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Abstract

Upward re-mining of coal seams overlying goafs with remnant coal pillar groups is jointly 
affected by pillar loading, interburden damage, repeated mining disturbance, and goaf 
water, making the stability evolution and safety boundaries difficult to characterize using 
existing single-factor approaches. To address this issue, the progressive failure behavior 
of remnant coal pillar groups and the multistage damage evolution of the interburden 
strata were first analyzed. The results indicate that individual pillars undergo progressive 
failure from their margins toward the elastic core, while boundary and key pillars are more 
susceptible to instability and may trigger cascading failure of the pillar group through load 
redistribution. Meanwhile, the interburden strata experience sequential damage induced 
by initial mining, long-term water-induced weakening and creep, and renewed disturbance 
during upper-seam extraction. On this basis, a theoretical mechanical model incorporating 
overburden load, horizontal in situ stress, pillar-group support, and goaf water pressure 
was established. The stress field and maximum yield-failure height of the interburden 
strata were derived, and the stability of upward re-mining was evaluated by integrating 
pillar bearing capacity, interburden integrity, and water-inrush criteria. The results reveal 
pronounced competitive and synergistic effects among horizontal stress, mining depth, 
pillar width, and goaf water pressure. Increasing the lateral pressure coefficient and pillar 
width is beneficial for suppressing roof failure, whereas increasing mining depth markedly 
raises pillar loading, making pillar bearing capacity a critical constraint on safe upward 
re-mining. Goaf water pressure can partially share the overburden load and thereby reduce 
pillar stress and roof yielding; however, excessive water pressure increases the risk of floor 
water inrush, indicating the existence of a safe pressure window that balances structural 
stability and hydraulic risk. Under the investigated conditions, the reasonable goaf water 
pressure ranges from 0.72 to 0.96 MPa. A minimum pillar width of approximately 11 m 
is required under the investigated geometric and mechanical conditions. These findings 
demonstrate that the safety of upward re-mining is governed by the coupled interaction 
among pillar bearing capacity, interburden integrity, and goaf water pressure, providing a 
theoretical basis for safe recovery of residual coal resources above pillar-supported goafs 
and for water-inrush risk control.
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1. Introduction
Coal remains a cornerstone of China’s energy supply and continues to play a criti-

cal role in supporting economic development and social stability [1–3]. However, with 
the continued depletion of shallow coal resources and the ongoing ecological restoration 
of mining areas, many coal mines are entering a stage of deep-resource recovery under 
increasingly complex geological conditions or are approaching closure. During the early 
development of multi-seam coalfields, limited mining technology and management often 
led to the preferential extraction of readily accessible lower seams using room-and-pillar 
or roadway-and-pillar methods, frequently without systematic planning for subsequent 
resource recovery [4,5]. Consequently, extensive abandoned goafs and groups of remnant 
coal pillars were left in the lower seams, as illustrated in Figure 1. With advances in mining 
technology and the increasing demand for improved resource recovery, upward re-mining 
has become a practical option for recovering upper-seam resources above previously mined 
lower seams [6]. This mining configuration, however, raises important concerns regarding 
the stability and safety of upper-seam extraction above goafs supported by remnant coal 
pillar groups. The problem is further complicated by the hydrogeological conditions of 
coal-bearing strata in northern China [7–9]. Over time, water originating from surface 
recharge and surrounding aquifers may accumulate within abandoned lower-seam goafs 
and develop appreciable hydraulic pressure [10]. Consequently, upward extraction of 
the overlying seam may be conducted above a pressurized water-bearing goaf, creating a 
potential pathway for water inrush through the floor of the upper working face. 

Figure 1. Schematic diagram of upward re-mining in the overlying coal seam above a goaf with 
remnant coal-pillar groups.

Unlike conventional downward longwall mining in multi-seam deposits, remnant coal 
pillars and surrounding goafs form a highly heterogeneous load-bearing system with pro-
nounced spatial variability [11]. After the goaf is formed, the remnant pillars continuously 
support the overburden over extended periods, while their mechanical state evolves under 
the combined effects of surrounding-rock deformation, long-term stress redistribution, pro-
gressive coal damage, and subsequent mining disturbances [12]. During upward re-mining 
of the upper seam, the abutment pressure induced by the advancing working face inevitably 
interacts with the pre-existing high-stress state of the underlying remnant pillars. This 
interaction may lead to pillar reloading, load redistribution, and progressive deformation 
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and failure of the interburden strata, resulting in a complex mining-induced mechanical 
response [13]. The problem is further complicated by the long-term water-induced weak-
ening of the remnant pillars due to accumulated goaf water, which may further reduce 
the stability margin of the pillar–interburden system [14]. Therefore, a comprehensive 
understanding of the stability of upward re-mining above goafs supported by remnant coal 
pillar groups is essential for the safe and sustainable recovery of residual coal resources.

In multi-seam mining, the responses of individual coal seams are not independent [15]. 
Their interactions are governed by several factors, including interseam spacing, the lithology 
and thickness of the interburden, mining sequence, panel dimensions, and the geometry 
and mechanical properties of remnant coal pillars. Previous studies have shown that goaf 
formation in a lower seam can induce stress relief and subsidence in the overlying strata, 
whereas remnant pillars may generate localized stress concentrations that are transferred 
through the interburden to adjacent seams [16]. As longwall extraction advances in the 
upper seam, the front abutment pressure further modifies the pre-existing stress field, 
leading to a more complex redistribution of loads between the underlying remnant pillars 
and goafs. This interaction becomes particularly important for closely spaced seams, where 
the limited thickness of the interburden makes its load-bearing capacity and deformation 
behavior critical to whether mining-induced disturbances from the upper and lower seams 
become connected [17–19]. Therefore, clarifying the coupled response of remnant coal 
pillar groups and the interburden during upper-seam face advance is essential for assessing 
the safety of upward re-mining in closely spaced coal seams.

In recent years, considerable research has been devoted to multi-seam mining and the 
stability of remnant coal pillars. These studies have employed theoretical analysis [4], nu-
merical modeling [20,21], physical experiments [22], and field monitoring to investigate the 
interactions between multiple seams from the perspectives of overburden movement [23,24], 
stress transfer, pillar stability, and mining-induced fracture evolution. Theoretical ap-
proaches can describe stress transfer within pillar–goaf systems and establish relationships 
among pillar geometry, overburden loading, and interburden stability. Numerical models 
can further account for realistic stratigraphic conditions and face advance to resolve the 
spatiotemporal evolution of stress, displacement, and plastic failure, while field monitoring 
provides engineering-scale validation of mining-induced influence zones and abnormal 
ground-pressure behavior. Previous studies have shown that remnant pillars can act as 
major sources of stress concentration in multi-seam mining, with their influence potentially 
transmitted through the interburden to adjacent working faces [25,26]. However, most 
existing studies have focused either on the overall stability of remnant pillars or on static 
stress distributions under multi-seam mining conditions. The combined effects of multiple 
factors on the safety and stability of upward re-mining remain insufficiently understood, 
which limits the reliability of stability assessments and the rational design of mining layouts. 
Recent studies have further extended pillar-stability assessment toward advanced design 
and data-driven approaches [27,28]. In addition to conventional analytical, numerical, 
and experimental methods, AI-assisted and data-driven frameworks have increasingly 
been employed to characterize nonlinear relationships among pillar geometry, geological 
conditions, stress state, and failure behavior [29,30]. These developments highlight the 
need for multi-parameter stability assessment rather than single-factor design. Moreover, 
the hydrostatic pressure exerted by water accumulated in abandoned goafs has rarely 
been incorporated explicitly into stability analyses, despite documented floor water-inrush 
events, such as that at Dongyu Coal Mine [31]. Consequently, a clear research gap remains 
in evaluating the safety and stability of upward re-mining under the combined effects of 
remnant pillar-group support and pressurized water-bearing goafs.
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Overall, the stability of upward re-mining above goafs supported by remnant coal 
pillar groups cannot be attributed solely to pillar bearing capacity or interburden stability. 
Instead, it is governed by a complex mechanical process involving long-term pillar loading 
and degradation, mining-induced damage of the interburden, water-induced weakening 
and hydraulic pressure within the goaf, and renewed disturbance caused by upper-seam 
extraction. These factors may interact adversely, but they may also exhibit competitive 
or synergistic effects, with their combined influence depending on the load-bearing state 
of the pillar group, the integrity of the interburden, and the spatial evolution of stress 
and failure zones during repeated mining. Accordingly, a physically meaningful stability 
assessment for upward re-mining requires a clear understanding of the fundamental failure 
modes and spatiotemporal evolution of the remnant pillar group and interburden after 
formation of the lower-seam goaf, together with identification of the key structural and 
mechanical parameters governing system stability. To address these issues, this study 
first examines the progressive instability of remnant coal pillar groups and the multistage 
damage evolution of the interburden under repeated mining. A theoretical model is then 
developed to account for the combined effects of overburden loading, horizontal in situ 
stress, pillar-group support, and goaf water pressure, and is subsequently used to clarify 
how these factors control the stability and safety boundaries of upward re-mining.

2. Failure Characteristics of Mining-Disturbed Interburden Strata and 
Coal Pillars
2.1. Failure Characteristics of Remnant Coal Pillars in the Goaf

Following room-and-pillar or roadway-and-pillar extraction of the lower seam, irregu-
lar abandoned goafs and groups of remnant coal pillars are typically formed. The stability 
of the overlying roof strata is then maintained primarily by the supporting action of the 
remnant pillar group, which is a key prerequisite for subsequent upward re-mining of the 
upper seam. Previous studies indicate that failure of a remnant pillar group does not occur 
simultaneously throughout the entire system [16]; instead, it develops progressively and 
exhibits the following characteristics:
(1) An individual coal pillar exhibits a progressive failure pattern that develops from 

the outer margins toward the interior, as illustrated in Figure 2b. Across the pillar 
cross-section, spalling and shear slabbing initially occur along the exposed sides adja-
cent to roadways and goafs. The plastic failure zones then progressively propagate 
inward from both margins, leaving an elastic load-bearing core of finite width in the 
central part of the pillar. The relative width of this elastic core is a key indicator of 
pillar load-bearing capacity, with a wider elastic core generally corresponding to a 
higher residual bearing capacity. For narrow pillars, the plastic zones developing from 
opposite sides may coalesce, resulting in a substantial loss of effective load-bearing 
capacity. At the pillar corners, failure is typically characterized by combined tensile–
shear damage, accompanied by extensive development of shear fractures along the 
pillar sides. In contrast, the central portion of the pillar is subjected to relatively high 
vertical compressive stress and therefore tends to exhibit vertical compressive cracking 
or splitting failure.

(2) At the pillar-group scale, failure tends to initiate at boundary pillars, whereas insta-
bility of key pillars within the goaf may trigger cascading failure of the entire pillar 
system, as illustrated in Figure 2c. Field observations and previous studies indicate that 
pillars located near goaf boundaries, roadway intersections, and irregular excavation 
geometries—such as triangular and island pillars—are particularly prone to high stress 
concentrations and therefore tend to exhibit spalling and localized failure at an early 
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stage. This behavior is mainly attributed to the additional lateral loads transferred 
from the surrounding roof strata to the boundary pillars. For pillar groups within the 
goaf, according to the key-pillar theory proposed by Feng et al. [32,33], a key pillar 
may fail prematurely and lose its load-bearing capacity because of insufficient dimen-
sions, water-induced weakening, or long-term creep damage. The roof load previously 
carried by that pillar is then redistributed to the surrounding pillars. If the resulting 
stress increase exceeds the bearing capacity of adjacent pillars, the initial failure of 
a key pillar may propagate through the pillar group as a cascading instability. Such 
progressive failure can lead to large-scale damage of the roof strata and the overlying 
coal seam and, in severe cases, may extend upward to the ground surface.

Figure 2. Schematic illustration of failure characteristics of goaf pillar groups and individual 
coal pillars.

(3) Under repeated mining, coal pillars subjected to stress disturbance tend to undergo 
damage and failure earlier than less disturbed pillars, resulting in an overall intensifi-
cation of pillar degradation, as illustrated in Figure 2a. As the upper-seam working 
face advances, a pronounced vertical front abutment pressure develops ahead of the 
coal face and may reach several times the initial in situ stress. This abutment pressure 
is transmitted downward into the floor strata. Consequently, remnant pillars located 
within the affected zone experience a rapid increase in stress and are therefore more 
susceptible to early damage and failure, which may subsequently propagate toward 
surrounding, less disturbed regions. The sequence of pillar failure is therefore strongly 
dependent on the spatial distribution of mining-induced disturbance. If the disturbed 
pillar is a key load-bearing pillar, its failure can more readily initiate cascading insta-
bility within the pillar group. Moreover, pillars affected by repeated mining generally 
exhibit more severe damage, characterized by enlarged plastic failure zones and a 
reduced or completely lost elastic core.

2.2. Failure Characteristics of Interburden Strata
The integrity and degree of damage of the interburden strata are directly related to the 

feasibility and safety of upward re-mining. According to the mining sequence in upward 
extraction of multiple coal seams, the damage evolution of the interburden can generally be 
divided into three stages: (1) initial damage induced by roadway-and-pillar extraction of the 

https://doi.org/10.3390/pr14213489

https://doi.org/10.3390/pr14213489


Processes 2026, 14, 3489 6 of 26

lower seam; (2) progressive deterioration caused by long-term water-induced weakening 
and creep damage; and (3) renewed failure of the floor strata during re-mining of the 
upper seam.

(1) Initial damage stage induced by roadway-and-pillar mining of the lower seam.

Before roadway-and-pillar extraction, the surrounding rock mass is generally assumed 
to remain in an elastic state, with the initial vertical stress (p0 ) equal to the weight of the 
overlying strata. After excavation, the initial stress field is redistributed, resulting in localized 
stress concentrations in the surrounding rock. For theoretical analysis, the roadway can 
be idealized as a circular opening subjected to a biaxial isotropic in situ stress field, and 
the corresponding stress distribution is illustrated in Figure 3a. When the redistributed 
stress exceeds the rock-mass strength, plastic deformation develops around the roadway 
and progressively extends into the surrounding rock, forming a plastic zone and inducing 
damage in the coal pillars as well as the roof and floor strata [16]. Based on limit equilibrium 
theory, the surrounding rock can be divided into several characteristic zones, as shown in 
Figure 3b. Within the inner part of the plastic zone (Zone A), the rock strength is markedly 
reduced and becomes insufficient to sustain the initial stress, leading to fracturing; this 
region is therefore defined as the fractured zone. In the outer part of the plastic zone (Zone 
B), the stress exceeds the initial in situ stress. Together with the stress-increased portion of 
the adjacent elastic region, this zone constitutes the principal load-bearing region and is 
also referred to as the stress-concentration zone. Farther away from the roadway, the rock 
mass gradually returns to the undisturbed in situ stress state and forms the original-stress 
zone. If the lithological difference between the coal pillar and roof strata is neglected and 
the surrounding rock is assumed to be homogeneous and isotropic under equal biaxial 
compression, the widths of the plastic zones induced in the roof and coal pillar by a single 
roadway excavation can be approximately determined from the following expression:

𝑅 = 𝑟0[
(𝑝 + 𝐶 cot 𝜑)(1 − sin 𝜑)

𝑝𝑖 + 𝐶 cot 𝜑 ]
1−sin 𝜑
2 sin 𝜑

(1)

where R denotes the plastic-zone width in the roof and coal pillar; p0  is the initial in situ stress; 
C and 𝜑 are the cohesion and internal friction angle of the surrounding rock, respectively; 
pi  is the roadway support pressure; and r0  is the radius of the circular roadway. 

Figure 3. Stress distribution and zoning characteristics of the surrounding rock in the roadway.

(2) Stage of aggravated damage and failure induced by long-term water immersion weak-
ening and time-dependent creep.

After room-and-pillar mining of the lower coal seam, a structural configuration is 
formed in which the overlying roof strata are supported by a group of remnant coal pillars. 
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According to rock mechanics theory, coal and rock masses generally exhibit pronounced 
creep behavior and long-term strength characteristics [34,35]. In other words, even under 
a constant roof load, the deformation of the coal-pillar group continues to develop with 
time, resulting in time-dependent creep damage and progressive failure. When the stress 
acting on a coal pillar exceeds the maximum stress that it can sustain over the long term 
without creep-induced failure, damage and eventual failure will occur. As the failed coal 
pillars gradually lose their load-bearing capacity, damage to the interburden strata is further 
intensified, potentially leading to local collapse. During this process, water continuously 
accumulates within the goaf, resulting in prolonged water immersion of the coal pillars and 
interburden strata. Such long-term water-rock interaction further weakens and softens the 
mechanical properties of both the coal pillars and the interburden strata, thereby accelerating 
their time-dependent damage and failure [36], as illustrated in Figure 2a.

(3) Failure stage of the floor strata induced by repeated mining of the upper coal seam.

When the upper coal seam is mined upward using the longwall mining method, 
advancement of the working face disturbs the original stress equilibrium of the rock mass 
surrounding the goaf. As a result, the roof strata can generally be divided into a stress-relief 
zone, a stress-concentration zone, and an undisturbed in situ stress zone. Meanwhile, the 
floor strata, i.e., the interburden strata between the upper and lower coal seams, undergo 
downward deformation and progressive failure from the upper part to the deeper section 
under the redistribution of vertical and horizontal stresses. Eventually, three plastic failure 
zones with distinctly different mechanical characteristics are formed: the active limit zone, 
transition zone, and passive limit zone [37]. According to the “three-zone” theory of 
floor failure [38], mining of the upper coal seam ultimately induces an inverted saddle-
shaped floor failure zone extending to a certain depth, as illustrated in Figure 4. Under 
shallow mining conditions, the maximum depth of the floor failure zone can generally be 
estimated using the following empirical equations, and the maximum calculated value is 
conservatively adopted.

{


ℎf = 0.7007 + 0.1079𝐿
ℎf = 0.303𝐿0.8

ℎf = 1.86 + 0.11𝐿
(2)

where hf  is the maximum floor failure depth induced by extraction of the upper coal seam, 
and L is the inclined length of the mining face.

Therefore, to comprehensively evaluate whether the upper coal seam overlying a goaf 
supported by residual coal-pillar groups can be safely mined upward, it is essential to deter-
mine the integrity of the interburden strata. Specifically, it is necessary to assess whether the 
interburden strata will undergo complete yielding and failure throughout their entire thick-
ness, or even collapse, during upward mining. Based on the above analysis, the yielding and 
failure states of the interburden strata can be classified into three categories [4]: complete 
yielding failure, critical yielding failure, and incomplete yielding failure, as illustrated in 
Figure 4.

To quantitatively distinguish the three yielding-failure states, the residual thickness of 
the relatively intact interburden control layer, hk , is defined as:

hk  = h - hd  - hf (3)

where h is the total thickness of the interburden strata, hd  is the maximum roof failure height 
above the lower coal seam, and hf  is the maximum floor failure depth induced by extraction 
of the upper coal seam. 
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Figure 4. Schematic diagram of the three yielding-failure states of the interburden strata.
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The condition h = hd  + hf  defines the critical yielding state separating complete yielding 
failure from incomplete yielding failure. When h < hd  + hf , i.e., hk  < 0, the roof failure 
zone above the lower seam overlaps with the floor failure zone beneath the upper seam, 
corresponding to complete yielding failure of the interburden strata. When h = hd  + hf , i.e., 
hk  = 0, the two failure zones become tangent, defining the critical yielding-failure condition. 
When h > hd  + hf , i.e., hk  > 0, the two failure zones remain separated by an intact interburden 
control layer of thickness hk , corresponding to incomplete yielding failure.

(1) Complete yielding failure of the interburden strata.

When the vertical separation between the two coal seams is relatively small, the inter-
burden strata are highly susceptible to complete yielding failure, as illustrated in Figure 4a. 
During repeated mining, the floor failure zone induced by extraction of the upper coal seam 
may progressively connect with the roof failure zone developed above the lower coal seam. 
As a result, the interburden strata experience substantial damage throughout their full 
thickness, accompanied by a pronounced deterioration in structural integrity and continuity 
and the intensive development of interconnected vertical and horizontal fractures. Under 
such conditions, the load-bearing capacity of the interburden strata available to support safe 
upward extraction of the upper coal seam is markedly weakened, leading to poor overall 
mining stability. If high-head water is present in the underlying goaf, the mining-induced 
fracture network may provide a preferential hydraulic pathway connecting the water-filled 
goaf with the upper mining area, thereby significantly increasing the risk of water inrush 
from the underlying goaf.

(2) Critical yielding failure of the interburden strata.

When the vertical separation between the two coal seams is moderate, the interburden 
strata tend to remain in a critical yielding state, as illustrated in Figure 4b. Under this 
condition, the thickness of the interburden strata is approximately equal to the combined 
vertical extent of the roof failure zone above the lower coal seam and the floor failure zone 
beneath the upper coal seam, such that the two failure zones are essentially tangent to 
each other. Localized connection may nevertheless occur near the uppermost extent of 
the roof failure zone, where it is most likely to intersect the floor failure zone induced by 
repeated mining of the upper seam. In contrast to the complete yielding case, a certain 
thickness of relatively intact strata remains within the regions protected by the remnant 
coal pillars, thereby preserving part of the load-bearing capacity of the interburden and 
resulting in comparatively higher mining stability. However, localized mining-induced 
fractures may still coalesce to form preferential water-conducting pathways between the 
goafs of the upper and lower coal seams. If such hydraulic pathways become connected 
with water accumulated in the underlying goaf, water inrush from the floor goaf may 
consequently occur.

(3) Incomplete yielding failure of the interburden strata.

When the vertical separation between the two coal seams is sufficiently large, the 
interburden strata do not undergo complete yielding failure, as illustrated in Figure 4c. 
Under this condition, the roof failure zone above the lower coal seam remains separated 
from the floor failure zone induced by mining of the upper coal seam, leaving a certain 
thickness of relatively intact rock mass between the two damaged zones. This intact rock 
mass is herein defined as the interburden control layer [4]. The thickness of the interburden 
control layer not only directly governs the safety and feasibility of upward mining, but also 
plays a critical role in impeding hydraulic connection with the underlying goaf. A thicker 
interburden control layer provides greater residual load-bearing capacity and hydraulic 
isolation, thereby enhancing the stability of upward mining and reducing the likelihood of 
water inrush from the underlying goaf.
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For the incomplete yielding state, hk  may be regarded as a residual structural and 
hydraulic safety margin of the interburden; a larger hk  generally indicates greater separation 
between the two mining-induced failure zones.

Equation (2) provides the maximum depth of floor failure induced by mining of the 
upper coal seam. Although the failure height of the roof strata caused by excavation of a 
single roadway can be approximately estimated using Equation (1), this formulation is not 
suitable for determining the maximum roof failure height under the support of a coal-pillar 
group, nor does it account for the hydraulic head associated with water accumulated in the 
goaf. Therefore, a theoretical mechanical model is developed below to further derive the 
maximum roof failure height under coal-pillar group support.

3. Maximum Roof Failure Height Under Coal-Pillar Group Support
3.1. Establishment of the Mechanical Model

After room-and-pillar mining of the lower coal seam, the overlying strata generally 
remain relatively intact without extensive collapse owing to the support provided by the 
residual coal-pillar group. Accordingly, considering both the supporting effect of the 
coal-pillar group and the hydraulic head exerted by water accumulated in the goaf, the 
goaf is assumed to extend infinitely in the horizontal direction and the coal pillars are 
approximately symmetrically distributed. The entire overlying rock mass is therefore 
selected as the analytical domain and idealized as a semi-infinite planar body of unit 
thickness. The overburden load and horizontal in situ stress are simultaneously taken into 
account, and the problem is formulated as a two-dimensional elastic half-plane problem. 
By introducing an appropriate coordinate system to facilitate the analytical derivation, the 
resulting mechanical model is established as shown in Figure 5. 

Figure 5. Mechanical model of combined overburden support by goaf pillar groups and water 
pressure.

In Figure 5, the mining depth of the lower coal seam is denoted by H. The rock strata 
between the upper and lower coal seams are defined as the interburden strata, with a 
thickness of h, while the width of an individual coal pillar is 2a. A single goaf span together 
with its adjacent coal pillar is regarded as an individual load-bearing unit, with a total 
width of 2l; accordingly, the span of the individual goaf is 2(l-a). The overburden load at a 
depth y can be expressed as γ(H-y), where γ is the average unit weight of the overlying 
strata. Therefore, the vertical load acting on the top surface of the interburden strata 
is given by q = γ(H-h). The horizontal in situ stress can be expressed as q1  = λγ(H-y), 
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where 𝜆 is the lateral pressure coefficient. The water pressure within the goaf of the lower 
coal seam, denoted by P, can be obtained from field measurements. The support stress 
provided by an individual coal pillar is denoted by q0 . Because the goaf area and its lateral 
extent are assumed to be infinite, each load-bearing unit can be treated as an independent 
representative element. The water pressure P acting within the goaf and the pillar support 
stress q0  provided by the coal pillar are therefore assumed to jointly sustain the overburden 
load corresponding to the roof area carried by that load-bearing unit. According to static 
equilibrium, the following relationship can be obtained:

2aq0  + P(2l - 2a) = 2lγH (4)

Here, “joint support” refers only to vertical static equilibrium. Within a represen-
tative unit of width 2l, the coal pillar of width 2a provides an upward contact stress q0 , 
whereas the water-filled goaf of width 2(l-a) exerts an upward hydrostatic pressure P on 
the roof. These two spatially separated normal boundary tractions jointly balance the 
downward overburden load. Because the analytical medium is treated as linear elastic and 
the loading components are independent boundary tractions, their induced stress fields 
can be superposed.

According to Equation (4), the pillar support stress provided by an individual coal 
pillar to the overlying roof strata can be expressed as:

𝑞0 =
𝑙
𝑎(γ𝐻-𝑃) + 𝑃 (5)

3.2. Mechanical Model Solution
When solving the mechanical model shown in Figure 5 using elasticity theory, the 

following assumptions are introduced:
(1) The coal and rock masses are treated as homogeneous, isotropic, and linearly 

elastic media.
(2) The overall lateral extent of the pillar–goaf system is assumed to be sufficiently large 

relative to the characteristic width of an individual load-bearing unit, such that outer-
boundary effects can be neglected.

(3) All coal pillars are assumed to have an identical width, and all goaf spans are assumed 
to be equal.

(4) The overburden load, the water pressure within each goaf, and the supporting force 
provided by each coal pillar are all idealized as uniformly distributed loads with 
identical intensities within their respective categories.

(5) The thickness of the interburden strata, h, is assumed to be no less than half the width 
of a single load-bearing unit, i.e., h ≥ l.
Under these assumptions, the mechanical model can be solved using the principle 

of superposition. The stress field within the semi-infinite plane may be decomposed into 
the superposed contributions of three loading components: (1) the overburden load and 
horizontal in situ stress; (2) the supporting forces exerted by the coal-pillar group; and 
(3) the water pressure acting within the goaf.

The stress components induced by the overburden load and the horizontal in situ stress 
can be expressed as follows:

{


𝜎0
𝑥 = λγ(𝐻-𝑦)

𝜎0
𝑦 = γ(𝐻-𝑦)

𝜏0
xy = 0

(6)

where 𝜎0
𝑥  is the normal stress in the x-direction induced by the overburden load and hori-

zontal in situ stress; 𝜎0
𝑦  is the normal stress in the y-direction induced by the overburden 
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load and horizontal in situ stress; and 𝜏0
xy is the shear stress induced by the overburden 

load and horizontal in situ stress.
Considering only the supporting forces exerted by the coal-pillar group, the spa-

tial distribution of the pillar support load in Figure 5 can be expressed in the following 
piecewise form:

𝑞(𝑥) =
{


0 2ml-𝑙 ≤ x < 2ml-𝑎
𝑞0 2ml-𝑎 ≤ 𝑥 ≤ 2ml + a
0 2ml + a < x ≤ 2ml + 𝑙

(7)

where m is an integer, i.e., m = …, −2, −1, 0, 1, 2, ….
The semi-infinite plane is subjected to a discontinuous loading pattern imposed by the 

coal-pillar group. The resulting stress components can be derived using the stress-function 
approach. According to the loading form given in Equation (7), a hyperbolic stress function, 
𝛷, may be introduced as follows [16]:

Φ = ∑
∞

𝑛=1
cos bx[𝐶1chby + 𝐶2shby + 𝐶3𝑦chby + 𝐶4𝑦shby] (8)

where b = nπ/l; n is a positive integer, i.e., (n = 1, 2, 3…, n); and C1 , C2 , C3 , and C4  are 
integration constants determined from the boundary conditions.

Based on the stress function given in Equation (8), the corresponding stress components 
can be obtained from the following relations:

{


𝜎1
𝑥 = 𝜕2Φ

𝜕𝑦2

𝜎1
𝑦 = 𝜕2Φ

𝜕𝑥2

𝜏1
xy = - 𝜕2Φ

𝜕𝑥𝜕𝑦

(9)

where 𝜎1
𝑥  denotes the normal stress in the x-direction induced by the supporting forces 

of the coal-pillar group; 𝜎1
𝑦  denotes the normal stress in the y-direction induced by the 

supporting forces of the coal-pillar group; and 𝜏1
xy denotes the corresponding shear stress.

Neglecting the shear stress distribution along the contact interface between the coal-
pillar group and the overlying roof strata, the stress boundary conditions of the mechanical 
model can be expressed by Equations (10) and (11), where m is an integer.

(𝜎1
𝑦)

𝑦=0
=

{


0 2ml-𝑙 ≤ x < 2ml-𝑎
-𝑞0 2ml-𝑎 ≤ 𝑥 ≤ 2ml + a
0 2ml + a < x ≤ 2ml + 𝑙

(10)

{


(𝜏1
xy)

𝑦=0
= 0

(𝜎1
𝑦)

𝑦=𝐻
= 0

(𝜏1
xy)

𝑦=𝐻
= 0

(11)

Substituting the stress function given in Equation (8) into Equation (9) and applying 
the boundary conditions specified in Equations (10) and (11), the stress components 
induced solely by the supporting forces of the coal-pillar group can be derived as follows:

{


𝜎1
𝑥 = ∑∞

𝑛=1 𝑏𝑛e-by(1-by) cos bx
𝜎1

𝑦 = ∑∞
𝑛=1 𝑏𝑛e-by(1 + by) cos bx

𝜏1
xy = ∑∞

𝑛=1 𝑏𝑛bye-by sin bx
(12)

where bn  is given by:

𝑏𝑛 =
2

n𝜋 sin
an𝜋

𝑙 𝑞0 =
2𝑙

an𝜋 sin
an𝜋

𝑙 (γ𝐻-𝑃) +
2

𝑛𝜋 sin
an𝜋

𝑙 𝑃 (13)
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For the stress components induced by the goaf water pressure P, the water-filled goaf 
and the coal-pillar group are symmetrically distributed along the x-direction. Therefore, the 
corresponding stress components can be derived directly from those obtained for the coal-
pillar group by invoking the symmetry principle. Specifically, the following substitutions 
are made in Equations (12) and (13): a is replaced by l-a, x is replaced by x-l, and q0  is 
replaced by P. Accordingly, the stress components induced solely by the goaf water pressure 
can be expressed as follows:

{


𝜎2
𝑥 = ∑∞

𝑛=1 𝑐𝑛e-by(1-by) cos[𝑏(𝑥-𝑙)]
𝜎2

𝑦 = ∑∞
𝑛=1 𝑐𝑛e-by(1 + by) cos[𝑏(𝑥-𝑙)]

𝜏2
xy = ∑∞

𝑛=1 𝑐𝑛bye-by sin[𝑏(𝑥-𝑙)]
(14)

where 𝜎2
𝑥  denotes the normal stress in the x-direction induced by the goaf water pressure; 

𝜎2
𝑦  denotes the normal stress in the y-direction induced by the goaf water pressure; and 𝜏2

xy
denotes the corresponding shear stress. The coefficient cn  is given by:

𝑐𝑛 =
2

𝑛𝜋 sin
(𝑙-𝑎)𝑛𝜋

𝑙 𝑃 (15)

According to the principle of superposition, the stress components induced by the 
overburden load, horizontal in situ stress, supporting forces of the coal-pillar group, and 
goaf water pressure can be superimposed to obtain the resultant stress components within 
the semi-infinite plane, representing the entire overlying rock mass, as follows:

{


𝜎𝑥 = 𝜎0
𝑥 + 𝜎1

𝑥 + 𝜎2
𝑥 = ∑∞

𝑛=1 e-by(1-by)[𝑏𝑛 cos bx + 𝑐𝑛 cos(bx-bl)] + λγ(𝐻-𝑦)
𝜎𝑦 = 𝜎0

𝑦 + 𝜎1
𝑦 + 𝜎2

𝑦 = ∑∞
𝑛=1 e-by(1 + by)[𝑏𝑛 cos bx + 𝑐𝑛 cos(bx-bl)] + 𝛾(𝐻-𝑦)

𝜏xy = 𝜏0
xy + 𝜏1

xy + 𝜏2
xy = ∑∞

𝑛=1 bye-by[𝑏𝑛 sin bx + 𝑐𝑛 sin(bx-bl)]
(16)

where 𝜎x  and 𝜎y  denote the normal stress components in the x- and y-directions, respectively, 
within the overlying strata, and 𝜏xy  denotes the corresponding shear stress component.

It should be noted that the regular and periodic arrangement of coal pillars adopted in 
the present model represents an idealized configuration introduced to obtain an analytical 
solution. In actual abandoned room-and-pillar workings, remnant pillars may exhibit 
considerable variability in width, spacing, and shape. For pillar groups with moderate 
geometric irregularity, the actual pillar and tributary areas may be converted into equivalent 
pillar widths and goaf spans while approximately preserving the load-bearing area ratio 
and average load carried by each representative unit. This treatment allows the present 
analytical model to provide a first-order estimate of the overall stress-transfer behavior.

For highly irregular pillar groups, the periodic loading function in Equation (7) may, 
in principle, be replaced by a piecewise nonuniform loading function defined according 
to the actual positions and widths of individual pillars. However, under such irregular 
boundary-loading conditions, an analytical stress function satisfying the corresponding 
boundary conditions is generally difficult to construct, and a closed-form solution may no 
longer be obtainable. In such cases, numerical methods, such as finite-element or finite-
difference modeling, are more appropriate for resolving the stress redistribution associated 
with complex pillar geometry and nonuniform loading. Therefore, the present model is 
mainly applicable to pillar groups with approximately regular spatial distributions and 
should be regarded as a theoretical framework for identifying the dominant mechanical 
mechanisms and first-order safety boundaries.

3.3. Maximum Roof Failure Height
Equation (16) describes the stress-field distribution within the overlying strata after 

room-and-pillar mining of the lower coal seam. It can be seen that the roof stress field is 

https://doi.org/10.3390/pr14213489

https://doi.org/10.3390/pr14213489


Processes 2026, 14, 3489 14 of 26

governed by multiple factors, including the mining depth, horizontal in situ stress, coal-
pillar width, span of an individual goaf, and goaf water pressure. Based on the stress 
components obtained from Equation (16), the major and minor principal stresses at any 
point within the overlying strata can be determined as follows:

𝜎1
𝜎3

}


=
𝜎𝑥 + 𝜎𝑦

2
± √(

𝜎𝑥-𝜎𝑦

2 )
2

+ 𝜏2
xy (17)

where 𝜎1  denotes the major principal stress, and 𝜎3  denotes the minor principal stress.
According to the Mohr–Coulomb failure criterion for shear yielding of rock masses [39,40], 

the yielding state at any point within the entire overlying rock mass can be evaluated using 
the following expression:

{


𝜎1-𝐾𝜎3 = 𝑅𝑐

𝐾 = 1+sin 𝜑
1- sin 𝜑

(18)

where Rc  denotes the uniaxial compressive strength of the intact rock mass, K is a coefficient, 
and 𝜑 is the internal friction angle of the rock mass.

Substituting Equation (16) into Equations (17) and (18) and rearranging yields the 
function y( x ) . For the semi-infinite plane, the extrema of the yielding boundary can be 
determined by differentiating y( x )  with respect to x and imposing the condition d𝑦(𝑥)

d𝑥 = 0. In 
this way, the extremum points of the yielded zone within the entire roof rock mass, including 
both local maxima and minima, can be identified. The corresponding y-coordinates are 
then obtained by substituting the x-coordinates of these extremum points back into y( x ) . 
The maximum y-value represents the maximum roof failure height, hd , whereas all points 
satisfying the function y(x) collectively define the boundary of the roof yielding zone.

It should be noted that the present failure-height calculation is primarily based on the 
Mohr–Coulomb shear-yield criterion. Local tensile cracking may also occur near the roof of 
goaf openings where confinement is low. However, a separate tensile-strength criterion is 
not explicitly incorporated into the present analytical boundary. Therefore, the calculated 
hd  should be interpreted as a shear-yield-controlled failure height. For rock strata with 
low tensile strength or pronounced bedding discontinuities, tensile cracking may locally 
extend beyond the predicted boundary. A combined shear–tensile failure criterion will be 
considered in future extensions of the model.

4. Effects of Different Factors on the Safety of Upward Mining
The preceding sections present, respectively, a method for determining the maximum 

roof failure height above the lower coal seam after room-and-pillar mining under coal-pillar 
group support, and an empirical expression for estimating the floor failure depth induced 
by longwall caving extraction of the upper coal seam [Equation (2)]. To further investigate 
the safety of upward re-mining under coal-pillar group support, five key influencing factors 
are considered, namely mining depth, horizontal in situ stress, coal-pillar width, span of 
an individual goaf, and goaf water pressure. The effects of these factors on the stability 
and safety of upward mining are systematically analyzed, with the aim of elucidating the 
governing influence patterns and providing a theoretical basis for safe mining design and 
the formulation of targeted hazard-control measures.

Based on the engineering background of upward mining at a coal mine in China, 
comparative cases with different parameter settings are established to calculate the yielding 
and failure states of the interburden strata under the influence of different factors, thereby 
further evaluating the safety of upward mining, as shown in Figure 6. The length of the 
upper-seam longwall face is set to L = 200 m. According to Equation (2), the maximum floor 
failure depth induced by longwall caving extraction of the upper coal seam is calculated to 
be approximately hf  = 24 m. 
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Figure 6. Schematic diagram of the engineering conditions for upward mining at a coal mine.

The yielding and failure state of the interburden strata is a key criterion for evaluating 
the safety of upward mining, as illustrated in Figure 4. Assuming that the floor failure 
depth induced by longwall caving extraction of the upper coal seam remains constant, 
the yielding condition of the interburden strata is primarily governed by the roof failure 
height caused by room-and-pillar mining of the lower coal seam. Accordingly, the effects of 
different influencing factors on roof failure above the lower coal seam are analyzed below 
to assess the safety and feasibility of upward mining. For a given interburden thickness, 
a smaller roof failure height above the lower coal seam corresponds to a higher level of 
stability and safety for upward mining.

4.1. Effect of Horizontal In Situ Stress
According to Equation (16), the in situ stress field also affects the stability of the roof 

strata above the lower coal seam, particularly through the horizontal in situ stress component. 
For analytical convenience, a special case is considered in which the coal-pillar width satisfies 
2a = l (i.e., a = l/2) and the goaf water pressure is set to P = 0. Under these conditions, the 
tensile stress 𝜎x , which is prone to develop near the center of the roof above an individual 
goaf, can be evaluated by substituting x = ±l and y = 0 into Equation (16), yielding:

𝜎𝑥 = [
4
𝜋 ∑

∞

𝑛=1

(-1)𝑛

𝑛 sin
𝑛𝜋
2 + 𝜆]γ𝐻 (19)

In the above expression, ∑∞
𝑛=1

(-1)𝑛

𝑛 sin
𝑛𝜋
2  is an infinite convergent series. For n = 1, 

2, 3, …, the series converges to −π/4. Therefore, the expression can be simplified as follows:

𝜎x  = (𝜆 - 1)γH (20)

Equation (20) indicates that 𝜎x  is closely related to the horizontal in situ stress. When 
𝜆 > 1, 𝜎x  is compressive, and tensile stress is unlikely to develop in the roof strata, which 
is favorable for maintaining roof stability. In contrast, when 𝜆 < 1, tensile stress may 
develop in the roof, thereby promoting progressive damage and failure. Therefore, for 
upward re-mining of the upper coal seam, characterization of the horizontal in situ stress 
is of particular importance. A lateral pressure coefficient greater than unity, especially at 
relatively high values, is conducive to enhancing the stability and feasibility of upward 
mining. According to statistical data from in situ stress measurements in Chinese coal mines, 
horizontal stress under shallow mining conditions is commonly greater than the vertical 
stress, corresponding to a lateral pressure coefficient generally greater than 1. From the 
perspective of the lateral pressure coefficient, therefore, shallow upward mining of multiple 
coal seams tends to exhibit more favorable stability conditions.

https://doi.org/10.3390/pr14213489

https://doi.org/10.3390/pr14213489


Processes 2026, 14, 3489 16 of 26

4.2. Effect of Mining Depth
Mining depth is one of the key factors governing the safety of upward re-mining, as 

it directly controls the magnitude of the load transferred to the coal pillars. To further 
elucidate the influence of mining depth on the stability of upward re-mining, a controlled-
variable analysis is conducted. The average unit weight of the strata is set to γ = 23 kN/m3 , 
the interburden thickness to h = 40 m, the average uniaxial compressive strength of the rock 
mass to Rc  = 25 MPa, and the average internal friction angle of the rock mass to 𝜑 = 32°. 
The remaining parameters are held constant as follows: the lateral pressure coefficient 𝜆 = 1, 
the coal-pillar width 2a = 10 m, the width of a single load-bearing unit consisting of one 
goaf span and its adjacent coal pillar 2l = 40 m, and the goaf water pressure P = 0 MPa. 
According to the Mohr–Coulomb failure criterion [Equation (18)], the maximum yield-
function value Fmax  developed in the roof strata under coal-pillar group support is defined 
as follows:

𝐹max = 𝜎1-
1 + sin 𝜑
1- sin 𝜑 𝜎3 (21)

By varying the mining depth of the lower coal seam from H = 100 to 500 m, the 
maximum yield-function value within the roof strata supported by the coal-pillar group 
and its corresponding location are calculated for each mining depth. Meanwhile, the average 
load acting on the coal pillars is determined using Equation (5). The safety of upward 
re-mining is then evaluated by comparing the maximum yield-function value with the 
average uniaxial compressive strength of the rock mass Rc , and by assessing whether the 
pillar load-bearing stress exceeds the ultimate bearing capacity of the pillars. The calculated 
results are summarized in Table 1.

Table 1. Maximum yield-function value in the roof strata supported by the coal-pillar group and its 
location at different mining depth.

Mining 
Depth (m)

Lateral 
Pressure 

Coefficient (𝛌)

Coal-Pillar 
Width (m)

Goaf Water 
Pressure 
(MPa)

Maximum 
Yield-Function 
Value (MPa)

Roof Height at the 
Location of Maximum 

Yield Stress (m)

Pillar 
Load-Bearing 
Stress (MPa)

100 1 10 0 1.74 7 9.2
150 1 10 0 2.44 6 13.8
200 1 10 0 3.15 6 18.4
250 1 10 0 3.87 6 23.0
300 1 10 0 4.58 6 27.6
350 1 10 0 5.29 6 32.2
400 1 10 0 6.00 6 36.8
450 1 10 0 6.71 6 41.4
500 1 10 0 7.42 6 46.0

According to the Wilson formula [41], the ultimate bearing stress of a coal pillar, 𝜎s , is 
primarily governed by the uniaxial compressive strength of the coal, Rm , the thickness of 
the lower coal seam, hm , and the coal-pillar width, and can be expressed as:

𝜎s = 𝑅m(0.64 + 0.36
2𝑎
ℎm

) (22)

It should be noted that the Wilson formula provides a reference estimate of pillar 
bearing strength and does not explicitly account for the long-term degradation induced 
by water immersion and time-dependent creep. As discussed in Section 2.2, prolonged 
water–rock interaction and creep damage may progressively reduce the effective strength 
of remnant coal pillars. To incorporate this effect in a generalized form, a long-term water–
creep strength reduction coefficient, 𝜂w , is introduced:

𝜎sw  = 𝜂w 𝜎s (23)
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where 𝜎sw  is the effective long-term bearing stress of the water-weakened coal pillar and 
0 < 𝜂w ≤ 1. Combining this relationship with Equation (5), the critical mining depth under 
long-term water-immersion and creep conditions can be expressed as:

𝐻c =
𝑃 + 𝑎

𝑙 (𝜂w𝜎s-𝑃)
γ (24)

For the case of P = 0, this expression reduces to:

𝐻c =
𝑎𝜂w𝜎s

𝑙γ (25)

Using Equation (22), with hm  = 8 m and Rm  = 15 MPa, the ultimate bearing stress of 
the coal pillar is calculated as 𝜎s  = 16.25 MPa. Based on these results, the relationships 
between the maximum yield-function value and the pillar load-bearing stress at different 
mining depths of the lower coal seam are plotted, as shown in Figure 7. 

Figure 7. Relationship between maximum roof yield-function value and pillar load-bearing stress at 
different mining depths of the lower coal seam.

As shown in Figure 7, the maximum yield-function value in the roof strata increases 
approximately linearly with increasing mining depth. For every 100 m increase in mining 
depth, the maximum yield-function value increases by approximately 0.7 MPa. However, 
as the mining depth of the lower coal seam increases from 100 to 500 m, the maximum 
yield-function value in the roof remains below 25 MPa, indicating that yielding failure does 
not occur in the roof strata. This suggests that, under room-and-pillar mining conditions, 
the support provided by the coal-pillar group can generally maintain the stability of the 
overlying roof strata, which is broadly consistent with field observations [16]. According to 
Table 1, the vertical location at which the maximum yield-function value occurs is essentially 
independent of mining depth and remains approximately 6–7 m above the lower coal seam. 
In addition, as shown in Figure 7, the pillar load-bearing stress increases approximately 
linearly with mining depth. When the mining depth reaches approximately 177 m, the pillar 
load-bearing stress reaches the reference ultimate bearing stress of 16.25 MPa calculated 
using the Wilson formula. Therefore, 177 m represents the theoretical critical depth without 
considering long-term strength degradation. Under prolonged water immersion and creep, 
the effective pillar strength decreases to 𝜎sw  = 𝜂w 𝜎s , and the corresponding critical mining 
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depth will be lower. Therefore, to ensure the feasibility and safety of upward re-mining, 
both the ultimate bearing capacity of the coal pillars and the yielding behavior of the 
roof strata should be considered simultaneously. Under the geometric and mechanical 
conditions considered in this study, the theoretical critical mining depth is approximately 
177 m, corresponding to the shaded region shown in Figure 7.

According to Equation (25), this relationship indicates that the critical mining depth 
decreases approximately in proportion to the reduction in the long-term pillar strength. 
Therefore, the critical depth of approximately 177 m obtained using the unweakened Wilson 
strength should be interpreted as an upper-bound theoretical value for the investigated geo-
metric conditions. In water-affected abandoned goafs, the actual critical depth may be lower, 
depending on the degree of water-induced degradation and creep damage. Because reliable 
long-term strength-reduction data for the investigated pillars are currently unavailable, 
no specific value of 𝜂w  is assumed in the present study. Site-specific laboratory testing or 
long-term monitoring is required to determine this coefficient for engineering application.

4.3. Effect of Goaf Water Pressure
After room-and-pillar mining of the lower coal seam, water may progressively ac-

cumulate within the goaf over time. When the volume of accumulated water is limited, 
the resulting hydraulic pressure acting on the roof strata is generally negligible. However, 
if the goaf water becomes hydraulically connected to a remote water source, a sustained 
water pressure may develop, placing subsequent extraction of the upper coal seam under 
pressurized-water conditions. The floor-goaf water inrush event at the Dongyu Coal Mine 
represents a typical example of such a mechanism [31]. On the one hand, prolonged water 
accumulation can induce time-dependent weakening of the coal pillars and surrounding 
rock mass. On the other hand, the resulting water pressure can indirectly alter the load 
carried by the coal pillars. To further investigate the influence of goaf water pressure on 
the safety of upward re-mining, a controlled-variable analysis is conducted by maintain-
ing the mining depth at H = 200 m and varying the goaf water pressure over the range 
P = 0–1.4 MPa. The calculated results are summarized in Table 2.

Table 2. Maximum yield-function value in the roof strata supported by the coal-pillar group and its 
location at different goaf water pressure.

Mining 
Depth (m)

Lateral 
Pressure 

Coefficient (𝛌)

Coal-Pillar 
Width (m)

Goaf Water 
Pressure 
(MPa)

Maximum 
Yield-Function 
Value (MPa)

Roof Height at the 
Location of Maximum 

Yield Stress (m)

Pillar 
Load-Bearing 
Stress (MPa)

200 1 10 0 3.15 6 18.4
200 1 10 0.2 2.58 6 17.8
200 1 10 0.4 2.00 6 17.2
200 1 10 0.6 1.43 6 16.6
200 1 10 0.8 0.86 6 16.0
200 1 10 1.0 0.28 6 15.4
200 1 10 1.2 −0.29 6 14.8
200 1 10 1.4 −0.87 6 14.2

In China, the water-inrush coefficient method is widely used for assessing the risk of 
floor water inrush and can be expressed as follows [42]:

T = P/(h - h1 ) (26)

According to Equation (26), with an interburden thickness of h = 40 m and a maximum 
floor failure depth of approximately hf  = 24 m induced by longwall caving extraction of 
the upper coal seam, the critical water-inrush coefficient is taken as T = 0.06 MPa/m in 
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accordance with the relevant Chinese standard. Accordingly, the critical goaf water pressure 
for floor water inrush during upward mining is calculated to be Pm  = 0.96 MPa. Based on 
this threshold, the relationships between the maximum yield-function value and the pillar 
load-bearing stress under different goaf water pressures are plotted, as shown in Figure 8. 

Figure 8. Relationship between maximum roof yield-function value and pillar load-bearing stress 
under different goaf water pressures.

As shown in Figure 8, both the maximum yield-function value in the roof strata and 
the pillar load-bearing stress decrease approximately linearly with increasing goaf water 
pressure. For every 0.1 MPa increase in goaf water pressure, the maximum yield-function 
value decreases by approximately 0.29 MPa, while the pillar load-bearing stress decreases 
by approximately 0.30 MPa. This indicates that the presence of hydraulic pressure beneath 
the roof strata can partially offset the overburden load transferred to the coal pillars, thereby 
reducing the likelihood of pillar instability and roof yielding failure. When the water 
pressure exceeds approximately 1.2 MPa, the maximum yield-function value becomes 
negative, indicating that the minimum principal stress within the roof increases under 
hydraulic confinement and that roof failure is less likely to occur. According to Table 2, the 
elevation of the maximum yield-function value remains essentially unaffected by the goaf 
water pressure and is maintained at approximately 6 m. To ensure the safety of upward 
re-mining, the ultimate bearing capacity of the coal pillars, roof yielding failure, and the 
risk of water inrush from the underlying goaf should be considered simultaneously. For 
the investigated geometric, mechanical, and hydraulic conditions, the calculated theoretical 
safe water-pressure range is approximately 0.72–0.96 MPa, corresponding to the shaded 
region in Figure 8. This result suggests that, during drainage of accumulated goaf water, 
the hydraulic pressure should be maintained within an appropriate range; excessively 
high or excessively low water pressure may both be detrimental to the safety of upward 
mining. Furthermore, if the goaf water pressure is taken as the critical water pressure, 
i.e., P = Pm  = 0.96 MPa, and the pillar load-bearing stress is assumed to reach the ultimate 
bearing stress, i.e., q0  = 𝜎s  = 16.25 MPa, the critical mining depth of the lower coal seam is 
calculated from Equation (5) to be approximately 208 m.

It should be emphasized that the lower limit of this interval is governed by coal-pillar 
stability, whereas the upper limit is controlled by the floor water-inrush criterion. Therefore, 
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the calculated range of 0.72–0.96 MPa is specific to the geometric, mechanical, and hydraulic 
conditions adopted in this study and should not be regarded as a universal design criterion.

4.4. Effects of Coal-Pillar Width and Individual Goaf Span
Coal-pillar width and individual goaf span are among the key factors governing the 

safety of upward mining. The coal-pillar width directly affects both the load carried by the 
pillar and its ultimate bearing stress, and also indirectly influences roof yielding and failure 
by altering the stress distribution within the overlying strata. For analytical convenience, the 
width of a single load-bearing unit, consisting of one goaf span and its adjacent coal pillar, 
is fixed at 2l = 40 m. To further investigate the effects of coal-pillar width and individual 
goaf span on the safety of upward re-mining, a controlled-variable analysis is conducted. 
The mining depth is maintained at H = 200 m, the goaf water pressure at P = 0 MPa, the 
uniaxial compressive strength of the coal at Rm  = 15 MPa, and the thickness of the lower 
coal seam at hm  = 8 m. The width of an individual coal pillar, 2a, is varied from 5 to 30 m. 
The calculated results are summarized in Table 3.

Table 3. Maximum yield-function value in the roof strata supported by the coal-pillar group and its 
location at different coal-pillar width.

Mining 
Depth 
(m)

Lateral 
Pressure 

Coefficient (𝛌)

Goaf Water 
Pressure 
(MPa)

Coal-Pillar 
Width (m)

Individual 
Goaf Span 

(m)

Maximum 
Yield-Function 
Value (MPa)

Roof Height at the 
Location of Maximum 

Yield Stress (m)

Pillar 
Load-Bearing 
Stress (MPa)

200 1 0 5 35 3.22 7 36.8
200 1 0 10 30 3.15 6 18.4
200 1 0 15 25 3.06 6 12.3
200 1 0 20 20 2.91 5 9.2
200 1 0 25 15 2.79 4 7.36
200 1 0 30 10 2.31 3 6.13

Based on Table 3 and Equation (22), the relationships among the maximum yield-
function value, pillar load-bearing stress, and ultimate bearing stress of the coal pillars for 
different pillar widths are plotted, as shown in Figure 9.

As shown in Figure 9, the maximum yield-function value in the roof strata exhibits 
an overall nonlinear decreasing trend with increasing coal-pillar width. When the pillar 
width increases from 5 to 20 m, the maximum yield-function value decreases approximately 
linearly, with an average reduction of about 0.02 MPa for each 1 m increase in pillar width. 
Once the pillar width exceeds 20 m, the rate of decrease becomes more pronounced, averag-
ing approximately 0.06 MPa/m. In addition, according to Table 3, the vertical position at 
which the maximum yield-function value occurs gradually shifts downward as the pillar 
width increases. On average, every 5 m increase in pillar width results in an approximately 
1 m decrease in the roof height corresponding to the maximum yield-function value. These 
results indicate that increasing the coal-pillar width can effectively mitigate yielding fail-
ure in the roof strata. Throughout the investigated range, the maximum yield-function 
value remains well below the average uniaxial compressive strength of the rock mass, i.e., 
25 MPa. However, safe upward mining also requires the actual pillar load to remain be-
low the ultimate bearing stress of the coal pillar. Under the investigated conditions, the 
theoretical minimum pillar width is approximately 11 m, corresponding to the shaded 
region in Figure 9b; this value should be recalculated for other pillar-goaf geometries and 
mechanical conditions. Therefore, to facilitate safe upward mining, previous studies by 
Bai et al. [33]. proposed side-backfilling reinforcement of remnant coal pillars in the goaf, 
thereby forming a composite “coal pillar–backfill” load-bearing structure. This measure 
effectively increases the equivalent pillar width and enhances the bearing capacity of the 
residual pillars, showing considerable potential for engineering application. 
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Figure 9. Relationships among maximum roof yield-function value, pillar load-bearing stress, and 
ultimate bearing stress at different coal-pillar widths.

4.5. Comparison with Published Evidence and Engineering Applicability
The present study is primarily an analytical investigation aimed at identifying the dom-

inant coupled mechanisms and theoretical safety boundaries for upward re-mining above 
pillar-supported water-bearing goafs. Direct one-to-one validation of the calculated thresh-
olds requires field datasets containing, simultaneously, the actual remnant-pillar geometry, 
interburden properties, in situ stress, long-term pillar strength, and time-dependent goaf 
water pressure. Such a complete dataset is currently unavailable for the investigated case. 
Therefore, the present results are compared below with published experimental and field 
observations in terms of the principal mechanical trends rather than by direct reproduction 
of identical threshold values.
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The principal trends predicted by the present model are consistent with previously 
published experimental and field observations, as shown in Table 4. Previous studies on 
multi-seam mining with remnant pillars have shown that remnant pillars act as localized 
stress-concentration sources and that pillar failure can induce load redistribution and pro-
gressive instability of adjacent pillars. This supports the present prediction that increasing 
mining depth raises pillar load-bearing stress and progressively reduces the stability margin 
of the pillar group. Similarly, experimental studies have demonstrated that water saturation 
and prolonged water immersion reduce the strength and load-bearing capacity of coal 
pillars, which is consistent with the water-induced weakening mechanism discussed in 
Section 2.2. Published investigations of water-filled abandoned goafs further indicate that 
hydraulic connection through mining-induced fractures can result in floor water-inrush 
hazards, supporting the upper hydraulic constraint adopted in the present safety evaluation.

Table 4. Comparison between present theoretical predictions and published observations.

Present Prediction Published Evidence Consistency

Pillar stress increases with mining depth Published multi-seam/pillar studies report enhanced 
stress concentration with increasing overburden load Qualitatively consistent

Wider pillars improve pillar-group 
stability

Previous pillar-stability studies show increased bearing 
capacity with pillar width Consistent

Water immersion weakens coal pillars Laboratory studies report strength degradation after 
saturation/immersion Consistent

Excessive goaf water pressure increases 
water-inrush risk

Published water-inrush cases from water-filled goafs 
demonstrate hydraulic breakthrough through 

mining-induced fractures
Consistent

The quantitative thresholds obtained in this study should therefore be interpreted as 
case-specific theoretical boundaries rather than universal design values. In particular, the 
safe goaf water-pressure range of 0.72–0.96 MPa results from the simultaneous satisfaction 
of two case-dependent constraints: the lower bound is controlled by the ultimate bearing 
capacity of the remnant coal pillars, whereas the upper bound is governed by the floor 
water-inrush criterion. Likewise, the minimum pillar width of approximately 11 m depends 
on the adopted mining depth, seam thickness, coal strength, load-bearing-unit width, and 
hydraulic condition. Changes in these parameters will shift the calculated safety boundaries.

For engineering applications, the proposed framework should therefore be recalibrated 
using site-specific data. At a minimum, the actual pillar dimensions and spacing, coal and 
rock mechanical properties, interburden thickness, in situ stress state, mining depth, and 
goaf water pressure should be determined from field investigation or monitoring. The 
corresponding parameters should then be substituted into the analytical model to recalculate 
the pillar bearing condition, interburden failure state, and hydraulic safety boundary. For 
highly irregular pillar groups, strongly heterogeneous strata, or transient seepage conditions, 
the analytical results should preferably be supplemented by numerical modeling and field 
monitoring before being adopted for mine design.

5. Conclusions
(1) Upward re-mining of an overlying coal seam above a goaf supported by residual 

coal-pillar groups exhibits pronounced multistage damage evolution and progressive 
instability. Following room-and-pillar extraction of the lower coal seam, individual 
pillars undergo progressive plastic failure from the goaf-facing boundaries toward their 
interiors. Boundary pillars and other critical load-bearing pillars are more susceptible 
to premature instability, and the resulting load redistribution may trigger successive 
failure of adjacent pillars, ultimately leading to progressive or chain-type instability 
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of the coal-pillar group. Meanwhile, the interburden strata sequentially experience 
initial mining-induced damage associated with extraction of the lower seam, long-
term weakening caused by water immersion and time-dependent creep damage, and 
renewed disturbance induced by repeated mining of the upper seam, resulting in 
continuous deterioration of their structural integrity. Whether the mining-induced 
failure zones associated with the upper and lower coal seams become interconnected, 
together with the residual thickness of the interburden control layer, constitutes a key 
structural condition governing both the stability of upward re-mining and the risk of 
water inrush from the underlying goaf.

(2) A semi-infinite plane mechanical model was developed to account for the combined 
effects of overburden loading, horizontal in situ stress, support provided by the coal-
pillar group, and water pressure within the goaf. Analytical solutions were obtained for 
the stress field in the interburden strata and the extent of roof yielding under coal-pillar 
group support. By further integrating the Mohr–Coulomb failure criterion, the ultimate 
bearing capacity of the coal pillars, and the floor failure depth induced by extraction 
of the upper seam, a comprehensive framework was established for evaluating the 
stability of upward re-mining. Parametric analyses indicate that an increase in the 
lateral pressure coefficient suppresses tensile failure in the goaf roof. With increasing 
mining depth, both the maximum yield-function value and the pillar load-bearing 
stress generally increase; however, the pillar load increases more markedly, indicating 
that the bearing capacity of the residual pillars progressively becomes the dominant 
constraint on the safety of deep upward re-mining. The critical mining-depth threshold 
is further reduced when long-term water-induced strength degradation and creep are 
considered; therefore, the value derived from the unweakened Wilson strength should 
be regarded as an upper-bound estimate. Increasing the pillar width simultaneously 
reduces the average pillar load and the degree of roof yielding, thereby enhancing the 
overall stability of the coupled coal-pillar–interburden system.

(3) Goaf water pressure exerts a distinct dual effect on upward re-mining through compet-
ing mechanical and hydraulic mechanisms. On the one hand, water pressure within 
the goaf can sustain part of the overburden load, thereby reducing the load transferred 
to the coal pillars and alleviating yielding within the roof strata, which is beneficial to 
the stability of both the coal-pillar group and the interburden strata. On the other hand, 
continued increases in water pressure enhance the hydraulic driving force for water 
inrush through the interburden, thereby increasing the likelihood of water inrush from 
the underlying goaf. Consequently, the safety of upward re-mining is not controlled 
by any single factor, but by the coupled constraints imposed by coal-pillar bearing 
capacity, interburden integrity, and goaf water pressure. A safe operating window 
therefore exists in which structural stability and water-inrush prevention must be con-
sidered simultaneously. Under the investigated conditions, the reasonable goaf water 
pressure ranges from 0.72 to 0.96 MPa. A minimum pillar width of approximately 11 m 
is required under the investigated geometric and mechanical conditions. When the 
goaf water pressure reaches the critical value of 0.96 MPa and the pillar load-bearing 
stress reaches its ultimate bearing stress, the corresponding critical mining depth of the 
lower coal seam is approximately 208 m. These findings provide a theoretical basis for 
the safe recovery of coal resources overlying abandoned goafs supported by residual 
coal-pillar groups and for the coordinated control of water-inrush hazards associated 
with water-filled goafs.

It should be emphasized that the quantitative safety thresholds obtained in this study 
are case-specific theoretical results rather than universal mine-design criteria. The present 
framework has not yet been independently validated using a complete site-specific monitor-
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ing dataset. Therefore, application to other mining sites requires recalibration using local 
geological, mechanical, geometric, and hydraulic parameters, preferably supplemented 
by numerical analysis or field monitoring where strongly irregular pillar geometries or 
complex hydrogeological conditions are involved.
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