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Abstract

A significant number of fatalities in the mining industry are a result of the entrapment of miners underground post-acci-
dent. These fatalities happen when miners survive the initial event of an accident, but remain trapped or lost underground
in unknown and life-threatening locations for an extended period. Consequently, if not rescued as quickly as possible,
the trapped miners may succumb to their injuries and/or the lack of essential and life-sustaining necessities such as fresh
air, water, food and medication. Despite their severity, specific research pertaining to the analysis of incidents involving
trapped miners and the survivability of trapped miners post-accident is limited. This can be partially attributed to the
incorrect reporting and categorizing of these incidents according to the initial event, although miners may survive the
initial event, but later succumb to the secondary effects of being trapped underground. However, in some cases, it may
be difficult to determine if the miners died from the initial event or due to being trapped underground. The trapped miner
incidents tend to be more complex and challenging than typical accidents due to the lack of reliable information regarding
the precise locations and the health status of the trapped miners (whether they are severely injured, still alive or deceased)
post-accident. Therefore, the aim of this study was to investigate and analyze incidents involving trapped miners and
assess the survivability of the trapped miners post-accident. This was based on the consolidation of data collected from
39 incidents involving trapped miners globally between 2006 and 2024. The dataset was validated and cross-referenced
using multiple sources including peer-reviewed journal articles, official investigation reports and reputable online news
publications. The data was classified by commodity, mining method, cause or initial event, area of occurrence and depth
of entrapment. From the analysis, the total number of trapped miners, N = 1,324; survivors, S = 337 (25.5%); and the
resulting fatalities, F' =972 (73.4%), were determined. The search and rescue (SAR) duration was an average of 14.9 days
while in some cases the trapped miners were never found. The survival probability of the trapped miners post-accident
was analyzed using the Kaplan-Meier, Nelson-Aalen, and Life Table Estimator models. These models were used to analyze
and visualize the survival probability of the trapped miners over the entrapment period.

Keywords Entrapment - Search and rescue (SAR) - Survival probability - And fatality rates

Introduction

Mining has always been an important driver of economic
growth and civilization (i.e. industrialization, technol-
ogy development, energy supply, source of employment,
and infrastructure development). However, it is also
ranked amongst the riskiest and most hazardous industries
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globally. This can be attributed to the poor safety records
due to the unacceptably high rates of accidents. Mining
accidents often result in multiple fatalities, serious injuries,
and long-term disabilities among the mine personnel. Some
mining accidents can cause extensive and costly damages
to infrastructure, property, and critical equipment. Addi-
tionally, some incidents can have significant impacts on
the environment and surrounding communities. The major
causes of accidents (e.g. rock falls, fires and explosions,
and transportation and machinery) and their root causes
(e.g. poor safety culture, violations, and human error) in
the mining industry have been extensively researched
globally (Quintero et al. 2024; Duarte et al. 2021; Zhang
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et al. 2020; Bonsu et al. 2017; Saleh and Cummings 2011;
Ruff et al. 2011; Jacinto and Soares 2008; Komljenovic et
al. 2008; Kecojevic et al. 2007; Cawley 2003; Blank et al.
1996; Mitchell et al. 1998).

Among the major causes of fatalities in underground
mines, this study aims to demonstrate that a significant
proportion are a consequence of the entrapment of min-
ers underground. This happens when miners survive the
initial event of an accident, but remain trapped or lost
underground for an extended period without any help
(Ngwenyama and Webber-Youngman 2023). If the trapped
miners are not located and rescued as quickly as possi-
ble; they may succumb to their injuries, due to the lack
of supply of essential and life-sustaining necessities such
as fresh air, water, food and medication, or other health
related issues. According to Lehnen (2016), entrapments
in underground mines do not occur frequently, but are
unpredictable and very complex when they do occur. This
is a result of limited information about the exact number
of trapped miners, their locations and whether they are
seriously injured, still alive or deceased post-accident. The
entrapment of miners necessitates the activation of search
and rescue (SAR) operations to save survivors. This has
been the most used and relied on method for attempting to
locate and rescue trapped miners underground. However;
it has proven ineffective, slow and risky (Molyneaux 2016;
Sacks 1977). This is despite the SAR method being well
researched for its efficiency and effectiveness for under-
ground emergencies (Kowalski-Trakofler et al. 2010;
Kowalski-Trakofler and Vaught 2012; Jansky et al. 2016).
Without accurate locations of the trapped miners, rescuers
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Fig. 1 Post-accident conditions in underground mines (Molyneaux 2016)
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are forced to search for the trapped miners in presumed or
random areas throughout the mine. These are areas where
the trapped miners were seen last or where they were
expected to be working or travelling at the time or just
before the occurrence of the accident. This makes SAR
operations tedious and time-consuming processes which
in turn increases the risk of fatalities.

In addition to the unknown locations of the trapped min-
ers, SAR operations can be delayed by the uncongenial
post-accident conditions in the mine. According to Moly-
neaux (2016); the post-accident conditions underground can
be extremely hazardous and are characterized by a combina-
tion of factors such as cave-ins and rubble, flooding, heavy
smoke, dust, harmful gases, high humidity, poor illumina-
tion, scattered rails and collapsed beams, uneven surfaces,
fallen steel supports, and exposed electrical cables (Fig. 1).
Delays during SAR operations can have financial implica-
tions such as lost production time, rescue costs, and tempo-
rary and permanent closure of mines. For example, it took
a multinational effort of up to US$ 20 million to rescue 33
workers who were trapped underground for 69 days at the
collapsed Chilean San Jose mine in 2010 (Jiménez-Mar-
tinez 2016).

According to a report by Mining Safety (2023), it is criti-
cal and a matter of urgency that miners affected by an acci-
dent are rendered emergency medical care to improve their
chances of survival. This is supported by the Golden-hour
concept (resuscitative-hour) which stipulates that critically
injured persons have a survival chance if medical care is
rendered within the first hour after an accident (Lerner and
Moscati 2001; Bledsoe 2002). The Golden-72-hour concept
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suggests that people can survive up to 72 h without food
and water (Hakami et al. 2013). Adults who are unharmed
in an accident, but with supply of fresh air and water, have a
higher likelihood of survival, provided that they are recov-
ered within 72 h (Huo et al. 2011). According to Huo et al.
(2011), affected people have a better survival chance within
48 h, but it reduces exponentially beyond the 72-hour time
period and survival becomes extremely less likely after
120 h. This highlights the critical need for efficient SAR
operations to enhance the survival prospects of trapped
miners.

Despite frequently making headlines, research pertain-
ing to trapped miner incidents remains limited. This can be
attributed to the fact that these incidents are often incor-
rectly reported and classified. Often, the initial event or
origin of an accident is reported and classified as the cause
of fatality, while it was actually due to the consequences
of being trapped in unfavorable and life-threatening con-
ditions underground. According to the International Orga-
nization for Standardization (2017), mining accidents
should be classified by their origin or cause, the type of
accident and by their result or consequence. As such, if
a miner survives an accident, but is fatally injured after
some time, then the cause of the fatality should be classi-
fied as “trapped underground”. Nonetheless, the trapped
miner fatalities are subsequent to the initial events of
accidents such as rock falls, fires and explosions, water
inundation, air-blast, mud-rush, and poor visibility. This
suggests a need for a standardized, detailed and consis-
tent methodology for recording incidents where miners
have become trapped underground. The current reports are
vague, inconsistent and often do not include some critical
information about the trapped miners.

Literature review

Entrapment of persons in other high-risk
environments

Entrapments do not only happen in underground mines, but
are also common in other high-risk industries and environ-
ments such as skyscrapers, construction, maritime, tunnel-
ing, and oil-and-gas. Similar to underground mines, these
environments are comprised of confined spaces and hazard-
ous conditions that can cause and increase the risk of entrap-
ments. This section of the study explores the similarities and
relatedness of these incidents to the trapped miner incidents
in underground mines. In opencast mines, miners have occa-
sionally become trapped as a result of events such as slope
failure, bench collapse and landslides. For example, 53 min-
ers were buried and trapped in a landslide at the Xinjing

opencast coal mine in China in February, 2023 (Wang et
al. 2024). Another landslide incident occurred at the Turk-
ish Copler open-pit gold mine leading to the burial and
entrapment of 9 miners in February 2024 (Biiyiikakpinar et
al. 2025). These trapped miner incidents can be related to
the entrapment of people in the rubble of collapsed build-
ings due to natural disasters such as earthquakes (Fig. 2)
(Reinoso et al. 2018). During such disasters, the survivors
may experience life-threatening conditions such as suffoca-
tion, severe hemorrhage, crush syndrome, dehydration, and
heat exhaustion (Akin et al. 2024). These conditions neces-
sitate urgent and well-coordinated emergency SAR opera-
tions to improve the survival chances of the trapped people
(El-Tawil and Aguirre 2010).

In communities and urban areas, a number of people have
been reported to have died from being trapped in debris of
collapsed constructions sites (Xie et al. 2023; Zhang et al.
2018a; Wei et al. 2017; Zade and Badnerkar 2011; Huo et al.
2011; Todokoro 2009; Chen et al. 2000). In 2023, an earth-
quake affected a total of 662 people and killed 131 people,
while the 530 survivors became trapped under rubble for
a week in Turkey (Sar1 et al. 2023). Another major earth-
quake occurred in Lushan in 2013, resulting in 200 deaths
and more than 12,000 injuries (Duan et al. 2022; Tang et
al. 2017). Many other earthquake disasters that resulted in
entrapments were investigated by Rom and Kelman (2020).
In these situations, the trapped people die from a lack of
medical aid. Similar to underground accidents, people
may survive the initial collapse of the building, but remain
trapped for a longer period (Macintyre et al. 2011). A num-
ber of studies have focused on the time-to-rescue for the
trapped people in order to stand a chance of saving lives.
SAR in collapsed buildings can last between 24 and 48 h
(Peleg et al. 2018). It may be difficult for the trapped people
to survive beyond the fourth day (Epstein et al. 2023). Sur-
vivors would normally be found within voids formed from
the collapsing structure (Hu et al. 2019). However, the esti-
mation of casualty can be linked to the extent of damage of
the buildings (Spence and So 2009). During an emergency,
the size or number of rescue teams and their readiness or
preparedness play a critical role in determining the out-
come of entrapments. This requires modelling of the criti-
cal rescue logistics based on historical survival rates. The
survival rate among trapped persons can be improved with
the availability of a sufficient number of well-equipped and
rapidly deployable rescue teams. This shows the importance
of strategic planning and resource allocation in emergency
response. Such insights can be applied to mine emergencies
and SAR processes for trapped miners.

Flooding has also been identified as a major contribu-
tor to the entrapment of people (Gupta et al. 2012). Coastal
drowning has resulted in people being trapped at sea and

@ Springer



14 Page 4 of 34

Safety in Extreme Environments (2025) 7:14

(b)

Fig. 2 People trapped in rubble from collapsed buildings due to an earthquake (Reinoso et al. 2018)

oceans (Webber et al. 2020; Pereiro et al. 2021). In the year
2018; about 237 people were reported trapped due to 176
water traffic accidents in China (Wang et al. 2021). Inland,
thousands of trapped persons who were hiking, hunting and
performing other adventurous activities in wilderness areas,
mountains, forests, jungles and national parks have been
reported (Hashimoto et al. 2022; Koester 2018; Drexel et
al. 2018; Sava et al. 2016; Li and Dong 2014; Doherty et al.
2014; Doke 2012). Other trapped people who needed SAR

@ Springer

operations have been reported in deserts (Almujalli and
Altuwaijri 2023a, b).

Accident analysis models

This section evaluates the applicability of existing accident
analysis models to the trapped miner incidents and their
ability to account and estimate the survivability of trapped
miners post-accident. The commonly used accident analysis
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models include the Swiss Cheese Model (SCM), Analytic
Hierarchy Process (AHP), Event and Causal Factors (ECF),
“2—4 or 24” model, AcciMap Model, Structural Equation
Model (SEM), Accident Causation Tree (ACT), Human Fac-
tors Analysis and Classification System (HFACS), Cause-
Consequence Analysis (CCA), Management Oversight and
Risk Tree (MORT), System Theoretic Accident Modeling
and Process Model (STAMP) and the Feyer and Williamson
method. The HFACS and AHP are amongst the commonly
used models in the mining industry while the STAMP
model has also been employed (Zhang et al. 2024; Diizgiin
and Leveson 2018; Liu et al. 2018; Qiao et al. 2019). The
HFACS is a system-based model, developed from the prin-
ciples of the SCM. It provides an analysis framework that
investigates human errors and unsafe acts, and their conse-
quences (Shappell and Wiegmann 2000). These investiga-
tions often attribute the causes to factors such as operator
error, negligence or lack of competency. Yang et al. (2022)
provides an improved HFACS model which incorporates
external factors.

The HFACS and STAMP models are versatile as they
have also been extensively used in the analysis of road traf-
fic accidents (Dong et al. 2024). Similarly, the SCM and
the Feyer and Williamson models focus on causal factors or
chain of causes that lead to an accident such as human error,
systemic factors and their relationship (Sanmiquel-Pera et
al. 2019). These models can be used to systematically iden-
tify active and latent failures within organizations. Salmon et
al. (2012) conducted a comparison of the AcciMap, HFACS
and STAMP while Igdene and Johnson (2020) conducted a
similar comparison but also including the ECF model. The
HFACS has also been compared to the “2—4” model (Fu et
al. 2017). Although mine accidents and their root causes
have been extensively studied, there is a significant lack of
studies that specifically and systematically analyze the post-
accident survivability of trapped miners. Most of the exist-
ing models focus on hazard identification, causal analysis,
prevention strategies, and safety management systems, but

do not systematically assess factors such as post-accident
survivability of trapped miners. The applicability of the dif-
ferent accident analysis models is summarized in Table 1.

These models have a limited potential for analyzing
post-accident survivability of trapped miners. As such, risk
assessment tools such as the Bowtie and Fault Tree analysis
were also considered for their applicability. The advantage
of these tools is that they incorporate a systemic interaction
of people, the environment and safety systems to provide a
comprehensive evaluation of a risk (Zhang et al. 2018b). For
example, the Bowtie risk assessment was applied in Fig. 3
to represent the relationship between hazards, potential con-
sequences, and controls to prevent trapped miner accidents
and fatalities.

This tool allows the identification of the top event, its
possible causes and control measures, and consequences
and mitigation measures. This can help with understanding
the failure path and adequate controls when miners have
become trapped underground. In a Bowtie risk assessment,
the top event or risk is the entrapment of a miner.

Survival probability estimation of trapped miners

This study focuses on the point just after the occurrence of
an accident to the point of rescue (time-to-rescue) and the
survival chances of the trapped miners. The study assumes
that an accident has occurred and that there is an urgent
need to rescue the trapped miners. However, there are lim-
ited studies that analyze the survivability of trapped min-
ers in the mining industry. In other sectors, various models
have been developed to estimate the survival probability of
patients following traumatic incidents such as vehicle col-
lisions, falls from height, armed conflicts, and pedestrian
accidents (Norouzi et al. 2013; Huabbangyang et al. 2021).
According to Davie et al. (2021), about 70% of deaths
from traumatic accidents happen before the patients reach
the hospitals. Even those who reach the hospital alive may
eventually succumb to their injuries (Hamsen et al. 2020).

Table 1 Use of accident analysis

Accident analysis model
models in the mining industry

Applicability to
mine accident

Potential use for
post-accident sur-

Focus on System complex-
human factors ity, adaptability and

analysis flexibility vivability analysis

SCM Yes Moderate Limited Low

AHP Limited Low Low Low

ECF Yes Moderate Moderate Low to moderate
2-4 (24) Model Limited High Low Low

AcciMap Yes High High Low to moderate
SEM Limited Moderate High Low

ACT Limited Moderate Low Low

HFACS Yes High Moderate Moderate

CCA Yes Moderate Moderate Moderate
MORT Yes High High Moderate
STAMP Yes High Very high Moderate

Feyer and Williamson Yes High Moderate to high Low
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Top event or risk

Occurrence of an
accident such as
rock fall, gas
explosion,
flooding, air-blast,
mud-rush,
unauthorized
entry, etc.

Emergency preparedness,
competentrescue teams
and safety systems.

Control measures

Potential causes

Fig. 3 Bowtie risk assessment for trapped miner accidents and fatalities

According to Alharbi et al. (2021), mortality rates from
accidents can be reduced by improving the response time
to trauma events. The response time is sensitive and has
been enhanced by using faster modes of transport such as
helicopters which has been beneficial for severely injured
patients (Andruszkow et al. 2016).

A study by Wei et al. (2017) developed a model to esti-
mate the possible number of people trapped in a collapsed
building. This model is based on factors such as popula-
tion density in the building, occupancy rates at the time
of the earthquake (higher at night), the extent of damage,
integrity of building, and the seismic intensity. Another
study by Reinoso et al. (2018) assesses the expected loss of
lives due to structural damage or collapse of buildings after
earthquakes. These studies highlight the importance of the
time-to-rescue period after an accident until medical care
has been rendered. As a result, survival probability mod-
els have been developed to statistically estimate the surviv-
ability of patients. The commonly used models include the
Life Table Estimator, the Kaplan-Meier Estimator and the
Nelson-Aalen Estimator (Wiegrebe et al. 2024; Bewick et
al. 2004; Bayraktar et al. 2023; Janurova and Bri§ 2014; Hu
and Huffer 2020; Colosimo et al. 2002). These models can
help understand, predict and analyze how long trapped min-
ers can survive post-accident and identify factors that can
affect their survival chances. They have also been used to
estimate variables such as the time to failure for machines
(Papathanasiou et al. 2023). These models represent the
probability of survival beyond time ¢. Therefore, these mod-
els can be adapted for mine emergencies where miners are
trapped underground.

Equation 1 is a non-parametric method used to determine
the proportion of survivors at a specific point in time in
comparison to the initial cohort of trapped miners. This is
applicable to scenarios where the survival probability [ S (¢)
] beyond a certain time (¢) is binary and the available data
is limited. This estimates the true survival function with no
censoring of the dataset.
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Miners
trapped in
unknown and

threatening
locations
post-accident.

Trapped miners
succumb to their
injuries, lack of
fresh air, food,
water and
medication.

Search and rescue
missions, miner tracking
and locator systems.

Recovery measures

Potential outcome

Number of survivors at time t

S(t) =

*) Total EquationNumber of trapped people (M
Equation 1 can then be rewritten in Eq. 2:
S (t) — Nsurvivors (t) _ Nsurvivors (t) (2)

Ntotal Nsurvivors T Nfatalities

The survival probability at time ¢ can be calculated using
Eq. 3 (Wiegrebe et al. 2024; In and Lee 2018):

St)=1-F@t)=P(T >1) 3)
Where:

P(T > t) = the probability that a random variable T
is greater than t.

F (t) = the probability of a fatality (a miner has
already died or recovered deceased) by time .

T =random variable for the time until an event where
a trapped miner is either rescued or dies.

t = specific point in time after the occurrence of an
accident.

The Life Table Estimator model (Egs. 4-6) groups survival
time into intervals and estimates survival probabilities. This
model has been used for analysis of occupational accidents
in mining (Bayraktar et al. 2023). This model starts by cal-
culating the termination probability using Eq. 4.

d;
6= —o “)

Then, it calculates the survival probability given by Eq. 5:
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pi=1l—q ®)

The cumulative survival probability is then calculated using
Eq. 6:

S)y=]] i=ps (6)

Where:

d; = number of fatalities in intervals 3.

n; = number of persons at risk at beginning of interval <.

w,; = number of persons withdrawn at interval .

The Kaplan-Meier Estimator model (Eq. 7) is another
non-parametric method used to estimate survival probabil-
ity over time (Hu and Huffer 2020; Colosimo et al. 2002).
This method allows for the censoring of data. It provides a
clear picture of how survival probability changes as rescue
time increases. In this study, when some miners were res-
cued but the final outcome of others is unknown.

st =] <1 — Z)a )

t; <t

Where:

d; = number of fatalities at ¢;.

n; = number of persons exposed to the risk before .

The Nelson-Aalen Estimator model estimates the cumu-
lative hazard function H (t) (Eq. 8). This model is often
used alongside the Kaplan-Meier and the survival function
models to compute and compare survival probabilities (Hu
and Huffer 2020; Colosimo et al. 2002). The Nelson-Aalen
model can be used to predict the increasing probability of
death for the trapped miners as time elapses. This is based
on an increasing hazard exposure of the trapped miners
underground.

d;
H(t) = Z — « (8)

N ;
tlﬁt (X

The cumulative hazard can be used to express the probabil-
ity of survival in Eq. 9.

S (t) = exp(—H (1)) )

Overall, the Kaplan-Meier method, also known as the prod-
uct limit, has been used mostly as an analysis and estimator
tool for the expected time duration before an event such as
death occurs (Colosimo et al. 2002). The Kaplan-Meier and
Nelson-Aalen models are the most directly applicable mod-
els for analyzing and estimating the survivability of trapped
miners post-accident. The Life Table Estimator model is
useful for large-scale studies where exact times may not
be available. In this case, these models were considered to

estimate the time duration that trapped miners can survive
underground without rescue. In a typical underground mine,
the after effects of an accidents such as compromised venti-
lation, poor visibility, and dense smoke should also be con-
sidered. Specific to mining accidents, a formula (given by
Eq. 10) was derived to estimate the survival chances after a
fire accident (Kissell et al. 1993). The focus was on the criti-
cal factors that can impact the survival chances of miners in
the event of a coal mine fire incident.

I=(Ty +Tb) = (Ts + Ty +Ts) (10)

Where:

I = survival index for a specified fire situation and a
specified miner.

T, = time for a fire to grow in size to a toxic concen-
tration of fumes in the ventilation.

T5 = time for fumes from the fire to circulate in the
ventilation to the point of escape from the contami-
nated airway.

T3 = time for fire detection.

T, = time interval between fire detection and the
beginning of worker withdrawal.

T = time for a miner to travel from original location
to a point of escape from the contaminated airway.

Aims and objectives

The aim of this study was to empirically investigate and ana-
lyze global incidents involving trapped miners and evaluate
the survivability of the trapped miners in these incidents. By
applying empirical data and survival analysis methods, the
study seeks to quantify survival probabilities, identify criti-
cal factors influencing outcomes, and highlight the impor-
tance of effective SAR operations in improving survival
probabilities. Therefore, the objectives of the study were to:

e Demonstrate the severity and impact of the trapped min-
er incidents in underground mines.

e (Compile and analyze the trapped miner incidents by
commodity, mining method, initial event or cause, depth
of entrapment and SAR durations.

e Estimate the survival probability of the trapped miners
post-accident.

@ Springer
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Methods

Trapped miner incidents data collection and quality
of data

The trapped miner incidents data is not well defined nor
readily available due to these incidents not being reported
and recorded properly. Therefore, a critical part of this study
was to gather and classifying data on these incidents to
demonstrate their frequency and severity. The data was col-
lected from 39 incidents involving trapped miners between
2006 and 2024. This included incidents from various mines
in different countries around the world. The data was col-
lected and consolidated from various sources including
mining companies’ reports and websites (specific mines that
experienced the accidents), government agencies’ reports
and portals (official authority published reports), regula-
tory bodies, published journal papers, and online newspa-
per reports (Ngwenyama 2018). However, the newspapers
reports are often not well researched and the information
thereof can be inaccurate and inconsistent. To improve and
ensure accuracy and quality of the data, multiple reports on
the same incident were obtained to corroborate the reported
information and ensure accuracy and consistencies. A study
by Reinoso et al. (2018) also relied on data gathered from
newspaper reports and literature to gather data on people
trapped under rubble of collapsed buildings. However, there
is still a marginal risk of error or inconsistencies with the
data collected from the newspaper reports.

Data analysis and variables

The trapped miner incidents dataset was compiled follow-
ing the layout structure used by Rom and Kelman (2020). In
their study, the authors gathered and analyzed data about the
entrapment of people resulting from 22 earthquakes between
1985 and 2015. The consolidated data of this study is classi-
fied and summarized in Table 13 in the Appendix. The data-
set was also used to model several other scenarios in which
miners can become trapped underground post-accident, as
a function of the initial event. The trapped miner incidents
dataset in this study was systematically classified and ana-
lyzed according to the following criteria:

e Commodity mined: To evaluate the likelihood of entrap-
ments across different commodities and to assess which
commodities are most associated with high-fatality
rates.

e Mining method: To assess how the specific mining
methods contribute to the risk of miner entrapment and
evaluate which result in more severe consequences.

@ Springer

e Initial event or cause of the accident: To identify and
analyze the primary incidents that led to the entrapments
of miners as well as their frequency and impacts.

e Area of occurrence: To determine which sections of
a mine are most likely to result in the entrapment of
miners.

e Depth of entrapment: To assess if there is any corre-
lation of the entrapments to the depth of the incident
occurrence.

Figure 4 is a schematic description of the methodology that
was followed for classifying and analyzing the data from
the incidents. The following variables were defined for the
analysis of the dataset:

n = number of incidents involving the entrapment of
miners in underground mines.

N =number of trapped miners in these incidents.
t = time-to-rescue.

S = number of survivors.

S (t) = the probability of survival beyond time .

F = number of trapped miners who eventually died.

Survival probability Estimation

Many accident analysis studies focus on the causes and
prevention of accidents and fatalities, as well as the safety
systems and protocols to prevent or minimize the severity
and frequency of accidents. Conversely, this study focusses
specifically on systematically examining the factors that can
affect or influence the survival chances of trapped miners
underground post-accident. Therefore, the Kaplan-Meier
Estimator, Nelson-Aalen Estimator, and the Life Table
models were utilized to analyze global incidents data to sta-
tistically evaluate the post-accident survivability of trapped
miners. These models were selected based on their applica-
bility to analyze and model the time-to-event scenarios. In
this study, this includes scenarios where the trapped miners
were rescued or their survival status was unknown beyond
a certain period. Specifically, the Kaplan-Meier Estima-
tor model was used to estimate the survival probability of
the trapped miners beyond a specific duration following an
entrapment without assuming a specific statistical distribu-
tion based on the period of entrapment to an event, whether
rescued, eventuating fatality or unknown outcome. The Nel-
son-Aalen Estimator model was used to estimate survival



Safety in Extreme Environments (2025) 7:14

Page9of34 14

Normal operation: N (
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underground.
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. J 0

T 1
(
Number of trapped miners
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n = 38
\_
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ttime to rescue > 1 day:

N(ttimetorescue > 1) = 1,324
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S = 337
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Fig.4 Trapped miner incidents data collection and analysis methodology

probability based on the cumulative hazard to analyze the
increasing risk during the entrapment period. The Life Table
method was used to estimate the survival probabilities of the
trapped miners over time intervals. Therefore, these meth-
ods were suitable for assessing the survival probabilities of
the trapped miners over the entrapment or SAR duration.
The MATLAB software was used to plot the models using
the time-to-rescue based on the SAR duration data. These
models utilized the SAR durations to model the survival
probability of the trapped miners. This was used to compare
rescue duration to the number of rescued miners to investi-
gate if longer rescues correlate with survival rates.

Results
Trapped miner accidents

From the collected data, incidents involving trapped min-
ers were identified (n = 39), with the number of trapped

miners ( NV =1,810); in comparison to survivors (.S = 823);
and resulting fatalities ( F' = 972); were classified. Incidents
in which the locations of trapped miners were known, and
where they were rescued and evacuated alive immediately
or within the same day (t < 24 hours) were excluded from
the data. This exclusion was based on the study’s focus on
prolonged entrapment scenarios that necessitate SAR oper-
ations. These incidents involve greater risk to the trapped
miners. By applying these criteria, only one incident was
excluded from the data where 486 miners were trapped.
In this incident, the locations of the trapped miners were
known, there was constant communication between the min-
ers and rescuers, and the miners were rescued and evacuated
within 24 h. The remaining data set was n = 38. For inci-
dents were the SAR operations lasted longer than 30 days or
the trapped miners were never found, the SAR duration was
capped at ¢ = 30 days. This is the duration in which the
survival chances of the trapped miners are extremely low
without any help or support from surface. In such incidents,
the trapped miners were often presumed dead. The recovery
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of bodies was not classified as a SAR operation after the
30-day period. As such, 14 of the accidents were capped at
30 days due to the SAR operations taking longer than 30
days. After applying the exclusion criteria, the total number
of trapped miners obtained; N = 1,324 with survivors S
= 337 (25.5%), and fatalities F' = 972 (73.4%). Approxi-
mately 1.1% of the trapped miners were unaccounted-for
after all SAR efforts. However, this could be due to the
inconsistencies in the reported information regarding the
total number of trapped miners. Figure 5 is a summary of
the number of incidents per year, total number of trapped
miners, survivors, the resulting fatalities.

The data was further classified by commodity mined,
mining method, initial cause of accident and area of occur-
rence in the mine in Fig. 6. However, critical information
such as the number of employees present at the time of the
incident was not available for analysis. This can also be
attributed to the lack of a uniform methodology or standard-
ized reporting framework for the trapped miner incidents.

From Fig. 6, most of the trapped miner incidents occurred
in the coal mines (56%), followed by the gold mines (28%),
platinum group metals (PGMs) mines at 8%, then the nickel
(3%), silver-lead-zinc (3%) mines, with the least incidents
occurring in the copper-gold mines at 2%. The trapped
miner incidents were positively linked between the com-
modity mined and the mining methods. For example, the
longwall mining method, typically used in the coal mines,

800
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2015
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recorded the highest portion of the trapped miner incidents
(38%), followed by the conventional (breast and down-dip)
mining methods used in the gold and PGMs mines (26%).
Other mining methods such as cut-and-fill, drift, sub-level
stoping and hydro are commonly used in the commodities
such as copper-gold, nickel and the silver-lead-zinc mines
and were in the range 3—5%. Artisanal or illegal mining
activities constituted 5% of these incidents while 13% of
the mining methods were unclassified or unavailable from
the reports.

Furthermore, the commodity and mining method were
then linked to the initial event or the cause of the entrap-
ments. A correlation was noted as a majority of the entrap-
ments being caused by gas explosions. The gas explosions
(36%) are common in coal mines which typically employ
the longwall mining method. This was followed by rock
fall (15%) incidents which are common in the conventional
(breast or down dip) mining methods used in the narrow
reef deep-level hard rock gold mines. However, some of
the incidents such as water inundation, fires, mud-rush and
shaft collapses; are possible in all commodities and the dif-
ferent mining methods.

The trapped miner incidents were further compared by
area of occurrence in the mines, but these incidents can
occur almost anywhere in the mine. However, certain sec-
tions of underground mines become too complex for SAR
operations due to the labyrinthine layout of the mine,
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Fig.5 Representation of trapped miners who are eventually fatally injured in comparison to survivors after SAR efforts
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[a] Trapped miner incidents occurrences by Commaodity

[b] Trapped miner incidents occurrences by Mining Method
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[c] Trapped miner incidents occurrences by Cause or Initial Event

[d] Trapped miner incidents occurrences by Area in the Mine
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Fig. 6 Percentage distribution of trapped miner accidents by [a] Commodity mined, [b] Mining method, [¢] Cause of accident and [d] Area of

occurrence

ongoing developments and the continuous advancement of
excavations. The majority of incidents were found to occur
at active working faces such as stoping areas and develop-
ment ends where mining activities are most concentrated.
The stoping areas accounted for 33% of the incidents, with
26% occurring around the shaft area (including the lamp
room incident at Lily mine) and 36% unidentified areas
throughout the mine (mine-wide) including unknown areas
and the least being 5% along haulages. The 2016 Lily Mine
disaster is an example that miners can become trapped in
unforeseen locations. This demonstrates the unpredictabil-
ity and complexity of these incidents.

The unpredictability and complexity of these incidents
necessitate the need to derive additional scenarios to better
understand how miners can become trapped underground
(Table 2). This was based on the historic data of the ini-
tial events. These scenarios were derived from the trapped
miner incidents. It was noted that these scenarios can vary
from one mine to another due to factors such as the magni-
tude of the accident, section in which the accident occurred,

and number of miners present in that section. In some cases,
entrapments can occur due to health-related issues such as
incapacitation or heat exhaustion. Each scenario presents
unique challenges that can exceed the scope of standard
emergency response. This necessitates the need for mine-
specific rescue strategies.

Analysis of trapped miners and survivors

From the 38 accidents, the total number trapped miners ( NV
= 1,324), the number of survivors ( S =337;25.5%), and the
number of fatalities ( F' = 972; 73.4%), as well as the aver-
age SAR durations in each classification were determined.
Tables 3, 4, 5, 6 and 7 provide a comparison of the number
of trapped miners, survivors and fatalities by commodity
mined, mining method, area of occurrence, the initial event
cause and the depth at which the incident occurred.

The highest number of trapped miners was recorded in
the coal mines (82.8%; N = 1,096), followed by the gold
mines (10.4%; N = 138), then in the nickel mines (2.9%;
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Table 3 Trapped miner accidents by commodity

Commodity Number of % of trapped Number of rescued % of rescued ~ Number of result- % of fatalities =~ Average
trapped miners ~ miners miners (survivors) — miners ing fatalities of SAR
duration
(days)
N=1,324 S=337 F=972 t=14.9
Coal 1096 82.8 193 57.3 888 91.4 19.6
Copper-Gold 33 2.5 33 9.8 0 0 17
Gold 138 104 61 18.1 77 7.9 9.6
Nickel 39 29 39 11.6 0 0 3
PGMs 16 1.2 9 2.7 7 0.7 7.3
Silver, lead and zinc 2 0.2 2 0.6 0 0 1
Table 4 Trapped miner accidents by mining method
Mining method Number of % of trapped Number of % of rescued  Number of % of fatalities ~ Average
trapped miners ~ miners rescued miners miners resulting of SAR
(survivors) fatalities duration
(days)
N=1,324 S=337 F=972 t=14.9
Artisanal/illegal mining 57 43 24 7.1 33 34 5
Bord-and-pillar 22 1.7 1 0.3 21 2.2 30
Conventional 54 4.1 22 6.5 32 33 7.4
Cut-and-fill 72 5.4 72 214 0 0 10
Drift 4 0.3 0 0 4 0.4 2
Hydro 31 23 2 0.6 29 3.0 30
Long-hole stoping 2 0.2 2 0.6 0 0 1
Longwall 959 72.4 187 55.5 757 77.9 16.9
Sub-level stoping 3 0.2 2 0.6 1 0.1 14
Unknown 120 9.1 25 7.4 95 9.8 29
Table 5 Trapped miner accidents by initial event or cause
Initial event of accident Number of % of trapped Number of res- % of rescued ~ Number of % of fatalities ~ Average
trapped miners  miners cued miners miners resulting of SAR
fatalities duration
(days)
N=1,324 S=337 F=972 t=14.9
Blocked shaft 39 29 39 11.6 0 0 3
Cage breakdown 2 0.2 2 0.6 0 0 1
Fall of ground 28 2.1 10 3.0 18 1.9 104
Gas explosion 788 59.5 16 4.7 757 77.9 18.7
Ground collapse 137 10.3 83 24.6 54 5.6 15
Mud-rush 5 0.4 2 0.6 3 0.3 3
Strata collapse 6 0.5 0 6 0.6 30
Underground fires 17 1.3 8 2.4 9 0.9 2
Underground outburst 24 1.8 3 0.9 21 22 30
Water inundation 278 2.1 174 51.6 104 10.7 18.2

N = 39), the copper-gold mines (2.5%; N = 33), PGMs
(1.2%; N = 16) and the least in the silver-lead-zinc mines
(0.2%; N =2). With regards to the rescued miners from the
different commodities, 57.3% (S = 193) were in the coal
mines, followed by gold (18.1%; S = 61), nickel (11.6%;
S = 39), copper-gold (9.8%; S = 33), PGMs (2.7%; S =
9) and silver-lead-zinc (0.6%; S = 2). Additionally, when
comparing the fatalities in the different commodities, the
majority was in the coal mines which accounted for 91.4%

( F = 888), with very few occurring in the other commodi-
ties such as 7.9% in the gold mines ( F' = 77) and 0.7% in
the PGMs mines ( F' = 7) and 0% for copper-gold, nickel
and silver-lead-zinc mines. The coal mines experienced the
highest number of accidents and recorded the highest num-
ber of trapped miners and fatalities compared to the other
commodities. The average SAR duration was also highest
in the coal mines at 19.6 days, followed by the copper-gold
mines (17 days), the gold mines (9.6 days), PGMs (7.3
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Table 6 Trapped miner accidents by area of occurrence

Area of occurrence Number of % of trapped Number of rescued % of rescued ~ Number of result- % of fatalities ~ Average
trapped miners ~ miners miners (survivors) —miners ing fatalities of SAR
duration
(days)
N=1324 $=337 F=972 t=149
Along haulages 43 32 33 9.8 10 1.0 23.5
Mine-wide 723 54.6 7 2.1 701 72.1 22.1
Shaft vicinity 233 17.6 105 31.2 128 13.2 11.3
Stope 325 24.5 192 57.0 133 13.7 8.5
Table 7 Trapped miner accidents by depth of entrapment unclassified mines (9.1%). A similar trend was also noted
Depth of Number of Number Number of  Average for the survivors and fatalities where the average SAR dura-
entrapment Trapped of rescued  resulting of SAR . . . .
(m) Miners miners fatalities duration tion was highest in the bord-and-pillar (30 days), hydro (30
(days) days) and unclassified (29 days) mines but lowest in long-
20 15 15 0 4 hole stoping (1 day), drift (2 days) and artisanal or illegal
60 10 0 10 30 mining (5 days).
80 3 0 3 30 Again, the highest number of trapped miners occurred
85 13 1 12 2 due to gas explosions (59.5%, N = 788) followed by water
113 153 115 38 8 inundation (21%; N = 278) and ground collapse (10.3%;
127 22 ! 21 30 N = 137). This can be linked to the coal mines which are
;gg 13 (1)1 Zz ;8 often highly susceptible to explosive gases. The longest
265 5 5 3 3 SAR duration by initial event was due to outburst (30 days),
300 145 12 133 16.8 strata collapse (30 days), water inundation (18.2 days) and
350 5 0 2 5 gas explosions (18.7 days) with the lowest being cage break-
390 77 56 21 14 downs (1 day), underground fires (2 days), blocked shaft (3
400 461 13 448 18.2 days) and mud-rush (3 days). In terms of area of occurrence,
457 6 0 6 30 the highest number of trapped miners occurred mine-wide
500 40 22 18 30 (54.6%; N = 1723), followed by stopes (24.5%; N = 325),
540 30 0 30 30 shaft vicinity (17.6%; N = 233) and haulages (3.3%, N =
600 24 0 24 30 43). The survival chances surprisingly higher at the stopes
700 79 33 46 10 (57%; S = 192), followed by shaft vicinity (31.2%; S =
780 36 0 36 30 105) with 9.8% (S = 33) and 2.1% (.S = 7) in the haulages
900 2 2 0 ! and mine-wide, respectively. However, the most fatalities
?éf) 0 i i (1) ;4 occurred throughout the mine (72.1%; F' = 701), followed
1200 39 39 0 3 by stoping areas (13.7%; F' = 133), shaft vicinity (13.2%;
1230 47 0 3 30 F = 128) and lastly along haulages (1.0%; F' = 10). The
1300 9 1 8 4.5 SAR duration was highest in along haulages (23.5 days) and
1700 17 8 9 3 mine-wide areas (22.1 days) in comparison to shaft vicinity
2300 0 0 1 (11.3 days) and stoping areas (8.5 days) on average. The
3500 5 0 5 6 SAR duration was expected to be higher at the stoping areas

days), the nickel mines (3 days) and lastly the silver-lead-
zinc mines (1 day).

When compared by mining method, the highest number
of trapped miners was recorded in longwall mining (72.4%;
N =959) which is predominantly used in the coal mines.
The number of trapped miners was fairly evenly distributed
amongst the other mining methods with 72 in the cut-and-
fill (5.4%), 57 in artisanal mining or illegal mining (4.3%),
54 in conventional mines (4.1%), 31 in hydro (2.3%), 22
in bord-and-pillar (1.7%), 4 in drift (0.3%), 3 in sub-level
stoping (0.2%), 2 in long-hole stoping (0.2%), but 120 in

@ Springer

but this was not the case. There was no clear correlation for
the depth of occurrence and the number of trapped miners,
survivors and resulting fatalities. This shows that the num-
ber of trapped miners and fatalities depend on factors such
as the magnitude of the accident and the number of miners
present underground at the time of the event.

Survival and fatality rates analysis
The survival and fatality rates of the trapped miners were

also evaluated by commodity mined, mining method, area
of occurrence, the initial event as well as the depth of
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Table 8 Survivability and fatality rates by commodity

Table 11 Survivability and fatality rates by area of occurrence

Commodity Number of Survivability Fatal- Area of occurrence Number of Survivability  Fatal-
trapped miners  rate (%) ity trapped miners rate (%) ity
rate rate
(%) (%)
Coal 1096 17.6 81.0 Along haulages 43 76.7 233
Copper-Gold 33 100.0 0.0 Mine-wide 723 1.0 97.0
Gold 138 442 55.8 Shaft vicinity 233 45.1 54.9
Nickel 39 100 0.0 Stope or development end 325 59.1 40.9
PGMs 16 56.3 438
Silver, lead and zinc 2 100.0 0.0 Table 12 Survivability and fatality rates by depth of entrapment
Depth of entrapment Number of Survivability rate  Fatal-
Table 9 Survivability and fatality rates by mining method (m) trapped miners (%) ity
Mining method Number of Survivability ~ Fatal- rate
trapped miners rate (%) ity (%)
rate 20 15 100.0 0.0
(%) 60 10 0.0 100.0
Artisanal/illegal mining 57 42.1 57.9 80 3 0.0 100.0
Bord-and-pillar 22 4.5 95.5 85 13 7.7 92.3
Conventional 54 40.7 593 113 153 75.2 24.8
Cut-and-fill 72 100.0 0.0 127 22 4.5 95.5
Drift 4 0.0 100.0 150 73 15.1 84.9
Hydro 31 6.5 93.5 200 4 0.0 100.0
Long-hole stoping 2 100.0 0.0 265 5 40.0 60.0
Longwall 959 19.5 78.9 300 145 83 91.7
Sub-level stoping 3 66.7 333 350 2 0.0 100.0
Unknown 120 20.8 79.2 390 77 72.7 27.3
400 461 2.8 97.2
Table 10 Survivability and fatality rates by initial event of accident 457 6 0.0 100.0
Initial event of accident Number Survivability  Fatal- 500 40 55.0 45.0
of trapped rate (%) ity 540 30 0.0 100.0
miners rate 600 24 0.0 100.0
(o) 700 79 41.8 582
Blocked shaft 39 100.0 0.0 780 36 0.0 100.0
Cage breakdown 2 100.0 0.0 900 2 100.0 0.0
Fall of ground 28 35.7 64.3 925 3 66.7 333
Gas explosion 788 2.0 96.1 1000 4 100.0 0.0
Ground collapse 137 60.6 394 1200 39 100.0 0.0
Mud-rush 5 40.0 60.0 1230 47 0.0 68.1
Strata collapse 6 0.0 100.0 1300 9 11.1 88.9
Underground fires 17 47.1 52.9 1700 17 47.1 52.9
Underground outburst 24 12.5 87.5 3500 5 0.0 100.0
Water inundation 278 62.6 37.4

occurrence. Tables 8, 9, 10, 11 and 12 provide a representa-
tion of the survivors and fatalities from the initial cohort
in the different categories. This provides an indication of
the likelihood of miners surviving the conditions associated
with the different commodities, mining methods, sections in
the mine, the causes of the accidents as well as the depth of
occurrence. These factors have an influence on the surviv-
ability of the trapped miners.

There was 100% survivability in the copper-gold mines
(N = 33), nickel mines (/N = 39), and silver-lead-zinc
mines (/N = 2) while coal was the lowest at 18% (N =
1,096), followed by gold at 44% ( IV = 138) and PGMs at

56% ( N = 16). Clearly, the coal and gold mines are much
riskier than the other commodities. There is higher fatality
chance in the coal (82%) and gold (56%) mines. When com-
pared by mining method, the fatality rates were highest in
the drift (100%; N = 4), bord-and-pillar (95%; N = 22),
hydro (94%; N =31), longwall (79%; N = 959), unknown
(79%; N = 120), conventional (59%; N = 54), artisanal or
illegal mining (58%; N = 57) and sub-level stoping (33%;
N = 3) mines. There were no fatalities recorded in the cut-
and-fill and long-hole stoping methods. The workforce size
was noted as a factor in the different mining methods. Min-
ing methods with higher workforce size are more likely to
report a greater number of trapped miners. Conventional
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mining typically employs a larger number of personnel
compared to mechanized methods.

The survivability and fatality rates were further assessed
by the initial event or cause of accident. There was a 100%
survivability rate for the blocked shaft ( NV = 39) and cage
breakdown ( IV = 2) accidents but 0% for strata collapse.
As expected, the survivability rate was as low as 2% for gas
explosions. In accidents such as rock falls, mud-rush, fires,
water inundation and outbursts, the survivability rate ranged
between 10% and 70% depending on the magnitude of the
accident. The survivability and fatality rates of the trapped
miners were evaluated for the sections of the mine. The sur-
vival chances were found to be lowest for the mine-wide
accidents at 1.0%. The mine-wide accidents include disas-
trous accidents such as explosions, hence these low surviv-
ability rates. The survival chances are highest when the
accidents occur along haulages (77%; N = 43), followed
stopes (59%; N = 325) and lastly the shaft area (45%; N =
233). Similarly, there was no correlation noted for the num-
ber of trapped miners and the depth of entrapment. The sur-
vival and fatality rates neither increased nor decreased with
depth variation.

Survival probability estimation of the trapped
miners

The Kaplan-Meier, Nelson-Aalen and Life Table models
were used to estimate the likelihood of trapped miners sur-
viving beyond a certain time following an accident. These
models were used to plot and compare the survival prob-
ability [ S (t)] of the trapped miners in relation to the SAR
duration, ¢. Two binary conditions were defined:

e There were fatalities or no rescue [ fatality > 0].
e The trapped miners were rescued or status is unknown
[ censored = 0].

The dataset uses the binary indicator to censor fatalities. The
survival probability is plotted based on the occurrence of
a fatality or rescue during the SAR operations. The SAR
start time was defined as the time just after the occurrence
of an accident. The end time was defined as the time at
which SAR operation ended, whether rescue or fatality. The
dataset was plotted based on the Kaplan-Meier Estimator
(Fig. 7), the cumulative hazard (Fig. 8), the Nelson-Aalen
Estimator (Fig. 9), as well as the Life Table (Fig. 10) models
to compute the survival probabilities. An upper and lower
confidence intervals (CI) of 95% were applied. All three
estimator models were then compared in Fig. 11.

As expected, the survival probability of the trapped min-
ers in all three models was seen to be decreasing with time.
This is due to the compromised situation of the trapped
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miner and exposure to secondary occurrences and hazards
post-accident. At the start, where ¢ = 0, the probability
of survival is approximately 100% which decreases rap-
idly within the first 5 to 10 days. The most fatalities occur
within the first 5-10 days of the entrapment. The probability
of fatality accumulates faster during the early period of the
entrapment. This shows the need for rapid deployment of
efficient, effective, well-planned and adequately equipped
SAR operations. Figure 7 shows the Kaplan-Meier survival
curve with 95% confidence intervals. The curve illustrates a
steep decline in survival probability during the first few days
of entrapment. This demonstrates a critical importance of
rapid and efficient SAR operations. The confidence intervals
around the estimate provide an indication of uncertainty,
especially in later time SAR intervals. Figure 8 is a repre-
sentation of the Nelson-Aalen cumulative hazard estimate
and its corresponding survival probability in Fig. 9. This
demonstrates the increasing cumulative risk of fatality as
time progresses and helps identify phases during which risk
escalates exponentially. Figure 10 displays the Life Table
estimate were SAR time intervals are grouped to compute
the proportion of survivors. Lastly, the survival analysis
estimate models are compared in Fig. 11. The Kaplan-Meier
and Nelson-Aalen models show similar trends in early
entrapment durations but begin to deviate in the latter part
of the SAR duration. The Kaplan-Meier model provides
precise event timing while the Nelson-Aalen model was
useful for identifying cumulative hazard progression.

Discussion

Key learnings and observations from the trapped miner inci-
dents show that the survivability of trapped miners under-
ground post-accident depends on a number of factors. One
of the ways to improve survival probability is the implemen-
tation of an efficient and effective SAR operation. Despite
such necessity, it was observed that SAR operations can be
significantly delayed by other factors and challenges such
as the uncongenial post-accident conditions in the mine.
Critically, SAR operations can also be significantly delayed
by the lack of critical information such as the number of
trapped miners and accurate locations of the trapped min-
ers (as was seen in the Zasyadko, Shanxi, Yuangang and
Luotuoshang mine accidents). In most of the mines, there
was also no system in place to determine the locations and
the exact number of the trapped miners. This forced rescuers
to search in random areas or presumed locations. The SAR
operations involve time-consuming activities such as drill-
ing into presumed locations, using robotic vehicles, rescue
dogs and flying drones (such as those used in the San Jose,
Crandall Canyon, and Sago mine accidents).
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Kaplan-Meier Estimator Model with 95% Confidence Intervals
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Fig. 7 Kaplan-meier estimator model

In some cases, the trapped miners include unregistered
people such as illegal miners (as was seen in the Red-
wing and Yuanyang mine accidents). The largest number
of trapped miners from a single incident was during shift
change. In many cases, the physical health and mortality
statuses of the trapped miners were unknown. Knowing
their statuses can help rescuers prioritize rescue efforts to
the trapped miners who may be still alive. Some SAR opera-
tions were suspended due to lengthy search. This led to the
trapped miners being declared dead without evidence and
with no further plans of retrieving bodies (e.g. Pike River
and Henan mine accidents). Some of the SAR operations
became too dangerous and risky for the rescuers. Some of
the SAR operations were not well planned and prepared due
to the lack of rescue funds and resources. This led to the
halting of the SAR operations. Very few SAR operations
were successfully executed, some were only successful by
luck, and some failed completely. These incidents showed
that trapped miners do their utmost best to stay alive and
hope that help is underway (e.g. Beaconsfield and San Jose

mine accidents). Therefore, improving SAR response is
critical for preventing fatalities related to the entrapment of
miners.

The trapped miner incidents are unique and present new
challenges each time they occur as a function of the ini-
tial event and the surrounding environment. This includes
factors such as commodity mined, mining method, area
of occurrence and number of miners present and working
underground. Trapped miner accidents and fatalities are fre-
quently reported and classified based on the initial event of
an accident. However, miners may survive the initial event,
but later succumb to secondary effects of being trapped.
This suggests a need for a uniform and standardized report-
ing methodology and framework. This requires input
parameters such as the initial event or cause of accident, the
specific area within the mine where entrapment occurred,
the size of the initial cohort, the number of trapped miners,
number of survivors, SAR duration (from start time to the
end), and the number of fatalities among the initial trapped
miners cohort. In most of the incidents, there was no means

@ Springer
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Nelson-Aalen Cumulative Hazard Estimator with 95% Confidence Intervals (Cl)

7 T T

Trapped Miner Cumulative Hazard: H(t)
w
I

= Cumulative Hazard Estimate
- ——=-95% CI Lower
= ===-95% CI Upper -

| | |

_1 | |
0 5 10

15 20 25 30

Duration of search and rescue (days)

Fig. 8 Cumulative hazard on nelson-aalen estimator model

of helping rescuers prioritize rescue efforts between dead
and alive trapped miners. This will require a system that
can, not only track the locations of miners, but also moni-
tor their vitals. This system can be used to locate trapped
miners as quickly as possible in alignment with adequate
emergency preparedness.

Additionally, an emergency preparedness framework is
proposed to help with emergency preparedness where min-
ers have become trapped underground (Fig. 12 in the Appen-
dix). This starts with a mine-based risk assessment using the
appropriate tools. Various trapped miner scenarios can be
generated and simulated from the accidents data associated
with the specific mine. This can then be used to develop
an emergency rescue protocol and emergency rescue readi-
ness plan based on the information gathered from the mine.
The risk assessment and emergency rescue framework can
be improved continuously with more data and further inter-
ventions. There is a critical need for a global standardized
reporting framework for mine incidents involving trapped
miners. This framework would ensure consistent data

@ Springer

on number of trapped miners, number of rescued miners,
eventual fatalities, SAR duration. Another study is recom-
mended to compare the survival probability of people in the
mining industry to other high-risk industries. Investigate
not only survival but also the long-term health, psychologi-
cal, and occupational outcomes of rescued miners to under-
stand the full impact of entrapment incidents. Future work
could be focused on modelling decision-making processes
during SAR operations. This can incorporate communica-
tion, coordination, and risk assessment by rescue teams to
enhance the survivability of trapped miners.

Conclusion

This study shows that miners are not always killed during
the initial event of an accident, but may survive and remain
trapped or lost underground for an extended period. At this
point, emergency SAR operations are required for improved
survival chance of the trapped miners. The entrapment of
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Nelson-Aalen Survival Estimator Model with 95% Confidence Intervals (Cl)
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Fig.9 Nelson-Aalen estimator model

miners in unknown locations increases SAR duration and
the time-to-rescue and thus reduces the survivability prob-
ability. This study relied on publicly available reports and
acknowledges the fact that many other relevant incidents
may not have been covered in this study. This is because
there are inconsistencies with reporting these incidents.
This emphasizes the need for a standardized and detailed
reporting framework to properly capture the data related
to the trapped miner incidents. Although all the types of
mines have the potential of trapping miners underground,
the analyzed dataset showed that coal mines are the riski-
est environment with the highest number of incidents and
severity. This can be attributed to the gas explosion inci-
dents which are highly destructive and have more chances
of killing the trapped miners. The survivability and fatality
rates of the trapped miners were found to be a function of
the initial event of the accident. The Kaplan-Meier Estima-
tor, Nelson-Aalen Estimator and the Life Table Estimator
models showed the majority of fatalities occur within the
first 5 to 10 days after an accident. This highlights a critical

interval during which timely rescue operations are most
likely to save lives. The survival probability estimator mod-
els also provided an understanding and clearer depiction
of how the survival probability decreases with time during
entrapments. This was useful for visualizing the survival
probability of trapped miners over the SAR period and how
it decreases as the time-to-event increases. These findings
emphasize the urgency of initiating SAR operations within
the early phase of the entrapment. Any delays during SAR
operations can significantly reduce the chance of survival.
Being able to improve the survivability of trapped miners,
the mining industry can benefit from: reduced the number of
fatalities, reduced lost production time, avoid damage of the
reputation of the industry, improved relationship with the
state and regulators, trust from employees, and improved
stakeholder confidence.
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Life Table Survival Estimate with 95% Confidence Interval
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