor is typically based 

on the examination of what the high loading variables measure (Black, 1997). Corresponding to the weight of rotated 

components, Energy Consumption (EC) and Respiratory Exchange Rate (RER) were labeled and considered as the two 

underlying factors. 

 

Fig. 5 Scree plot of physiological variables 

 

6.2 Multiple regression analysis 

To determine the relationships between the variables, multiple regression analysis is considered as the most widely used 

statistical procedure (Montgomery et al. 2001). Multiple regression analysis was used to analyze the relationship between 

a single dependent variable (RPE) and several identified independent variables [e.g. Age (A), Duration (T), Wet Bulb 

Globe Temperature (WBGT), Air Pollution Index (API), Drinking Habit (DH), Smoking Habit (SH), Percentage of Body 

Fat (PBF), Resting Heart Rate (RHR), Energy Consumption (EC), Respiratory Exchange Rate (RER), and Job Nature (JN)] 

(Chan et al. 2011). 



 

 

Consequently, a stepwise selection method with a significance level of 5% was used to select statistically significant 

variables to be incorporated into the model. Data variables were added and deleted one at a time and the regression model 

was rerun, noting at each step the changes in the coefficient of determination (R2) value and in essence the significance 

level of variables. De Vaus (1996) stated that the term (R2) indicates how much variation in the dependent variable is 

explained by a group of independent variables; and the higher its value, the more powerful the model. Only those variables 

with a significance level (p-value) of less than 5% were retained for inclusion in the final regression model equations. 

Since R2 can be made larger simply by adding more predictor variables to the model, a modification of R2 - adjusted R2 

has been proposed. Adjusted coefficient of determination (adjusted R2) does not automatically increase when new 

predictor variables are added to the model (Glantz and Slinker, 1990), which is particularly useful in the feature selection 

stage of model building. Accordingly, adjusted R2 is calculated to reflect the goodness of fit of the model. 

 

However, it is inevitable that physical apparatus for taking measurements may have suffered a transient malfunction, 

which may result in a large negative impact on the accuracy and reliability of the model; therefore outliers at group-level 

per condition were identified and removed by SPSS box-plot procedure. Twenty four outliers with two standard deviations 

and more from the mean were deleted after such analysis. 

 

 

7. Presentation of regression results  

Relationships between RPE and factors of physiological status were established by using the stepwise addition and 

deletion regression technique. The results of regressions on the single dependent variable RPE and the eleven independent 

variables are presented in Table 4. A multiple regression equation (RPE) with ten determining factors was finally 

constructed as shown in Eq. (3). The results from the best-fit run of multiple regression analysis indicated a p-value of less 

than 0.05 and adjusted R2 values of 0.79, which implied a good-fit and a robust model. 

 

 RPE=-5.43+0.11WBGT+1.40T+0.10API+0.06A-0.07PBF+2.28DH+0.50SH+0.14EC+0.16RER-0.01RHR   (3) 

 



 

where WBGT is wet bulb globe temperature(
o
C); T is work duration (hour); API is air pollution index; A is age; PBF is 

percentage of body fat (%); RHR is resting heart rate; DH is drinking habit (“none”= 0, “occasionally”= 1, “usually”= 2), 

SH is smoking habit (“none”= 0, “occasionally”= 1, “usually”= 2); EC is energy consumption; and RER is respiratory 

exchange rate. 

 

 

Table 4 Multiple Regression Analysis for RPE 

Model 
Unstandardized 

Coefficients 

Standardized 

Coefficients (Rank) 
t Sig. 

(Constant) -5.43  -5.86 .000 

Drinking habit (DH) 2.28 0.60 (1) 15.34 .000 

Age (A) 0.06 0.53 (2) 12.22 .000 

Duration (T) 1.40 0.45 (3) 14.08 .000 

Air pollution index (API) 0.10 0.41 (4) 8.03 .000 

Percentage of body fat (PBI) -0.07 -0.31 (5) -8.86 .000 

Smoking habit (SH) 0.50 0.26 (6) 7.60 .000 

WBGT 0.11 0.15 (7) 4.49 .000 

Respiratory exchange rate 

(RER) 
0.16 0.10 (8) 2.95 .003 

Resting heart rate -0.01 -0.10 (9) -2.88 .004 

Energy consumption (EC) 0.14 0.09 (10) 3.01 .003 

 

 

 



 

8. Model validation  

The validity of the final model is usually assessed in terms of predictive accuracy (Wittink, 1988). That is, the predicted 

values are compared with the actual observed values to verify the predictive efficacy of the developed model. The heat 

stress model was validated against data collected under the same experimental procedure. These virgin data sets have not 

been used in developing the model. Table 5 summarizes ten sets of comparison between actual observed values obtained 

from the field studies and the predicted values computed from the model. Two relative measures of accuracy dealing with 

percentage errors were used to compare the forecasting performance of the model. 

 

The Mean Absolute Percentage Error (MAPE) and Theil's U inequality coefficients were used to quantitatively measure 

how close the forecasted values track the actual data. The prediction percentage error of RPE model is consistently within 

the acceptable limit of 10%, giving a relatively low MAPE 5.6%. The Theil's U statistics also reveal that the developed 

RPE model has a high predictability. Hence, the results of the evaluation of forecasted values verify that the RPE model is 

adequately efficient and robust to predict the physiological responses of rebar workers in Hong Kong. 

 

Table 5 Evaluation of accuracy of the heat stress model by MAPE 

RPE 

Sample 
WBGT T API AGE PBF DH SM EC RER RHR 

Actual 

value 

Forecast 

value 

Percentage 

error (%) 

1 25.7 0.43 32 42 13.4 1 0 1.27 -0.72 71.4 4 4.35 8.74 

2 30.1 0.50 32 42 13.4 1 0 -0.94 -0.18 71.4 5 4.67 6.50 

3 32.1 0.54 32 42 13.4 1 0 -0.90 -0.03 71.4 5 4.96 0.87 

4 29 0.48 32 42 13.4 1 0 -0.82 -1.55 71.4 5 4.34 13.23 

5 31.4 0.52 32 42 13.4 1 0 -0.18 -0.77 71.4 5 4.85 2.90 

6 29.8 0.50 32 42 13.4 1 0 -0.80 0.42 71.4 5 4.75 4.97 

7 32.2 0.54 32 42 13.4 1 0 0.04 0.41 71.4 5 5.17 3.46 

8 30 0.5 32 42 13.4 1 0 2.17 0.13 71.4 5 5.16 3.12 



 

9 28.3 0.47 32 42 13.4 1 0 0.50 1.32 71.4 5 4.89 2.22 

10 28.3 0.47 32 42 13.4 1 0 0.25 -0.91 71.4 5 4.50 9.93 

            
 

MAPE =5.60% 

                    U = 0.003 

 

Note: MAPE is mean average percentage error; U is Theil’s U statistics. 

 

 

9. Discussion of the model 

An enhanced model, based on Wet Bulb Globe Temperature (WBGT) index, is developed. Comparing with the original 

model, its main strengths are that (1) WBGT is a thermal indicator integrating four main environmental variables of 

temperature, humidity, wind speed (wind chill) and solar radiation, which is more comprehensive than the Heat Index (HI) 

adopted in the original model; (2) an additional variable – resting heart rate (RHR) is included in the regression equation.; 

and (3) though the adjusted R
2
 (0.79) is marginally higher than the original model (0.78), the MAPE (5.6%) is noticeably 

lower than the original model (7.8%) and hence indicating that the prediction performance of the enhanced model is more 

reliable and accurate. The newly established model reveals that RPE increases with age, work duration, WBGT, air 

pollution index, drinking habit, smoking habit, respiratory exchange rate, and energy consumption, but decreases with 

percentage of body fat and resting heart rate.  

 

The relative importance of factors in predicting RPE can be seen in Table 5. Standardization of the coefficient is usually 

done to answer the question of which of the independent variables have a greater effect on the dependent variable in a 

multiple regression analysis, when the variables are measured in different units of measurement (Schroeder et al, 1986). 

Drinking habit, age, and work duration are the top three predictors to determine rebar workers’ physiological responses 

with drinking habit being the most important factor in predicting rebar workers’ physiological response.  

 



 

 

10. Conclusions 

This study was motivated by the need for refining the initial guidelines on working in hot weather. The original heat stress 

model was considered as inadequate because it utilized an overly simplified Heat Index (HI) which is a mere function of 

temperature and relative humidity to measure the thermal environment. The original model failed to express the 

relationship between physiological response and other key components of environmental variables, namely, radiation and 

air movement. WBGT is a more widely used index of thermal indicator to take further account of sun and wind. An 

additional variable, resting heart rate is included in the enhanced model, improving the overall prediction power of the 

original model.  A refined and enhanced heat stress model is now constructed to predict a worker’s physiological 

responses to different meteorological factors, work related factors, and personal factors.  More specific heat stress 

guidelines can be formulated based on objective and scientific parameters to safeguard workers’ health and safety. 

 

Workers in different trade activities may have different degrees of susceptibility to heat stress. A trade by trade specific 

study would better reflect the real situation. Although this study applies specifically to the bar bending and fixing trade, 

more work is needed to further investigate other trades and to other countries to provide a holistic view in future. In the 

light of the enhanced heat stress model, a set of good practices and indices, such as work duration, work-rest pattern, can 

be developed to ensure the health and safety of site personnel working in hot weather. This would be of tremendous value 

in better safeguarding workers’ health and safety by reducing the occurrences of heat stress on site.  
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