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Abstract: The innovative transportation system is a pertinent need for the mining industry. Truck
haulage is currently the most common mode of mineral transportation between the excavation
sites and end use plants. However, besides being resource-intensive and inefficient, this mode of
transportation accounts for a high number of accidents and injuries. In order to reduce the occurrence
of accidents, it is important to first understand the primary contributors to truck-related occupational
risks and then develop strategies to eliminate such risks. The available literature predominantly
advocates for the use of statistical or probabilistic methodologies that suffer from considerable
limitations. This paper utilizes the Fuzzy DEMATEL (Fuzzy Decision-Making Trial Evaluation
Laboratory) approach to conduct an in-depth assessment of the critical factors that result in mining
accidents involving trucks and the relationships between these factors, presented using a cause-and-
effect diagram. The study also includes a sensitivity analysis for validating the robustness of the fuzzy
model. The results show that high speed and aggressive driving is the most important causal factor
behind accidents. The negative impact on socio-economic conditions of local community members is
also discussed. Among other preventive measures, the paper emphasizes the pipe conveyor system
as an alternate and safer mineral transportation system.

Keywords: mining truck accidents; risk evaluation; Fuzzy DEMATEL; mineral transportation
planning; decision making; mine safety

1. Introduction

Safety remains a contentious issue in the mining industry. It is reported that the
industry accounts for 8% of all workplace fatalities while employing just 1% of the global
workforce [1]. In countries such as the United States (US), as per the most recent data
available, the rate of fatal mining accidents is more than four times higher than the average
for all industries [2]. The number of mining accidents is expected to be even higher in India
when compared to the US [3,4]. Despite year-on-year improvements in safety performance,
the incident frequency rates for fatal as well as serious accidents is concerning. As per
data presented by the Minister of State for Labor and Employment in the Lok Sabha (the
lower house of India’s parliament), 268 mine workers lost their lives and 748 suffered
serious injuries between 2016 to 2019, i.e., on average, one mine worker’s life was lost
every six days [5]. These numbers indicate that government regulations and managerial
oversight have proven insufficient in reducing the exposure of workers to the inherent risks
involved in mine-related activities. Restructuring some of the fundamental components of
the industry, therefore, gains urgency.

It is in this context that innovating the mineral transportation system becomes a
pertinent need. According to a report published by the International Council on Mining
and Metals (ICMM)), transportation-related accidents accounted for 24% of all fatal accidents
in the mining industry between 2015 and 2019 [6]. In Indian mines, the Director General
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of Mine Safety (DGMS) reported that 37.64% of all lethal accidents and 34.57% of all
mortalities during the period from 2000 to 2013 were transportation-related [7]. In 2019,
transportation-related accidents accounted for 62% of all accidents in Indian mines [8].
Among different modes of power-driven transportation, haul trucks are the most
widely used mobile gear to move ore and waste from mines to manufacturing units
and account for approximately 50% of all mining fatal accidents that occur every year
globally [9,10]. In India, they are the third most common group of vehicles to be involved in
all road accidents (12.3%) and road-accident fatalities (15.8%), with 10% of all victims being
drivers or passengers in trucks [11]. Data on accidents involving mining trucks and/or
dumpers in coal mines and non-coal mines over the years as reported by the Ministry
of Labor and Employment, Government of India, are presented in Figure 1 [12]. In the
Karnataka state, particularly in the Ballari district, a hotspot for mining activities in India,
media outlets have reported that in the year 2021, of a total of 180 road fatalities occurred,
110 involved mining trucks. Those who lost their lives were either two-wheeler riders or
pedestrians and the accidents resulted from reckless driving of mining trucks [13].

Accidents due to trucks in coal mines Accidents due to trucks in non-coal mines
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Figure 1. Fatal and serious accidents in mines involving trucks.

Various causal factors have been identified for transport accidents in the mining indus-
try, ranging from failure in operating compliance, where the violated policies related to seat
belts, pre-shift inspections, and traffic control, to site requirements failures, which refers
to faulty roadway and equipment design and conditions, as well as human performance
failures including driver fatigue and distraction from either long working hours or irregular
sleep patterns [14-16]. A joint study in 2018 by the market research and consultancy firm
Kantar IMRB and automotive lubricant maker Castrol India, which covered 1000 truckers,
identified a range of self-reported causes behind truck accidents (Figure 2). While 53% of
truck drivers reported psychological issues such as fatigue, obesity, backache, joint and
neck pain, or breathlessness, 23% reported struggling with sleep deprivation [17].

However, despite the wide range of data on the matter, there is a scope to clear the
ambiguity around the context within which transport-related mine accidents take place
as well as to further explore the interrelationships between the critical causal factors.
It is evident to the authors that identifying the risks that might result in mining truck
accidents using a single technique proves insufficient, and an integrated approach is
certainly required. The shortcomings of the conventional methods used in analyzing the
cause—effect relationships underlying mineral transport accidents have been discussed in
some detail in Section 2 of this paper.
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Figure 2. Causes of accidents as reported by truck drivers.

The remainder of this paper is structured as follows. In Section 3, we introduce our
research methodology, which is an improved Fuzzy DEMATEL modeling approach, and
illustrate our findings. Section 4 captures the results and its interpretation. Finally, Section 5
presents recommendations to promote transportation safety in the mining industry and
Section 6 presents the conclusions drawn.

2. Review of Literature: Risk Analysis in the Mining Industry

Traditional methodologies commonly used to identify the risk factors in various indus-
tries include the Hazard and Operability Study (HAZOP) methodology, the Failure Mode
and Effects Analysis (FMEA), the Job Hazard Analysis (JHA), the Bowtie Analysis, and the
Structured What-if Technique (SWIFT), among others. The limitations and shortcomings
of such risk assessment methodologies have been previously researched by numerous
academics [18-21]. One such limitation is their reliance on quantitative data and statistical
analysis to estimate the likelihood and consequences of different risks. However, in many
cases, the available data may be incomplete or uncertain, which can lead to inaccurate
risk assessments.

It is in this context that fuzzy concept-based risk assessment methods can prove to
be better suited. They allow for a more flexible and nuanced approach to risk assessment
by incorporating the concept of uncertainty and imprecision into the decision-making
process, whilst guaranteeing accuracy and reliability of results. This is particularly useful
in complex systems where there are many interacting factors that contribute to risk. More
importantly, fuzzy concept-based risk assessment methods can help to identify the most
critical risk factors and prioritize risk mitigation efforts accordingly.

Owing to such advantages, fuzzy methods have become common place in managing
workplace safety and mitigating risks. For example, in the construction industry, there is
literature on the use of the Fuzzy Analytic Hierarchy Process (AHP) to develop a Safety
Management System (SMS) as well as on the application of the Fuzzy Decision-Making Trial
and Evaluation Laboratory (DEMATEL) method for analyzing occupational risks using
cause—effect diagrams as well as a sensitivity analysis in the construction industry [22,23].
Within the mining industry, the relationship between the specific context of various mining
activities and human error rate has previously been modeled using a fuzzy mapping
approach [24]. Risk-based maintenance systems have also been developed using fuzzy
logic [25].
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Upon noting some of the limitations of common fuzzy concept-based risk assessment
methods (as captured in Table 1), the authors opted for the use of the Fuzzy DEMATEL
methodology to assess the causal influences of haul truck accidents in Indian mines. The
authors reviewed previous research that utilizes the Fuzzy DEMATEL approach to an-
alyze variables for cause-and-effect relationships in the mining industry in India, Iran,
China, and other geographies [26-29]. The gap in literature that utilizes this methodol-
ogy to particularly assess the transportation-related risks in Indian mines inspired the
present research.

Table 1. Different fuzzy models or risk assessments and their limitations.

S. No. Different Models Used to Assess the Risk Limitation
1 Failure Mode and Effects Analysis (FMEA) Time consuming and tedious, with uncertainty and ambiguity.
, Technique for order of preference by similarity to Fails to give clear information in the real-world application. In

this model, decision makers express their opinion in natural

ideal solution with fuzzy information (TOPSIS-F) language as “Poor or Good”

3 Fuzzy Analytic Network Process (FANP) Uncertainty and ambiguity.

There is discrepancy in placing when comprising or removing

4 Fuzzy Analytic Hierarchy Process (AHP) options applied as a portion of the data set.

3. Methodology

This study utilizes the fuzzy DEMATEL described to assess potential risk factors in
the mining transportation system. The research methodology detailed in the following
sections is depicted systematically in the flow chart (Figure 3).

Step 1: Identification of risk factors
Step 2: Selection of the decision-making panel
Step 3: Defining the linguistic scale
Step 4: Developing the direct-relation matrix with pair wise comparison
Step 5: Normalizing the direct-relation matrix
Step 6: Developing the total-relation matrix

Step 7: Determine importance and net effect of each factor

Step 8: Construction of cause—effect relationship diagram

Step 9: Conduct sensitivity analysis

Figure 3. Schematic representation of steps involved in relating cause and effect through fuzzy reasoning.
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3.1. Identification of Risk Factors

In a fuzzy DEMATEL model, the identification of the set of risk factors is the crucial
first step. The risk factors represent the various aspects or dimensions of the problem under
consideration, mining truck accidents, and their selection which should be based on their
relevance, significance, and measurability.

For our model, the potential risk factors causing mining truck accidents were identified
after conducting an in-depth review of relevant literature. Evidence was also collected
by consulting with experts and witnesses in the field from the Ballari-Hospet-Sandur
(BHS) region, where the 1st author’s (BPP) work is based, who referred to specific accident
incidents to identify the causal factors (Figures 4 and 5). The 20 selected risk factors are
listed in Table 2.

Figure 4. A mining truck accident occurred in the BHS region due to hazardous weather conditions
and speeding/aggressive driving.

CITYS

s

Figure 5. A mining truck accident occurred in the BHS region due to drunken driving and improper
vehicle maintenance.
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Table 2. Causal risk factors linked to mining transport accidents.

S. No. Code Causal Factors Description
Lack of maintaining a record of and/or validating drivers’ licenses,
scheduling regular health examinations, maintaining records on health
.. status, past trainings or other qualifications of the drivers, and substance
1 El Inadequate supervision .. . .. .
abuse records; lack of training or inadequate training provided to new
drivers, lack of regular drug screening of drivers, employing drivers
without background checks.
Inadequate plannin Lack of standardized guidelines or operating procedures include rapid
2 E2 -od P & response frameworks that can guide daily operations and aid with
in operations p
risk management.
Lack of initiative to correct known mechanical problems in vehicles such as
3 B3 Failure to correct brake failure, steering failure, tire issues, transmission failure, issues with
known problems trailer coupling, or failure in addressing the issues reported by drivers
such as unmanageable work schedules.
Imposing unrealistic or tightly packed schedules and/or delivery timelines
4 E4 Supervisory problems to meet client commitments, leading to many issues such as overloading,
high stress, and driver fatigue.
Causing vehicle to over-weigh, disturbing the center of gravity and
5 E5 Overloading influencing physical condition/movement of trucks including bursting of
the tire and loss of balance.
Adverse physiological state of ~Caused by conditions such as obesity, poor vision, back, joint or neck pain,
6 E6 . .
the driver high levels of stress, lack of proper sleep.
- E7 Physical health of the driver Level of physm.al fitness impacted by 11'festyle hab%ts sugh as smoking,
drinking alcohol, as well as disease and infections.
8 E8 Mental health of the driver Impacted by depression, anxiety, lo.nelmess, personality disorders, chronic
sleep disturbance.
9 E9 Driver distraction Caused by use Qf cell phones or other such actions that
influence attentiveness.
Working capabilities of Skill and driving experience, driving without improper training, or those
10 E10 . . .. . .
the driver uncertified or driving with fake licenses.
1 E11 Site condition Road closures or construction zones without proper slgns, S}ldden stops,
dangerous curves or slopes, muddy roads, debris, equipment.
1 E12 Working schedule Multiple shifts in a day, back.-to—back shifts, long hours of driving
without rest.
.. Lack of training and awareness on safety, protocols to manage risk,
13 EL3 Inadequate safety training recommended precautions to be taken on duty.
14 El4 Lack of safety management Lack of regular safety meetings, .lacl.< of safety training, no safety
manuals distributed.
15 E15 Lack of safety awareness Lack of awareness of job-related risks or site-specific safety regulations.
16 El6 Alcohol consumption Driving under the influence.
17 E17 Unsafe climatic conditions Trucks losing cpptrol and/or topphng during unfavprable environmental
conditions such as strong winds, heavy rainfall, snow.
18 E18 Improper vehicle maintenance Vehicle parts and system§ not checked/ upgraded when needed, causing
issues to go unnoticed.
19 E19 Spee.dmg or Driving above speed limits, reckless driving, display of road rage.
aggressive driving
20 E20 Poor lighting Resulting in poor visibility particularly during night time.
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3.2. Selection of the Decision-Making Panel

In a fuzzy DEMATEL model, the decision-making panel consists of a group of experts
or stakeholders who provide their subjective judgments on the cause-and-effect relation-
ships among the risk factors identified. The decision-making panel also plays a key role in
interpreting the results of the fuzzy DEMATEL model and using them to support decision-
making. It is, therefore, important to consult with specialists who were well-versed in the
subject matter and had sufficient hands-on experience with producing logical evaluations.

Our panel of evaluators was selected based on their total, relevant work experience,
age, and nature or duties performed within the mining sector. It was important to consult
with specialists who were well-versed in the subject matter and had sufficient hands-on
experience with producing logical evaluations. Ten external evaluators were selected
from the age group 35-65 years with their total professional experience ranging from
15 to 30 years (Table 3). The chosen evaluators work at mining sites and have personally
been tasked with the responsibility to evaluate the reasons for accidents at some point in
their career. Therefore, despite the variation in level of expertise of panel experts, their
understanding of the factors causing haul-truck accidents in the mining industry was
satisfactory for the purposes of the present research.

Table 3. Characteristics of selected evaluators.

S. No. Qualification Designation E).(Penence Roles and Responsibilities
(in Years)
Project management, business and
. Associate Vice-President, financial advising, risk
Evaluator 1 B. Tech Mining JSW, Bellary, Karnataka 30 management, and cost
reduction strategizing.
Project management, business and
Evaluator 2 B.E. Mechanical CEO, JSW, Bellary, 30 financial advising, risk .
Karnataka management, and cost reduction
strategizing.
M. Tech Director, Oracle, Bangalore, Proj .GCt head with Ijesearch
Evaluator 3 . 22 experiences concerning safety
Instrumentation Karnataka . ..
issues of mining workers.
Evaluator 4 B. Tech Minin Assistant Professor, IIT 25 fr)l(ccle\lzfsr;te?be]reii;rcr;a;rtlefieel)((i}?li:::g
’ & (ISM), Dhanbad, Jharkhand b
mining research.
National Accreditation
. Manage processes around
Board for Education and resolution of disputes and
Evaluator 5 B.E. Mechanical Training (NABET), 25 - 5P L
. complaints regarding accreditation
Visakhapatnam, Andhra
and related matters.
Pradesh
Associate Vice-President Excellent subject-matter expertise
Evaluator 6 B. Tech Mining E2E Mining Services, 15 and vast experience in field-based
Bangalore, Karnataka mining research.
Director, Ecomen Project management, business and
.. Laboratories Private financial advising, risk
Evaluator 7 B. Tech Mining . 21
Limited, Bangalore, management, and cost
Karnataka reduction strategizing.
MD, Ecomen Laboratories ﬁggig??egzt?jssiizem,
Evaluator 8 M. Tech Mining Private Limited, Lucknow, 28 & &Y

Uttar Pradesh

resource management, city
planning, and public education.
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Table 3. Cont.

S. No. Qualification Designation E).(perlence Roles and Responsibilities
(in Years)
Project management, assuring a
Director, Ecomen safe operational atmosphere for
Evaluator 9 M. Tech Le}bo'ratorles Private 30 vyorkers, a@dre551ng risk factors,
Limited, Bangalore, implementing safety standards,
Karnataka training workers and drivers on
safety precautions.
Dll;;z:)iz:;liasscf)izi?gert’ Implementing safety standards,
Evaluator 10 B. Tech Mining 28 training workers and drivers on

Private Limited, Bellary,

f ions.
Karnataka safety precautions

3.3. Defining the Linguistic Scale

In the fuzzy DEMATEL model, a linguistic scale is a tool used to represent the degree
of importance or influence of a risk factor being analyzed. This scale is used to capture
the subjective judgments of experts in numerical terms that can be analyzed for effective
decision making. The scale typically consists of a set of labels or terms that are used to
describe the degree of importance or influence of a risk factor. Our panel experts described
their judgement on the likelihood of each causal factor resulting in an accident using a
five-point linguistic scale: no influence (NO), very low influence (VLI), low influence (LI),
high influence (HI), and very high influence (VHI).

Next, triangular fuzzy numbers are assigned to each linguistic label. The triangular
membership function is a commonly used mathematical function in fuzzy logic that assigns
a degree of membership to a fuzzy set based on how close an input value is to a specific
point or range of values. The function takes the form of a triangle, hence its name. The
triangular fuzzy numbers are defined using three parameters: the minimum value, the most
likely value, and the maximum value. These parameter values are obtained from the experts’
knowledge [30]. The corresponding triangular fuzzy numbers used in our model are given
in Table 4 [23]. Overall, this fuzzy linguistic scale is deemed appropriate in handling the
full range of uncertainties and vagueness associated with subjective judgments.

Table 4. The fuzzy linguistic scale considered for the evaluation.

S. No Fuzzy Linguistic Terms Considered Corresponding Triangular
B with Abbreviations Fuzzy Numbers (TFNs)
1 No influence (NO) (0,0,0.25)
2 Very low influence (VLI) (0,0.25,0.5)
3 Low influence (LI) (0.25,0.5, 0.75)
4 High influence (HI) (0.5,0.75, 1)
5 Very high influence (VHI) (0.75,1,1)

3.4. Developing the Direct-Relation Matrix with Pair-Wise Comparison

The initial direct-relation matrix, represented by 7k, where k is the number of eval-
uators, is a set obtained using the Fuzzy scale. It is developed to capture the judgement
of panel experts on the relationship between any two risk factors, represented inann x n
matrix. Any given element in the matrix [z;] represents the direct impact of factor i on
j [23]. All diagonal elements are listed as NI since i = j. The pair-wise comparison matrix is
constructed using the linguistic terms given by the evaluators. The pair-wise direct-relation
matrix developed is provided in Table Al.



Sustainability 2023, 15, 6409

9 of 22

3.5. Normalizing the Direct-Relation Matrix

In this step, the direct relation matrix, 7k is scaled so that the sum of each row is
equal to one, reflecting the fact that the relationships between the variables in the row
are complete and consistent. Normalizing the direct-relation matrix involves dividing
each element in a row by the sum of that row. The mathematical equation to obtain the
normalized direct-relation matrix, denoted by N is as follows [23]:

7k
N=——(5—— @
1?1%1 2}1 12
wherei, j=1,2,...,n.

Normalization is done to ensure that the matrix accurately reflects the degree of
relationship between the factors, without being skewed by variations in the scale used to
describe the relationships between any two factors. The normalized direct relation matrix
is given in Table A2.

3.6. Developing the Total-Relation Matrix

The total-relation matrix (T) is developed by multiplying the N by itself. This matrix
squaring process captures the cumulative effect of all the intermediate factors on the
relationship between each pair of factors, resulting in a matrix that reflects the total degree
of relationship between all the factors in the risk assessment. The total-relation matrix T is
obtained using the following equation [22]:

T=N (- N)(-1) 2)

where T=N+N?+... ... ... =Y, N, I=n x nmatrix, and "(—1) denotes the matrix
inverse operation. The diagonal elements represent the total relations of each factor with
itself, which is always equal to 1. The obtained matrix is presented in Table A3.

3.6.1. Calculating Row and Column Sums from the Total-Relation Matrix

The row (r;) and column (c]-) sums for each row i and column j in the total-relation
matrix (T) are calculated to provide a measure of the overall degree of relationship between
each risk factor and all the other factors in the risk assessment [23]. The row sum for each
row i reflects the total degree of relationship between factor i and all the other factors
in the assessment, while the column sum for each column j reflects the total degree of
relationship between all the factors in the assessment and factor j. This is an important
step in identifying the most important factors, as those with higher row and column sums
will have a greater influence on the overall risk landscape. The following equations were
used to calculate 7; and ¢j, and the calculated (fuzzy) values are presented in Table A4.
This information can be used to prioritize risk management efforts and allocate resources
more effectively.

T= [tij] nxn (3)
n

i =Y cjcnti 4)
_ n

G = Zlgign i @)

wherei, j=1,2,3,.., 1.

3.7. Determining Importance and Net Effect of Each Factor

The (r; + ¢j) and (r; — ¢;) values based on results from Section 3.6.1 are calculated. If
the (r; — ¢;) value is positive, the factor is in the cause group, and if the (r; — ¢;) value
is negative, the factor is in the effect group. The (r; + ¢;) value represents the degree of
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importance of a factor and (r; — ¢;) refers to the strength of influence. Using the Centre of
Area (COA) defuzzification technique, (r; + ¢;) and (r; — ;) are defuzzified and Best Non-
fuzzy Performance (BNP) or crisp values are obtained [23]. The COA is mathematically
expressed as follows:

x centroid = i p )i 6)
X p(xi)
where y(x;) is the membership value for the point and x; is the universe of discourse. The
values are presented in Tables A4 and AS5.

3.8. Construction of Cause—Effect Relationship Diagram

The diagrammatic representation of the cause-and-effect relationship takes on the
(ri + ¢;) values on the horizontal axis, with the vertical axis taking on the (r; — ¢;) values
(Figure 6).

1.4
12
1
0.8
0.6
= 0.4
<02
0
02 0 1 2 3 4 5 6
0.4
0.6

-0.8
rit+c

Figure 6. Cause-and-effect diagram.

3.9. Conduct Sensitivity Analysis

To test the reliability of the fuzzy logic model, we add and deduct a fixed percentage
(10%) from each fuzzy set value. This also helps us investigate the impact of uncertainties
in the input data on the model’s output by rerunning the fuzzy logic model to observe
the changes. The crisp value obtained in these scenarios is then compared with the actual
values. The results show that the ranking of the factors as categorized under cause and
effect remains unchanged (Table A6). The graphical representation of the results is shown
in Figure 7.
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Scenario 1: Original crisp values

Ouput

—
1 2 5 6 7 8 9 10 11 16 17 18 19 20
Factors (E1 to E20)

indicates ri —¢;, ——— indicates 7; + ¢;

Scenario 2: 10% incremented crisp values

Output

. e VAN

1 2 5 6 7 8 9 10 11 13 16 17 18 19 20
Factors (E1 to E20)

indicates i —¢j =~ —— indicates 7; + ¢;

Figure 7. Cont.
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Ouput

Scenario 3: 10% decremented crisp values

=4 5 6 7 8 9 10 11 12713 1415 16 17 18 19 20

Factors (E1 to E20)

indicates ri —¢; ~——— indicates ri + ¢;

Figure 7. Results of the sensitivity analysis.

4. Results and Discussion

Based on the cause-and-effect diagram (Figure 6) and sensitivity analysis (Figure 7),
the causal factors responsible for mining truck accidents are identified as follows: alcohol
consumption (E16), speeding and aggressive driving (E19), working capabilities of the
drivers (E10), physical limitation of the drivers (E7), overloading (E5), adverse physio-
logical state (E6), mental limitation (E8), driver’s behavior (E9), and poor lighting (E20).
The following effects are identified: inadequate supervision (E1), planned inappropriate
operations (E2), failure to correct the known problems (E3), supervisory problem (E4), site
condition (E11), working schedule (E12), inadequate safety training (E13), lack of safety
management (E14), lack of awareness (E15), unsafe climatic condition (E17), and improper
vehicle maintenance (E18). Causal factors have a direct or indirect influence on other factors
and need to be prioritized for improvement. The effect factors can be used to determine the
effectiveness of any solutions developed to prevent the occurrence of the accidents.

The most significant causal factors behind mining truck accidents are identified as
speed and aggressive driving (E19) with the uppermost (r; — ¢;) value of 1.152, followed
by alcohol consumption (E16) (r; — ¢; = 0.9806). E16 also has the highest r; value. Further,
failure to correct known problems with the vehicle (E3) and inadequate supervision (E1)
are identified as important factors with the two highest (r; + ¢;) values. Moreover, their
(ri — ¢;) values are above average, meaning they have an impact on the other causal factors.

These results align with the analysis found in existing literature, and are not limited to
the study of Indian mines. Speeding by operators is identified as the leading causal factor
resulting in the loss of control and/or unexpected movement of haul trucks [15]. This has
been tied to driver distraction and fatigue that impacts decision-making abilities around
when to decrease speed or the ability to make controlled maneuvers at high speed [31]. In
our results as well, driver distraction [E9] scores a high ; value of 2.3596 as well as a high
(ri + ¢;) value of 4.504.

It is evident that investigating the role of human error in accidents is increasingly com-
monplace. Identified contributing factors has pre-dominantly focused on the unsafe acts
of individuals, in this case, the truck drivers. Through our results, we aim to balance this
approach with an organizational approach that identifies shortfalls of the over-arching sys-
tems [32]. The findings reported in the previous section can guide decision making around
risk assessment and management strategies in the mining sector to address these shortfalls.
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Supervisors and managers can plan and prioritize the adaptation and implementation of
relevant preventive measures (outlined in Table 5).

Table 5. Preventive measures against the critical causal factors responsible for mining truck accidents.

Factor Code

Causal Factor

Preventive Measures

E19

Speeding and
aggressive driving

Setting speed limits that are safe and realistic.

Educating drivers on the risks involved in speedy driving.

Appropriate engineering measures and safe road designs to control/ regulate speed.
Recruitment of enforcement officers and training them on the use of speed
measuring devices such as radars, lidars.

Strict punitive actions against the speeding drivers.

E1l6

Alcohol
consumption

Regular alcohol screening.

Educating drivers regarding side-effects of alcohol consumption and
alcohol-impaired driving.

Rehabilitation of alcohol addicts.

Establishment of regular checkpoints and patrols to monitor the drink and drive
cases, especially in accident-prone regions.

E10

Working
capabilities of the
drivers

Training drivers to watch out for blind spots.

Regular assessment of driver’s capabilities and detecting changes.

Encouraging drivers to practice signaling while changing lanes even if they do not
spot other vehicles.

Training drivers to slow down during bad weather and poor visibility.

Pre-trip and post-trip inspections.

Real-time GPS to monitor the safety of drivers.

E7

Physical health of
the drivers

Install temperature-controlled driving cabins.
Well devised insurance benefits.

Annual physical, full-body check-ups.
Tie-ups with local clinics and hospitals.

E5

Overloading

Training drivers to properly distribute the load.

Using the weighbridge tool to prevent overloading.

Mandatory weighting before the trip begins.

Adpvise drivers to consider each axel after loading.

Monitor mechanical components of the truck and plan for proper servicing for worn
down parts.

Regular checkpoints need to be maintained to monitor the truckload.

E6

Adverse
physiological state
of the driver

Encouraging drivers to take breaks intermittently.

Recommending a minimum of seven hours of sleep before a driving shift.

Proper planning of driving shifts.

Compensation for drivers working late night shifts.

Encouraging drivers to report any sleep disorders or mental ailments to supervisors.

E8

Mental health of
the driver

Promoting awareness of proper diet and regular exercises.
Providing treatment options to address mental health gaps.
Ensuring work-life balance and prioritizing family time.

Tie-ups with rehabilitation centers.

Regular check-ins to monitor drivers” mental health and well-being.

E9

Driver distraction

Education on consequences of texting or attending a call while driving,.
Punitive measures to address indiscipline behavior of drivers.

E20

Poor lighting

Promoting awareness of high beam and low beam lighting practices on highways
among drivers.

Installing lamp posts at regular intervals.

Educating drivers on using anti-glare eyeglasses.

Implementing reflective sign boards on curves, crossings, and intersections.
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Linkages to Socio-Economic Conditions of Local Community

The authors’ interactions with local community members revealed that truck accidents
are usually seen as an unavoidable occupational hazard by mining workers and their
family members. Many of the risk factors identified negatively impact the drivers and
their families as they relate to the drivers’ health outcomes, employment status, earning
levels and overall quality of life. For drivers involved in truck accidents, there are also
reputational damages that in turn impact levels of self-confidence and self-esteem. The
individual’s role within the society as well as within their household might change, causing
deep instability. Despite such enormous costs, there is surprisingly minimal effort taken by
the industry to explore new mitigative measures or innovate the transportation system.

5. Recommendation

While strategies to address the various causal factors influencing mining haul truck
accidents are discussed in this paper, driver training, strict monitoring, and enforcement of
safety policies may be more feasible and cost-effective in the short-run. To achieve safer
outcomes in the long-run, an alternative transportation system might be better suited. The
authors recommend replacing the road-based movement of trucks in mining sites with a
conveyor belt system. This energy-efficient method of using conveyor belts for transporting
ore reduces the burden on both road and rail transport infrastructure and, importantly,
prevents accidents. Alongside minimal particulate emissions at loading and unloading
points, the conveyor belt system ensures no spillage of valuable mineral resources, does not
contribute to dust or noise pollution, and is a faster means of transportation. On the other
hand, it is also important to note certain limitations of the pipe conveyor systems, including
the need for regular maintenance to prevent equipment failure such as belt deviation or belt
damage, power outages that can halt operations, cost intensive repairs, and other general
issues caused by wear and tear. However, there is ongoing research on utilizing innovative
technologies to make the system more efficient and reliable [33,34].

Despite the above limitations, switching to mechanical methods, such as pipe con-
veyors, has been directed by the Honorable Supreme Court of India, specifically for mines
transporting ore in excess of 0.7 MTPA (million tons per annum). In response, techno-
economic feasibility reports for the transportation and loading of iron ore using a downhill
conveyor system have already been developed by the KSMCL (Karnataka State Minerals
Corporation Limited) and other private mining lease owners. Moreover, one of the largest
steel plants operating in the state of Karnataka, M/s JSW Steel, has implemented the
use of pipe conveyors to transport raw material from the mines located in Sandur to its
integrated steel plant in Vijayanagar, as part of the company’s commitment to promote
environmental outcomes (Figure 8). Further research should be conducted on strategies to
make the implementation of the pipe conveyor belt system economically viable for mining
companies dealing in smaller quantities of ore, while replacing the conventional truck
transport system in a phased manner. This will ensure that this mode of transportation
becomes the new standard in the mining industry.
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Figure 8. Closed pipe conveyor belt system used for transportation of iron ore.

6. Conclusions

The truck haulage system is a continuing challenge for the mineral industry. The
results of the fuzzy DEMATEL model identified the most critical human and systematic
errors resulting in mining transport accidents, thereby enabling multi-criteria decision
making. While targeted steps can be taken to address the safety concerns due to conven-
tional transportation systems, the authors recommend a shift to an automated /mechanical
transportation system in the mineral industry for a long-term sustainable improvement in
resource efficiency.

As evident from our research, the conventional truck haulage is the cause of increasing
road accidents, resulting in loss of manpower and increased costs. The carbon emissions
released from the trucks also add to the pollution load on the environment. The paper
concludes that the conveyor system is a better replacement for the truck haulage system
depending upon the scale of mining operation. It would reduce the number of accidents
caused due to human error, while reducing the risk of dust exposure and various envi-
ronmental hazards. As next steps, the project managers in both large and small mining
companies must conduct feasibility studies to assess the impacts of shifting to the conveyor
system, considering the business, environmental, and social and governance (ESG) impacts,
including any disruptive impacts on local communities. Nevertheless, the success of mining
projects is closely tied to public perception and therefore, investments in building a safety
culture in the mining industry is the need of the hour.
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Appendix A

Table Al. Direct-Relation Matrix.

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 E13 E14 E15 El6 E17 E18 E19 E20
El NI HI VHI HI HI VLI VLI VLI LI LI VLI HI HI HI HI LI VLI VHI LI NI
E2 LI NI VHI HI HI VLI VLI VLI VLI LI VLI HI HI HI HI LI VLI VHI LI NI
E3 HI HI NI HI HI VLI VLI VLI VLI LI VLI HI HI HI HI LI VLI VHI LI NI
E4 VHI LI VHI NI HI VLI VLI VLI VLI VLI VLI HI HI HI HI LI VLI VHI LI NI
E5 HI HI HI VHI NI VLI VLI VLI VLI LI VLI LI LI LI VLI VLI HI HI LI NI
E6 LI LI LI LI VLI NI VLI VLI LI LI VLI LI VLI VLI LI HI VLI VLI VLI VLI
E7 LI LI LI LI VLI HI NI HI LI VLI VLI LI VLI VLI LI HI VLI VLI VLI VLI
E8 VLI VLI LI LI VLI HI HI NI LI VLI VLI LI VLI VLI LI HI VLI VLI VLI VLI
E9 HI HI LI HI VLI HI HI HI NI VLI VLI LI LI LI VLI VHI VLI VLI VLI VLI
E10 LI HI LI HI VLI LI LI LI HI NI VLI VHI LI LI LI HI HI VLI VLI VLI
El1 LI LI LI LI VLI VLI VLI VLI LI LI NI VLI VLI VLI LI VLI HI LI VLI VLI
E12 HI HI VLI HI VLI VLI VLI VLI HI LI LI NI VLI LI LI VLI VLI VLI VLI VLI
E13 HI HI HI HI VLI VLI VLI VLI HI LI LI LI NI LI HI VLI VLI VLI VLI LI
E14 LI HI HI HI VLI VLI VLI VLI VLI VLI LI LI HI NI HI VLI VLI VLI VLI VLI
E15 LI HI HI HI VLI VLI VLI VLI VLI LI LI LI HI LI NI VLI VLI VLI VLI VLI
El6 VHI VHI VHI HI VLI HI HI HI VHI VHI HI LI HI VHI VHI NI HI LI VHI HI
E17 VLI VLI LI VLI VLI LI LI LI VLI VLI VLI VLI LI LI VLI VLI NI HI VLI LI
E18 HI LI HI HI HI VLI VLI VLI VLI LI HI LI LI LI VLI VLI HI NI LI LI
E19 HI LI HI LI HI LI LI LI VHI VHI LI HI LI LI LI VHI VLI LI NI LI
E20 VLI VLI VLI VLI VLI VLI VLI VLI VLI VLI VHI VLI VLI VLI VLI VLI HI VLI LI NI
Table A2. Normalized Direct-Relation Matrix.
E1 E2 E3 E4 E5
E1l (0,0,0.0144) (0.054,0.0535,0.0579)  (0.081,0.0714,0.0579)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)
E2 (0.027,0.0357,0.0434) (0,0,0.0144) (0.081,0.0714,0.0579)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)
E3 (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0,0,0.0144) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)
E4 (0.081,0.0714,0.0579) (0,0.0178,0.0289) (0.081,0.0714,0.0579) (0,0,0.0144) (0.054,0.0535,0.0579)
E5 (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)  (0.081,0.0714,0.0579) (0,0,0.0144)
E6 (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E7 (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E8 (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E9 (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)  (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579) (0,0.0178,0.0289)
E10 (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579)  (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579) (0,0.0178,0.0289)
El1 (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E12 (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0,0.0178,0.0289) (0.054,0.0535,0.0579) (0,0.0178,0.0289)
E13 (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0,0.0178,0.0289)
E14 (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0,0.0178,0.0289)
E15 (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0,0.0178,0.0289)
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El E2 E3 E4 E5
El16 (0.081,0.0714,0.0579) (0.081,0.0714,0.0579)  (0.081,0.0714,0.0579) (0.054,0.0535,0.0579) (0,0.0178,0.0289)
E17 (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0,0.0178,0.0289)
E18 (0.054,0.0535,0.0579) (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579) (0.054,0.0535,0.0579) (0.054,0.0535,0.0579)
E19 (0.054,0.0535,0.0579) (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579) (0.027,0.0357,0.0434) (0.054,0.0535,0.0579)
E20 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E6 E7 E8 E9 E10
El (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)
E2 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
E3 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
E4 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E5 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
E6 (0,0,0.0144) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)
E7 (0.054,0.0535,0.0579) (0,0,0.0144) (0.054,0.0535,0.0579) (0.027,0.0357,0.0434) (0,0.0178,0.0289)
ES8 (0.054,0.0535,0.0579) (0.054,0.0535,0.0579) (0,0,0.0144) (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E9 (0.054,0.0535,0.0579) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0,0,0.0144) (0,0.0178,0.0289)
E10 (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0.054,0.0535,0.0579) (0,0,0.0144)
El11 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)
E12 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.054,0.0535,0.0579) (0.027,0.0357,0.0434)
E13 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.054,0.0535,0.0579) (0.027,0.0357,0.0434)
El14 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E15 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
El6 (0.054,0.0535,0.0579) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0.081,0.0714,0.0579) (0.081,0.0714,0.0579)
E17 (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0,0.0178,0.0289)
E18 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
E19 (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0.081,0.0714,0.0579) (0.081,0.0714,0.0579)
E20 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
El11 E12 E13 E14 E15
El (0,0.0178,0.0289) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0.054,0.0535,0.0579) (0.054,0.0535,0.0579)
E2 (0,0.0178,0.0289) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0.054,0.0535,0.0579) (0.054,0.0535,0.0579)
E3 (0,0.0178,0.0289) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0.054,0.0535,0.0579) (0.054,0.0535,0.0579)
E4 (0,0.0178,0.0289) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0.054,0.0535,0.0579) (0.054,0.0535,0.0579)
E5 (0,0.0178,0.0289) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E6 (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
E7 (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
ES8 (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
E9 (0,0.0178,0.0289) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E10 (0,0.0178,0.0289) (0.081,0.0714,0.0579)  (0.027,0.0357,0.0434) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)
El1 (0,0,0.0144) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434)
E12 (0.027,0.0357,0.0434) (0,0,0.0144) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)
E13 (0.027,0.0357,0.0434) (0.027,0.0357,0.0434) (0,0,0.0144) (0.027,0.0357,0.0434) (0.054,0.0535,0.0579)
El14 (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579) (0,0,0.0144) (0.054,0.0535,0.0579)
E15 (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579) (0.027,0.0357,0.0434) (0,0,0.0144)
El6 (0.054,0.0535,0.0579) (0.027,0.0357,0.0434)  (0.054,0.0535,0.0579) (0.081,0.0714,0.0579) (0.081,0.0714,0.0579)
E17 (0,0.0178,0.0289) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E18 (0.054,0.0535,0.0579) (0.027,0.0357,0.0434)  (0.027,0.0357,0.0434) (0.027,0.0357,0.0434) (0,0.0178,0.0289)
E19 (0.027,0.0357,0.0434) (0.054,0.0535,0.0579)  (0.027,0.0357,0.0434) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)
E20 (0.081,0.0714,0.0579) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
Ele6 E17 E18 E19 E20
El (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0.081,0.0714,0.0579) (0.027,0.0357,0.0434) (0,0,0.0144)
E2 (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0.081,0.0714,0.0579) (0.027,0.0357,0.0434) (0,0,0.0144)
E3 (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0.081,0.0714,0.0579) (0.027,0.0357,0.0434) (0,0,0.0144)
E4 (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0.081,0.0714,0.0579) (0.027,0.0357,0.0434) (0,0,0.0144)
E5 (0,0.0178,0.0289) (0.054,0.0535,0.0579)  (0.054,0.0535,0.0579) (0.027,0.0357,0.0434) (0,0,0.0144)
E6 (0.054,0.0535,0.0579) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
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El6 E17 E18 E19 E20
E7 (0.054,0.0535,0.0579) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E8 (0.054,0.0535,0.0579) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E9 (0.081,0.0714,0.0579) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E10 (0.054,0.0535,0.0579) (0.054,0.0535,0.0579) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
El1 (0,0.0178,0.0289) (0.054,0.0535,0.0579)  (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0,0.0178,0.0289)
E12 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E13 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E14 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E15 (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289) (0,0.0178,0.0289)
E16 (0,0,0.0144) (0.054,0.0535,0.0579)  (0.027,0.0357,0.0434) (0,0.0178,0.0289) (0,0.0178,0.0289)
E17 (0,0.0178,0.0289) (0,0,0.0144) (0.054,0.0535,0.0579) (0,0.0178,0.0289) (0,0.0178,0.0289)
E18 (0,0.0178,0.0289) (0.054,0.0535,0.0579) (0,0,0.0144) (0.027,0.0357,0.0434) (0.027,0.0357,0.0434)
E19 (0.081,0.0714,0.0579) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0,0,0.0144) (0.027,0.0357,0.0434)
E20 (0,0.0178,0.0289) (0.054,0.0535,0.0579) (0,0.0178,0.0289) (0.027,0.0357,0.0434) (0,0,0.0144)
Table A3. Total-Relation Matrix.
El1 E2 E3 E4 E5 E6 E7 E8 E9 E10
El 0.217712  0.256785  0.264922 0.272532  0.220192 0.181245 0.176208 0.176208  0.210052  0.209344
E2 0.239051 0.20814 0.257925 0.265146  0.214598  0.175911 0.171022  0.171022 0.19083 0.203857
E3 0.255971 0.253395 0.21992 0.268933  0.217657 0.17843 0.173471 0.173471 0.193748  0.206766
E4 0.246007 0.216343  0.251042 0.21619 0.209099 0.170855 0.166107 0.166107  0.185387  0.184761
E5 0.241642 0.238634  0.247153 0.253302 0.165463 0.168528 0.163845 0.163845 0.181874  0.194971
E6 0.208058  0.206058 0.212385 0.218742 0.161884  0.140679  0.150665 0.150665  0.180422 0.17906
E7 0.216191 0.213905 0.221074  0.227491 0.168487 0.190108 0.143138 0.184825 0.187638  0.172128
E8 0.195948 0.193549  0.213809 0.22002 0.162445 0.185145 0.180000 0.138313  0.182068  0.166387
E9 0.246617 0.243965  0.238555  0.258968  0.182437 0.20259 0.196959  0.196959  0.173293  0.185515
E10 0.239023  0.250187  0.244433  0.265383  0.186692 0.193304 0.187931 0.187931  0.220096  0.175896
El1 0.202137 0.186086  0.206916  0.212305 0.157836  0.150721 0.146533  0.146533  0.175061 0.173949
E12 0.226901 0.224632 0.204513 0.238212 0.166822  0.158442  0.154039 0.154039 0.197916  0.182679
E13 0.240559  0.238345  0.245672 0.25276 0.177854  0.168094 0.163422 0.163422  0.208759  0.193856
E14 0.216471 0.227684  0.235234  0.241443 0.169486  0.159475 0.155043  0.155043 0.172573 0.17184
E15 0.216785  0.227997  0.235361 0.241776  0.169725  0.159945 0.1555 0.1555 0.173233  0.185792
E16 0.283403 0.280716  0.290454 0.298602  0.211831 0.230548 0.22414 0.22414 0.245788 0.24331
E17 0.184845 0.182527  0.203224  0.194819 0.154625 0.161953  0.157452  0.157452  0.158491 0.157207
E18 0.248763 0.23177 0.254268  0.260588  0.212601 0.174162  0.169322 0.169322  0.188254  0.201104
E19 0.270535  0.254291 0.27576 0.270574 0.228502 0.205846  0.200125 0.200125  0.234785 0.23276
E20 0.173607  0.171022 0.17806 0.182445 0.145627 0.139956 0.136066  0.136066  0.149918  0.148672
E11 E12 E13 E14 E15 El6 E17 E18 E19 E20

El 0.183736  0.250253  0.246113  0.242727  0.247846  0.212156  0.184477 0.228212 0.187739  0.124831
E2 0.17876 0.243645  0.239631 0.236332 0.24148 0.206168  0.179482  0.222394  0.182832  0.121257
E3 0.181313  0.247122  0.243051 0.239705  0.244924  0.209116  0.182045 0.225565  0.185441 0.122992
E4 0.173855  0.236956  0.233246  0.230032  0.235033  0.200288  0.174172  0.216665 0.178006  0.117733
E5 0.16999 0.220301 0.216267 0.213486  0.204108 0.184545 0.199015 0.215162 0.175942  0.115456
E6 0.155562  0.200955  0.183542  0.181015 0.199249  0.196467 0.15672 0.169086  0.147191 0.118807
E7 0.161933  0.208985 0.190814 0.188185  0.207408 0.204577  0.16274 0.175974  0.15321 0.123698
E8 0.156895  0.202122  0.184065 0.181528  0.200608 0.198764  0.157683  0.169712  0.148061 0.120279
E9 0.17435 0.225312  0.220364 0.21751 0.210289 0.218764  0.175004 0.190466  0.165365 0.132376
E10 0.179167  0.244345 0.226367 0.223436  0.228904 0.222994  0.207625 0.195696  0.169386  0.135969
E11 0.136833  0.181513  0.178278  0.175639  0.193142 0.163843  0.180642 0.178935 0.143553  0.116349
E12 0.172833  0.178096 0.18879 0.199698  0.204332  0.173283  0.160289  0.173983  0.151348 0.121444
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Table A3. Cont.
E11 E12 E13 E14 E15 E16 E17 E18 E19 E20
E13 0.182996  0.219286  0.18728  0.212304 0.231121 0.184242  0.170109  0.185448 0.161011  0.128454
E14 0.175547  0.209056  0.219325 0.174414 0.221733  0.174541 0.162049  0.17672  0.153587  0.122858
E15 0.175597  0.209547  0.219423  0.202887  0.180146  0.175214  0.162682  0.176983  0.153806  0.123041
El6 0.230278  0.260448  0.26894  0.265038  0.272337  0.207708  0.231884  0.235593  0.19172 0.15325
E17 0.14901  0.177866  0.187802  0.185215 0.176222  0.160952  0.135486  0.188532  0.140818  0.114888
E18 0.20378 0.2266 0.222444  0.219573  0.210722  0.190444  0.206269  0.179603  0.181473  0.147428
E19 0.206634  0.261002  0.241953  0.238819  0.244616  0.237484  0.194936  0.223863  0.16786  0.159415
E20 0.168399  0.16699  0.163807  0.16155 0.1656 0.151497  0.170122  0.152759  0.146894  0.094735
Table A4. Fuzzy Valuesr; ¢; 1;+¢j 1 — ¢j.
El (1.3151,2.1681,4.2932) (1.4891,2.3763,4.5702) (2.8042,4.5444,8.8635) (—0.1739,—0.2081,—0.2769)
E2 (1.203,2.0643,4.1494) (1.3759,2.2703,4.506) (2.5789,4.3346,8.6555) (—0.1728,—0.206,—0.3565)
E3 (1.2058,2.0657,4.223) (1.7,2.5777,4.7006) (2.9058,4.6435,8.9237) (—0.4941,-0.512,—-0.4776)
E4 (1.1547,2.0163,4.0078) (1.6391,2.5209,4.8602) (2.7938,4.5372,8.8681) (—0.4843,—0.5045,—0.8523)
E5 (0.9864,1.8583,3.9335) (0.7424,1.6436,3.6838) (1.7289,3.502,7.6173) (0.2439,0.2147,0.2496)
E6 (0.5994,1.5204,3.5172) (0.4812,1.473,3.4959) (1.0806,2.9934,7.0131) (0.1182,0.0473,0.0212)
E7 (0.7152,1.6445,3.7025) (0.4053,1.3892,3.3709) (1.1205,3.0338,7.0734) (0.3098,0.2553,0.3315)
ES8 (0.5994,1.5386,3.5574) (0.4053,1.3892,3.3709) (1.0048,2.9279,6.9283) (0.1941,0.1494,0.1864)
E9 (1.0606,1.9626,4.0556) (0.8308,1.7938,3.8101) (1.8915,3.7564,7.8658) (0.2298,0.1688,0.2454)
E10 (1.1096,2.0297,4.1847) (0.8379,1.7785,3.7698) (1.9476,3.8082,7.9546) (0.2717,0.2511,0.4149)
El11 (0.4677,1.4219,3.4068) (0.5822,1.5321,3.5174) (1.05,2.954,6.9242) (—0.1145,-0.1102,—0.1106)
E12 (0.6599,1.5902,3.6322) (1.2743,2.1728,4.3704) (1.9343,3.7631,8.0026) (—0.6143,—0.5826,—0.7381)
E13 (0.8699,1.7894,3.9149) (1.1739,2.0553,4.2615) (2.0439,3.8447,8.1764) (—0.304,—0.2659,—0.3465)
E14 (0.6944,1.6284,3.6941) (1.1669,2.0528,4.189) (1.8613,3.6812,7.8832) (—0.4724,—0.4243,—0.4949)
E15 (0.705,1.6354,3.7009) (1.2445,2.1372,4.3198) (1.9496,3.7727,8.0207) (—0.5394,—0.5017,—0.6188)
El6 (1.8934,2.7943,4.8501) (0.869,1.8376,3.873) (2.7624,4.632,8.7231) (1.0244,0.9566,0.977)
E17 (0.3955,1.3603,3.3293) (0.5542,1.5201,3.5534) (0.9497,2.8805,6.8828) (—0.1586,—0.1598,—0.224)
E18 (0.9823,1.9134,4.0984) (1.1358,2.0141,3.8813) (2.1181,3.9276,7.9798) (—0.1534,—0.1006,0.2171)
E19 (1.533,2.4159,4.5498) (0.4098,1.346,3.2852) (1.9428,3.762,7.8351) (1.1232,1.0699,1.2646)
E20 (0.2626,1.2438,3.1037) (0.0957,0.7811,2.5152) (0.3583,2.0249,5.619) (0.1669,0.4627,0.5885)
Table A5. Crisp Values r;, ¢j, 1 + ¢j, 1; — ¢;..
r; cj i+ ¢j ri— ¢ Identify
El 2.5922 2.8123 5.405 —0.2201 effect
E2 24732 2.7171 5.19 —0.2439 effect
E3 2.4989 2.9932 5.492 —0.4943 effect
E4 2.3922 3.0066 5.399 —0.6144 effect
E5 2.26 2.023 4.283 0.237 cause
E6 1.8797 1.8165 3.696 0.0632 cause
E7 2.0207 1.7223 3.743 0.2984 cause
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Table A5. Cont.

T cj i+ ¢j ri—¢j Identify
E8 1.8996 1.7223 3.622 0.1773 cause
E9 2.3596 2.1443 4.504 0.2153 cause
E10 2.4417 2.1286 457 0.3131 cause
El1 1.7649 1.8773 3.642 —0.1124 effect
E12 1.9604 2.6059 4.566 —0.6455 effect
E13 2.1909 2.4971 4.688 —0.3062 effect
E14 2.0059 2.4693 4475 —0.4634 effect
E15 2.014 2.5669 4.581 —0.5529 effect
El6 3.1798 2.1932 5.373 0.9866 cause
E17 1.6959 1.8757 3.572 —0.1798 effect
E18 2.3309 2.3433 4.674 —0.0124 effect
E19 2.8328 1.6807 4514 1.1521 cause
E20 1.5361 1.1313 2.667 0.4048 cause

Table A6. Results of Sensitivity Analysis, Comparing Original Crisp Values with Results from Two
Different Scenarios: 10% Increment and Decrement to Original Fuzzy Values.

Scenario 1 (Original Crisp Scenario 2 (10% Increment Scenario 3 (10% Decrement
Value) Crisp Value) Crisp Value)
1’1‘+C]‘ 1’i—C]' 1‘1'+Cj ri—cj 1’i+Cj i‘i—C"
5.4045 —0.2201 5.384 —0.200 4.764 0.481
5.1903 —0.2439 5.155 —0.208 5.225 —0.276
5.4921 —0.4943 5.443 —0.446 5.511 —0.542
5.3988 —0.6144 5.360 —0.576 5.414 —0.680
4.283 0.237 4.254 0.266 4.280 0.205
3.6962 0.0632 3.693 0.067 3.725 0.021
3.743 0.2984 3.740 0.301 3.772 0.263
3.6219 0.1773 3.619 0.180 3.664 0.155
4.5039 0.2153 4.487 0.232 4521 0.170
4.5703 0.3131 4.551 0.332 4.601 0.286
3.6422 —0.1124 3.635 —0.105 3.671 —0.156
4.5663 —0.6455 4.533 —0.612 4.576 —0.697
4.688 —0.3062 4.654 —0.273 4.697 —0.351
4.4752 —0.4634 4.442 —0.430 4.498 —0.495
4.5809 —0.5529 4.548 —0.520 4.607 —0.587
5.373 0.9866 5.356 1.003 5.395 0.943
3.5716 —0.1798 3.566 —0.174 3.615 —0.208
4.6742 —0.0124 4.633 0.029 4.676 —0.045
45135 1.1521 4.498 1.168 4.523 1.126
2.6674 0.4048 2.666 0.407 2.699 0.386
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