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Abstract: The broken pattern of the overburden strata induced by mining has a non-ignorable effect
on overlying strata movement, failure, and safety in mining production. To study the caving pattern
of overlying strata and determine the calculation method of fracture pathway parameters due to
roof caving induced by coal mining, the trapezoidal broken models were developed to explain and
prevent water leakage, and even water inrush, during the mining process. By incorporating the
variation of the volume expansion coefficient, a connection among the parameters of the fracture
pathways and fracture angles, face width, and mining height could be established, which shows that
the larger the degree of the fracture angle is, the smaller the value of the volume expansion coefficient
and face width is with a relatively larger mining height. This relationship was also used to determine
the eventual evolution configuration of the trapezoidal broken model. The presented approaches
may help us to better understand the movement of overburden strata and provide an idea to help
settle conflicts related to fracture space calculations induced by coal mining.
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1. Introduction

The current increase in energy needs is mainly driven by the increasing world population and
industrialization [1–11]. Severe conflicts of interest are especially noteworthy regarding human life and
the exploitation of energy resources [12–24]. Exploitation activities inevitably cause ground subsidence,
water loss, building damage, and a series of other problems, especially in some eco-environmental
fragile areas [3,25–35]. China, one of the energy giants, uses coal as its main source of energy, with
coal production and consumption accounting for approximately 77% and 65% of the total national
energy consumption, respectively [8,36–41]. Among the 96 state-owned key coal mines, 71% are
in water-shortage mining areas. One of the major coal mining areas, Northwest China, including
Inner Mongolia, Shanxi, and Ningxia, is an arid to semi-arid area and a vulnerable eco-geological
environment [19,21,42,43]. In those places, water resources are extremely scarce, and its protection is
of vital importance.

A variety of coal mining methods such as longwall mining, top slicing mining, sublevel caving
mining, room-and-pillar mining, and backfill mining are widely used across the world [14,40]. Among
these methods, longwall mining has the characteristics of safety, high efficiency, and high yield and
is the preferred method of underground coal extraction. As can be seen in Figure 1, the process of
mining involves the total exploitation of large, rectangular panels of coal several kilometers long and
hundreds of kilometers wide, leaving only a movable hydraulic support behind to support the roof
strata and further leading to land and strata subsidence and the hydro-geomechanical response of the
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overlying aquifers [4,5,15]. The redistribution of the overburden stress regime caused by longwall
mining brings about general increases in fracture porosity and permeability owing to the development
of fractures, joints, and bedding separations, resulting in the disruption of the natural groundwater
flow system to a great extent [12,15,16,44].
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alternation, fracture changes, and subsidence by observations in wells near the panel and by the use 
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with microgravity measurements or other geophysical techniques, together with some computer 
modeling techniques [7,12,35–37]. 
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Currently, a variety of methods, ranging from analytical methods and field experiments to
numerical and physical simulation, have been used that mainly focus on the mining-induced effects
on the movement of overburden strata, the generation of fractures, and subsidence [2,13,29,30,45–47].
However, very few detailed studies of the caving mechanism of overburden strata have been reported.
This research aimed to study the caving pattern induced by coal mining and its consequent fracture
space calculation.

2. Background Concerning Mining Effects

It is generally accepted that longwall mining causes changes in the properties of stream
flows, springs, wells, and aquifers (e.g., flux, water levels, pore-water pressure, head, hydraulic
gradients, drawdown, groundwater chemistry, porosity, storativity, permeability, transmissivity),
stress alternation, fracture changes, and subsidence by observations in wells near the panel and by the
use of borescope monitoring with the analysis of drill cores and surface fracture surveys in conjunction
with microgravity measurements or other geophysical techniques, together with some computer
modeling techniques [7,12,35–37].

2.1. Fractures Changes Due to Longwall Mining

When a site is undermined, nature will ultimately search for the most stable state, which is
a collapse of the void and a redistribution of the stress patterns causing the initiation and growth of
overburden fractures [1,45,48,49]. Undoubtedly, the lowest part of the strata above the mine level
experiences the most severe fracturing with fracture initiation in shear from the wings of the excavation,
creating numerous upward propagating fractures [4,15], whereas the shallow strata suffer from a
certain amount of tensional stresses, leading to shear deformation and surface tensional cracks [5].
As the shields (hydraulic supports) move, the mine roof behind them continues to cantilever and
caves into the mine void, which experiences the process of elastic deformation, plastic deformation,
and failure [16,20], producing two types of tensile fractures at the surface over the panel: static tensile
fracture above the side of a panel and dynamic tensile fractures that follow behind the advancing
face [16,17]. The dynamic tensile fractures close as a result of compressional stress after the advance of
the face, and static tensile fractures remain open for several months after mining [17], which experience
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a process of appearance, enlargement, and closure due to initial dilation and later compression of
the joints, fractures, and bedding separations. After first weighting, fractures develop in front of
the face. In addition, shear deformation mainly occurs in weaker strata or along weak–strong rock
layer interfaces over the edge of the panel, yet in the center failure, this occurs mainly as bedding
separations, especially at lithologic interfaces [4]. Overall, the overburden strata generally experience
the stages of caving, bedding separation, bedding plane sliding, shear or tensional deformation, failure,
crack propagation, and recompaction. It is also obvious that the fracturing of overlying strata in the
shallow part is much less than in the deeper part [15,50,51].

Irrespective of the influence of significant structures, however, fracture development of
overburden strata during the mining process is still dependent on many parameters such as the
strength and thickness of the roof material, number of rock layers, face width, geometry of the jointing
pattern, overburden thickness, topography, mining direction, and single- or multi-slice extraction of
coal. In situations where multi-slice extraction of coal is conducted, it leads to a greater degree of
fracturing upwards than single slice extraction in the overburden strata, which also results from the
increasing number of rock layers [15,27]. If the strength and thickness of the main or immediate roof
are stiff and thick enough to prevent fracturing, no obvious mining-induced fractures would be found
ahead of the face. Because the topography is not flat, the fracture profiles along the centerline of the
panel are not expected to be symmetric; even the mining direction beneath a ragged topography, face
width, and the geometry of the mined void can affect the development of the surface deformations
and the extent of the fracturing [9,17,35,36,52]. Accordingly, a study on mining-induced fractures that
involve many affecting factors is a complex undertaking, and its fundamental theory still requires
much work in the future.

2.2. Effects on Subsidence of Longwall Mining

Bedding separations and fracture openings, causing the ground to subside rapidly with
continuous exploitation, are well-demonstrated features of subsidence [5,6]. Subsidence progresses
upwards through the overburden to the ground surface, where a subsidence trough develops and
outlines the mined-out panel [4,23] (seen in Figure 2). The front part of the subsidence zone, and thus
the earliest phase of subsidence, is dilated, whereas the rear part, and thus the latter phase, is
compressional. The outer sides of the trough undergo only the tensional phase, but the inner area
is swept by initial tensional and subsequent compressional phases [4]. The first ground subsidence
generally occurs in advance of the mining face and closely follows the face, whereas the majority of
the subsidence located in the geometrical center of the excavation occurs in the few days after passing
the mining face and continues for several weeks [5,12,14].

The main causes of subsidence are geological discontinuities, which are either created or
accelerated by humans [31,34,41]. The subsidence factors mainly include the method and parameters of
mining, width of the panel, thickness of the overburden, angle of the draw, dip of the coal seam, depth
and thickness of the coal seam, geological and stratigraphic conditions, and so on [14,18]. Engineering
practices show that the fully mechanized slice mining and multi-seam mining generally give rise
to greater subsidence as a result of the larger extraction quantity and repeated mining disturbance.
A subsidence event may also be enhanced by a larger panel width and mined seam thickness, smaller
thickness of the overburden, and low angle of draw. The maximum subsidence is found to increase
with increasing depth of mined coal and thus decreases gradually with larger depth, whereas the dip
angle only gently changes the shape of subsidence and produces less influence [1,14,24]. According
to Society of Mining Engineers [33], the unconsolidated materials (e.g., sand, silt, clay) at or near the
surface are extremely vulnerable to caving, propagating subsidence effects. However, the subsidence
period relies on the lateral distance from the mining face and its advancing rate, and at a higher rate of
advancing, subsidence always occurs at a higher rate [16].
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2.3. Interactions between Subsidence and Water Bodies

The changing fracture and subsidence are the primary driving mechanisms for much of the
head drop, depressed water level, and altered hydraulic gradients [6,12]. In confined bedrock
aquifers, transient and steep head drops occur as a result of low storativity recharging that is less than
discharging into the new void space, which creates a temporary local potentiometric depression with
directly interconnected flow paths to the subsided strata. If the transmissivity of the affected unit is not
poor, a resultant drawdown effect significantly and gradually transmits through the aquifer outwards
from the advancing subsidence zone as a result of groundwater beyond this zone draining toward the
potentiometric low, and thus typically expands a few hundred meters [4,12]. Additionally, the most
significant changes of hydraulic properties occur during the period of maximum subsidence. Increases
of one or two orders of magnitude in permeability and a moderate increase in storativity from before
and after subsidence are often reported, along with typical increases of an order of magnitude in the
inner subsidence and two in the marginal tensional zone [5,6,46].

3. Trapezoid Broken Model to Calculate Mining-Induced Fracture Parameters

Although the current results of the studies of the mining effects on the development characteristics
of mining-induced fractures, subsidence, and their associated water loss have been known for decades,
the mechanism for the calculation of fracture parameters due to caving strata remain elusive. In this
study, three study models are proposed and outlined henceforth, which give us the corresponding
solutions to the above problems.

There are many critical factors influencing the overburden fracturing and caving mechanisms
during the coal process such as discontinuities, strata characteristics, mining height, etc. This paper
is focused on a type of the broken pattern of massive strata controlled by the volume expansion
coefficient and its consequent fracture parameters calculation, and for the convenience of research
we perform this study under the condition of less interfering factors, and other critical factors will be
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added in future research. In this model, it is assumed that the destressed zone including the caved and
fracturing zone caves in a trapezoidal pattern ultimately expands up to a “trapezium” or a “triangle”;
and every layer of roof strata above the excavated area has an equal thickness to that of the coal seam
(h0). Furthermore, these strata are numbered as m from bottom up, and m = 1 represents the layer of
the mined coal seam. Given that the coal seam is mined, the roof strata would break down in sequence,
causing the remaining void left on both sides of the collapsed and expanded strata to form a series of
fracture passages with different equal widths of the parallelogram at each caving layer, but unequal
width in different caving layers. Since the definition of the caving number cannot affect the following
proposed formula and results, and for the purpose of simplifying the formula, we define the number
of first caving and expansion after the coal is mined as (0)th caving seen in Figure 3a, and the caving
number of these strata is numbered as (1)th, (2)th,...,(n − 1)th from the bottom up, seen in Figure 3b–d.
Theoretically, without volume dilation, it is possible for the volume of the broken layer to fill the mined
space equally.
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Figure 3. Schematic cross-sectional drawing of the trapezoidal broken model showing the sequential
caving of Model I: (a) after the (0)th layer failure of the roof stratum due to coal extraction, (b) after (1)th
layer failure of the roof stratum, (c) after (2)th layer failure of the roof stratum, (d) after the (n−1)th
layer failure of the roof stratum.

3.1. Model Study I

In this model, it is assumed that the broken layer extends only upward along the two edges of the
trapezoid longitudinally without lateral expansion, and it has a volume expansion coefficient expressed
by “d”. Thus, when the coal seam is extracted, the height of the (0)th broken material amounts to
(h0 + d), and the remaining space above it equals (h0 − d), displayed in Figure 3a. From Figure 3b–d
we can assume that the (n − 1)th leftover height is (h0 − nd) in terms of the development tendency,
and the corresponding breaking and expanding height is then [h0 − (n− 2)d]. After summation, we
can obtain the total thickness of the breaking and expanding roof strata which reflects the height of the
destressed zone, H f , seen in Equation (1) as follows. Actually, it is the sum of all broken and expanding
heights, plus the last left-over height, minus the thickness of the coal seam [22].

H f = (h0 + d) + h0 + (h0 − d) + (h0 − 2d) + · · ·+ [h0 − (n− 2)d] + (h0 − nd)− h0 = (n + 1)h0 −
n(n + 1)d

2
(1)
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When the (n)th leftover height, (h0− nd), is determined by 0, the limiting value of n can be indicated by

n = h0/d (2)

Substituting n of Equation (1) with Equation (2), we can obtain the limiting equation by solving for the
height of the destressed zone:

H f = h0(h0 + d)/2d (3)

Meanwhile, a series of fracture passages with unequal parallelogram widths would emerge at
both ends of the trapezoid. Using this model, some parameters of mining-induced fractures can be
quantitatively described. As seen in Figure 4, each parallelogram passageway has its own lengths
of the long side (a) and short side (b), width (W), and area (S). When the first roof stratum caves in
and extends to form the first fracture passageway of the parallelogram, we can acquire all parameters
of this parallelogram according to the presupposed fracture angle (α) and the given breaking and
expanding height (h). In this part, the parallelogram of each layer has the same fracture angle, that
is, α = β = γ. As the trapezoidal broken model steps upwards, the corresponding passageway
parameters can be calculated.

The ultimate caving configuration and how to connect the face width with the fracture angle
and the height of the distressed zone are discussed in this model. There are three situations that can
be discussed as follows. In the first case, only when the altitude of the trapezoidal broken model is
equivalent to the height of the triangle, or L = L′, can this model eventually evolve into the shape of a
triangle; that is,

L− (H f + h0) cot α = 0 (4)

Substituting H f of Equation (4) with Equation (3), we obtain the value of α:

α = arctan[h0(h0 + 3d)/2dL] (5)

where α is the fracture angle, and L is half of the face width. It is clear from this equation that the larger
the degree of the fracture angle, the smaller the values of the volume expansion coefficient and face
width with a relatively larger mining height. By this equation, we can provide some basic information
on the conditions under which a trapezoidal broken model evolves into the shape of a triangle, and the
degrees to which the fracture angle emerges under certain mining parameters.

In the second instance, if L > L′ as shown in Figure 4, then a trapezoidal broken model would
form in the shape of a trapezium rather than a triangle; that is,

L− (H f + h0) cot α > 0 (6)

Solving for α, we can obtain

α > arctan[h0(h0 + 3d)/2dL] (7)

From Equation (7), we see that when the fracture angle is larger than the right-hand side of this
equation, the trapezoidal broken model would extend upwards as a trapezium.
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For the last case, if L < L′ as shown in Figure 4, the roof broken strata cannot develop in
accordance with the patterns of the trapezoidal broken model and finish in a triangle ahead of time.
The height of the destressed zone is constrained by both sides of the triangle and cannot freely extend
upwards. Thus, we can obtain

H f = L tan α (8)

In the first two cases, we can obtain the area of the fracture passages (S) at one side:

S = [(n + 1)h0
2 − (n + 1)(n− 1)h0d + n(n + 1)(n− 1)d2/3] cot α (9)

3.2. Model Study II

Under the premise of the defined model I, it is presumed that the broken layer can also extend
in the lateral direction with a lateral expansion coefficient expressed by “d′”, in addition to upward
expansion. Meanwhile, by disregarding the conflicts of the limiting value between the last vertical and
lateral expansion, we can obtain the following parameter equations in Table 1 by combining the results
of model I.

From the foregoing analysis, we can also acquire the area of the fracture passages (S) at one side:

S = [(n + 1)h0
2 − (n + 1)(n− 1)h0d + n(n + 1)(n− 1)d2/3− (n + 1)d′(2h0 − nd + 2d)/2] cot α (10)

Table 1. The parameters of the parallelogram fracture passages generated at both ends of the trapezoid
in model II.

Number of
Caving Strata Length of Long Side Length of Short Side Passageway Width Passageway Area

0 (h0 + d)/sin α h0 cot α− d′ h0 cos α− d′ sin α (h0 + d)(h0 cot α− d′)
1 h0/sin α (h0 − d) cot α− d′ (h0 − d) cos α− d′ sin α h0[(h0 − d) cot α− d′]
2 (h0 − d)/sin α (h0 − 2d) cot α− d′ (h0 − 2d) cos α− d′ sin α (h0 − d)[(h0 − 2d) cot α− d′]
· · · · · · · · · · · · · · ·

n − 2 [h0 − (n− 3)d]/sin α [h0 − (n− 2)d] cot α− d′ [h0 − (n− 2)d] cos α− d′ sin α [h0− (n− 3)d]{[h0 − (n− 2)d] cot α− d′}
n − 1 [h0 − (n− 2)d]/sin α [h0 − (n− 1)d] cot α− d′ [h0 − (n− 1)d] cos α− d′ sin α [h0− (n− 2)d]{[h0 − (n− 1)d] cot α− d′}

3.3. Model Study III

In order to be consistent with the assumptions made in model I, model III assumes that the
broken layer extends upward only along the two edges of the trapezoid longitudinally without lateral
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expansion, and that it has a volume expansion coefficient expressed by “d” on the (0)th broken stratum,
which has an upward trend with a decreasing volume expansion coefficient, d′′ (seen in Figure 5).
That is, the volume expansion coefficient of the (0)th caving stratum is (d− d′′ ), and that of the (n)th
caving stratum is (d − nd′′ ). Thus, when the coal seam is extracted, the height of the first broken
material amounts to (h0 + d), and the remaining space above it equals (h0 − d). The (n)th breaking
and expanding height is [h0 − (n − 1)d + n(n− 3)d′′/2], and the corresponding leftover height is
[h0 − (n + 1)d + n(n + 1)d′′/2]. After summation, we can obtain the total thickness of the breaking
and fracturing roof strata which reflects the height of the destressed zone, H f , seen in Equation (11)
as follows. It is the sum of all broken and dilated heights, plus the last leftover height, minus the
thickness of the coal seam.

H f = (h0 + d) + (h0 − d′′ ) + · · ·+ [h0 − (n− 2)d + (n−1)(n−4)d′′
2 ] + (h0 − nd + n(n−1)d′′

2 )− h0 = (n + 1)h0 − n(n+1)d
2 + n(n2−1)d′′

6 (11)
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Figure 5. Schematic cross-sectional drawing of the trapezoidal broken model showing the sequential
caving of model III: (a) after the (0)th layer failure of the roof stratum due to coal extraction, (b) after
(1)th layer failure of the roof stratum, (c) after (2)th layer failure of the roof stratum, (d) after the
(n − 1)th layer failure of the roof stratum.

When the roof strata no longer caves and/or expands, the volume expansion coefficient is reduced
to 0, and the limiting value of n can be indicated by

n = d/d′′ (12)

Substituting n of Equation (11) with Equation (12), we can obtain the limiting equation by solving
for the height of the destressed zone:

H f = d(d′′ 2 + 3h0d′′ − d2)/3d′′ 2 (13)

Similar to model I, we can obtain the calculation formula of a series of parameters of S, α, and so
on. In this part, we display only the formula for S as follows:

S =

{
(n + 1)h0

2 − [(n2 − 1)d− n(n+1)(2n−5)d′′
6 ]h0 +

n(n2−1)d2

3 − n(n+1)(3n2−7n−2)dd′′
12 + n(n2−1)(6n2−15n−14)d′′ 2

120

}
cot α (14)
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4. Discussion

In this study, in conjunction with engineering practices, subsidence and fracture changes during
the mining process have been presented and analyzed. One type of conceptual model was assumed to
present the effects of mining on overburden strata movement.

A type of trapezoidal broken model in the profile perpendicular to the face advance was
proposed to calculate various parameters of fractures induced by coal mining, which would cause
the remaining void left on both sides of the collapsed and expanded strata to form a fracture passage
with unequal parallelogram widths. Three models that consider the lateral and longitudinal volume
expansion coefficients were assumed to reveal different calculation methods of the fracture passageway
parameters, especially the passageway area. For example, taking model I to connect the face width
with the fracture angle and the height of the destressed zone, three cases were covered, and their
evolution configurations were studied. Based on probing their relationships, the trapezoid broken
model can be used to better study the caving patterns and to count the fracture space induced by
caving in longwall mining, which would inevitably cause water bodies in overlying strata to move
towards these new space. Furthermore, the ultimate caving configuration model and its three cases
were discussed. In addition, in the case of the shape of a triangle, by adopting the values of d, h0, L,
and α that conform to the actual production in the formula of the fracture angles, we can acquire a
series of ranges of the fracture angles and their corresponding parameter values. Thus, we chose two
representative ranges of the fracture angles, 40◦–50◦ and 50◦–60◦, which are largely associated with
the measured, experimental, and theoretical results of many scholars [28,31,40,51] from the literature
on fracture angles due to coal mining. From these two ranges, we find that the larger the degree of
the fracture angle, the smaller the value of the volume expansion coefficient and face width with
a relatively larger mining height. These results enable us to know the conditions under which the
trapezoidal broken model evolves into the shape of a triangle and the degree fracture angle that
emerges under different mining parameters. Additionally, the determination of fracture space using
these parameters may provide a new method for the calculation of the new space amount in overlying
strata due to coal mining. We confirm that the groundwater flow appears to be controlled by this new
fracture space. By using this idea, we could predict the water loss amount of aquifers in advance and
do a good job of guarding against potential water-inrush accidents, which can also provide a reference
for the numerical simulation and mathematical analysis in caving mechanisms and its new fracture
space, water loss problems related to mining engineering, etc.

To validate the conceptual model in the paper, we did a similar material simulation experiment;
the length × width × height of this model is 90 cm × 90 cm × 90 cm. When the coal seam was
excavated, the face advancing distance proceeded up to 85 cm in 5 cm intervals with the boundary
coal-pillar of 2.5 cm respectively left at both ends. Every layer of the roof strata above the excavated
area has an equal thickness to the coal seam and the same lithologic features, which is similar to the
assumptions of the conceptual model. It can be seen in Figure 6 that the left and right pictures are of
the practical caving of the similar model and the digital image analysis detecting the fracture after
excavation, respectively. The similar model indicated that the overall fracture configuration of the
overburden strata had a trapezoid-like shape and a general decreasing trend of the fracture space from
the bottom up at both sides, which basically coincides with the proposed conceptual model. However,
the similar material experiment is still different from practical mining, and further research is needed.

Among the above conceptual models, the selection of the expansion coefficient is considered
to be too uneven. For example, the lateral expansion coefficient from the bottom to the top is the
same. In effect, as strata cave in, the space of lateral expansion is limited and should grow increasingly
smaller. Future research should include the parameter of fracture space under the conditions of various
variation tendencies of the lateral or vertical expansion coefficient. Moreover, studies on the caving
pattern of longwall mining involve many factors such as strata characteristics, mining height, and so
on, and these factors should be added in the future.
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5. Conclusions

In the course of coal mining, the broken pattern of the overburden strata induced by mining
has a non-ignorable effect on overlying strata movement, failure, and safety in mining production.
In this study, one type of conceptual model was proposed, which includes the broken patterns of
the overburden strata and the fracture space induced by it. The authors proposed three types of
trapezoidal broken models considering the top-down varying pattern of the lateral and longitudinal
volume expansion coefficients. In these models, the face width was connected with the fracture angle
and the height of the destressed zone to explore the eventual evolution configuration of the broken
model: a triangle or a trapezium. These models may help us understand the caving mechanism of
overburden strata and the formation of fracture space, which would provide guidelines for coal mining
under water bodies and could predict the occurrence of water-inrush accidents. This research is of
great significance to the safe production of coal mines and to satisfy energy needs for human beings.
However, attention must be paid to more complex caving models that consider more influencing
factors such as structure development, strata characteristics, etc. The conceptual model should be
further validated against other approaches in future research.
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