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ABSTRACT 

 

Construction work exposes workers to high levels of heat, which poses significant risks to 

their occupational health. In order to mitigate these risks, it is crucial to have a thorough 

understanding of the heat exposure that workers face. This study proposes a novel framework 

that leverages the combination of UAV photogrammetry and microclimate simulation to address 

the previously overlooked risks associated with heat radiation at construction sites. A case study 

was conducted in College Station, TX, in July 2022, to validate the effectiveness of the proposed 

framework. The results emphasize the significance of monitoring site-scale radiant heat-induced 

risks, while conventional indicators like air temperature and heat index do not fully capture the 

complexities and hazards posed by heat radiation in construction environments. 

 

INTRODUCTION 

 

The construction industry poses a high risk of heat stress to its workers due to the physically 

demanding nature of the work and frequent exposure to outdoor environments (Acharya et al. 

2018). The US Census of Fatal Occupational Injuries reported that the construction industry has 

accounted for over a third of all heat-related occupational fatalities from 1992 to 2016 (Dong et 

al. 2019). To mitigate heat stress, it is crucial to assess its extent by considering four 

meteorological factors, such as air temperature (Ta), relative humidity (RH), air velocity (Va), 

and heat radiation, which collectively impact a worker's heat-related load (Huang et al. 2022; Lai 

et al. 2014). Of these factors, heat radiation is particularly important, as it significantly impacts 

human energy balance in outdoor environments, especially during hot summers (Chen et al. 

2016). Nevertheless, measuring heat radiation levels in outdoor environments is challenging due 

to the spatial variations caused by shading effects and the varying thermophysical properties of 

surface materials (Kántor and Unger 2011). 

Prior works in construction have primarily focused on assessing the thermal conditions at 

specific locations through on-site measurements of heat radiation (Chan et al. 2012; Fang et al. 

2021; Szer et al. 2022; Wong et al. 2014; Yi et al. 2016). This approach provides valuable 

information on momentary heat radiation levels at selected locations, but it is limited in scope 

and susceptible to uncertainties caused by spatial variations of heat radiation (Lau et al. 2016). 

As a result, the impact of heat radiation on the health and safety of construction workers remains 

largely unknown. This limited comprehension is attributable to the challenges involved in 

obtaining comprehensive information about heat radiation at construction sites. These challenges 

include logistical and cost constraints associated with multiple on-site measurements, as well as 

the need for frequent modifications to measurements to account for the dynamic nature of 

construction environments. To address these limitations, this study proposes a framework for 
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Microclimate Simulation 

Meteorological Data 

Heat Risk Assessment UAV Photogrammetry Visual Data 

spatial analysis of heat radiation that incorporates unmanned aerial vehicle (UAV) 

photogrammetry and microclimate simulation. This framework, which supplements the current 

on-site measurement methods, takes into account both site geometric features and meteorological 

conditions to provide a more comprehensive understanding of heat radiation in construction 

sites. The effectiveness of the proposed framework was validated through a case study conducted 

in College Station, TX in July 2022. The results of the case study are presented and discussed, 

emphasizing the importance of the proposed framework for heat risk management in 

construction. 

 

UNCOVERING THE IMPACT OF HEAT RADIATION IN CONSTRUCTION 

 

This paper aims to address the challenge of spatially varying heat radiation risks in 

construction sites. The proposed framework involves three key stages: data collection, data 

processing, and data analysis, as depicted in Figure 1. In the first stage, meteorological data and 

site images are collected. In the second stage, the collected site images are further processed, and 

microclimate simulation is performed to estimate the spatially varied mean radiant temperature 

(Tmrt), a critical parameter for assessing heat radiation risks. In the final stage, site-scale heat 

risks are evaluated using thermo-physiological models. 
 

 

• Site images 

 

 

• Time and location 

• Solar irradiance 

• Air temperature (Ta) 

• Relative humidity (RH) 

• Digital surface model 

• Surface material map 

 

 

 

• Spatially-varied Tmrt 

- Parametric calculation 

• Globe temperature (Tg) 

• Wet-bulb temperature (Tw) 

 

- Heat risk assessment 

• HI = ƒ(Ta, RH) 

• WBGT = ƒ(T , T , T ) 

• Air velocity (Va) 

 : Data Collection 

 

 

 : Data Processing 

w g a 

 

 : Data Analysis 

Figure 1. Overview of the proposed framework. 

 

GEOMETRIC DATA CAPTURE USING UAV PHOTOGRAMMETRY 

 

The digital surface model (DSM) is an essential element in capturing site geometry needed 

for microclimate simulation. However, the constantly evolving site geometry of construction 

sites presents challenges in obtaining DSM data. To address this challenge, this study leverages 

UAV photogrammetry, which generates 3D representations of scenes using 2D images taken by 

a UAV-mounted camera, as shown in Figure 2. Once site images are collected by a UAV, they 

are utilized to reconstruct a 3D geometric digital twin of the site. Based on this model, the DSM 

is generated, which is crucial in estimating shade patterns, sky view factors, and ground view 

factors. To further enhance the accuracy of microclimate simulation, a surface material map is 

registered based on the DSM. This map is used to estimate longwave radiation fluxes associated 

with surface materials and vertical walls of built environments in microclimate simulation. 

D
o

w
n
lo

ad
ed

 f
ro

m
 a

sc
el

ib
ra

ry
.o

rg
 b

y
 T

ex
as

 A
&

M
 U

n
iv

er
si

ty
 o

n
 0

9
/3

0
/2

4
. 
C

o
p
y

ri
g
h
t 

A
S

C
E

. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

; 
al

l 
ri

g
h
ts

 r
es

er
v
ed

. 



Computing in Civil Engineering 2023 666 

© ASCE 

Computing in Civil Engineering 2023 

 

 

 

 

 

Figure 2. Procedures for site geometry data acquisition. 

 

HEAT RADATION ANALYSIS USING MICROCLIMATE SIMULATION 

 

The microclimate model used in this study, Solar and LongWave Environmental Irradiance 

Geometry (SOLWEIG), is an established simulation model with validated performance in 

numerous studies such as (Lindberg et al. 2008). SOLWEIG simulation requires four input data 

types: (1) time and location data (e.g., geographic coordinate, time of day); (2) meteorological 

data (Ta, Global Horizontal Irradiance (GHI), and RH); (3) DSM; and (4) surface material map. 

Using this input data, the model calculates the shortwave-induced radiant flux by considering the 

solar irradiance and site geometry that generates shading effects, as well as the longwave- 

induced radiant flux by considering the thermophysical properties of surface materials registered 

in the surface material map. The six-directional method is utilized to determine the mean radiant 

flux density, which takes into account both the short and longwave-induced radiant fluxes of the 

human body. The outcome of the microclimate simulation is the spatially-varying Tmrt, 

calculated using the Stephan-Boltzmann law. The calculation mechanisms are explained in 

(Lindberg and Grimmond 2011; Lindberg et al. 2016). 

 

HEAT STRESS ASSESSMENT USING HEAT INDEX AND WBGT 

The Heat Index (HI) is a widely used thermo-physiological model in the US construction 

industry because it can be calculated without information on heat radiation. According to the 

CPL 03-00-024 directive, employers in the US are required to implement managerial measures in 

response to heat warnings based on the HI by the National Weather Service (NWS). The HI is 

calculated based on Ta and RH using Equations (1-4) proposed by NWS: 
 

HI = −42.379 + 2.04901523Ta + 10.14333127RH − 0.22475541TaRH 
− 000683783Ta

2 − 0.05481717RH2 + 0.00122874Ta
2RH 

+ 0.00085282TaRH2 − 0.00000199Ta
2RH2 + 𝐴𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 

 
(1) 

 

If RH is below 13% and Ta falls within the range of 80℉ to 112℉, 

 

𝐴𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 = − (13 − RH)/4 × √(17 − |Ta − 95|)/17 (2) 

If RH exceeds 85% and Ta is within the range of 80℉ to 87℉, 
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𝐴𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡 = (RH − 85)/10 × (87 − Ta)/5 (3) 

If HI using Equation (1) is less than 80 ℉, then the subsequent formula is utilized: 

HI = 0.5 × (Ta + 61 + ((Ta − 68) × 1.2) + (RH × 0.094)) (4) 

 

When heat radiation information is available, the most commonly used thermo-physiological 

model in construction is the Wet Bulb Globe Temperature (WBGT) model (Yi et al. 2016). The 

calculation of WBGT is performed using Equation (5). 

WBGT = 0.7Tw + 0.2Tg + 0.1Ta (5) 

where Tw is the web-bulb temperature and Tg is globe temperature. Tw is determined empirically 

using the following Equation (6) suggested by (Stull 2011), which takes into account Ta and RH: 

 

 (6) 

 

Lastly, an Equation (7) from the ISO 7726 standard is used to calculate Tg using the Tmrt 

estimated through the microclimate simulation. 

 
8 0.6 

T 4 − T 4 + 
1.1×10 ×Va × (T − T ) = 0 (7) 

g mrt ε× D0.4 g a 

The globe emissivity (ε) is assumed to be 0.95, and the diameter of the globe thermometer 

(D) is 0.15m in our case study. The quartic equation is solved to obtain Tg. 
 

CASE STUDY 

 

The case study was to investigate the significance of site-scale heat radiation monitoring and 

to evaluate the efficacy of the proposed framework in an actual construction project. To this end, 

meteorological data were gathered from the Solcast at the actual construction jobsite located in 

College Station, TX (30°37′20.2″N, 96°20′58.6″W) in the United States. The collected 

meteorological data for the study area is presented in Figure 3. The duration of sunshine was 

approximately 14 hours, with sunrise occurring at 06:34 and sunset at 20:29. The average Ta was 
36.2 °C, with a maximum Ta of 39.4 °C at 15:00, and a minimum Ta of 29.9 °C. The average 

GHI was 544.9 W/m2, with a maximum GHI of 921.7 W/m2 at 13:00. In comparison to Ta, GHI 

varies drastically between 0 and 921.7 W/ m2 based on the sun’s position relative to local 
standard time (LST). RH gradually declined from 54.4% to 21.8% at 15:00 and then increased to 

38.7% at 20:00. Va was slightly windier after 14:00, with a maximum of 6 m/s at 18:00. 
The results of the microclimate simulation are depicted in Figure 4, showing the spatially- 

varying Tmrt in two-hour intervals. The spatial variations in Tmrt can be attributed to shading 

effects from nearby construction objects that obstruct solar irradiance and differences in surface 

materials. For example, concrete, which is commonly used in construction, is more susceptible to 

higher longwave radiation fluxes, while vegetation is less prone to such fluxes among the surface 

materials in SOLWEIG. At 14:00 and 16:00, the Tmrt can vary by as much as 46°C between the 
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minimum and maximum values, which could imply the possible errors in on-site measurements 

depending on the observation locations. The Tmrt intensity is strongly correlated with the GHI 

trend, which decreases significantly as the sun approaches the horizon. It is important to note that 

the distribution of Tmrt varies with the sun's position, resulting in different shade patterns at 

different times. In highly-dense areas, surrounding built environments exert a greater influence 

on shade patterns, making this variability even more pronounced. 

 

 

Figure 3. Meteorological conditions on 7/17/2022 (8:00~20:00). 
 

 

Figure 4. Spatial analysis of Tmrt on 7/17/2022 (8:00~20:00). 

 

The results of the hourly site-scale heat stress assessment are depicted in Figure 5, including 

minimum WBGT, maximum WBGT, mean WBGT, and HI. According to NIOSH standards 

(Jacklitsch et al. 2016), WBGT values between 25.6-27.8°C are classified as ‘Heat category 1’, 

and WBGT values between 27.8-29.4°C are classified as ‘Heat category 2’. The appropriate 

work/rest time and water intake strategies can be determined based on the heat category and type 

of work, as shown in Table 1. Based on the NWS standards, HI values between 26.7-32.2°C are 

categorized as ‘Caution’, and HI values between 32.2-39.4°C are classified as ‘Extreme 

D
o

w
n
lo

ad
ed

 f
ro

m
 a

sc
el

ib
ra

ry
.o

rg
 b

y
 T

ex
as

 A
&

M
 U

n
iv

er
si

ty
 o

n
 0

9
/3

0
/2

4
. 
C

o
p
y

ri
g
h
t 

A
S

C
E

. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

; 
al

l 
ri

g
h
ts

 r
es

er
v
ed

. 



Computing in Civil Engineering 2023 669 

© ASCE 

Computing in Civil Engineering 2023 

 

 

Caution’. However, it is important to note that heat categories may vary depending on the 

location and thermal conditions. HI, while useful, has limitations as it cannot account for the 

spatial variations of heat radiation and only uses Ta and RH. The results demonstrate the 

existence of varying heat stress levels across the construction site, which is difficult to be 

captured by using the current on-site measurement methods alone. The proposed framework 

provides an effective solution to address this issue, enabling prioritization of high-risk areas and 

implementations of data-driven heat mitigation strategies such as hydration and optimized work 

and rest periods. 

 

8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 

WBGT (Min) 
             

WBGT (Max) 
             

WBGT (Mean) 

Heat Index 

 
Figure 5. Hourly heat risk based on WBGT and Heat Index on 7/17/2022 (8:00~20:00). 

 

Table 1. Recommendations based on the NIOSH standards in our study. 

 

 

Heat 

Category 

 

WBGT 

(℃) 

Easy work 

(250 W) 

Moderate work 

(425 W) 

Hard work 

(600 W) 

Work/Rest 

(min) 

Water 

intake 

(qt·h-1) 

Work/Rest 

(min) 

Water 

intake 

(qt·h-1) 

Work/Rest 

(min) 

Water intake 

(qt·h-1) 

1 25.6-27.8 Unlimited 0.5 Unlimited 0.75 40/20 0.75 

2 27.8-29.4 Unlimited 0.5 50/10 0.75 30/30 1.0 

3 29.4-31.1 Unlimited 0.75 40/20 0.75 30/30 1.0 

4 31.1-32.2 Unlimited 0.75 30/30 0.75 20/40 1.0 

5 32.2+ 50/10 1.0 20/40 1.0 10/50 1.0 

 

CONCLUSION 

This study presents a novel method for evaluating heat risk in construction sites by 

combining UAV photogrammetry and microclimate simulation to identify previously overlooked 

radiant heat risks. The case study conducted in College Station, TX, demonstrates the 

effectiveness of the proposed framework. The proposed framework for assessing heat risk in 

construction sites combines meteorological, geometric, and thermophysical factors to produce 

more accurate and comprehensive heat radiation measurements, thereby reducing uncertainties 

and improving the reliability of heat risk assessments. The significance of monitoring heat 

radiation is emphasized in the study, as the lack of such monitoring can lead to erroneous 

assessments of occupational heat risks. This is due to the spatial variation of heat radiation, 

which poses a challenge to the current on-site measurement methods. The spatial variation of 

heat radiation can result in incorrect assessments of the occupational heat risks, making it crucial 

: None (WBGT) 

: Category 1 (WBGT) 

: Category 2 (WBGT) 

: Caution (Heat Index) 

: Extreme Caution (Heat Index) 
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to accurately monitor heat radiation to ensure the safety and health of construction workers. 

Future research will aim to implement the framework for heat risk management in construction 

and examine its benefits and limitations, with a focus on longer time frames, diverse site 

geometries, and varying meteorological conditions. 

 

APPENDIX 

 

Hourly results of case study on 7/17/2022 (8:00~20:00). 

 

 

LST 
Ta 

(℃) 

RH 

(%) 

Va 

(m/s) 

GHI 

(W/m2) 

Heat 

Index 

(℃) 

Tmrt (℃) WBGT (℃) 

Mean Min Max Mean Min Max 

8:00 29.9 54.4 4.5 455.3 31.6 57.5 25.7 64.9 25.5 25.0 25.7 

9:00 32.7 38.8 4.4 649.2 33.1 64.5 53.3 70.4 26.1 25.9 26.2 

10:00 35.2 29.8 4.1 806.0 34.9 67.2 31.9 74.7 26.8 26.1 26.9 

11:00 36.8 25.9 3.9 904.8 36.4 69.4 34.0 77.4 27.4 26.7 27.6 

12:00 37.7 24.9 3.7 885.7 37.5 70.0 36.9 77.6 27.9 27.2 28.1 

13:00 38.6 23.7 3.9 921.7 38.4 72.6 41.0 79.9 28.4 27.7 28.6 

14:00 39.2 22.5 4.1 793.7 39.0 75.3 37.9 83.7 28.6 27.8 28.8 

15:00 39.4 21.8 4.6 629.7 39.0 74.9 38.5 84.1 28.5 27.8 28.8 

16:00 39.1 21.8 5.2 498.2 38.6 73.5 37.3 83.6 28.2 27.6 28.5 

17:00 38.2 23.0 5.8 329.0 37.6 68.1 35.8 79.1 27.7 27.1 27.9 

18:00 36.3 26.7 6.0 62.5 35.8 45.4 33.2 52.0 26.6 26.4 26.7 

19:00 33.7 32.4 5.4 7.8 33.3 38.8 29.8 47.0 25.4 25.3 25.5 

20:00 31.0 38.7 4.4 0.0 30.7 25.1 24.8 26.9 23.9 23.9 23.9 
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