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This article innovatively examines the selection of the optimal width of the upper coal pillar during 
the mining of closely spaced coal seams geological conditions based on the engineering failure 
analysis of stress deviator (distortion energy density index). A theoretical calculation formula for the 
stress deviator of the surrounding rock at the coal pillar floor is derived. Analysis of the theoretical 
formula reveals that the load magnitude on the coal pillar and the width of the coal pillar (D) are the 
primary factors influencing the distribution characteristics of the stress deviator at the coal pillar floor. 
Theoretical and numerical research consistently demonstrates the distribution characteristics of stress 
deviator in the bottom plate of coal pillar. The area of stress deviator concentration on the coal pillar 
floor is primarily situated at the boundary of the coal pillar, gradually diminishing as the horizontal 
distance from the coal pillar and the depth of the surrounding rock increase. The overall distribution 
of the stress deviator exhibits a symmetrical "Y-shaped" pattern. With a smaller coal pillar width (D), 
the influence range of the stress deviator decreases, but the concentration is more pronounced. As 
the coal pillar width increases, the concentration of stress deviator gradually diminishes, with in a 
significant decrease in the peak value but an increase in the influence range. Based on the research 
findings regarding the distribution characteristics of stress deviator in the coal pillar floor, this article 
innovatively determines the optimal width of the upper coal pillar to be 20 m during the mining of 
closely spaced coal seams in the Malan Mine. To validate the accuracy and reliability of this research, 
additional simulation experiments and industrial experiments were conducted. The stress and 
strain fields of the surrounding rock in the simulation experiments, along with the results of on-site 
investigation and drilling observation, confirm that a coal pillar width of 20 m ensures stability.
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Closely spaced coal seams constitute a prevalent geological condition, yet they entail considerable mining risks, 
with the majority of existing mining methods for such seams being downward oriented1. However, mining of the 
upper coal seam will inevitably cause varying degrees of damage, deformation, and plastic damage to the lower 
coal seam. The collapse of the upper coal seam roof will also cause nonuniform stress distribution in various 
parts of the lower coal seam2,3, which is extremely unfavorable for the mining of the lower coal seam. Therefore, 
many experts and scholars4–6 have paid attention to the stress distribution and plastic damage degree of the 
lower coal group during the downward mining process of closely spaced coal seams7,8. In these cases, the layout 
of the upper panels and coal pillars has become the key factor affecting the stability of the surrounding rock in 
the mining area.

In traditional descending mining of closely spaced coal seams, residual coal pillars9 are left behind after 
upper coal seam extraction. The overburden pressure from the roof of the gob is transferred to the floor through 
these coal pillars, resulting in an uneven stress distribution10,11 in the floor beneath the pillars. If the coal pillar is 
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undersized, it may lead to safety hazards during lower seam mining. Conversely, if the pillar is oversized, it can 
result in resource waste. Therefore, the rational design of the upper coal pillar size is critical for ensuring mining 
safety and maximizing resource recovery in closely spaced seam mining. Wang et al. (2025)12 analyzed the 
vertical stress, strain, and plastic zone in the coal pillar area for different aspect ratios, and proposed a reasonable 
coal pillar width. Li et al. (2020)13 designed and arranged coal pillars based on the shape of the surrounding 
rock’s plastic zone. Zhu et al. (2022)14 employed numerical simulations to determine the vertical stress and 
plastic zone in inclined coal seams, and accordingly optimized coal pillar design. He et al. (2019)15 focused on 
variations in tunnel surrounding rock stress, deformation, and plastic zone under different coal pillar widths to 
inform coal pillar design in mining roadways.

The above research results show that in the related research, the vertical stress below the residual coal pillar 
was considered the main parameter affecting the deformation and failure of the surrounding rock in response 
to the stability issue of the rock below residual coal pillar. The selection of coal pillar size is often based on 
work experience (The most common method of coal pillar design), vertical stress distribution, plastic zones. 
However, it cannot be denied that the rock mass below the coal pillar is a three-dimensional body with isotropic 
stress16–18. While it is subjected to vertical stress, it will also be subjected to horizontal, shear , other isotropic 
stresses19 and distortion energy20. Only considering vertical stress is insufficient. In elastic mechanics, stress 
deviator is the main cause of shape deformation in rock masses21,22. The second invariant of the stress deviator, 
J2, is a comprehensive indicator that considers the isotropic stress uniformity of the surrounding rocks23–26. It 
can represent the distortion energy density of rock masses and reflect their stability27–29. Therefore, this paper 
characterizes the stress deviator with the second invariant J2 of the stress deviator, through the study of the 
distribution characteristics of the second invariant J2 of the stress deviator in the surrounding rock below a 
residual coal pillar, reveals the distortion energy causes of rock deformation and failure, which can resolve 
related engineering problems and enrich the theory of mining engineering failure analysis.

Project summary
The Malan Mine is located in the central part of Shanxi Province, China. The main coal seams currently being 
mined there are the #02 and #2 coal seams, with a distance of approximately 7 m between them. The thickness 
of the #02 coal seam in the upper layer is 2.1 m, and the corresponding roof and floor are sandy mudstone and 
mudstone, respectively. The thickness of the #2 coal seam in the lower layer is 2.2 m, and the corresponding 
roof and floor are sandy mudstone and siltstone, respectively. The two coal seams are buried at a depth of 
approximately 410 m, with a nearly horizontal dip angle. The stratigraphic column is shown in Fig. 1.

The 10605 panel is located in the #02 coal seam and has been mined. The 10607 panel is adjacent to the 10605 
panel in the #02 coal seam at the same level. The layout of the panel is shown in Fig. 2.

#02 and #2 coal seams of Malan Mine exemplify typical closely spaced coal seams geological conditions, 
and they are being mined by downward mining. Therefore, after the mining of the 10605 and 10607 panels (In 
#02 coal seam), there will be obvious stress concentration areas below the coal pillar, causing irreversible plastic 
deformation and damage to the lower coal group (#2 coal seam). Therefore, a reasonable selection of the position 
and size of the coal pillar will play a decisive role in the stress state, stress deviator distribution, distortion energy 
evolution and elastic‒plastic state of the surrounding rock before lower coal mining.

Thickness/m Lithology Strata Rock features

6.05 Silty mudstone Dark gray, thickly layered

2.14 #02 coal Black, lumpy, poor lithology

4.97 Sandstone Off-white medium-fine sandstone,

mainly quartz and feldspar

0.45 #1 coal Black, containing sandy mudstone

1.49 Silty mudstone Dark gray, containing pyrite film

2.20 #2 coal Black, semibright coal, blocky

1.89 Siltstone Gray, containing fossilized plant roots

0.49 #3 coal Black, semibright coal, blocky

5.00 Silty mudstone Dark gray

Fig. 1.  Stratigraphic column of the rock strata.
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Theoretical calculation of the stress deviator
Stress analysis of the coal pillar floor
According to mine pressure theory, after coal seam mining, the roof rock will be fragmented, and the stress of 
the overburden in the gob cannot be directly transmitted to the floor. Therefore, the stress near the residual coal 
pillar will concentrate after stress redistribution, as shown in Fig. 3a.
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Fig. 3.  Calculation model of floor stress under a coal pillar.

 

#2 coal seam

#02 coal seam

(Waiting for mining)

Coal pillar10605 gob 10607 longwall panel

Fig. 2.  Arrangement of the longwall panels.
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In theoretical calculations, the load at the coal pillar is simplified as a uniformly distributed load, as shown in 
Fig. 3b. q represents the uniformly distributed load acting on the floor of the coal pillar, D represents the width 
of the uniformly distributed load, and angle β is formed by the line connecting the boundary points on both 
sides of the load and point M. dx represents a microscale increment of the load length, and dθ is a microscale 
increment of the angle between the load and point M. σx, σz, and τxz represent the horizontal, vertical, and shear 
stresses at point M under uniformly distributed loads.

According to the integration calculation results, the formula for calculating the stress parameters inside the 
f﻿loor layer under uniformly distributed loads is30,31:
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Calculation and derivation of the stress deviator in the coal pillar floor
The second invariant J2 of the stress deviator represents the magnitude of the distortion energy and strain 
energy density of the rock mass, which is a comprehensive indicator of rock mass stability under isotropic stress 
conditions. It does not change with the selection of coordinate axes. However, the stress deviator of the coal pillar 
f﻿loor will change with the changes in various stress indicators, and its calculation expression is:
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In the above equation, σ0 is the average stress. If the stress in the surrounding rock of the coal pillar floor is 
regarded as a two-dimensional plane problem, the y-direction stress perpendicular to the plane can be regarded 
as the intermediate principal stress. For ease of calculation, the y-direction stress is considered to have the same 
magnitude as the x-direction stress, and formula (5) is substituted into Eq. (4). The stress deviation J2 can be 
expressed as:
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After substituting the calculated stress formulas (1), (2), and (3) into formula (6), the expression for calculating 
the stress deviator of the rock layer below the coal pillar under uniform loading can be obtained:
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According to Eq. (7), there are many factors that affect the distribution of the stress deviator in the coal pillar 
floor, including the load q at the coal pillar, the relative position of the action point M, and the width D of the 
coal pillar. q at the coal pillar is a mining pressure parameter, and the relative position of M is determined by 
the interlayer spacing of the closely spaced coal seams. These parameters are difficult to change during mining 
construction.

However, the width of the residual coal pillar in the upper coal seam during mining of the closely spaced 
coal seams can be designed. The width of the residual coal pillar will greatly affect the distribution of the stress 
deviator below the coal pillar and has a great impact on the elastic‒plastic state of the lower coal seam before 
mining. Therefore, a reasonable design of the coal pillar width is of great significance for the stability of the 
surrounding rock during the mining of closely spaced coal seams.

The distribution of stress deviator in the coal pillar floor
Considering the load in the coal pillar area on site, the stress distribution curve at z = 5 m below the coal pillar 
at q = 18 MPa was selected for analysis, as shown in Fig. 4. The data selection takes into account the general 
applicability of closely spaced coal seam mining, field stress. Figure 4 shows the stress deviator distribution curve 
at 5 m below the coal pillar when the width of the coal pillar is D = 10 m, D = 15 m, D = 20 m, and D = 25 m. The 
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stress deviator distribution curves show a symmetrical distribution, with the coal pillar centerline as the axis of 
symmetry.

When the coal pillar is narrow (D = 10  m), the stress deviator distribution curve shows a "single-peak" 
distribution, with a large J2 peak, which appears at the center of the coal pillar. As the width of the coal pillar 
continues to increase, the stress deviator gradually presents a "double-peak" distribution form, the J2 peak 
gradually decreases, and the peak point gradually moves toward both sides of the coal pillar.

As D increases, the peak point of the stress deviator in the floor rock layer gradually moves toward both sides 
of the coal pillar, and the peak point is roughly located at the edge of the coal pillar. The peak stress deviator of 
the surrounding rock below the coal pillar gradually decreases with increasing D, and the integrity and stability 
of the rock mass also improve.

J2 represents the deformation energy of the rock mass. Physically, when J2 reaches its peak, it indicates 
that the deformation energy of the rock mass has reached a maximum, corresponding to the maximum stress 
experienced in all directions. According to the Mises criterion, a greater difference in principal stresses leads to 
a higher J2 value, indicating higher deformation energy and lower stability of the surrounding rock. Conversely, 
a lower J2 value suggests greater rock mass stability.

Numerical calculation of the stress deviator
To further study the distribution characteristics of the stress deviator below the coal pillar and explore the stability 
state of the surrounding rock under different working conditions, this section establishes a numerical calculation 
model based on the distribution of rock layers near the 10607 panel of the Malan Mine and postprocesses the 
simulation results.

Numerical model
The model size is x × y × z = 200 m × 20 m × 50 m, as shown in Fig. 5. The model includes 11 layers of rock, and 
the physical and mechanical parameters of each layer are shown in Table 1. The rock formation parameters are 
derived from the mine data and related mechanical experiments.

According to the stress test results of the Malan Mine, a vertical stress of 10 MPa is applied to the top of the 
model, with a horizontal lateral pressure coefficient λ = 0.8. The mining method is one-time excavation. 0 ≤ x ≤ 90 
is the range of the first panel. The range of the second panel is 100 ≤ x ≤ 200, 110 ≤ x ≤ 200, 120 ≤ x ≤ 200 according 
to the width of the coal pillar. The horizontal displacement of the front, back, left, and right surfaces of the model 
are limited in the x and y directions, and the vertical displacement of the bottom is limited in the z direction, 
using the Mohr‒Coulomb strength criterion for calculation.

Spatial distribution characteristics of stress deviator
The numerical model after coal seam mining is subjected to data postprocessing operations, and the stress 
deviator distribution in the coal pillar floor is obtained for different widths of the coal pillar. Due to space 
limitations, this section presents stress deviator contour plots for coal pillar widths of D = 10 m, D = 20 m, and 
D = 30 m.

In Fig.  6, the stress deviator contour plots for different coal pillar widths use the same color scale. The 
distribution of the stress deviator in the floor of the double gob within ± 40 m from the centerline of the coal 
pillar is captured in the figure. The red and black dashed lines represent the positions of the roof and floor of the 
lower coal seam (#2 coal seam), respectively.

As shown in Fig. 6, when λ = 0.8, the area of stress deviator concentration is located below the coal pillar, 
while the unloading area of the stress deviator is located below the gob. These contour plots show that the stress 
deviator distribution below the coal pillar exhibits a symmetrical "Y-shaped" distribution. The main area of 
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Fig. 4.  Calculation results of the stress deviator below the coal pillar.
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stress deviator concentration is located at the boundary of the coal pillar and gradually decreases with increasing 
depth.

By comparing Fig. 6a–c, it can be seen that when the width of the coal pillar is narrow, the influence range of 
the stress deviator below the coal pillar is relatively small, but the concentration is more obvious. When the width 
of the coal pillar is large, the influence range of the stress deviator below the coal pillar gradually increases, but 
the concentration gradually eases, and the value of J2 below the coal pillar gradually decreases.

These figures demonstrate that the selection of coal pillar width for coal seam mining will directly affect the 
magnitude and distribution of the stress deviator. When the width of the coal pillar is smaller, the concentration 
of stress deviator is more obvious. The more nonuniform the stress of the rock mass is, the greater the distortion 
energy, and the worse the stability.

Meanwhile, these charts indicate that when the width of the coal pillar increases from 10 to 20 m, the peak 
value of J2 decreases from 66.6 MPa2 to 48.2 MPa2, a significant decrease. When the width of the coal pillar 
increases from 20 to 30 m, the peak value of J2 decreases from 48.2 MPa2 to 44.6 MPa2, a relatively small decrease.

Transmission of the stress deviator along the horizontal direction
When the width of the coal pillar is varied, the stress deviator will show a different distribution. To study the 
horizontal transmission of the stress deviator below the coal seam mining process, stress deviator distribution 
curves at the locations of z = 0 m, z = 5 m, z = 10 m, z = 15 m, z = 20 m and z = 25 m below the coal pillar are 
selected, as shown in Fig. 7. The relationship between the peak of stress deviator and its position with width of 
coal pillar (D) is shown in the upper right corner of each graph in Fig. 7.

According to Fig. 7, the stress deviator of the shallow surrounding rock (z ≤ 10 m) is generally symmetrically 
distributed in an “M-shaped” bimodal pattern: As x increases, the curve at each depth of the gob floor first slowly 
decreases and then rapid increase at the boundary of the coal pillar. At x = 0 m (the centerline of the coal pillar), 
the curve shows a turning point and slowly rises and then suddenly drops at the boundary of the opposite side 
coal pillar. At the shallow surrounding rock (z ≤ 10 m), the peak of J2 is near the boundary of the coal pillar, and 
the inflection point of the curve is located at the centerline of the coal pillar.

In the deep surrounding rock (z ≥ 10 m), the stress deviator curve generally shows a symmetrical “single peak” 
distribution: as x increases, the curve at each depth of the floor slowly decreases and reaches a minimum value 
below the boundary of the coal pillar and then gradually rises and reaches a maximum value at the centerline of 
the coal pillar before slowly decreasing.

As the vertical position z increases, the stress deviator generally shows a gradually decreasing trend. Taking 
D = 10 m as an example, when z is 0 m, 5 m, 10 m, and 15 m, the maximum values of J2 are 65.68, 36.38, 27.61, 
and 10.91 MPa2, respectively, when z = 0 m, the corresponding peak is located at x = 4 m, while the J2 peak at 

Rock formation Bulk modulus (GPa) Shear modulus (GPa) Density (kg·m-3) Friction angle (°) Cohesion (MPa) Tensile strength (MPa)

Sandy mudstone 3.8 2.6 2350 32 3.3 2.4

Fine sandstone 11.3 6.8 2500 34 3.1 2.7

Mudstone 3.6 2.1 2300 32 2.3 2.2

Sandstone 9.2 3.2 2400 32 2.6 2.3

Coal 1.3 1.1 1600 28 1.8 0.75

Siltstone 13.3 10.8 2600 35 4.9 2.9

Table 1.  Mechanical parameters of the rock strata.
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#02 coal
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Fig. 5.  Numerical calculation model.
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other depths is located at x = 0 m. This indicates that as the depth z increases, the peak value of J2 decreases, and 
the peak positions at each depth gradually approach the centerline of the coal pillar (x = 0).

Figure 7 illustrates the propagation pattern of the stress deviator in the horizontal direction, obtained through 
numerical simulation. The results indicate that the coal pillar width D and the vertical distance z from the base of 

Fig. 6.  Spatial distribution characteristics of stress deviator in the rock layer below the coal pillar.
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the pillar are the key parameters governing the transformation of the curve’s characteristic mode. By substituting 
these parameters into Eq. (7), derived from theoretical analysis, a consistent pattern is also observed analytically: 
A comparison between Figs. 4 and Fig. 7b shows that as the coal pillar width D increases, the peak zone of J2 
in the shallow surrounding rock shifts away from the central axis of the pillar. Moreover, the distribution of J2 
transitions from a single-peak to a double -peak form, with the magnitude of J2 beneath the pillar gradually 
decreasing and its influence range slightly expanding.

The agreement between theoretical and numerical results confirms the validity of the theoretical derivation 
and the stress deviator distribution law, demonstrating the reliability of using the stress deviator as a guiding 
parameter in coal pillar design for mining engineering.

Transmission of the stress deviator along the vertical direction
Under different coal pillar widths, the transmission of the stress deviator along the vertical direction also varies, 
which is beneficial for further studying the evolution of the stress deviator. This section selected the centerline 
of the coal pillar (x = 0), the boundary line of the coal pillar, and the distance from the boundary line of the coal 
pillar at 5 m and 10 m as the layout positions for vertical survey lines.

As shown in Fig.  8, there are significant differences in the transmission of the stress deviator along the 
depth depending on the position of the vertical measuring line. The stress deviator curve at the centerline of 
the coal pillar (x = 0) shows a fluctuating trend of first increasing and then decreasing with increasing depth z. 
The stress deviator below the boundary of the coal pillar shows a decreasing trend with increasing depth z, and 
the deceleration gradually slows with increasing z. The stress deviator below the gob shows a sudden decreasing 
trend followed by a slow increase with increasing depth z.

By comparing Fig. 8a–d, when the width of the coal pillar is changed, although the transmission of the stress 
deviator is basically the same, there is a significant difference in the stress deviator value at different position, 
especially at the centerline of the coal pillar (x = 0), at the boundary of the coal pillar, and below the gob near 

(a) z=0 m                                                (b) z=5 m

(c) z=10 m                                                (d) z=15 m
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Fig. 7.  Transmission of the stress deviator along the horizontal direction.
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the coal pillar, where this difference is more pronounced. This indicates that when the width of the coal pillar 
is narrow, the mining construction of the two panels will affect each other’s stress distribution under their 
respective gob. Figure 8 shows that the influence range of the two panels is approximately 10–15 m below the 
gob, and when the width of the coal pillar is D ≥ 20 m, the vertical transmission of the stress deviator is no longer 
significantly affected by the width of the coal pillar.

Reasonable selection and verification of coal pillar width
Reasonable selection of coal pillar width
The distribution characteristics of the stress deviator below the coal pillar also varies depending on the width of 
the coal pillar. This section explores the distribution characteristics of stress deviator under different coal pillar 
size effects, focusing on the specific practical engineering of coal seam mining in the Malan Mine. After the #02 
coal seam (upper coal seam) of the Malan Mine is mined, the stability of the surrounding rock at the #2 coal 
seam (lower coal seam) under the influence of stress deviator is the key to ensuring safe construction.

Therefore, in this section, the distribution of the stress deviator in the surrounding rock at the roof of coal 
seam #2 is selected as the research object, which is the main basis for determining the reasonable width of coal 
pillar. The stress deviator value at this location will directly affect the stability of the surrounding rock during the 
mining process of the lower coal seam, as shown in Fig. 9.

Figure 9 shows the distribution of stress deviator at the roof of coal seam #2 below the coal pillar. Figure 9a 
indicates that as the width of the coal pillar increases, the peak value of the stress deviator at the floor continuously 
decreases, and the influence range of the stress deviator shows an expanding trend.

Figure 9a shows that as the coal pillar width increases from 10 to 20 m, the stress deviator decreases from 
35.938 MPa2 to 16.439 MPa2, and the total stress deviator decreases by 19.50 MPa2, a significant decrease. However, 
when the width of the coal pillar increases from 20 to 30 m, the stress deviator decreases from 16.439 MPa2 to 
12.180 MPa2, and the total stress deviator decreases by 4.26 MPa2, a small decrease. This indicates that when the 

(a) At the centerline of the coal pillar (x=0 m) (b) At the boundary of the coal pillar

(c) 5 m from the boundary of the coal pillar       (d) 5 m from the boundary of the coal pillar
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width of the coal pillar is greater than 20 m, the increase in pillar width no longer has a significant impact on 
the stress deviator.

In Fig. 9b, the peak value and influence range of the stress deviator under various coal pillar width conditions 
were extracted. When the coal pillar width is 20 m, the curve of the peak stress deviator shows a significant 
turning point, and the slope of the curve decreases significantly, while the slope of the stress deviator influence 
range curve shows a slight increasing trend at this point.

This indicates that when the coal pillar width is 20 m, if the width of the coal pillar continues to increase, the 
impact of the coal pillar width on the stress deviator will no longer be significant but will actually increase the 
stress deviator range. In addition, from the perspective of rational resource utilization, blindly increasing the 
width of the coal pillar will also waste resources. Therefore, based on the above analysis, 20 m is determined as 
the reasonable width for the coal pillar in the 10605 and 10607 panels of the Malan Mine.

Design of similar simulation experiments
According to the similarity criterion, this section describes a study on the width of coal pillar in the 10607 panel 
of the Malan Mine using similarity simulation experiments32.

The test equipment located in the Mining Model Laboratory of China University of Mining and Technology 
(Beijing), with a size of 1400 mm × 200 mm × 1300 mm, is adopted. The geometric ratio of similar models is 
αl = 100:1. The bulk density ratio obtained from the proportioning test is αγ = 1.4:1, and the strength similarity 
ratio of different rock layer materials is ασ = αl × αγ = 140:1. The ratio parameters of each rock layer are shown 
in Table 2.The ratio of cement to gypsum listed in the table represents the actual proportioning ratio, while the 
ratio coefficient specified under “sand” denotes the mass ratio of sand to the cementitious material (comprising 
cement and gypsum).

A similar model is laid according to the stratigraphic column in Fig.  1. To highlight the stress‒strain 
characteristics at the coal pillar, the simulated length of the working face on both sides of the coal pillar is 50 cm, 
and the width of the coal pillar is 20 cm, as shown in Fig. 10. The top plate load is 10 MPa/140 = 71.4 kPa. There 
are lateral loading cylinders on both sides of the model, which apply lateral loads of 51.7 kPa each (λ = 0.8). The 

Rock strata Strength of original rock (MPa) Strength of model rock (MPa) Strength ratio (MPa)

Material ratio

Sand Cement Gypsum

Topsoil 112.0 0.8 0.80 10 4 6

Sandy mudstone 30.85 0.22 0.23 9 1 9

Fine sandstone 92.30 0.66 0.67 10 3 7

Mudstone 31.61 0.23 0.23 9 1 9

Sandstone 79.36 0.57 0.58 9 2 8

Coal 18.19 0.13 0.15 10 1 9

Siltstone 77.83 0.56 0.58 9 2 8

Subsoil 112.0 0.8 0.80 10 4 6

Table 2.  Physical and mechanical parameters of the rock strata.
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model adopts the plane stress assumption. 50 cm of simulated gob are mined on both sides of the #02 coal seam, 
with 5 cm/step, and a coal pillar with a width of 20 cm is left in the middle.

Results of similar simulation tests
Based on the relevant calculations of the stress deviator distribution characteristics mentioned above, in similar 
simulation experiments, it is proposed to leave a coal pillar width of 20 cm in the experiment. The vertical and 
horizontal stress distribution curves at 1.5 cm below the coal pillar are shown in Fig. 11a,b. The overall movement 
displacement of the surrounding rock in the mining area is recorded by DIC (digital image correlation)33, and 
the displacement contour plot is shown in Fig. 11c.

According to Fig. 11a,b, there are slight differences in the vertical and horizontal stress values at each 
measuring point before mining, but the overall distribution is relatively uniform. The average vertical stress is 
75.10 kPa, and the average horizontal stress is 61.16 kPa. The stress ratio calculation shows that the simulated 
stress is similar to the in situ stress. After the completion of mining on the left panel of the upper coal seam, 
because the load above the gob and the overlying rock cannot be directly transferred to the floor, the vertical 
stress and horizontal stress under the floor are reduced, and stress concentration occurs at the coal pillar. With 
the mining of the right panel, the vertical and horizontal stresses below the right gob also decrease, and the 
stress concentration at the coal pillar becomes more obvious. However, the final stress concentration coefficient 
is approximately 2.0. If the vertical stress of the coal pillar floor is considered the maximum principal stress, the 
x and y directions are the minimum and intermediate principal stresses, respectively. The stress deviator of the 
coal pillar floor is approximately 8–15 MPa2, which is consistent with the numerical calculation, corresponding 
to a relatively safe range.

In addition, according to the displacement map of similar simulations (Fig.  11c), when the coal pillar is 
selected to be 20 m, the displacement in the coal pillar area (within the red dashed line) is mostly 0.1 mm (i.e., 
the actual displacement is within 10 cm), and the deformation of the surrounding rock in the coal pillar area is 
relatively small, resulting in a good stability.

The above results show that the selection of a 20 m width coal pillar can effectively ensure the safety and 
stability of the lower coal seam during the mining of close coal seams.

Field application
Through theoretical, numerical calculations, and physical model experiments, a coal pillar of 20 m was selected 
between the 10605 and 10607 panels. Figure  12 shows the roadway section and drilling observation results 
during the mining of the #2 coal seam (lower coal seam). The roadway is located below the 10607 panel and is 
20 m away from the boundary of the coal pillar.

According to the field investigation observation results of the boreholes below the coal pillar, when the coal 
pillar is selected to be 20 m, the stability of the surrounding rock of the mining area floor is good, there are fewer 
regenerated cracks in the floor and two sides of surrounding rocks, and the overall integrity of the surrounding 
rock is good. In addition, the deformation of the roadway below the residual coal pillar is relatively small, the 
deformation during the observation period is within 10 cm, and there is no occurrence of surrounding rock 
peeling or collapse.

This indicates that selecting a 20  m coal pillar in the upper coal mining area through the distribution 
characteristics of the stress deviator effectively suppresses the plastic development of the floor, protects the 
integrity of the lower coal seam below the coal pillar, and ensures the safe and stable mining of the lower coal 
seam. The application of stress deviator is beneficial for improving the theory of mine pressure.

(a) Overall testing system (b) Test equipment and loading device
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Stress 
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Fig. 10.  Preparation of similar simulation experiment.
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Discussion
The above research indicates that the magnitude of the stress deviator in the rock mass beneath the coal pillar 
have a significant influence on the deformation energy and stability of the surrounding rock. Therefore, the 
study of the stress deviator is of certain significance. However, the following aspects should be further discussed:

	(1)	 This paper investigates the stress deviator of the rock mass beneath the coal pillar through specific engineer-
ing examples, with a focus on field design. Accordingly, the analysis centers on the influence of coal pillar 
width. However, other factors, such as the initial in-situ stress and rock formation characteristics, may also 
have important effects on the stress deviator, which requires further investigation.

Good stability of surrounding rock 
Less cracks Good integrity 

Observation of coal Intact coal 

Fig. 12.  Field investigation and drilling observation.
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	(2)	 The closely spaced coal seams discussed in this paper are relatively typical and common, which gives the 
study a certain degree of general applicability. For the rock mass near the roof of mining areas and geologi-
cal structure belts, the numerical results of the stress deviator second invariant (J₂) may still offer engineer-
ing reference value. However, due to the fragmented and discontinuous nature of the rock mass in these 
areas, the basic assumptions of the theoretical analysis in this study may not be entirely applicable.

	(3)	 Compared with vertical and horizontal stress components, J₂ is a comprehensive indicator that reflects rock 
energy under multi-directional stress conditions. Therefore, J₂ has the potential to serve as a useful indica-
tor not only in the design of mining layouts, but also in studies related to roadway and tunnel surrounding 
rock, as well as slope stability.

Conclusion

	(1)	 Through a mechanical model of the coal pillar floor and an expression of the coal pillar floor stress, a calcu-
lation formula for the stress deviator of a single coal pillar floor was derived. Through analysis, it was found 
that the magnitude of the concentrated load in the coal pillar area and the width of the coal pillar are the 
main factors affecting the distribution of the stress deviator.

	(2)	 Both theoretical and numerical calculations indicate that the stress deviator distribution below the coal pil-
lar exhibits a symmetrical "Y-shaped" distribution. The main area of stress deviator concentration is located 
at the boundary of the coal pillar, and as the depth increases, the peak value of the stress deviator gradually 
decreases, and the concentration area gradually approaches the centerline of the coal pillar.

	(3)	 When the width of the coal pillar between the two gobs is narrow, the influence range of the stress deviator 
below the coal pillar is relatively small, but the concentration phenomenon is more obvious. As the width of 
the coal pillar increases, the influence range of the stress deviator below the coal pillar gradually increases, 
but the concentration gradually eases, and the peak value of stress deviator below the coal pillar gradually 
decreases.

	(4)	 Based on the influence of coal pillar width on the distribution characteristics of stress deviator in the floor, 
the width of the coal pillar for the upper coal seam during coal seam mining in the Malan Mine was deter-
mined. Physical model experiments and on-site observations found that when the coal pillar was selected 
to be 20 m, the development of cracks in the surrounding rock below the coal pillar was lessened, and the 
stability was better. This also reflects the potential of stress deviator in theoretical research and guiding 
engineering practice.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.
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