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Abstract 
Underground mining operations, particularly in tropical and subtropical regions of Asia, expose workers to extreme environmental 
conditions that pose significant physiological challenges. Miners working in hot, humid, and poorly ventilated underground 
environments experience severe cardiovascular strain, thermal stress, respiratory complications, and kidney dysfunction. Asian 
miners, particularly those in India, Pakistan, Indonesia, and China, face unique challenges due to tropical climates, limited 
mechanization, and inadequate ventilation systems. Stress in underground mines leads to elevated heart rate, high core body 
temperature, severe dehydration, and impaired kidney function. Water-filled mining environments and dewatering operations 
compound these challenges by increasing humidity levels and limiting air circulation. Critical environmental thresholds have been 
identified, beyond which physiological strain becomes dangerous. Remedial measures include improved ventilation, cooling 
technologies, physiological monitoring, and work-rest regimens. Based on evidence synthesized from 134 studies, essential 
insights for occupational health practitioners, mining engineers, and policymakers working to protect miners in tropical and 
subtropical Asian regions, including Sri Lanka, have been provided. 
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1. Introduction 
Underground mining represents one of the most physiologically 
demanding occupational environments globally, exposing workers to 
extreme heat, high humidity, poor ventilation, and physically intensive 
labor. As mining operations extend to greater depths, environmental 
conditions become increasingly hostile, with temperatures rising 
approximately 10°C per kilometer due to geothermal gradients and 
auto-compression1. These challenges are particularly acute in tropical 
and subtropical Asia, where surface temperatures are already 
elevated and mining operations often lack advanced cooling 
infrastructure. 

The Asian mining sector, encompassing major coal and mineral 
producing nations including India, China, Indonesia, Pakistan, and 
smaller operations in countries like Sri Lanka, employs millions of 
workers facing unique physiological challenges. Unlike mechanized 
operations in temperate regions, many Asian mines rely on manual 
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labor in hot, humid, and poorly ventilated conditions2-6. The 
combination of tropical climate, high humidity, limited ventilation, and 
water infiltration creates environmental conditions that push human 
physiological limits. 

While limited published research specifically addresses Sri Lankan 
mining physiology, the country’s environmental conditions closely 
parallel those documented in regional studies7. Sri Lanka’s tropical 
climate features year-round high temperatures (27-32°C) and humidity 
(70-90%), similar to Indonesian and Indian mining regions. The country’s 
underground mining operations for graphite, gems, and minerals face 
challenges, including limited mechanization, inadequate ventilation, 
and water infiltration during monsoon seasons. Sri Lankan miners likely 
experience physiological strain comparable to documented Asian 
patterns, including elevated cardiovascular stress, thermal strain, 
dehydration, and kidney function impairment. The monsoon climate 
(May-September and December-February) exacerbates humidity levels 
in underground operations, potentially creating conditions similar to 
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water-filled mining environments documented elsewhere. Applying 
evidence-based interventions from regional studies is therefore 
critical for Sri Lankan occupational health policy. 

This review synthesizes evidence from 134 peer-reviewed studies to 
examine human physiological responses to underground and water-
filled mining environments, with particular emphasis on Asian and Sri 
Lankan contexts. In this review, critical environmental thresholds have 
been identified, physiological strain patterns have been documented, 
and evidence-based interventions to protect miners in tropical and 
subtropical regions have been proposed. 

2. Methods 
2.1. Literature search strategy 
The literature identification was conducted using a traditional 
keyword-based Boolean search strategy across multiple academic 
databases, including PubMed/MEDLINE, Google Scholar, and 
discipline-specific repositories. This structured approach utilized 
standardized Boolean operators (AND, OR, NOT) and wildcard 
characters (e.g., asterisks for truncation) to ensure comprehensive 
retrieval of relevant studies while maintaining high precision. 
Specific search strings were developed for each research objective 
and iteratively refined. A primary search string used across all 
databases was: (“physiological” OR “heat stress” OR “thermal strain” 
OR “heart rate” OR “core temperature” OR “dehydration” OR 
“metabolic rate”) AND (“mining” OR “miner” OR “underground” OR 
“water-filled” OR “flooded” OR “deep mine”) AND (“Sri Lanka” OR 
“Ceylon” OR “Asia” OR “South Asia” OR “Southeast Asia” OR 
“tropical”) 
The use of this traditional Boolean approach allowed for the 
following: 

• Precise control over the intersection of physiological 
outcomes and mining contexts. 

• Explicit inclusion of historical terminology (e.g., “Ceylon” 
for older Sri Lankan records). 

• Capture of varied occupational roles by using the 
truncation “miner” (to include miner, miners, mineralogy, 
and associated terms). 

• Transparent and reproducible search protocols that can be 

easily audited or replicated by other researchers. 
To ensure no relevant regional studies were missed, supplementary 
searches were performed using specific local terminology, such as 
“plumbago” and “graphite” in combination with geographic identifiers. 
This manual keyword refinement process was essential for identifying 
older Sri Lankan medical reports and regional Asian occupational health 
studies that may not use modern standardized medical subject 
headings (MeSH). 

2.2. Study selection and data synthesis 
The literature search covered publications from 2000 to 2026, and 
encompassed the following: 

• Peer-reviewed journals: Occupational medicine, mining 
engineering, environmental health, tropical medicine, and 
ergonomics. 

• Regional sources: Sri Lankan medical journals, Asian 
occupational health publications, and regional mining safety 
reports. 

• Grey literature: Mining authority guidelines, occupational 
health standards, and technical reports from Sri Lanka, India, 
Indonesia, and other Asian mining regions. 

• Historical literature: Colonial-era medical reports on Sri 
Lankan mining conditions, particularly plumbago/graphite 
mining. 

The various categories of search terms are listed below: 
• Physiological responses: Heat stress, dehydration, 

cardiovascular strain, respiratory function, thermal comfort, 
hypoxia, metabolic rate. 

• Mining contexts: Underground mining, deep mining, water-
filled mines, flooded mines, gemstone mining, graphite 
mining, plumbago mining. 

• Geographic focus: Sri Lanka, Ceylon, South Asia, Southeast 
Asia, tropical mining, Asian mining regions. 

• Occupational health: Occupational exposure, worker health, 
mining safety, industrial hygiene. 

2.3. Deduplication process 
Given the use of multiple search platforms and databases, a rigorous 
deduplication process was followed to ensure each unique study was 
counted only once. 

 

 
 
  Figure 1: Study selection process 

 
 



Physiological Responses in Mining Environments 
 

2026 | Volume 1 | Issue 1 21 

The types of deduplication strategies are highlighted below: 
• Automated deduplication: Initial removal of exact 

duplicates based on Digital Object Identifier (DOI) 
matching across databases. 

• Title and author matching: Secondary screening for papers 
lacking DOIs, identifying duplicates with minor title 
variations or author name formatting differences. 

• Manual verification: Expert review of potential duplicates 
flagged by automated systems, particularly for regional 
studies with both English and local-language versions and 
historical papers with inconsistent bibliographic metadata. 

• Version control: When multiple versions of the same study 
were identified, only the final peer-reviewed version was 
retained. 

This rigorous process reduced the initial retrieval of 396 
papers (ScienceDirect/Scopus: 300, Google Scholar: 60, PubMed: 36) 
to 177 unique records after the removal of 219 duplicates. Following 
title and abstract screening, 43 records were excluded, leaving 134 
unique papers for final eligibility assessment and inclusion in the 
study (Figure 1). 

3. Results and Discussion 
3.1. Cardiovascular responses 
Underground mining imposes severe cardiovascular strain, 
particularly in hot, humid Asian environments. Indian coal miners 
demonstrated working heart rates of 117-122 bpm with net cardiac 
cost of 49.7-54.8 bpm and relative cardiac cost of 47-52%. Recovery 
heart rates were poor, exceeding recommended cardiac strain levels8. 
Pakistani heat-exposed coal cutters showed elevated heart rates of 
70.0±8.5 bpm post-shift9. Indonesian miners experienced significant 
heart rate increases from 77.76±8.34 to 92.14±9.15 bpm during 
shifts10. Continuous heart rate monitoring in various studies confirmed 
sustained cardiovascular stress throughout work periods11-13. The 
combination of physical labor, heat stress, and inadequate recovery 
periods creates cumulative cardiovascular burden that may contribute 
to long-term cardiac health risks. Cardiovascular strain correlates 
strongly with environmental conditions. Studies documented that 
heart rate and blood pressure increase with ambient temperature, 
metabolic rate, and working time14,15. Labor intensity and working 
time are direct factors, while ambient temperature acts as an indirect 
cause.  

3.2. Thermal strain and core temperature regulation 
Core body temperature regulation is severely challenged in 
underground mines. Pakistani coal cutters in hot mines reached core 
temperatures of 38.8°C versus 37.9°C in non-hot mines, while skin 
temperatures rose to 36.5°C in heat-exposed workers, approaching 
dangerous hyperthermia thresholds. In simulated hot-humid deep 
mine conditions (29-32°C; 0.8-1.8 m/s air velocity), mean skin 
temperature (Tmsk) and oral temperature (Tor) increased with air 
temperature and labour intensity, but decreased with higher air 
velocity16. Maximum acceptable skin temperature thresholds were 
36°C (acceptability) and 35°C (comfort)17; sweat loss and heart rate 
were driven mainly by labor intensity18. Modified predicted heat strain 
models for hot-humid underground settings (air velocity 0.3-0.8 m/s; 
relative humidity 50-80%) showed air velocity affects allowable 
exposure time more than humidity, improving acceptability from 
33.65% to 91.35% at moderate metabolic rates19. High humidity (80-
96%) may also impair respiratory heat dissipation20. Kidney strain is 
prominent: Pakistani miners showed post-shift eGFR decline (100±19 
to 94±9), reduced hematocrit (45.4±1.4 to 43.6±2.1), and serum 
osmolarity >290 mmol/L in 100% post-shift21. Indonesian miners had 
increased urine specific gravity (1008.81±5.23 to 1012.76±5.01)22. 
Moreover, heat-exhaustion can be associated with inflammatory and 
metabolic changes, as well as low-fluid intake, leading to elevated 
chronic kidney disease (CKD) risk in hot and humid mines. 

3.3. Cognitive performance and fatigue 
Heat and humidity significantly impair cognition and increase fatigue. A 
study showed that higher temperature and humidity reduced miners’ 
attention, reaction capability, and cognitive capability while increasing 
fatigue severity and error rates. Critical thresholds were 37°C and 80% 
relative humidity23. Physiological measures, such as systolic blood 
pressure, heart rate, respiratory rate, typing speed, and memory level 
percentage, were negatively correlated with temperature and positively 
correlated with humidity24. These deficits raise accident risk in 
hazardous mines. On extended shifts (10-12.5 h), fatigue peaked early 
and workers self-paced, yet 32-43% muscle force loss by shift end 
suggests cumulative fatigue persists25,26. 

3.4. Environmental factors and critical thresholds 
Critical environmental thresholds beyond which physiological strain 
becomes dangerous have been identified in several studies27,28. These 
are presented in Table 1 and summarized in Figure 2. 
 
Table 1: Environmental thresholds and corresponding physiological strain 

Environmental threshold  Physiological strain 
Temperature  
Wet Bulb Globe Temperature 
(WBGT) >31°C 

Heat exhaustion 

Dry bulb temperature >37°C Cognitive impairment 
Air temperature 29-32°C Significant thermal strain 
Humidity 
Relative humidity >80% Cognitive and physiological 

impairment 
Humidity: 96% Severe impairment of 

thermoregulation and muscle 
function 

Combined conditions 
37°C + 80% humidity Critical combined threshold 
WBGT 31.5°C (range 25.2-35.3°C) Heat exhaustion risk 
High temperature + high humidity + 
low air velocity (0.1 m/s) 

Severe physiological strain 

 
In the Asian context, mines impose higher physiological strain than 
Western sites due to multiple interacting environmental and operational 
factors. Recognizing these regional differences is essential for designing 
effective interventions for Sri Lankan and other Asian mining contexts. 

3.5. Climate and baseline environmental conditions 
Tropical and subtropical climates across Asia maintain high baseline 
heat (27-32°C) and humidity (70-90%) year-round, leaving miners with a 
reduced thermal gradient for heat loss even before entering mines. 
Geothermal heating (~10°C per km depth) can push underground 
temperatures to 35-40°C or higher. High humidity severely limits sweat 
evaporation, the main cooling mechanism during heavy work, especially 
above ~80% relative humidity, forcing reliance on less effective 
convective and radiative cooling in hot air. Monsoon seasons further 
raise humidity toward saturation and increase water infiltration, driving 
underground humidity to 95-100% and virtually eliminating evaporative 
cooling. 

3.6. Mechanization and work intensity 
Limited mechanization in many Asian mines increases metabolic heat 
via intensive manual labor. Indian studies documented energy 
expenditures of 9.4-22.8 kJ/min during mining tasks, typically 
exceeding 33% of workers’ maximal work capacity29, generating 
substantial internal heat. Mechanized Western operations reduce 
individual metabolic demands through equipment use, lowering heat 
production. Manual drilling, loading, hauling, and support work require 
sustained high effort. Indian coal mine dressers showed working heart 
rates of 117-122 bpm with net cardiac cost of 49.7-54.8 bpm. Pakistani 
coal cutters reached core temperatures of 38.8°C. Muscle force 
degraded 32-43% by shift end in Indian mining machine operators. This 
demonstrates that the combination of high metabolic demands and 
impaired heat dissipation creates life-threatening thermal strain30.
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Figure 2: Key physiological responses in mining environment 

 
 

3.7. Ventilation infrastructure 
Inadequate ventilation is common in Asian mines due to resource 
constraints, technical limitations, and the difficulty of ventilating deep, 
complex networks. Indonesian mines reported air currents of only 0.1 
m/s, far below the ≥0.5 m/s recommended for effective heat 
dissipation. In Pakistan, poor ventilation was associated with higher 
core temperatures (38.8°C vs. 37.9°C) and kidney dysfunction (eGFR 
decline of 6 mL/min/1.72m² per shift) compared with better-
ventilated sites9. Key barriers include limited capital, power 
constraints, complex geometries, poor maintenance, and knowledge 
gaps. In contrast, Canadian and Australian mines often use 
refrigeration and continuous monitoring31. 

3.8. Water infiltration and dewatering 
Monsoon climates and high-water tables in many Asian regions 
increase water infiltration into underground mines. In warm working 
conditions, infiltrated water evaporates, pushing humidity toward 
saturation and reducing air movement. Dewatering pumps, though 
essential, add heat and can disturb ventilation patterns. During 
monsoon periods, partially flooded areas can eliminate evaporative 
cooling and force awkward postures that raise metabolic demands. 
Together, high humidity, elevated temperatures, and greater work 
intensity create dangerous thermal stress. In Sri Lanka, Southwest 
(May-September) and Northeast (December-February) monsoons can 
bring 200-300 mm/month rainfall, likely producing almost 100% 
humidity conditions, similar to wet-season Indonesian mines. 

3.9. Mining depth and geothermal gradients 
Increasing mining depth intensifies heat stress via geothermal 
gradients and auto-compression. Indonesian studies report ~10°C 
per km rise from geothermal heating and adiabatic compression of 
ventilation air10. As Asian mines go deeper, this becomes a critical 
challenge28,32. At 500m, geothermal heating may add ~5°C; with 30°C 
tropical surface temperatures, conditions reach ~35°C. At 1000m, 
temperatures may exceed 40°C. Australian mines below 1200m show 
higher heat exhaustion incidence18. Asian mines at similar depths 
likely face greater risk due to hotter surfaces and poorer ventilation. 

3.10. Socioeconomic and regulatory factors 
Asian mining operations often lack resources to implement heat-stress 
controls. Small-scale and artisanal mines in Sri Lanka, Indonesia, and the 
Philippines may not be able to afford ventilation upgrades, cooling 
systems, or physiological monitoring. Regulatory enforcement and 
occupational health infrastructure can be limited. Workers may have low 
health literacy and poor access to healthcare in rural mining areas, 
reducing prevention, monitoring, and treatment of heat-related illness 
and compounding environmental and technical challenges. 

4. Synthesis: The Asian Mining Challenge 
Asian mines face a “perfect storm” of heat and work stressors that 
differs from temperate settings. Tropical temperatures, high humidity, 
limited mechanization, poor ventilation, water infiltration, increasing 
depth, and socioeconomic constraints combine to push miners to or 
beyond safe physiological limits. Sri Lankan graphite and gem mines 
share these conditions, typically 27-32°C with 70-90% humidity, weak 
ventilation, monsoon-related flooding, and limited resources. So, 
miners likely experience strain similar to patterns reported in India, 
Pakistan, Indonesia, and China. Regional evidence highlights serious 
risks and guides locally adaptable interventions. 

5. Recommendations 
Based on the synthesis of engineering, administrative, and physiological 
evidence, the following integrated recommendations are proposed for 
underground mining operations in Sri Lanka and comparable Asian 
tropical settings: 

5.1. Environmental monitoring and exposure 
thresholds 
Continuous monitoring is vital for heat-stress management in 
underground mines. Measurement of ambient temperature, relative 
humidity, WBGT, and air velocity at all active working faces is required. 
Setting action thresholds is vital. It should be noted that WBGT >28°C 
warrants increased monitoring, >30°C requires work-rest modifications, 
and >32°C requires restriction of operations. Minimum air velocity ≥0.5 
m/s should be maintained to reduce convective heat load33. 
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5.2. Ventilation and cooling strategies 
Mine ventilation systems should be upgraded to ensure adequate 
airflow and air velocity at working faces, especially in deep or poorly 
ventilated areas. Where ventilation is inadequate, supplementary 
cooling should be added, including refrigeration systems, cooling 
stations, and spot cooling. Ventilation design should account for 
monsoon-related seasonal humidity increases. Emerging adjuncts, 
such as phase change material-based cooling garments, may be used 
when engineering controls are constrained. 

5.3. Work organization and administrative controls 
Administrative measures reduce heat strain. Work-rest schedules 
should be based on WBGT and task-specific metabolic demands, 
using indices such as the thermal work limit (TML) to guide safe 
exposure durations34. Under high heat stress, shifts should be limited 
to a maximum of eight hours and rest periods should be increased 
when thresholds are exceeded. Heavy work should be scheduled 
during cooler periods where feasible, and shaded or cooled rest areas 
should be provided with fluid access. 

5.4. Hydration and nutritional management 
Adequate hydration is central to preventing heat stress. Mining 
operations should provide unlimited access to cool, potable water 
with appropriate electrolyte supplementation35. Structured hydration 
protocols should be implemented, targeting ~1.0-1.5 L/h during high 
thermal exposure18, consistent with underground mining observations 
and sweat rates in hot, humid conditions. Recommendations should 
be individualized by environment, work intensity, acclimatization, and 
shift length. Workers should be trained to recognize early dehydration 
and heat-illness signs. 

5.5. Physiological monitoring and health surveillance 
Routine monitoring enables early heat-strain detection and 
prevention. Pre-shift screening should assess hydration (e.g., urine 
specific gravity) and cardiovascular fitness. In high-risk heat, 
continuous or periodic heart-rate monitoring should be done. Post-
shift checks should evaluate hydration, blood pressure, and 
symptoms. Long-term surveillance should track renal and 
cardiovascular health in chronically exposed workers36. 

5.6. Heat acclimatization and training 
Structured heat-acclimatization should be made mandatory for new 
and returning workers, using 7-14 days of progressive heat exposure 
with monitoring of cardiovascular and thermal responses. Heat-stress 
awareness training should be given to all underground workers. 
Additionally, supervisor training in heat-illness recognition, first aid, 
and emergency response should also be provided. 

5.7. Personal protective equipment optimization 
Personal protective equipment (PPE) should be evaluated for thermal 
burden. Where safety standards permit, lightweight and breathable 
clothing should be provided to minimize heat retention. Cooling 
garments and phase change material technologies may be piloted in 
high-risk environments, particularly where engineering controls 
cannot be fully implemented37.  

5.8. Research, data collection, and regional 
collaboration 
Systematic collection of environmental and physiological data is 
needed in Sri Lankan and other Asian mining populations. There is a 
need to establish baseline physiological profiles and conduct site-
specific heat stress assessments to guide locally appropriate 
interventions. Collaboration with regional research institutions is 
required in order to develop evidence-based, context-sensitive heat 
mitigation strategies. Moreover, best practices should be shared 
across Asian mining operations. 

5.9. Policy development and regulatory 
enforcement 
There is a need to develop and enforce national occupational health 

and safety standards for tropical underground mining, mandating 
environmental monitoring, physiological surveillance, heat-stress 
training, and emergency preparedness38. Moreover, regulations should 
add enforcement, non-compliance penalties, and technical support for 
resource-limited small-scale mining operations39. 

5.10. Emergency preparedness and response 
All mining operations should establish formal heat illness emergency 
response protocols40. These should include access to cooling facilities, 
medical supplies, trained first responders, and clear evacuation 
procedures for extreme heat events. Regular drills and protocol reviews 
should be conducted to ensure preparedness and effectiveness. 

6. Conclusion 
Underground mining in tropical and subtropical Asia, including Sri 
Lanka, exposes workers to extreme physiological challenges beyond 
those in temperate operations. Across 134 studies, miners show severe 
cardiovascular strain (117-122 bpm), dangerous heat stress (core 
temperature >38°C), dehydration and kidney dysfunction (eGFR drops 
6-10 mL/min/1.72m² per shift), and cognitive impairment under 
conditions often exceeding critical thresholds (WBGT >31°C, humidity 
>80%, temperature >37°C). Tropical climate, limited mechanization, 
poor ventilation, and water infiltration intensify risks. Sri Lankan mines 
mirror regional patterns. Evidence-based measures, such as ventilation 
and cooling upgrades, adequate work-rest cycles, hydration, and 
monitoring, are feasible and urgently needed. 
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