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Despite a decline in mining accidents and improvements in safety performance, the
proportion of accidents in mines remains high in developing countries. Although
underground mining is one of the most hazardous occupations, surface mining also
carries multiple risks that receive comparatively less attention. In developing
countries like Pakistan, research is focused mainly on fatal and serious accidents,
often overlooking minor and near-miss accidents. This study assesses the risks of
fatalities and injuries faced by occupational groups engaged in surface mining. For
this purpose, an analytical hierarchy process is used to analyze fatalities data and
Fuzzy TOPSIS for injuries data. It can be concluded that all occupational groups are
exposed to fatalities and injuries risks due to various hazards. However, some
activities are more prone to fatalities while others are to injuries. Laborers are most
frequently involved in such accidents. Common risks such as falling rocks and
slippage from the top affect all occupational groups equally. Incidents involving
slippages from the tops result in more fatalities, whereas machinery-related risks lead
to more injuries than fatalities. Hazards causing minor injuries are frequently
overlooked in terms of prevention and control efforts until they lead to serious
injuries/fatalities. It is suggested that every accident, regardless of severity, be
reported and thoroughly analyzed regularly to minimize the recurrence of incidents.
The essential measures for creating a safer mining environment include implementing
appropriate mechanization, providing regular training to workers, enforcing the use
of personal protective equipment, and strict adherence to mining laws.

1. Introduction

The mining industry is globally recognized for
having one of the most hazardous, risky, and
unsafe environments [1]. Risk is associated with
different types of activities and machinery within
the complex environment of mines, necessitating
careful attention to mitigate the frequency and
severity of accidents [2]. Successful industries
focus not only on production but also on safety
standards. Establishing standards is a crucial
component of the risk and safety management
system. It guides in the identification of
undesirable risks and the understanding of their
impacts [3]. The challenging issue in mining is to
control the hazards and their associated risks.
Controlling risks and enhancing safety relies on
properly assessing hazards [4]. Mainly, policy
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decisions are made by considering and assessing
the accident or incident data [3]. Risks analyzed
from historical data can easily be illustrated, and
are often considered trustworthy [5]. For this
purpose, the potential hazards and their
associated risks in the workplace need to be
identified and prioritized according to the severity
level of risks. Prioritization of the riskiest
occupations is also essential for safety
improvement in mines [6].

Common activities related to surface mining are
drilling, blasting, cutting, excavating, loading,
dumping, hauling, and crushing, etc., which require
proper consideration due to associated risks that
lead to accidents [7], [8]. Hit by fly rocks, misfires,
fall of rock, slippage of foot, and fall from heights
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are the most common types of hazards in surface
mines [6], [8], [9]. Most injuries resulting from
accidents are investigated without considering the
potential hazards, and these investigations into
such losses and injuries often follow a
deterministic approach [10]. Unsafe behavior and
practices among workers, inadequate safety
equipment and inappropriate apparatus, technical
or unpredictable geological aspects, or a
combination of these circumstances result in
undesirable occupational health and safety
consequences [11]. Eliminating these risks is a
complex mining process due to uncertain
geological conditions and environments [12].
Similarly, data availability, constraints, inadequate
quality, and combining data from several systems
running in different contexts are all significant
challenges in data analysis [13]. Several risk
assessment and evaluation methodologies are
available to identify and assess the risks that result
in accidents and provide an appropriate base for
prioritizing risk factors [14]. The prioritization
process helps reduce the severity and frequency of
accidents by mitigating the most hazardous risk on
a precedence basis [15]. Once the potential risks
associated with hazards and risky occupations are
identified, applying preventive and control
measures becomes manageable and effective [6].
According to the Mines Act 1923 of Pakistan, a
fatal accident involves at least one fatality. Serious
accidents result in permanent disability or body
part damage of a worker, while minor accidents
entail injuries requiring less than twenty days of
absence from work. One of the major issues in
Pakistan is reporting and investigating fatal and
serious accidents only, whereas minor and near-
miss incidents are neither reported nor adequately
documented (Figure 1). The primary cause of
higher accident rates in specific occupations is non-
evaluation of the accidents.The safety training is
planned because some occupations are more prone
to accidents than others. Similarly, accidents in
underground mines and coal mines (underground
and surface) are significantly high. However, the
frequency of accidents in surface mines(other than
coal) is also alarming in the country [16], [17].
The literature highlights that numerous studies
are being conducted to evaluate underground
mining accidents in Pakistan [18]-[22]. However,
accidents in surface mines have received less
attention in the country. This study evaluates the
leading causes of accidents in surface mines by
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considering the two primary variables, occupations
and risks, along with their correlations (detail is
provided in the supplementary data). Accidents
occur frequently in mines, and the proportion of
occupations involved in these accidents is not the
same. Similarly, some hazards are responsible for
fatal accident causation more than others, while
some cause injuries only [6], [16], [23]-[25].
Hazard investigations predominantly focus on fatal
and serious accidents, neglecting less severe
accidents.  Consequently, specific  hazards
responsible for these accidents and the affected
occupational groups are often disregarded, leading
to a lack of proactive measures. Moreover, it is
considered that specific occupational groups are
disproportionately affected by the hazards
associated with their respective job tasks. For
instance, drillers are more susceptible to the risk
inherent to drilling-related activities, whereas
mechanics are particularly exposed to machinery-
related risks.

This study determines a hierarchy of
occupations with the highest susceptibility to
fatalities and serious injuries. Additionally, it
examines minor injuries and their underlying
causes, which significantly impact the well-being
of workers in the broader safety culture [26], [27].
Neglecting minor injuries can hinder safety
progress, as they often reveal underlying issues that
could lead to more severe incidents [28].
Recognizing and properly managing these
incidents constitutes a fundamental aspect of the
safety strategy within the mining industry. The
study's outcomes offer valuable perspectives on the
level of occupational risk in the mining sector,
underscore the significance of addressing minor
injuries, and illuminate their contribution to
improving safety and averting incidents across all
incident categories.

After a brief introduction, the paper is
structured as follows. Section 2 conducts a
literature analysis on the application of Multi-
criteria Decision-Making (MCDM) methodologies
in risk assessment and management, focusing on
the surface mining industry. Section 3 begins with
data gathering, and then presents the mathematical
representation of selected approaches adapted to
the nature of the data. These methods are then
applied to the obtained data, considering the two
data formats, each of which necessitates a unique
analytical methodology. Section 4 thoroughly
examines and discusses the results.
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Figure 1. Fatalities and serious injuries reported in surface mines of Pakistan from 2010 to 2019.

2. Literature Review

Numerous research studies have been
conducted to identify, evaluate, and prioritize risks
in the workplace [29], [30]. The most extensively
used decision-making procedures in research,
engineering, and management are Multi-Criteria
Decision Making (MCDM) methodologies [31].
MCDM techniques in risk assessment are based on
human inputs and judgments [29], [32]. The
common MCDM techniques are AHP, ANP,
FTOPSIS, VIKOR, FRA, DEMATEL, and their
fuzzy versions [29]. In the mining industry, Ersoy
[25] applied AHP to analyze the weight of the risk
of accident occurrence, the protective measures taken
to reduce potential risks, and the number of accidents
in marble quarries. Verma et al. [14] proposed a
methodology to assess risks in the mining industry
using AHP combined with the FRA approach to
prioritize hazards based on the potential of
associated risks. With the AHP method, Yasar et
al. assessed the safety risk of several occupational
groups employed in open pit mining by considering
previous data on occupational accidents and
various hazards associated with occupational
groups [33]. A framework was suggested by
Banda [34] for risk analysis established by using
the AHP technique, questionnaire survey, and
sensitivity analysis method for identifying volatile
risks in mining projects. In developing pre-disaster
management projects for the mineral industry,
Spanidis et al., used the expected value function,
program evaluation review technique, and Monte
Carlo simulation along with fuzzy AHP for risk
assessment of natural hazards [35]. To investigate
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the operational strategies of the Iranian mining
sector, Mohammad et al. [36] developed an
integrated model that used the ANP technique for
determining criterion weight, VIKOR for ranking,
and SWOT (Strength, Weakness, Opportunities,
and Threats) analysis. Mahdevari et al. applied
FTOPSIS as a risk management tool to assess the
hazards and possible risks to the health and safety
of miners and support decision-making when
selecting controls and solutions for underground
coal [37]. Similarly, Gul & Ak applied a combined
procedure established on occupational health and
safety risk evaluation methodology in an
underground copper-zinc mine by using the risk
matrix method and fuzzy TOPSIS with trapezoidal
sets and pythagorean fuzzy AHP for categorizing,
identifying, and prioritizing hazards and risks [38].
By integrating the TOPSIS technique and the
analytical hierarchy process, Spanidis selected an
optimal restoration alternative with a low risk for
continuous lignite surface mining [39]. Time series
modeling was used to build a high-precision model
by assessing the risk aspects, including frequency
and severity indices [40]. Dong et al. adopted the
fuzzy-grey correlation analysis technique and
TOPSIS method to assess safety risks in Pb-Zn
mines and reduce accidental loss and damage. They
concluded that the fuzzy-grey method is more
sensitive to risks [41]. Using fuzzy VIKOR and
Shannon entropy, the environmental effects of
mining activities were evaluated, and the most
adversely affected environmental elements were
found [42].

Similarly, Ataei and Norouzi [43] offered a
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methodical  description of a  sustainable
development index based on the fuzzy DEMATEL
method to assess the influencing environmental
aspects of mining activities. Siahuei et al. [44]
applied fuzzy sets with the Analytic Hierarchy
Process (AHP) to investigate the management and
evaluation of safety hazards in underground coal
mines. Norouzi et al. [45] performed a risk
assessment of fly rocks in surface mines utilizing
Fuzzy FTA with DEMATEL and fuzzy ANP
methods. Nehrii et al. [46] proposed a priority
matrix for risk factors in longwall technological
zones derived from expert surveys for each aspect
within the matrix. They offered recommendations
for technical and organizational safety measures to
reduce miner accidents. FMEA was utilized by
Esmailzadeh et al. [47] to assess and prioritize risks
in quarries by considering probability, intensity,
and risk detection.

Based on the literature review, it can be
concluded that several MCDM methods are
available, and each method has certain limitations
and advantages. However, the majority of the
researchers in the mining industry had extensively
utilized the Analytic Hierarchy Process (AHP) and
Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS) for risk assessment and
management. AHP and TOPSIS are preferred due
to their ability to address complex decision-making
scenarios, prioritize risks, and provide structured
approaches [48], [49]. The widespread adoption
and application of these methodologies serve as
evidence of their efficacy and importance in
tackling challenges related to risks within the
mining industry.

3. Research Methodology

The research methodology provides a
description of the data collection procedures,
techniques used for analysis, and their ways of
application to achieve the research objectives, i.e.
to assess and prioritize the occupational groups
with the highest incidence of fatalities and injuries,
and to identify the hazards associated with such
incidents.

3.1. Data collection

For the collection of data regarding accident
statistics in surface mines, the researchers visited
every mine inspectorate department in the country.
Data on fatal accidents and serious injuries is
collected for a period spanning from 2010 to 2019.
During site visits, comprehensive data on mine
fatalities was gathered; however, injury data was
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insufficient. Injury information was gathered
through a questionnaire administered to mine
workers in surface mines, especially in sandstone,
marble, and gypsum mines of Khyber
Pakhtunkhwa and Punjab provinces of Pakistan,
where accident frequency is higher than other
surface mines. Occupations and hazards are
divided into six identical groups to compare their
data sets. Among 1500 distributed questionnaires,
1,368 were received, and the data was statistically
analyzed using SPSS version 25.

3.2. Methods

To evaluate and rank the vulnerability of
occupational groups to risks, the authors
considered utilizing the well-established AHP and
TOPSIS methodologies, which are frequently
employed in risk assessment and its management.
Detailed explanations of the basic theory and
mathematical equations are presented in the
subsequent sections.

3.2.1. Analytic hierarchy process (AHP)

The Analytic Hierarchy Process (AHP) is a
well-established approach to structure decision-
making, and was initially developed by Thomas L.
Saaty. It is widely applicable for systematical
evaluation and ranking elements within complex
scenarios. Conventional AHP uses crisp values as
they are accurate and reduce the ambiguity
provided by linguistic variables [50]. AHP assigns
weights to risk parameters and provides the ability
to calculate consistency level in decision-making
by addressing the inadequacies in the computation
of crisp numbers [29], [51]. The basic steps and
equations involved in the AHP method are
summarized below:

Step 1: Define decision hierarchy

The first step in AHP is defining the decision
problem by creating a hierarchical structure.

Step 2: A pairwise comparison matrix (A-
below) is constructed

aln)

ann

where a;; > 0;iandj=1, 2, ..... n; and (aij = i/
a;i); “n” is the number of variables for evaluation.
ajj in equation 1, represents the relative significance
of “1” with “j” factor, calculated with the assistance
of experts and using Saaty's scale 9-point scale
proposed by Saaty, ranging from 1 (having equal

A1 A1z "

A= (a;)pnen = ( 5

an1

(0]
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importance of both variables) to 9 (having extreme is the normalized eigenvector corresponding to
importance of one variable on another variable) Aimax [54].
[52].

Step 4: Consistency ratio

Step 3: Normalization and relative criteria- AHP is also preferred for its ability to measure

weight the consistency ratio (CR) in the judgment
In order to assign relative weights to each considered in the decision matrix. A satisfactory
variable, it is essential to normalize the comparison value for CR must be less than 0.1 [55]. The
matrix by dividing each value by the sum of its Consistency Ratio (CR) is calculated using
respective column values [48], [53]. Then the Equation 3.
criteria weight of the variable is obtained by taking cl
the average of the row. The total sum of the criteria CR = — 3)
weights column is equal to 1.00 [42]. RC
In AHP, Anaxis obtained by using Equation where consistency indicator, CI = (Amax —
2: n)/(n-1), with ‘n’ the number of variables in each
criterion and Amax is the maximum eigenvector in
AW = Anax W (2) the matrix. Table 1 provides the Random
where A represents the pairwise comparison Consistency (RC) index corresponding to the
matrix, the largest eigenvalue of A is Amqr, and W number of variables (n).

Table 1. Saaty Random Consistency (RC) index [56].
Number of variables (n) 1 2 3 4 5 6 7 8 9 10
Random consistency (RC) 0 0 058 09 1.12 124 132 1.41 1.45 1.49

assessing probability and consequences using

3.2.2. FTOPSIS method A . : .
linguistic variables expressed by imprecise

The TOPSIS method, initially introduced by numbers. As a result, it reduces the inherent
Hwang and Yoon in 1981 and extended by Chen et ambiguity and uncertainty that affect the decision-
al. in 1992, serves as a viable Multiple Criteria making process. The following are the
Decision Making (MCDM) approach [57]. It is a mathematical formulas used in the FTOPSIS
valuable and practical approach for ranking and method:
selecting a set of externally determined alternatives The first step of the FTOPSIS method involves
using distance measures [58]. The fuzzy TOPSIS creating a matrix using data having likelihood and
method addresses the uncertainty and vagueness consequence values for each risk scenario. The
present in the data because, in some cases, using linguistic variables are transformed into their fuzzy
precise values is insufficient for representing triangle numbers by assigning them likelihood (L)
decision problems in the real world. Mainly, it and consequence (C) on a pre-defined fuzzy scale
includes uncertain, imprecise, and subjective data, consisting of three real values. The real values [, m,
which introduces complexity and challenges in and u represent the lower, medium, and upper
decision-making. Furthermore, fuzzy sets theory values respectively [60], [61]. Membership functions
effectively acknowledges human opinion and um(x) for the triangular fuzzy numbers are defined
judgment in ambiguity and lack of information [4], in Equation 4.

[59]. Additionally, this method is preferred for

x=D/(m-1D if < x <m
pr(x) = {u—-x)/(u-m) if m< x <u (4)
0 otherwise
After assigning a fuzzy number, the L om. w.
. . . . . ~ _ ij ij Yij + _ X
normalization is processed to maintain fuzzy f, = <F'F'u_>' W =max u;; V; ©)
numbers in the range of 0 to 1 by using Equations A A

5 and 6.
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(6)
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,=|-—,—,=—|; 7 =minl; V;
Y <uij mgj lij) ! ! g

The normalized fuzzy decision matrix is
represented as:

R = [1if],1n

where 1;

™)

j 1s the normalized value of X;; =
(li jr Mij, Wij ) The weighted normalized matrix
value 17, is the product of weights (@;) and the
normalized fuzzy decision matrix 7;; is constructed

3]
as:

5= [a7] = (%),
®)
i=1,2.mj=12....n

In the next step, fuzzy positive ideal solution
(A+) and negative ideal solution (A-) are obtained
using Equations 9 and 10.

A = (BF, 53, 5, oo B =

)
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{max vli=12,..mj=12,..,n}
1

A™ = (D1, 75,05, e Uy) =
(10)

{mi_n vij|(i =12,.,mj=12,...,n}
1

The distances of each alternative from the fuzzy
positive ideal solution (dit+) and fuzzy negative
ideal solution (di-) are calculated by Equations 11
and 12.

n

ar =) d (o5 (an
=1
n

a7 = Y d (3,5 (12)
=1

Distance between triangular fuzzy numbers of
variables is calculated using the vertex method
(Equation 13). Finally, each alternative is ranked
with the help of the closeness coefficient index
(CCi) in decreasing order using Equation 14.

1
Mﬁm=ﬁuwwy+m—my+mfwﬁn (13)
< dl._ ) Ci =1 ifAi = A+
C; = — -
T\df +d; (=0 A=A (14)

With df, d > 0and C; €10, 1]

3.3. Application of proposed methods for
analysis of fatalities and injuries data of surface
mines

The fatalities and injuries data were analyzed
individually, as the fatalities data is precise
numerical values, and the injuries data is derived
from the responses of workers collected through
questionnaires, which reflects their perceptions of
facing accidents. AHP and TOPSIS are preferred
due to their ability to handle various decision-
making scenarios, prioritize risks, and offer
structured procedures. The conventional Analytic
Hierarchy Process (AHP) is a well-established
multi-criteria  decision-making strategy that
incorporates  linguistic  evaluations and is
particularly effective when dealing with non-fuzzy
data [62]. It simplifies the selection of the optimal
choice by employing a weighted approach to
compare different alternatives through pairwise
evaluations. Considering the benefits, as
mentioned earlier, of the traditional Analytic
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Hierarchy Process (AHP), it is selected for the
analysis of fatalities data, and FTOPSIS is applied
to the injuries data representing subjective
assessments of accident likelihood and severity of
the mine workers. Implementing FTOPSIS in this
context seeks to address complex phenomena,
uncertain data, and imprecise human behavior [38].
Additionally, the data utilized in this study is
probabilistic in nature, considering the likelihood
and consequences of the associated risks [15], [37].
Expert judgment on the data is collected from
diverse individuals with at least ten years of
experience in their respective fields, including
academicians, mine inspectors, supervisors, and
experienced mine workers, to ensure a
comprehensive and reliable evaluation.

3.3.1. Analysis of fatalities data with AHP

The objective of using AHP is to design two
levels of hierarchy. Level 1 comprises six factors
of the occupational groups, and level 2 of the AHP
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hierarchy consists of thirty-six events generated hazard, as given in Table 1. The analysis is made to
from the interaction of each occupational group identify the occupation at high risk due to the
with every hazard group, as depicted in Figure 2. particular hazards and for its timely control and
Specific codes were assigned based on the prevention.

interaction of each occupation group with each

Table 2. Occupational groups encountering hazards groups.

Codes for risky events

Occupational groups Hazards groups (Each occupational group encounters each hazard group)
1. Drillers (D) 1. Fall of rocks (F) DEF-11, DS-12, DB-13, DH-14, DMe-15, DE-16
2. Haulage workers (Hw) 2. Slippage from the top (S) HwF-21, HwS-22, HwB-23, HwH-24, HwMe-25, HwO-26
3. Operators of excavators, dumpers, and 3. Blasting (B) OF-31, 0S-32, OB-33, OH-34, OMe-45, OE-46
loaders (O)
4. Supervisors (S) 4. Haulage (H) SF-41, SS-42, SB-43, SH-44, MMe-45, ME-46
5. Mechanics, electrician, and technician (M) 5. Machinery maintenance, etc. (Me) MF-51, MS-52, MB-53, MH-54, MMe-55, ME-56
6. Labors (L) 6 Operating of excavator, dumper, and LF-61, LS-62, LB-63, LH-64, LMe-65, LE-66
loader (E)

After the construction of hierarchal order, the comparison matrix was carried out, and the
based on the fatal accident data and the criteria weight of the variable was obtained by
judgments experts, a pairwise comparison matrix taking an average of the row. The summary of
for level 1 is constructed using Equation 1 to obtain pairwise comparison of the matrix, normalization,
rank for the risky occupations in the workplace. and criteria weights is given in Table 3 (details in
The suggestions of experts on the data are obtained supplementary data). The value of Anax is derived
using a 9-point scale proposed by Saaty, ranging by using Equation 2, while the consistency ratio is
from 1 having equal importance (here equal risk) of determined by using Equation 3. These values are
both variables to 9 having extreme importance of provided in the footnote of Table 3.

one variable on another [52]. The normalization of

Table 3. Pairwise comparison matrix and risk ranking for occupational groups.

Occupational Drillers Haulage- Operators Supervisors Mechanics Labors Crl.terla Ranking
groups workers weights
Drillers 1.0 3.0 4.0 5.0 6.0 0.25 0.22 2
Haulage workers 0.33 1.0 2.0 3.0 4.0 0.17 0.11 3
Operators 0.25 0.50 1.0 2.0 3.0 0.14 0.08 4
Supervisors 0.20 0.33 0.50 1.0 2.0 0.13 0.05 5
Mechanics 0.17 0.25 0.33 0.50 1.0 0.11 0.03 6
Labors 4.0 6.0 7.0 8.0 9.0 1.0 0.50 1
Amax = 6.25; CI=0.05; CR = 0.04
Similarly, six more pairwise matrices (detail is level 2 weights, as shown in column 5 of Table 4,
available in supplementary data) were formed by followed by the overall rank of the risk events. A
comparing each occupational group with hazard ranking of risky events obtained from AHP reveals
factors in level 2 of the hierarchy to prioritize the that laborers are the most affected occupational
risk faced by the occupational group; results are group and are more involved in fatalities due to
given in column 4 of Table 4. The global weights falls of rocks and slippage from the top. The least
were obtained by multiplying level 1 weights with involved group in fatalities is the mechanics group.
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Figure 2. Hierarchy for risks ranking
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Table 4. Global weights and overall ranking for fatalities data.

Occupational Weights of Risky events Weights of Global weights Rank of risky
groups level 1 level 2 events
DF-11 0.46 0.011 18
DS-12 0.26 0.101 3
. DB-13 0.12 0.057 4
Drillers 0.22 DH-14 0.03 0.026 11
DMe-15 0.05 0.007 20
DE-16 0.08 0.018 15
HwF-21 0.26 0.003 26
HwS-22 0.15 0.029 9
HwB-23 0.06 0.017 16
Haulage-Workers 0.11 HwH-24 041 0.045 5
HwMe-25 0.03 0.007 27
HwE-26 0.08 0.009 28
OF-31 0.33 0.004 22
0S-32 0.16 0.026 13
OB-33 0.08 0.013 31
Operators 0.08 OH-34 0.04 0.003 8
OMe-35 0.05 0.006 23
OE-36 0.33 0.026 32
SF-41 0.39 0.004 21
SS-42 0.28 0.020 12
Supervisors 005 SB-43 0.14 0.014 17
SH-44 0.07 0.004 29
SMe-45 0.08 0.007 30
SE-46 0.05 0.003 33
MF-51 0.31 0.008 24
MS-52 0.13 0.009 25
. MB-53 0.08 0.004 34
Mechanics 0.03 MH-54 0.08 0.002 35
MMe-55 0.26 0.002 36
ME-56 0.13 0.004 19
LF-61 1.87 0.225 1
LS-62 0.69 0.145 2
LB-63 0.21 0.055 7
Labors 0.08 LH-64 032 0.025 14
LMe-65 2.89 0.015 6
LE-66 0.42 0.035 10

3.3.2. Analysis of injuries data with FTOPSIS

In this study, all the potential risky activities with
codes defined for fatalities were used for injuries
data based on the likelihood and consequence of
the events. In the analysis process, the selection of
linguistic terms for likelihood and consequence
was based on the preferences of the majority of
experts for obtaining precision in results. The risk
of encountering accidents by the occupational
groups is taken as input constraint for likelihood
obtained from questionnaire data and evaluated
with the judgment of experts.The consequence of
the accidents was derived from the accidents faced
by the occupational groups through subjective
judgment due to a lack of comprehensive accident
records. FTOPSIS is applied to rank the risk by
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multiplication of likelihood (chances of the
accidents encountered by occupational groups)
with the consequence (impact of accidents
commonly confronted by occupational groups).
With the application of fuzzy theory, the risk
constraints, i.e. likelihood and consequences, are
expressed in fuzzy numbers relative to their
linguistic variable. The likelihood is defined in
linguistic terms (L-1 to L-9 given in Table 5), while
the consequence is given in linguistic terms (C-1 to
C-9) presented in Table 6. For the quantification
of judgment, a nine-point triangular fuzzy
numbers scale is utilized to extend liberty to the
experts and decision-makers and to bring
subjectivity to decision-making (Table 7) [60],
[63].

The assigned linguistic terms for the likelihood
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of the risk and consequences of risk, along with
their relative triangular fuzzy numbers (TFN), are
given in Table 8. All the triangular fuzzy numbers
lie in the range of closed interval 0 and I;

Journal of Mining & Environment, Vol. 15, No. 2, 2024

normalization is not required [37]. The risk for
each factor is derived by multiplying triangular
fuzzy numbers for likelihood with the triangular
fuzzy numbers for consequence (Table 8).

Table S. Linguistic term and description for likelihood.

Likelihood Linguistic term Description
L-1 Always Very likely to face the occupational group
L-2 Almost always Faced most commonly or regularly
L-3 Frequent Faced numerously
L-4 Often Faced often but less than normally
L-5 Sometimes Faced occasionally
L-6 Possible Chances to face but not very common
L-7 Seldom Fewer chances to face
L-8 Improbable Not likely to face
L-9 Never No such experience or face never
Table 6. Linguistic Term and description for consequence.
Consequence _ Linguistic term Description
C-1 Catastrophic Most fatalities arise from the event
C-2 Critical More chances of fatality occurrence
C-3 Severe Fatality or disability/severe injuries
C-4 High Injuries need more than twenty days off work
C-5 Medium-High Injury needs for four to twenty days off work
C-6 Medium Minor injury with less than three days off work
C-7 Low Minor injury with no off-work required
C-8 Minor Near-miss (narrow escape)
C-9 Negligible Negligible

Table 7. 9-Points linguistic scale with corresponding Triangular Fuzzy numbers [60], [63].

Linguistic scale

Triangular fuzzy scale

Consequence Linguistic term TFNs (1, m, u)
L-1 C-1 (0.8,0.9, 1)
L-2 C-2 (0.7, 0.8, 0.9)
L-3 C-3 (0.6, 0.7, 0.8)
L-4 C-4 (0.5, 0.6, 0.7)
L-5 C-5 (0.4, 0.5, 0.6)
L-6 C-6 (0.3, 0.4, 0.5)
L-7 C-7 (0.2, 0.3, 04
L-8 C-8 (0.1, 0.2, 0.3)
L-9 C-9 (0.0, 0.1, 0.2)

The Fuzzy positive ideal solution (0.42, 0.56,
0.72) and fuzzy negative ideal solution FNIS (0.01,
0.04, 0.09) are computed using equations (9) &
(10), respectively. The distance of each risk factor
from FPIS (dit+) and FNIS (di-) is obtained by
using equations (11) & (12), respectively. The
defuzzified value is obtained with the vertex
method using equation 13. Finally, the closeness
coefficient(Ci) is calculated with Equation 14, and
the risk factor is ranked according to their Ci index.
As the ranking of factors is based on their risk, the
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factors having Ci close to 1 are considered high-
risk factors, while factors having Ci close to 0 are
considered low-risk factors. Analysis of data with
FTOPSIS in Table 8 shows that the riskiest
occupational group is laborers, who are affected
mainly by the fall of rocks and slippage from the
top. The next risky occupational group is drillers,
which are affected mainly by blasting, fall of rocks,
and slippage from the top. Similarly, other
occupational groups are also facing various types
of risks.
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Table 8. Risk calculation and ranking of injuries data.

Riskyevents L C TFN (L) TFN (C) TFN (L x C) di+ di- Ci Rank
DF-11 L5 C2  (0.4,0506)  (0.7,080.9)  (0.28,04,0.54)  0.161 0284  0.64 5
DS-12 L5 C3  (0.4,0506)  (0.6,0.7,0.8) (0.24,0.35,048) 0211 0234 052 6
DB-13 L4 C2 (050607  (0.7,0809)  (0.350.48,0.63) 008 0365  0.82 3
DH-14 L7 C7  (0.2,03,04)  (0.2,03,04) (0.04,0.09,0.16) 0.476 0.031 _ 0.06 28
DM-15 L6 C7  (0.3,04,05)  (0.2,03,04)  (0.06,0.12,02) 0.445 0.084  0.16 18
DE-16 L7 C7  (0.2,03,04)  (0.2,03,04) (0.04,0.09,0.16) 0.476 0.031 _ 0.06 28
HwF-21 L6 C3  (0.3,04,05)  (0.6,0.7,0.8)  (0.18,0.28,04) 0282 0.163 037 9
HwS-22 L5 C4  (0.4,0506) (050607  (0.2,03,042) 0262 0.183 0.4l 7

HwB-23 L8 C6  (0.1,02,03)  (0.3,04,0.5)  (0.03,0.080.15) 0.486 0.041  0.08 24
HwH-24 L4 C3 (050607  (0.6,0.7,0.8)  (0.3,042,0.56) 0.141 0304  0.68 4
HwM-25 L7 C8  (0.2,03,04)  (0.1,02,03)  (0.02,0.06,0.12) 0.507 0.062  0.11 20
HwE-26 L6 C7  (0.3,04,05)  (0.2,03,04)  (0.06,0.12,02)  0.445 0 0 35
OF-31 L5 C4  (0.4,0506) (050607  (0.2,03,042) 0262 0.183 0.4l 7
0S8-32 L6 C5  (0.3,04,05 (04,0506  (0.12,02,03) 0363 0.082  0.18 15
OB-33 L7 C8  (0.2,03,04)  (0.1,02,03) (0.02,0.06,0.12) 0.507 0.062  0.11 20
OH-34 L5 C7 (04,0506  (0.2,03,04) (0.08,0.15024) 0414 0.031  0.07 25
OM-35 L6 C7  (0.3,04,05  (0.2,03,04) (0.06,0.012,0.2) 0.445 0 0 35
OE-36 L7 C7  (0.2,03,04)  (0.2,03,04) (0.04,0.09,0.16) 0.476 0.031 _ 0.06 28
SF-41 L6 C3  (0.3,04,05)  (0.6,0.7,0.8)  (0.18,0.28,04) 0282 0.163 037 9
SS-42 L6 C4  (03,04,05 (050607  (0.150.24,035 0323 0.122 0.8 12
SB-43 L7 C7  (0.2,03,04)  (0.2,03,04) (0.04,0.09,0.16) 0.476 0.031 _ 0.06 28
SH-44 L7 C8  (0.2,03,04)  (0.1,02,03) (0.02,0.06,0.12) 0.507 0.062  0.11 20
SM-45 L8 C7  (0.1,02,03)  (0.2,03,04) (0.02,0.06,0.12) 0.507 0.062  0.11 20
SE-46 L8 C8  (0.1,02,03)  (0.1,02,03) (0.01,0.04,0.09) 0.528 0084  0.14 19
MeF-51 L6 C4  (0.3,04,05 (050607  (0.150.24,035 0323 0.122 0.8 12
MeS-52 L7 C5  (02,03,04)  (0.4,05,0.6) (0.08,0.15024) 0414 0.031  0.07 25
MeB-53 L7 C7  (0.2,03,04)  (0.2,03,04) (0.04,0.09,0.16) 0.476 0.031 _ 0.06 28
MeH-54 L7 C7  (0.2,03,04)  (0.2,03,04) (0.04,0.09,0.16) 0.476 0.031 _ 0.06 28
MeM-55 L5 C6 (04,0506  (03,04,05  (0.12,02,03) 0363 0.082  0.18 15
MeE-56 L7 C7  (02,03,04)  (0.2,03,04) (0.04,0.09,0.16) 0.476 0.031 _ 0.06 28
LF-61 L3 C2  (0.6,07,0.8)  (0.7,08,0.9)  (0.42,0.56,0.72) 0 0.445 1 1
LS-62 L3 C2  (0.6,07,0.8)  (0.7,08,0.9)  (0.350.48,0.63) 0.08 0365  0.82 2
LB-63 L5 C5  (0.4,05,06) (04,0506  (0.16,0.25036) 0313 0.132 0.3 11
LH-64 L4 C6 (050607  (03,04,05)  (0.150.24,035) 0323 0.122 0.8 12
LM-65 L5 C7  (0.4,0506)  (0.2,03,04) (0.08,0.15024) 0.414 0031 0.7 25
LEx-66 L6 C5  (0.3,04,05)  (0.4,050.6)  (0.12,02,03) 0363 0.082  0.18 15

4. Discussion

This study used the fatal accidents and injuries
data to determine which occupational groups in
surface mines are most commonly exposed to the
risks associated with mine activities and to
establish comparisons between the hazards
resulting in the highest fatalities and injuries. Risk
ranking is performed not for exact quantification
and estimation but to define risk level for control
and remediation [37]. AHP and FTOPSIS prioritize
occupational groups based on their risk of facing
potential hazards that result in fatalities or injuries.
This approach helps to identify the risks that need
to be reduced and the occupational groups that
should be prioritized for specific safety training
related to those hazards. The ranking of the two
types of data is compared in Table 9, revealing that
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almost all occupational groups are involved in
accidents. Some occupations, such as labor, are
comparatively more affected than others.
Moreover, some of the hazards are more
detrimentally effective, such as rock falls, which
are corroborated by various researchers [6] [64]-
[67]. Further, Table 9 also depicts that all those
factors associated with more risk of injuries than
fatalities are comparatively less considered for
control or prevention purposes.

When the driller group was evaluated for
hazards in terms of fatalities and injuries, it was
found that they were among the most affected
groups. The drillers faced more fatalities than
injuries due to slippage from the top of steeply
inclined faces, haulage, and excavator-related
hazards. However, they have received more
injuries from falls of rocks, blasting, and
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machinery-related hazards. The drilling site needs
to be appropriately inspected for geological
concerns, stability problems, etc., to reduce
accidents experienced by the drillers [68]. Similarly,
haulage workers are likely to encounter more
fatalities than injuries due to blasting and
excavator-related hazards; however, they have
faced more injuries than fatalities from the other
hazards, as depicted in Table 9. Haulage workers
are also more affected by the haulage-related
hazards. Therefore, a haulage worker must be a
skilled driver, have completed the required safety
training, be familiar with the mining site and be able
to report unsafe situations before starting work in a
mine.

The occupational group of machinery operators,
including excavators, dumpers, and loaders, face
more fatalities than injuries due to machinery-
related hazards and slippage from the top. The
operator group is more affected by falls of rocks for
injuries and haulage-related hazards for fatalities
than machinery and excavator-related hazards.
Comparatively, operators are considered low-risk
occupations. In addition, adequate training in
identifying hazards can assist operators in avoiding
accidents. Supervisors are also confronting
fatalities and injuries, which reflect the hazardous
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conditions of the mines. Due to their lack of
participation in physical work activities,
supervisors are generally involved in injuries, but
their involvement is still concerning and needs
comprehensive safety training. Since mechanics
and technicians spend less time in the mining sites,
they are less likely to encounter accidents.
However, rock falls are so prevalent in mines that
they also affect and cause injuries. Mechanics and
technicians must be trained to recognize and report
hazards to avoid accidents.

Further, mechanical, and technical problems
must be adequately addressed since they can
occasionally lead to severe accidents. Among the
occupational groups, laborers are the most affected
group by almost all hazards. Labors must be trained
to comprehend, identify, and safeguard themselves
from all mine hazards. Comprehensive accident
documentation and evaluation contribute to
reducing accident occurrences, thereby enhancing
the prevention of fatalities and injuries [6], [69].
Most of the accidents are due to a lack of
mechanization in mines, steepgrounds, narrow haul
roads, and violation of law [8]. Proper
consideration of all hazards associated with high to
low risk and occupation at high to low risk are
essential for safety improvement.

Table 9. Comparison of ranking of fatalities and injuries data.

Risky events Ranking of injuries data __ Ranking of fatalities data___More risk of fatalities or injuries
DF-11 5 18 Injuries
DS-12 6 3 Fatalities
DB-13 3 4 Injuries
DH-14 28 11 Fatalities
DM-15 18 20 Injuries
DE-16 28 15 Fatalities
HwF-21 9 26 Injuries
HwS-22 7 9 Injuries
HwB-23 24 16 Fatalities
HwH-24 4 5 Injuries

HwM-25 20 27 Injuries
HwE-26 35 28 Fatalities
OF-31 7 22 Injuries
0S-32 15 13 Fatalities
OB-33 20 31 Injuries
OH-34 25 8 Fatalities
OM-35 35 23 Fatalities
OE-36 28 32 Injuries
SF-41 9 21 Injuries

SS-42 12 12 Fatalities
SB-43 28 17 Fatalities
SH-44 20 29 Injuries
SM-45 20 30 Injuries
SE-46 19 33 Injuries
MeF-51 12 24 Injuries
MeS-52 25 25 Fatalities
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Table 9. Comparison of ranking of fatalities and injuries data.

Risky events Ranking of injuries data

Ranking of fatalities data

More risk of fatalities or injuries

MeB-53 28 34 Injuries
MeH-54 28 35 Injuries
MeM-55 15 36 Injuries
MeE-56 28 19 Fatalities
LF-61 1 1 Fatalities
LS-62 2 2 Fatalities
LB-63 11 7 Fatalities
LH-64 12 14 Injuries
LM-65 25 6 Fatalities
LEx-66 15 10 Fatalities
5. Conclusions DEMATEL Decision-Making Trial and
This article presents the findings of a study Evaluation Lal?oratory
designed to determine priorities for risk to improve FRA Fuzzy Reasoning Approach
safety in workplaces, especially in surface mines in FTA Fault Tree Analysis
Pakistan. Based on the ranking with analytical TOPSIS Technique for Order of Preference by
hierarchy process for fatalities data and fuzzy Slmﬂal_ﬂltyfo Ideal SOIL.m(.m —
TOPSIS for injuries data, created on human VIKOR Vlsekriterijumska Optlmlzacgal
perception and experience, it is concluded that all Kompromisno Resenje
occupational groups are frequently facing fatalities
and injuries in surface mines. Although fatalities References
and serious injuries have been reported, still more ] o
[1]. Verma, S., & Chaudhari, S. (2016). Highlights

attention is required to reduce fatalities. Minor
injuries and near misses are also frequently
experienced by workers but are not recorded or
reported to the concerned departments. It is
essential to focus on the root causes of injuries to
eliminate them, reducing injuries and fatalities. It
is also identified that labor is the most afflicted
group in terms of both fatalities and injuries, while
mechanics are the least. The higher risks are
associated with the fall of rocks and slippage from
the top. Specific hazards are more likely to cause
injuries, but they are frequently ignored in terms of
management as they are not directly or significantly
associated with mine fatalities. Management of
hazards and associated risks in the mining industry
is essential, not only for reducing fatalities and
injuries but also for reducing other financial losses.
The mines need to be mechanized, personal
protective equipment should be mandatory in
mines, and safety-related laws should be enforced.
In addition, the workers should be provided with
specific safety training according to their
environments. It is recommended that the root
causes of accidents that result in fatalities and
injuries be extensively investigated.
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