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Abstract

To conduct a scientific and comprehensive analysis of the spontaneous combustion ten-
dency of sulfide ores and improve the safety production level of sulfur mines, an indicator
system for determining the spontaneous combustion tendency of sulfide ores and a com-
prehensive classification standard for the spontaneous combustion tendency of sulfide ores
were constructed. Based on this, a multidimensional information comprehensive analysis
model for ore spontaneous combustion tendency was constructed by combining the inter-
val analytic hierarchy process (IAHP) and the improved interval approximation analysis
method. The interval judgment matrix was constructed by the interval analytic hierarchy
process, and the weight of the spontaneous combustion tendency for evaluation indicators
was calculated. By improving the interval approximation analysis, the indicators of the ore
spontaneous combustion tendency were analyzed in the form of interval numbers, and
the information potential was deeply explored to obtain multidimensional information
such as the grade of the ore spontaneous combustion tendency and the reliability of the
ore spontaneous combustion tendency, and then the comprehensive grade of the ore spon-
taneous combustion tendency was determined. By using this model, a multidimensional
information analysis was conducted on the spontaneous combustion tendency of each ore
layer in a certain sulfur iron mine, with the indicators of the ore spontaneous combustion
tendency as the interval number. It was found that the 30-day oxidation weight gain rate
exerts the most significant influence on ore spontaneous combustion. The ore in ore layer
no. 1 was prone to spontaneous combustion with relatively reliable results, while the ores
in ore layers no. 2 and 3 were susceptible to self-heating with highly reliable results. This
study provides a reference and guidance for the targeted prevention of ore spontaneous
combustion in the mine.

Keywords: sulfide ore; spontaneous combustion; interval analytic hierarchy process
(IAHP); interval approximation

1. Introduction

The spontaneous combustion of sulfide ores can easily result in casualties and property
damage among mine personnel, as well as the destruction of mineral resources, posing
a major safety hazard to mine safety and production. An accurate and comprehensive
analysis and assessment of the spontaneous combustion tendency of sulfide ores can help
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mining enterprises formulate targeted prevention and control measures against sponta-
neous combustion, thereby reducing the hazards associated with it [1-3]. Currently, the
multi-indicator methods offer a comprehensive approach and a rigorous analytical process
and have now become the mainstream method for assessing ore combustion propensity [4].
Relevant scholars have conducted research on methods for analyzing the spontaneous
combustion tendency of sulfide ores. Zhou et al. [5] proposed a comprehensive factor
analysis method, which determines the spontaneous combustion tendency of ore rocks
through the simultaneous measurement of several indicators, including ore mineralogy,
chemical composition, and oxidation rate. Yang et al. [6] selected the mass gain rate during
low-temperature oxidation, the autoignition point, and the ignition point as discriminating
factors for the comprehensive assessment of the spontaneous combustion tendency of sul-
fide ores. Using factor analysis, they established a model for determining the spontaneous
combustion tendency of sulfide ores and applied this model to assess the spontaneous
combustion tendency of sulfide ore samples. Huang et al. [7] selected the rate of weight
gain due to oxidation, the autoignition temperature, and the ignition point as the primary
influencing factors for ore spontaneous combustion tendency. By integrating the AHP
method and TOPSIS, they constructed an evaluation model for ore spontaneous combus-
tion tendency and conducted an analysis and evaluation of the spontaneous combustion
tendency levels of the ore. Currently, all methods for analyzing and evaluating the sponta-
neous combustion tendency of ores treat indicator information as discrete point data for
analysis and evaluation. However, for mining areas, sections, orebodies, and even the entire
ore layer, the numerical values of indicators for determining spontaneous combustion ten-
dency should fluctuate. The analysis results of the ore’s spontaneous combustion tendency
obtained by existing analytical and evaluation methods may be unreliable. Furthermore,
traditional analysis and evaluation methods only classify the spontaneous combustion
tendency of sulfide ores into grades. In fact, the spontaneous combustion tendency of
sulfide ores may possess multiple attributes, and the classification into a specific grade is
probabilistic. Only by conducting a comprehensive analysis of both the grade classification
and the probability of each grade can comprehensive information be provided to aid in the
prevention of spontaneous combustion in sulfide ores.

Interval approximation analysis can fully reflect the interval fluctuation characteristics
of the numerical values of self-ignition evaluation indicators for sulfide ores, whereas tradi-
tional interval approximation analysis can only evaluate the system as a whole and cannot
analyze system details or specific indicators. By applying improved interval approximation
analysis to assess ore self-ignition tendencies, one can not only obtain overall analysis
results but also determine the self-ignition tendencies of individual evaluation indicators.
At the same time, by fully leveraging the analytical potential of interval approximation
analysis, we can identify the multiple attributes of ore spontaneous combustion tendency
and the probability confidence levels of each attribute, thereby enabling a comprehen-
sive assessment of the propensity of sulfide ores to spontaneously combust and accurate
assistance and guidance for preventing and controlling ore spontaneous combustion. Fur-
thermore, by utilizing the IAHP, which contains more comprehensive information, to
analyze the weights of ore spontaneous combustion tendency indicators, the accuracy of
weight calculations is ensured.

2. Evaluation Indicator System and Classification Standards for the
Spontaneous Combustion Tendency of Sulfide Ores

2.1. Evaluation Indicator System for the Spontaneous Combustion Tendency of Sulfide Ores

Referring to existing research [8], the indicators currently used to determine the sponta-
neous combustion tendency of sulfide ores are generally consistent, primarily including the
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self-heating point, the autoignition point, and the rate of weight gain due to oxidation over
a specific period. Based on experience, the rate of weight gain due to oxidation fluctuates
significantly in the short term, whereas it stabilizes after 30 days. Therefore, this study
constructs an evaluation indicator system for the spontaneous combustion tendency of
sulfide ores using the 30-day oxidation weight gain rate, the self-heating point, and the
autoignition point, as shown in Figure 1.

Evaluation indicator system for the
spontaneous combustion tendency

v v v

30-day

oxidation Self-heating Autoignition
weight gain point point
rate

Figure 1. Evaluation indicator system for the spontaneous combustion tendency of sulfide ores.

2.2. Multidimensional Classification Criteria for the Spontaneous Combustion Tendency of
Sulfide Ores

2.2.1. Classification of Spontaneous Combustion Tendency in Sulfide Ores

Existing studies generally agree on the classification of the spontaneous combustion
tendency of sulfide ores, categorizing them into three types: prone to spontaneous combus-
tion, prone to self-heating, and not prone to spontaneous combustion. This study adopts
this classification standard; the classification criteria for spontaneous combustion tendency
are shown in Table 1.

Table 1. Classification standards for spontaneous combustion tendency of sulfide ores.

Evaluation Indicators

Spontaneous
Combustion 30-Day Oxidation Self-Heating Autoignition Grade Description
Tendency Grade Weight Gain Rate/% Point/°C Point/°C
I 2.0 0~100 0~220 Prone to spon'taneous
combustion
II 1.0~2.0 100~250 220~350 Prone to self-heating
I 0~1.0 S250 >350 Not prone to spontaneous

combustion

Note: In the table, the lower limit of the range includes the specified value, while the upper limit
excludes it.
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2.2.2. Classification of the Reliability of the Spontaneous Combustion Tendency of
Sulfide Ores

The spontaneous combustion tendency of sulfide ores represents only one aspect of
ore self-ignition. From a more comprehensive perspective, ore self-ignition is a probabilistic
event; therefore, the spontaneous combustion tendency has a degree of reliability. After
consulting relevant experts, the reliability classification of the spontaneous combustion
tendency of sulfide ores is shown in Table 2.

Table 2. Reliability classification criteria for spontaneous combustion tendency of sulfide ores.

Reliability Grade for
Spontaneous Combustion Reliability Probability/% Class Description
Tendency
I 80~100 Highly credible
I 60~80 Fairly credible
III 0~60 Generally credible

Note: In the table, the lower limit of the range includes the specified value, while the upper limit
excludes it.

2.2.3. Comprehensive Classification of Sulfide Ore Spontaneous Combustion Tendency

Both the spontaneous combustion tendency grade and its reliability are crucial fac-
tors in assessing the consequences of ore self-ignition. Therefore, this study conducts a
comprehensive analysis and classification of the spontaneous combustion tendency results
for sulfide ores by integrating the spontaneous combustion tendency grade and reliability.
Clearly, the comprehensive analysis of the spontaneous combustion tendency grade and
reliability is necessary to determine the comprehensive classification results, as shown in
Table 3.

Table 3. Comprehensive grading for spontaneous combustion tendency of sulfide ores.

Spontaneous Combustion Reliability Grade
Tendency Grade I (Highly Credible) I (Fairly Credible) 111 (Generally Credible)
I (Prone to spontaneous I - -
combustion)
II (Prone to self-heating) II I v
I (Not prone to v v -

spontaneous combustion)

Note: In the comprehensive classification, grade I indicates particularly severe consequences of
spontaneous combustion; grade II indicates relatively severe consequences; grade III indicates
generally severe consequences; grade IV indicates not very severe consequences; and grade V
indicates not severe consequences.

When determining the comprehensive analysis of ore spontaneous combustion ten-
dency, the priority of the spontaneous combustion tendency grade takes precedence over
that of the reliability grade: first determine the ore’s spontaneous combustion tendency
grade, then use the reliability grade corresponding to that spontaneous combustion ten-
dency grade to determine the comprehensive classification of the ore’s spontaneous com-
bustion tendency.
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3. Comprehensive Analysis of the Spontaneous Combustion Tendency of
Sulfide Ores

3.1. Analysis of Indicator Weights
3.1.1. Selection of Weight Calculation Methods

Indicator weights are classified into subjective weights [9], objective weights [10,11],
and composite weights [12] based on the information foundation for weight calculation.
To ensure that the analysis of the spontaneous combustion tendency of sulfide ores is
not constrained by sample size, the weights of the evaluation indicators for determining
spontaneous combustion tendency are represented as subjective weights. To further ensure
the accuracy of the weight calculation results, the interval analytic hierarchy process (IAHP)
is employed to calculate the indicator weights [13]. The interval analytic hierarchy process
retains the analysis results of all experts regarding the relative relationships between
indicators, uses interval values instead of point data to construct a judgment matrix, and
thereby calculates the indicator weights [14].

3.1.2. Establishing the Judgment Matrix

The relative importance of evaluation indicators for assessing the spontaneous com-
bustion tendency of sulfide ores is based on a relative importance grading method (on a
scale of 1 to 9) [15-17]. To obtain more accurate analytical results, this study improved the
precision of the grading scale, resulting in the following interval judgment matrix G for the
weighted analysis:

s8] [geghl o (88T

o |l [ognl o [Rgh)] O
[gi]‘/gij]
[g;yg;ﬁ] [8;&8;{2] (S &t

where 8 18 the lower limit of the relative importance scale, g;]f is the upper limit of the
relative importance scale, and 7 is the total number of indicators.

3.1.3. Consistency Test

Separate the 8ij and gj].' elements from matrix G to form two matrices: G = [G~,G™T].

g1:1 g1:2 gl} gi:l gi:z gl}

G- = |81 82 - 8| qgt = [$21 2 - 82n )
e i e e 8
S S Son S 8o S

Calculate A based on g/

o1
A=l 3)
i=1
Calculate  based on 8ij
21
B= | L )
\" 58
i=1

When A < 1and 8 > 1, matrix G passes the consistency test; otherwise, it is considered
to have failed the consistency test and must be reconstructed as an interval judgment
matrix [18].
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3.1.4. Calculation of the Weights

For the lower-bound matrix G~ of the matrix G that has passed the consistency test, its

eigenvector W~ = [w; JWy yee, Wi e, Wy | is obtained. For the upper-bound matrix GT,
its eigenvector Wt = [w], wy,...,w], ...,

the eigenvectors W™ and WT, the weights W = [wy, wy, ..., w;, ..., wy,] for the spontaneous

w;l'] is obtained. By combining and normalizing

combustion tendency evaluation indicators of sulfide ores are obtained, where

- +
w; = nO.S(Awi + pw;") )
Y. 05(Aw; + pw;")
i—1

3.2. Analysis of the Spontaneous Combustion Tendency Levels of Sulfide Ores
3.2.1. Construction of the Interval Number Evaluation Matrix
The dataset of evaluation criteria for determining the spontaneous combustion ten-
dency of a certain sulfide ore is represented as a vector of intervals Hy([al, aX ], [ak,, ak],
., [ak,,a8.]). If the spontaneous combustion tendency grade of the sulfide ore is s (as
mentloned earlier, s = 3), then the vector Hy and the set of self-ignition grading criteria
U are combined to form the evaluation matrix X [19,20] for the spontaneous combustion

tendency of the sulfide ore:

[a(%l’ agl] [a(%Z/ 1152] ce [a(%n' agn]
H, [uil' ”il] [M%/ ”iz] e [”in/ ”in]
X = ul = [ugy, ugy]  [ug, up) e [uz,, u3,] (6)
[urLl, um ...
[usLl’ ufl] [usLZ/ u§2] s [usLnr ugn]

In Equation (6), u; represents the lower limit of the r-th classification standard for the
i-th evaluation indicator, and uR represents its upper limit.

3.2.2. Numerical Processing of the Interval Analysis Matrix

Perform homogenization and normalization on matrix X.

Homogenization: When an indicator is a benefit-type indicator (where a larger value
indicates a greater tendency toward spontaneous combustion), the indicator data require
no processing. If an indicator is a cost-type indicator (where a larger value indicates a lesser
tendency toward spontaneous combustion), the cost-type indicator must be converted to a
benefit-type indicator:

L (7)

bé’ = max(ai) —ak
by; = max(a;') — ag;

In Equation (7), max(a; R) is the upper limit of evaluation indicator i, bOz is the lower
limit of indicator i after umdlrectlonal processing for the spontaneous combustion tendency
evaluation, and b is the upper limit after unidirectional processing.

Normalization [21]:

. L. —min(bF)
Yoi = max(bR) min(bF)
o R —min(bF)
Yoi = max(bR) min(b})

(8)

In Equation (8), min(b") is the lower limit of evaluation indicator i, and max(bR) is its
upper limit. y5. is the lower limit of evaluation indicator i after normalization, and y{ is its
upper limit after normalization.
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The set of classification criteria U in matrix X is also subjected to unidirectional and
normalization processing. The resulting analysis matrix Y is [22]:

o ve Wovel o Yo b
ioun) Wyl o Wit
Y= lynv5] vkl o aeys 9)
e [yE R N
whoyll WhB o Wheys

In Equation (9), yL is the lower bound of the r-th-level classification criterion for the
i-th evaluation indicator after unidirectional processing and normalization, and yﬁ is its
upper bound.

3.2.3. Analysis of Spontaneous Combustion Tendency Levels

By refining the indicators of traditional interval approximation analysis along with
the calculation methods for the deviation distance and comprehensive distance from each
grade standard, the distance d,; between the i-th evaluation indicator of the calculation
vector Hy and the r-th grade of spontaneous combustion tendency is improved as follows:

) (10)

R R
Yoi — Yri

dyi = max(‘y(l)}‘ — vy

7

By comparing the distance d,; between indicator i of vector Hy and each spontaneous
combustion tendency grade, the spontaneous combustion tendency grade d; to which
indicator i of Hy belongs is determined as

s
dOi = mindri (11)
r=1

The composite distance d, between vector Hy and the r-th-level decision vector H; is
n
dy = d(Ho, Hy) = [} (w;d?) (12)
i=1
Clearly, the spontaneous combustion tendency grade dj of the evaluation object’s
vector Hj is determined by the minimum distance principle:

dy = mind, (13)
r=1

3.3. Analysis of the Reliability of the Spontaneous Combustion Tendency of Sulfide Ores

For the interval vector Hy, the portion of indicator i belonging to grade r is

RO L L ygiRSerigryéi ZLyfi L
y(}){ - yzi eri < y%i < y%i and y(}){ < yg’
Pri = Vi~ Yoi Yri <Voi < VYpandyy =Yy (14)

R _ L R ~ R L L
ylr{ - eri y%i = y%i and y(L)i S %Li
Yoi ~ Yo Yor S Ynandyg 2 vy
Then, the probability that the entire spontaneous combustion tendency evaluation

object belongs to grade r is p,:
(wipyi)

Tt

pr=— (15)

M«

(wipyi)

r=1i=1
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Establishing the interval
Jjudgment matrix

3.4. Comprehensive Classification of the Spontaneous Combustion Tendency of Sulfide Ores

Based on the spontaneous combustion tendency grade r* of the ore as determined by
vector Hy, and by combining this with the probability p,« that its spontaneous combustion
tendency belongs to r*, which corresponds to the confidence level in Table 2, and by
referring to Table 3, the comprehensive grading result for the ore’s spontaneous combustion
tendency can be obtained. The multidimensional analysis and modeling process for ore
spontaneous combustion tendency, based on IAHP and improved interval approximation
and including weight analysis, is shown in Figure 2.

}.7

Spontaneous combustion Spontaneous combustion

<::I:@§compos

~

}f

tendency interval number vector

propensity level

!

Interval number evaluation

v

matrix for the spontaneous

‘ Lower limit matrix

Eigenvector |/ B

— —

<_Consistency test =

Yes

combustion tendency

‘ Upper limit matrix ‘

‘ ) v
) Eigenvector 7"

No | T ~
T < Normalization =

UOT)MNISUOIY

I : A 4

A 4

Indicator weights

—

Spontaneous combustion
tendency grades of each
indicator

Distances between each
evaluation indicator and the
various grades of spontaneous
combustion tendency

Each evaluation indicator belongs
to the probability of the
spontaneous combustion tendency
grades at different levels

v

Comprehensive distance
for each grade of
spontaneous combustion
tendency

v

Determine the
spontaneous combustion
tendency grades of ores
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Comprehensive
probability for each grade
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combustion tendency
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-
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/-’éomprehens ive grade of lh‘é\\)
“._spontaneous combustion "

“~tendency of ores~

-

S
R

Figure 2. Multidimensional analysis modeling process of ore spontaneous combustion tendency.

4. Empirical Analysis
4.1. Engineering Background

A certain underground pyrite mine in Xinjiang produces 600,000 tons of ore annually.
The orebody consists of three gently dipping orebodies—no. 1, no. 2, and no. 3—from top
to bottom. The overall sulfur content of the orebody ranges from 24.2% to 28.1%, with the
sulfur content in the ore layer no. 1 being significantly higher than that in the ore layers
no. 2 and 3. Due to its high sulfur content, multiple spontaneous combustion incidents
occurred during the early stages of mining, resulting in severe casualties and resource
losses. Due to differences in sulfur and carbon content among the orebodies, the occurrence
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and consequences of spontaneous combustion incidents varied. To implement targeted
measures to prevent ore spontaneous combustion, it is proposed to analyze and determine
the spontaneous combustion tendency of each ore layer. After sampling multiple locations
in each ore layer, experimental analyses were conducted based on the assessment criteria
in Table 1. The results of the spontaneous combustion tendency assessment for each ore
layer are presented in Table 4.

Table 4. Statistics on the evaluation indicators of spontaneous combustion of ores in the mine.

Spontaneous Combustion Evaluation Indicator
30-Day Oxidation

Ore Layer Number Weight Gain Sell)fo-ifrlli:/aoténg Ali)tgiiis(i)téon
Rate/%
Ore layer No. 1 2.3~2.5 82~112 203~278
Ore layer No. 2 1.3~1.6 127~149 260~288
Ore layer No. 3 1.7~21 118~137 244~269

4.2. Calculation of Weighting for the Assessment Criteria

Multiple experts were invited to rank the relative importance of the evaluation indica-
tors for assessing the spontaneous combustion of ore. The resulting relative importance
relationships, expressed as numerical intervals, are shown in Table 5.

Table 5. Relative importance relationships between various indicators.

Evaluation 30-Day Oxidation

Indicator Weight Gain Rate Self-Heating Point Autoignition Point

30-day oxidation

. . 1.00~1.00 1.80~2.20 2.10~2.50
weight gain rate

Self-heating point 0.45~0.56 1.00~1.00 1.30~1.60

Autoignition point 0.40~0.48 0.63~0.77 1.00~1.00

Based on Table 5, the interval judgment matrix G for the self-ignition evaluation
indicator of the ore is

[1.00,1.00] [1.80,2.20] [2.10,2.50]
G = |[0.45,0.56] [1.00,1.00] [1.30,1.60]
0.40,0.48] [0.63,0.77] [1.00,1.00]

Calculations yield A = 0.94 and 8 = 1.06. The consistency test for matrix G passes,
confirming that matrix G is constructed reasonably. Matrix G is decomposed into the lower
limit matrix G~ and the upper limit matrix G*:

1.00 1.80 2.10 1.00 220 2.50
G = (045 1.00 1.30|,G" = [056 1.00 1.60
040 0.63 1.00 0.37 0.77 1.00

Solving yields the eigenvector W~ of G™ as (0.5146, 0.2765, 0.2089), and the eigenvector
W of G as (0.5123, 0.2796, 0.2081). Based on A, B, W, and W, the weights W of the
evaluation indicators are calculated according to Equation (5) as (0.5134, 0.2781, 0.2085).
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4.3. Evaluation of the Ore Spontaneous Combustion Tendency and Analysis of the Results
4.3.1. Construction and Processing of the Analysis Matrix

For ore layer no. 1, the self-ignition evaluation indicators and the spontaneous combus-
tion tendency classification criteria in Table 1 form the interval matrix for its spontaneous
combustion tendency analysis. To facilitate subsequent analysis, upper limits were set for
the evaluation indicators based on expert experience (when an indicator value exceeds the
limit, it is directly assigned the upper limit): the upper limit for the 30-day oxidation weight
gain rate is 3.0, the upper limit for the self-heating point is 400, and the upper limit for the
autoignition point is 450. The resulting interval matrix X; for the spontaneous combustion
tendency analysis of ore layer no. 1 is

[2.3,25] [82,112] [203,278]
[2.0,3.0] [0,100]  [0,220]

[1.0,2.0] [100,250] [220,350]
[0,1.0]  [250,400] [350,450]

1=

The matrix Y after homogenization and normalization is

0.7667,0.8333]  [0.7200,0.7950] [0.3822,0.5489)]

[0.6667,1.0000]  [0.7500,1.0000] [0.5111,1.0000]

0.3333,0.6667]  [0.3750,0.7500] [0.2222,0.5111]
[0,0.3333] [0,0.3750] [0,0.2222]

1=

4.3.2. Analysis of the Spontaneous Combustion Tendency Grades of Ores

The deviation distances between each evaluation indicator of the ore’s sponta-
neous combustion tendency and the respective grading criteria were calculated using
Equation (10). Subsequently, the grade of each evaluation indicator was determined using
Equation (11), as shown in Table 6.

Table 6. Analysis and judgment results of evaluation indicators for the spontaneous combustion
tendency for the no. 1 ore layer.

Offset Distance for Each Grade of Spontaneous

Evaluation Indicator Combustion Tendency D(i)sftf:rie Judgment
Offset Distance  Offset Distance = Offset Distance Minimum Results
from Grade I from Grade II from Grade III
30-day oxidation 0.1667 0.4333 0.7667 0.1667 Grade I
weight gain rate
Self-heating point 0.2050 0.3450 0.7200 0.2050 Gradel
Autoignition point 0.4511 0.1600 0.3822 0.1600 Grade I

According to Table 6, and taking into account the weighting of the indicators, the
calculated composite distances from the spontaneous combustion tendency determination
vector of ore layer no. 1 to the grade I determination vector are 0.2615, to the grade
II determination vector are 0.3672, and to the grade III determination vector are 0.6902.
The same analysis was performed for other orebodies, and the spontaneous combustion
tendency grades for each indicator in each ore layer are shown in Figure 3.

https://doi.org/10.3390/pr14182913
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Ore layer
no. 1

Ore layer
no. 2

Ore layer
no. 3

30-day oxidation Self-heating  Autoignition

weight gain rate point point
Spontaneous Spontaneous
combustion combustion
tendency grade [ tendency grade II

Figure 3. Heat map of evaluation indicator levels for spontaneous combustion tendency of each

ore layer.

The comprehensive distances between the spontaneous combustion tendency determi-
nation vectors of each ore layer and the determination vectors of each grade, along with
the determination results, are shown in Table 7. Based on the analysis results in Table 7, it
can be concluded that the ore in ore layer 1 is prone to spontaneous combustion, while the
ore in ore layers 2 and 3 is prone to self-heating.

Table 7. Analysis and determination results of spontaneous combustion tendency levels for each

ore layer.

Comprehensive Distance for Each Grade of
Spontaneous Combustion Tendency

Ore Layer Comprehensive  Comprehensive  Comprehensive Minimum Grade
. . . Distance Determination
Distance from Distance from Distance from
Grade Grade II Grade III
Ore layer no. 1 0.2615 0.3672 0.6902 0.2615 Gradel
Ore layer no. 2 0.4601 0.1755 0.4826 0.1755 Grade I
Ore layer no. 3 0.3491 0.2359 0.5576 0.2359 Grade II
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4.3.3. Analysis of the Reliability of the Spontaneous Combustion Tendency of Ores

For ore layer no. 1, calculations based on Equation (14) show that the portion of the
30-day oxidation weight gain rate classified as class I is 0.0667, with 0.0000 for class II and
0.0000 for class III; the portion of the spontaneous combustion tendency at the self-heating
point as class I is 0.0450, with 0.0300 for class II and 0.0000 for class III; the portion of the
spontaneous combustion tendency at autoignition point as grade I is 0.0378, the portion
classified as Grade Il is 0.1289, and the portion classified as Grade Il is 0. Calculated using
Equation (15), the probability that the spontaneous combustion tendency of ore layer no.
1 belongs to Grade I is 60.80%, to Grade II is 39.20%, and to Grade IIl is 0. Similarly, the
membership distribution of the spontaneous combustion tendency evaluation indicators
for each ore layer across the different grades can be analyzed, as shown in Figure 4.
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Figure 4. The membership distribution relationship between the evaluation indicators of ore spon-
taneous combustion tendency: (a) 30-day oxidation weight gain rate; (b) self-heating point; (c) au-
toignition point.

The probabilities and confidence levels for each ore layer’s spontaneous combustion
tendency falling into each grade, as calculated, are shown in Table 8.

Table 8. Probability and reliability of spontaneous combustion tendency of each ore layer.

Spontaneous Combustion Spontaneous Combustion Spontaneous Combustion
Tendency Grade I Tendency Grade II Tendency Grade III

Ore Layer Reliabilit Probabil-  Reliabilit Probabil-  Reliabilit

e 10 eliability robabil- eliability robabil- eliability
Probability/% Grade ity/% Grade ity/% Grade

Ore layer no. 1 60.80 Grade I 39.20 Grade III 0 Grade III

Ore layer no. 2 0 Grade III 100 Gradel 0 Grade III

Ore layer no. 3 18.35 Grade III 81.65 Gradel 0 Grade III

4.3.4. Comprehensive Classification of the Spontaneous Combustion Tendency of Ores

The spontaneous combustion tendency grades of each ore layer and their correspond-
ing confidence levels are used to determine a comprehensive classification, as shown in
Table 9. As shown in Table 9, the comprehensive classification of the spontaneous com-
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bustion tendency for orebodies no. 1, no. 2, and no. 3 in this underground pyrite mine is
Grade II, indicating that the consequences of ore self-ignition would be relatively severe.

Table 9. Comprehensive grading of spontaneous combustion tendency of each ore layer.

Spontaneous Correspondin Comprehensive
Ore Layer Combustion ;eSP 8 P
Confidence Level Grade
Tendency Grade
Ore layer no. 1 I II II
Ore layer no. 2 1I I II
Ore layer no. 3 I I II

4.4. Analysis and Application of the Results

Based on the results of the weight analysis of ore self-ignition evaluation indicators
using the interval-based analytic hierarchy process (AHP), the 30-day oxidation weight gain
rate is the most critical factor for assessing ore self-ignition, followed by the self-heating
point, and then the autoignition point. As shown in Figure 4, the distribution of the 30-day
oxidation weight gain rate across different grades is fully consistent with the spontaneous
combustion tendency grades of each ore layer, indicating that the 30-day oxidation weight
gain rate has a significant influence on the assessment of ore spontaneous combustion
tendency. Therefore, when preventing and controlling the spontaneous combustion of
sulfide ores, special attention should be paid to the ore’s oxidation weight gain rate, as
well as the influence of self-heating points on spontaneous combustion. Ore layers with
relatively high oxidation weight gain rates and low self-heating points should be prioritized
for prevention.

Analysis using an improved zone approximation method indicates that the ore in the
no. 1 underground pyrite seam generally tends to be prone to spontaneous combustion,
while the ore layers no. 2 and no. 3 generally tend to be prone to self-heating. The
finding that the ore in the no. 1 seam tends to be prone to spontaneous combustion
is relatively reliable, whereas the finding that the ore layers no. 2 and no. 3 tend to
be prone to self-heating is highly reliable. Based on a comprehensive evaluation of the
spontaneous combustion tendency grade and reliability, the ore layers no. 1, no. 2, and no.
3 are classified as grade II, indicating that the consequences of spontaneous combustion
would be relatively severe. For the ore layers no. 1, no. 2, and no. 3, relatively strict
measures to prevent spontaneous combustion of ore can be adopted, such as pumping
out mine pit water, enhancing monitoring of temperature and gas composition, and, if
necessary, a water glass-based composite inhibitor can be sprayed locally. In addition, an
improved interval approximation analysis was conducted on the evaluation indicators
for each ore layer. For ore layer no. 1, the 30-day oxidation weight gain rate and self-
heating point indicate a tendency toward easy spontaneous combustion; therefore, long-
term, high-frequency, and regular monitoring of the 30-day oxidation weight gain rate
and self-heating point is required to prevent and control spontaneous combustion of
the ore. However, the autoignition point indicator for ore layer no. 1, as well as the
evaluation indicators for ore layers no. 2 and no. 3, all indicate a tendency toward easy
spontaneous heating; thus, general preventive measures such as irregular monitoring can
be adopted. Ultimately, targeted and differentiated measures for preventing and controlling
spontaneous combustion of the ore are implemented based on the overall analysis results
of the ore layer and various indicators. After adopting these measures, the incidents of
spontaneous combustion of the ore in this mine are reduced by more than 80%, fully
demonstrating the accuracy of the evaluation results and the rationality of the measures.
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5. Conclusions

(1) The comprehensive classification of sulfide ore spontaneous combustion tendency,
based on the classification levels and reliability of spontaneous combustion tendency,
innovates the classification standards for sulfide ore spontaneous combustion ten-
dency. It enables a multidimensional analysis of sulfide ore spontaneous combustion
tendency and provides a foundation and basis for a comprehensive and in-depth
analysis of this phenomenon.

(2) By employing the interval-based analytic hierarchy process (AHP) to accommodate
differences in experts’ perceptions of the relative relationships among indicators,
we analyzed the relative relationships of ore spontaneous combustion evaluation
indicators. The results revealed that the 30-day oxidation weight gain rate has the
most significant impact on ore spontaneous combustion, followed by the influence of
self-heating points, while the influence of the autoignition point is the least significant.
The method for calculating indicator weights better aligns with objective reality, and
the resulting weights are more reliable, ensuring the accuracy of the analysis results
regarding the spontaneous combustion tendency of the ore.

(3) Using improved interval approximation analysis, a comprehensive analysis of the
spontaneous combustion tendency grades of sulfide ores is conducted in the form of
interval numbers. Based on a case study of a certain underground pyrite mine, the
analysis concluded that the ore in seam no. 1 is prone to spontaneous combustion, and
this conclusion is relatively reliable, while the ore in seams no. 2 and No. 3 is prone
to self-heating, and this conclusion is highly reliable. Combining the spontaneous
combustion tendency analysis results of each evaluation indicator, targeted preventive
measures against ore self-ignition are implemented for each ore layer and each indi-
cator. The improved interval approximation analysis enables a comprehensive and
in-depth analysis of the spontaneous combustion tendency of sulfide ores, providing
guidance and assistance for the efficient and precise prevention and control of ore
self-ignition hazards.
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