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ABSTRACT

To ensure the safety and efficiency of solid potassium salt mine mining, this paper focuses on the
research of stope structural parameters, including stope room span, roof safety thickness, and stope
layout form. Based on the equilibrium arch theory and simply supported beam theory, the limit span
of the stope room is analyzed and calculated, and the reasonable room span is determined by
combining mining technology and safety requirements. Using the elastic mechanics thin plate theory
and H. Tresca yield criterion, the safety thickness of the stope roof is calculated to ensure the overall
stability of the stope during mining. Two stope layout schemes (uniform layout of rooms and pillars,
interval large pillars with equal-width rooms) are designed, and the parameters of each scheme are
calculated and compared from the aspects of pillar safety factor and recovery rate. The research
results show that the reasonable room span of the carnallite ore layer is 8m, the safe thickness of
the roof isolation layer should be more than 7.5m, and the interval large pillar layout scheme has
higher recovery rate while ensuring safety, which can provide a theoretical basis and engineering
reference for the design and construction of solid potassium salt mines.
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1. INTRODUCTION

Solid potassium salt is an important strategic resource, which is widely used in chemical industry,
agriculture, medicine and other fields. With the increasing demand for potassium salt resources, the
mining depth and scale of potassium salt mines are constantly expanding, and the problem of stope
stability has become increasingly prominent. The stope structural parameters, including room span,
roof safety thickness and stope layout form, are the key factors affecting the stope stability and mining
efficiency. Reasonable stope structural parameters can not only ensure the safety of mining operations,
but also improve the resource recovery rate and reduce mining costs.

At present, there are many studies on stope structural parameters of metal mines and coal mines, but
the research on solid potassium salt mines, which have the characteristics of soft rock and easy
deformation, is relatively insufficient. Therefore, it is of great practical significance to carry out the
research on stope structural parameters of solid potassium salt mines. Niu Haiping et al.! determined
the optimal width of support pillars in complex structures; Sun Lihui et al.? used theoretical
calculations and numerical simulations to derive the optimal width of support pillars; Ahmad
Mahmood et al. 3 developed two models for predicting pillar instability by employing random forest
and C4.5 decision tree algorithms, respectively, based on four parameters: pillar width, height,
strength, and stress. Performance metrics such as accuracy, precision, recall, F-measure, and the
Matthews correlation coefficient indicate that both models demonstrate reasonable accuracy.; Ma
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Jianwen et al.4 employed theoretical analysis, numerical simulation, and in-mine pressure
measurement methods to determine the reasonable width of narrow coal pillars; Peng Linjun 5 et al.
investigated the issue of in-mine pressure control in narrow coal pillar longwall goaf roadways in
deep, high-seam longwall mining faces and optimized the dimensions of the coal pillars; Rui Shaoge
6 et al. determined the reasonable width to be retained based on the patterns of displacement and
plastic zone changes, and identified the optimal solution through a comparison of support parameters.
Reinforcing coal pillars can effectively enhance their strength; Lan Changjin et al.” demonstrated the
stability of unstable coal pillars after artificial reinforcement; Li Jian® et al. verified the strengthening
effect of FRP strips on coal pillars; Gu Changwan’ et al. conducted experimental studies on the load-
bearing performance of coal pillars left in longwall face backfill under the reinforcement of through-
bolts, analyzing the effects of different through-bolt reinforcement methods on the failure modes,
load-bearing capacity, and deformation patterns of coal pillars, as well as the resulting stress
variations in the through-bolts. Wattimena R K et al. 10 used the logistic method to generate
probability contour maps for different stability levels of mine pillars based on two sets of
parameters—pillar geometry and rock strength—in order to evaluate the condition of the pillars..

This paper takes the solid potassium salt mine as the research object, combines theoretical analysis
and calculation, studies the key structural parameters of the stope, and puts forward reasonable design
schemes, so as to provide support for the safe and efficient mining of the mine. The introduction
provides background information and indicates the purpose of the manuscript, and places the work in
the perspective of relevant research.

2. ANALYSIS OF STOPE ROOM SPAN
2.1. Equilibrium Arch Theory

M.M. Protoyanov from Russia proposed the equilibrium arch theory, also known as "Protodyakonov's
theory", after a large number of model tests and theoretical derivations. The key point of this theory
is that under a certain burial depth, after the excavation of a tunnel or other underground caverns, if
support is not carried out in time, the rock mass at the top of the cavern will continue to collapse to
form an arch, also known as a caving arch.

Initially, this arch is unstable; if the side walls of the cavern are stable, the arch height will continue
to increase with collapse; on the contrary, if the side walls are also unstable, both the arch span and
the arch height will increase simultaneously. When this collapse changes the shape of the cavern to a
certain extent, it will no longer develop, and a certain range of self-stable equilibrium arch will appear
in the caving arch. At this time, the support structure only needs to bear the weight of the rock and
soil in the equilibrium arch to ensure the stability of the cavern.Figure 1 shows a schematic diagram
of the Pultzi arch.
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Figure 1 Schematic Diagram of the Pruett Arch

If the side walls of the cavern are unstable, the half-span of the cavern will expand from al to a2 , as
shown in the figure. At this time, the rock mass of the side walls will be in a state of limit equilibrium
(plastic equilibrium), the angle between the fracture line and the vertical line is a=45°-¢/2, and the

span of the pressure arch should be determined according to the boundary of the fracture lines on both
sides.

2a, =2a, +2h,-tanx (1)

In the formula,al is the half-span of the cavern, m;a2 is the half-span of the caving arch, m;h0 is the
height of the cavern, m;o is the internal friction angle of the rock mass, °.
a
h="2 @)
S
In the formula,h is the height of the equilibrium arch, m; fis the Protodyakonov coefficient of the
rock mass.
For soft rock mass,f can be taken as:
c
f=tanp+— (3)
o,
In the formula,c is the cohesion of the rock mass, MPa; oc is the uniaxial compressive strength of
the rock, MPa.
2.2. Simply Supported Beam Theory

If the room span is too large, the roof rock layer in the center of the room will produce separation,
bending, fracture or caving under the action of tensile stress. Therefore, assuming that the statistical
height of caving is the height of the rock beam, according to material mechanics, the roof of the goaf
is assumed to be a simply supported rock beam force model at both ends. The limit span of the roof

at this time is obtained as:
= | @
3y

In the formula,Imax is the limit span of the roof, m;hl is the height of the rock beam, m;omt is the
tensile strength of the rock mass, MPa;y is the bulk density of the rock mass, MN/m?>.
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2.3. Analysis of Room Span Based on Equilibrium Arch and Simply Supported
Beam Theories

Through the above relevant theoretical analysis, assuming that the caving height is the height of the
caving arch, that is, , then from the simultaneous equations (1), (2), and (4), we can get:

4o, [a1 + h, - tan a]

37/(tan§0+cj (3)
o

c

/

In the formula, the meanings of the symbols are the same as above.

According to the equilibrium arch theory, the limit span of the room Imax=2al , so the limit span of
the room can be obtained:

_amt+\/amt2+l27-f-h0-tang0 ©)
3r-f

The corresponding rock mass parameters are substituted into formula (6), and the calculation results

are shown in Table 1.

2a,

Table 1. Three Scheme comparing

Rock Tensile Strength of Bulk D.ens1ty of Prot(.)dyakon(-)v Room
Laver Rock Mass (MPa) Overlying Rock Coefficient of Direct Span (m)
y (MN/m?) Roof Rock Mass P
Carn-allite 0.109 0.022 0.815 8.20

The limit room span for ore layer mining is 8.20m. Considering the mining technology and safety of
the ore layer comprehensively, the room span is selected as 8m.

3. COMPARATIVE ANALYSIS OF STOPE LAYOUT FORM
PARAMETERS

3.1. Scheme 1: Uniform Layout of Rooms and Pillars

As mentioned earlier, the reasonable room span is 8m, and the pillar mining height is 7m. At present,
in the design of room-and-pillar mines, the pillar safety factor is generally calculated by the following
formula:

k=== ()

In the formula,Sp is the pillar strength, Mpa;op is the average pillar stress, Mpa.

According to the Bieniawski formula, the pillar strength calculation formula is:

W a
S, = S,{o.64+ 0.3 6(7'” (8)

In the formula, St represents the compressive strength of the rock mass, MPa; Wp represents the width
of the rock pillar,m; h represents the height of the rock pillar, m; a is a constant whose value depends
on the aspect ratio of the rock pillar. When the aspect ratio is greater than 5, a=1.4; when the aspect
ratio is less than 5, o=1.
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After calculation, when the pillar width ranges from 7 to 11m, the corresponding safety factors are
shown in Table 2.

Table 2. Calculation results of pillar safety factor (Scheme 1)

Uniaxial Compressive Strength of Pillar Height Room Pillar Pillar Safety
Ore Rock (MPa) (m) Width (m) Width (m) Factor
9.3 7 8 7 1.077
9.3 7 8 8 1.213
9.3 7 8 9 1.347
9.3 7 8 10 1.480
9.3 7 8 11 1.611

Combined with on-site actual conditions and mining experience, the critical safety factor is selected
as 1.35. It is calculated that when the pillar width reaches 10m, its safety factor can reach 1.35.Figure
2 shows a schematic diagram of the mining area for Scheme 1.Schematic diagram of the mining area
for Scheme 1.
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Figure 2 Schematic diagram of the mining area for Scheme 1

The recovery rate of this scheme is 44.44%. It should be noted that the calculation result here is the
calculation of the block recovery rate by the area ratio method, which is different from the actual
mining recovery rate.

3.2. Scheme 2: Interval Large Pillars with Equal-Width Rooms

Referring to the experience of stope layout in foreign potassium salt mines, by adopting the form of
non-uniform pillar layout in the stope, the state where each pillar is under large stress during uniform
pillar layout is transformed into local large pillars bearing most of the stress, while some small pillars
undergo plastic failure, and stress transfer and stress release occur at the same time to ensure the
overall stability of the stope.

3.2.1. Calculation of Stope Unit Width

According to the engineering geological data, the upper part of the carnallite ore layer is a 54m thick
mudstone layer. Combined with the equilibrium arch theory, the height of the caving arch formed by
lower mining should be less than the thickness of the roof mudstone ore layer of 54m.

Considering the safety factor comprehensively, 7.5m thick ore layer is reserved to avoid the influence
of the caving arch, that is, the stope unit width is calculated with the caving arch height of 46.5m.
According to formulas (1) and (2), the stope unit width should be 68m.

3.2.2. Calculation of Room Pillar Width

For the room pillars in the stope, the load they bear is equal to the weight of the overlying rock layer
within the goaf range they support. The area supported by the pillars is the sum of the shared mining
area and the area of the pillars themselves. Therefore, the average load of the pillars can be calculated
as:

o, = m(l +2 %) (9)

In the formula,ov is the average pillar stress, Mpa;h is the thickness of the overlying rock layer, m;l
is the room pillar width, m.
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It should be specially pointed out that since only the broken rock mass in the caving arch will act on
the room pillars, the thickness of the overlying rock layer h in the formula is taken as the height of
the caving arch.

For the room pillars in the stope, due to their small width-height ratio, their stress state is
approximately uniaxial stress state. Therefore, to ensure mining safety, the pillar safety factor is
introduced as the ratio of the load borne by the pillar to its own strength. In this trial calculation, the
pillar safety factor K=1.5 is taken, that is:

o :nyh(1+2%j (10)
e an

In the formula,ccoo is the long-term uniaxial strength of the pillar rock mass, Mpa.
Table 3. Table for Calculating Mine Pillar Width

Rock Long-Term Uniaxial Strength of Room Half- Caving Arch Room Pillar
Layer Rock Mass (MPa) Span (m) Height Width (m)
Carn-allite 4.8 0.022 41.5 3.76
To ensure safety, it is recommended that the width of the room pillars in the carnallite ore layer
mining stope be 4m.

3.2.3. Calculation of Stope Unit Pillar

Referring to the coal mine yield pillar theory, it is considered that the soft rock pillar can be divided
into two parts: yield zone and core zone, and the core zone is constrained by the yield zone. The core
zone width of the stable coal pillar is approximately 65% of the coal pillar width, that is, the core
zone ratio A=0.65. From this conclusion, the design empirical formula of pillar width and yield zone
width can be given:
2= 265 12
==t >0 (12)

P
In the formula,A is the core zone ratio;Wp is the limit pillar width, m;rp is the yield zone width, m.

When the stope side wall is not reinforced by anchoring and other support measures, the yield zone
width of the pillar can be given by the following formula:

. hydp In[lJrO-Zl tan ¢

j+£h tan (13)
’ 2tang c p o Hn?

In the formula,hO is the pillar height, m;d is the mining disturbance factor,d=1.1~3.0;p is the lateral
pressure coefficient at the interface between the yield zone and the core zone;ozl is the limit strength
of the pillar, Mpa;o is the internal friction angle of the rock mass, °;c is the cohesion of the rock mass,
Mpa.

To give full play to the bearing capacity of the stope unit pillars, it is allowed to produce yield on
both sides near the excavation surface to form a yield pillar bearing form.When the pillar is in the
limit stress state, the plastic zone width is 5.51m, and the limit pillar width is 31.47m. Therefore, the
corresponding stope unit pillar width is 32m.

In summary, the schematic diagram of the obtained stope structural parameters is shown in the figure
3.
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Figure 3 Schematic diagram of the mining area for Scheme 2

According to the estimation of the mining area ratio, the recovery rate of this scheme is 68.2%
(supplemented according to the actual calculation logic of the scheme).

4. CONCLUSION

This paper focuses on the research of stope structural parameters of solid potassium salt mines, and
draws the following main conclusions through theoretical analysis and calculation:

(1) Based on the equilibrium arch theory and simply supported beam theory, the limit span of the
carnallite ore layer room is calculated as 8.20m, and the reasonable room span is determined as 8m
by comprehensively considering the mining technology and safety.

(2) Using the elastic mechanics thin plate theory and H. Tresca yield criterion, the roof safety
thickness is calculated. The results show that when the thickness of the reserved roof isolation layer
is more than 7.5m, the safety factor is greater than 1, which can ensure the roof stability.

(3) Two stope layout schemes are designed. Scheme 1 (uniform layout of rooms and pillars) has a
recovery rate of 44.44%, and the reasonable pillar width is 10m; Scheme 2 (interval large pillars with
equal-width rooms) has a higher recovery rate (68.2%), and the recommended room pillar width is
4m, and the stope unit pillar width is 32m. Compared with Scheme 1, Scheme 2 has obvious
advantages in resource recovery rate while ensuring safety. The research results can provide a
theoretical basis and engineering reference for the safe and efficient mining of solid potassium salt
mines. Future research can focus on the optimization of stope structural parameters under different
mining conditions and the verification of field engineering.
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