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The paper presents an interpretation on the abnormal roof shock in longwall coal mining under gullies using physical modeling,
numerical modeling, and mechanical analysis. The modeling results show that the roof movement causes the shock load onto the
stope in longwall coal mining under surface gully. The triggering mechanism of shock load depends on the direction of the face
retreat with respect to the bottom of the surface gully. The slope tends to slide along the interface plane with a long periodical
weighting intervals when mining towards the bottom of the gully (downslope direction), while the overburden strata may be split
into blocks and tend to topple towards the free face of gully when mining away from the bottom of the gully (upslope direction).
Themechanical models showed that, during the period of mining in downslope direction, planar sliding and key fragmental blocks
cause a sudden roof shearing off which could result in shock load and, during the period of mining in upslope direction, the
overburden blocks may become unstable due to shearing off which could resulted in large shock pressure onto the stope.

1. Introduction

With the development of coal mining technology and equip-
ment in China, the mining scale becomes larger and larger.
And the center of coal resource exploitation has transferred to
western coalfield, where there is rich coal resource [1, 2]. The
coal is shallow, thick, and excellent in quality. For example,
Shenfu-Dongsheng coalfield with 223.6 billion tons coal in
proved reserves is the biggest coalfield in China and one of
seven biggest coalfields in the world [3]. However, the ground
surface is bare andhas been subjected to seriouswater erosion
for long time, resulting in that wide spread of surface gullies,
especially in Northwest of China.The gully depthmay exceed
100m.

Abnormal phenomena such as coal bump and roof
shock are observed in shallow longwalls under gullies. In
Dongsheng coalfield, sudden spalling of barrier pillars and
crushing of face hydraulic supports without warning fre-
quently occurred in underground stopes (see Figure 1).These
events cannot be explained according to traditional theories
on coal mine ground pressure [4–6]. In general, coal and/or
rock bump usually occurs in deep coal mining due to the
super-high ground pressure [5–7]. As the mining depth in

this region is less than 200m, the absolute ground pressure
is not great enough to trigger a coal or rock bump. It is
found that most of these dynamic events are involved in coal
mines operated under surface gullies. Therefore, the slope
movement of gullies is thought of as an additional factor
resulting in the abnormal underground pressure.

Many researchers studied the influence of underground
mining on surface slope [8–15]. It is accepted that under-
ground mining may cause surface slope sliding or even
geological disaster. The effect of surface topography on
underground mining was rarely taken into consideration in
the previous researches, but it is sensitive and strong and,
at times, can play a dominant role on ground pressure in
shallow coal seammining under surface gully.Therefore, it is
very urgent and important to clearly understand the mining-
induced roof shock in gully areas.

2. Mechanisms of Overburden Movement

Based on the geological condition of Houhayewusu Gully
at Nalinmiao number 2 Coal Mine, physical simulation and
numerical modeling were conducted to analyze the effect of
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(a) (b)

Figure 1: The abnormal phenomena in underground mining under gullies. (a) Pillar gets inclined and spalls; (b) slope rock is broken and
bare.

Table 1: Key properties of the overlying rock.

Lithology Thickness Density Young’s modulus Cohesion Friction angle Poisson’s ratio
/m /kg⋅m−3 /GPa /MPa /∘

Loess 10 1810 — — — —
Mudstone 3.5 2500 15 1.5 30 0.3
Fine sandstone 8 2600 35 2.2 33 0.2
Sandy mudstone 11 2510 16 1.8 32 0.25
Fine sandstone 12 2545 23 2.1 34 0.22
Sandy mudstone 9 2510 16 1.6 32 0.25
Fine sandstone 20 2600 38 2.6 35 0.2
Sandy mudstone 2.5 2510 16 1.6 32 0.25
Fine sandstone 8 2600 38 2.6 35 0.2
Sandy mudstone 0.5 2510 16 1.6 32 0.25
Coal 6.5 1370 39 2.3 34 0.23
Siltstone 4 2580 42 2.6 36 0.22

underground coal mining on the overburden movement at
gully area.

2.1. Geology. The coal measure is mainly as Jurassic for-
mations which is covered with Quaternary unconsolidated
layers.The coal seam is 6.5m thick and the overlying bedrock
is 74.5m thick. A 10-meter-thick loess overlays the bedrock.
The maximum depth of gully is 73.5m and the average slope
of gully is 30∘ (see Figure 2). The generalized stratigraphy at
the studied area is shown in Figure 3. The overlying bedrock
is predominantly composed of fine sandstone and sandy
mudstone, and most of them are involved in the gully. The
properties of overlying strata are shown in Table 1.

2.2. Physical Simulation. Physical modeling is a scale model-
ing in which rock strata and mine structures are simulated
using scaled artificial materials. Physical simulation can
realistically model the layered structures and their failure
modes, much like that observed in underground coal mines,
and stratamovement can be observed directly in real time [5].

2.2.1. Model Setup. Simulated material selection is of great
importance for modeling the mining-induced overburden

Loess

Bedrock

Gully

Figure 2: A photo of Houhayewusu Gully at underground mining
area.

movement.Thematerial is alwaysmixed by the aggregate and
the adhesive. Sand is generally used as the aggregate.Themost
popular materials used as the adhesives are gypsum, cement,
calcium carbonate (CaCO

3

), lime, and kaolin [16]. In this
paper, sand, gypsum, and calcium carbonate were selected
as the mixed materials in some given proportions. According
to the widely accepted results on the mix proportions among
sand, gypsum, and calcium carbonate [16], the mix design of
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Figure 3: Generalized geological column at studied area.

Table 2: The mix proportion of simulated materials.

Lithology Sand
/kg

CaCO3
/kg

Gypsum
/kg

Water
/kg

Sawdust
/kg

Loess 95.8 6.8 6.8 18.8 3.4
Mudstone 44.6 5.2 2.2 6.5 /
Fine sandstone 105.8 10.6 10.6 15.9 /
Sandy mudstone 160.4 22.5 9.6 24.1 /
Fine sandstone 175.3 40.9 17.5 33.4 /
Sandy mudstone 159.6 22.3 9.6 23.9 /
Fine sandstone 356.7 59.4 59.4 67.9 /
Sandy mudstone 53.1 7.4 3.2 8.0 /
Fine sandstone 153.0 25.5 25.5 29.1 /
Sandy mudstone 10.6 1.5 0.6 1.6 /
Coal 138.1 19.3 8.3 20.7 /
Siltstone 76.5 12.8 12.8 14.6 /

different layers is listed in Table 2. Wood sawdust was mixed
with the above three materials to simulate loess material.

The geometric scale (𝛼
𝑙

) of this model is defined as 1 : 100
to the real. The gully is shaped like “V” in the model. The
model frame is 5m long, 0.3m wide, and 0.95m high. The
slope angle of gully is 30∘. 5 cm × 5 cm grid was painted on
the surface of model (see Figure 4). According to the scale
model theory, the similarity scale of gravity (𝛼

𝛾

) is about
1 : 1.67, and the similarity scale of stress 𝛼

𝑠

= 𝛼

𝑙

× 𝛼

𝛾

= 1 : 167.
The excavation was conducted from the left to the right. The
mining height is 6.5 cm and the excavation web is 5 cm. The
total mining void is 420 cm long.

2.2.2.Modeling Result. Thephysicalmodelingwas conducted
in two stages (see Figure 4).

(1) Downslope stage, in which the coalface is advancing
in the downslope direction and the gob is getting close

with the bottom gully. Typical overburden movement
was observed until the coalface is located underneath
the slope. Figure 5 shows some scenes of overburden
movement in downslope mining stage. When the
coalface was at 160m away from the setup line, a
downward crack appeared at the surface. Meanwhile,
the overlying slope subsided and slipped towards
gully due to lack of horizontal confinement.The inter-
faces were seriously broken with significant planar
sliding. The roof breakage interval became longer,
whichmay result in a roof shock in underground if the
roof suddenly collapses down (see Figure 5(a)).When
the coalface approached the bottom of the gully, the
roof sheared off along the coalface (see Figure 5(b)),
which may also initiate a shock load onto the face
support.

(2) Upslope stage, in which the coalface is advancing in
the upslope direction away from the gully. After the
coalface passed the bottom of the gully and moved
away from the gully, a crack linking the slope with
the gob developed in the roof. Figure 6 shows a scene
of overburden movement in upslope mining stage.
The broken roof was cut into blocks by gully and
mining-induced cracks. The formed blocks rotated
towards the gob, and sometimes it is hinged above the
retreating face. However, the hinged structure lost the
stability in a short time as the broken block sheared off
along the hinged point, which may also trigger a roof
shock onto the face hydraulic support.

2.3. Numerical Modeling. FLAC (Fast Lagrangian Analysis
of Continua) software was used to analyze the mechanism
of slope movement. The constructed numerical model was
shown in Figure 7.The geological column is based on the gen-
eralized stratigraphy shown in Figure 3. The Mohr-Coulomb
criterion was employed to estimate the failure of rocks. The
physical and mechanical parameters of the overlying strata
used in FLAC model are listed in Table 1. The left, the right,
and the bottomboundaries of themodel are fixed, and the top
boundary is free.

2.3.1. Model Calibration. The mechanical behavior of caved
zone (gob) greatly affects the overburden movement. An
appropriate gob model is crucial to analyze the mechanical
mechanism of slope deformation in response to underground
mining. Salamon’s model developed by Salamon is useful
to understand the compaction characteristics of caved rock
in gob [17], which is widely accepted by many researchers
[5]. Salamon’s model assumes the following strain hardening
model for gob material:

𝜎 =

𝐸

0

𝜀

1 − 𝜀/𝜀

𝑚

,

𝜀

𝑚

=

𝑏 − 1

𝑏

,

𝐸

0

=

10.39𝜎

1.042

𝑐

𝑏

7.7

,

(1)
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Figure 4: The original model for the physical experiment.
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Figure 5:The overburden movement in response to underground mining in downslope direction. (a)The slope slid obviously layer by layer.
(b) The roof sheared off along the coalface.
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Figure 6: The overburden movement in response to underground
mining in upslope direction.
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Figure 7: The model for FLAC modeling.

where 𝑏 is the bulking factor, 𝜀
0

is the compaction strain, and
𝐸

0

is the initial gob modulus.
However, there is no ready-made model for Salamon’s

model in FLAC. Double yield material model was selected
to simulate Salamon’s model. A process of trial and error is
used to match the stress-strain curve of Salamon’s model to

that of the double yield model [5], resulting in a set of input
parameters for converting Salamon’s model to the double
yield model (Tables 3 and 4).

Figure 8 shows the stress-strain behavior of a simple cube
gob model of 10 cm thick loaded at the top at a constant
velocity using the input data listed in Tables 3 and 4. It shows
a good match between the results of FLAC simulation and
Salamon’s model.

2.3.2. Modeling Result. Downslope stage: the distribution of
equivalent plastic stain in the overlying strata was plotted in
Figure 9(a) to analyze the fracture development.The fractures
in the overlying strata developed upward from the gob,
while the surface fractures extended downward. When the
coalface was at 42m away from the bottom of the gully, shear
failure was observed at the slope of the gully associated with
horizontal slippage at the bedding planes. When the coalface
was at 12m away from the bottom of the gully, the upward
and downward fractures became connected and the fractures
at bedding planes reached the slope of the gully. When the
coalface was 6m away from the bottom of gully, the overlying
strata sheared off along the face line.

Upslope stage: after the coalface passed the gully, the
overburden moved in different patterns (see Figure 9(b)).
When the coalface advanced at 36m away from the gully,
most of rock overlying the coalface was fractured and yields
in tension or shear.The angle between the fractured rock and
the horizontal line is less than 20∘. When the coalface is at
60m away from the gully bottom, the overlying strata are split
into polygons by a fractured zone which connects the slope
surface with the coalface. The same phenomena repeated in
every face retreat in the upslope stage.
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Table 3: Input parameters for the double yield model.

Property Density, kg/m3 Shear modulus, Pa Bulk modulus, Pa Friction angle, ∘ Dilation angle, ∘

Value 2410 1.19𝑒10 1.35𝑒10 10 5

Table 4: Volumetric strain-hydrostatic pressure relationship of the gob material.

Volumetric strain Hydrostatic pressure, Pa Volumetric strain Hydrostatic pressure, Pa
0 0 0.12 17725587.81
0.01 711498.289 0.13 21284942.79
0.02 1493364.541 0.14 25710086.82
0.03 2356581.038 0.15 31360655.35
0.04 3314540.81 0.16 38827478.06
0.05 4383747.523 0.17 49153934.99
0.06 5584774.241 0.18 64371871.52
0.07 6943600.091 0.19 89035423.82
0.08 8493510.825 0.20 135896173.2
0.09 10277861.84 0.21 259438148.8
0.10 10277861.84 0.22 1494857905
0.11 14800573.32
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Figure 8: Stress-strain curve of the gob model.

3. Mechanisms and Control of Roof Shock

The roof shock and coal bump in this case are mainly
caused by the sudden loss of roof structural stability. The
mechanisms of roof shock can be understood after the
mechanical analysis on roof structure.

Downslope stage: the physical and numerical modeling
results show that when the coalface becomes underneath the
gully, the overlying strata may slide towards the gully along
the interface planes, and subsequently, the roof may shear
off along the face line. The slope of the gully is considered

an additional free surface to the fractured blocks at overbur-
den strata. The fractured zone in the overburden strata can
be assumed as a beam which breaks into blocks (A, B, and C,
Figure 10(a)) in response to underground mining [18]. Block
B is stable due to the compressive forces applied from blocks
C and A. Block A loses the horizontal confinement from the
right side when the compressive force between blocks A and
B is greater than the total shear strength at the upper and
the lower interfaces. Block A may slide towards the gully
and, hence, block B will lose the stability and shear off at the
contact between blocks A and B. Consequently, a roof shock
occurs.

In order to calculate the compressive forces, a free body
diagram for blocks B and C was constructed as shown in
Figure 10(b). 𝑃B and 𝑃C are the applied forces on blocks B
and C, respectively. 𝑙B and 𝑙C identify the assumed positions
of blocks B and C where forces 𝑃B and 𝑃C act on the blocks,
respectively.𝑄A,𝑄B are the shear force at the hinged contacts
between blocks. The lengths of blocks B and C are the
periodical weighting interval, say 𝑙.𝑅C is the supporting force
of caved rock onto block C. 𝑇 is the horizontal compressive
force between A and B. 𝜃B and 𝜃C are the rotation angles of
blocks B and C, respectively. 𝑎 is the height of contact face
between blocks A and B.

According to the key strata theory [7] and mechanical
analysis,

𝑄B [𝑙 cos (𝜃B − 𝜃C) + ℎ sin (𝜃B − 𝜃C) + 𝑙]

+ 𝑇 [ℎ − 𝑎 − 𝑙 (sin 𝜃B + sin 𝜃C)]

= 𝑃B [𝑙B cos 𝜃B + (ℎ −
𝑎

2

) sin 𝜃B]

𝑄A + 𝑄B = 𝑃B

𝑇𝑙 sin 𝜃C = 𝑄B𝑙,

(2)

where ℎmeans the thickness of the studied roof beam.
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Figure 9: The failure status when mining under gully.
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Figure 10:Mechanicalmodel for roof beamwhenmining in downslope direction. (a)The assumedmechanicalmodel; (b)mechanical analysis
on blocks B and C.

Solving 𝑇 from (2),

𝑇 = 𝑃B
3𝐿 + 2𝑙

6𝐿 + 3𝑙

2

𝑖 + 2 sin (𝜃B/4) − sin 𝜃B
, (3)

where sin2(𝜃B/8) approximates 0 and is thus omitted; 𝑖means
the fragmentation degree of the block and is defined by 𝑖 =
ℎ/𝑙.

Focusing on block A, the maximum friction force or the
shear strength of the interfaces can be estimated by [19]

𝐹 = 𝑐𝐿 +

1

2

𝜌𝑔𝐿

2 tan𝛼 tan𝜑, (4)

where 𝐿 is the length of block A, 𝑐 is the cohesion of the
interfaces, 𝜌 is the density of block A, 𝑔 is the gravity
acceleration, 𝛼 is the slope angle of gully, and 𝜑 is the friction
angle of the interface.

In order to keep block A out of sliding, the shear strength
of the interfaces between the adjacent strata and block A
should be greater than the compressive force; then

tan𝛼

≤

2𝑐𝐿

2𝜌𝑔𝑙 (3𝐿 + 2𝑙) /3 (𝑖 + 2 sin (𝜃B/4) − sin 𝜃B) − 𝜌𝑔𝐿2 tan𝜑
.

(5)

According to (5), the smaller the gully angle or the
rotation degree of block B gets, the less likely block sliding
and roof shock occur. Therefore, the block sliding can be
controlled by lowering the mining height which will reduce
the rotation angle significantly [19].

Upslope stage: the above simulations show that the slope
is cut into blocks by large mining-induced cracks and tends
to topple when mining in the upslope direction. A hinged

structure forms but is less stable. As the face continues to
advance, the blockmay shear off and the structure disappears,
which may result in a serious shock in underground.

In order to understand the structure stability, a mechan-
ical model focusing on two key blocks was constructed as
Figure 11 shows. 𝐺

1

and 𝐺

2

are the self-gravity of blocks A
and B, respectively. 𝑅

2

is the supporting force of caved rock
onto block #2. 𝜃 is the rotation angle of block #2. 𝑎 represents
the height of the contact between blocks. 𝑄A, 𝑄B are the
shear force at the hinged contacts between blocks. 𝑤 is the
subsidence of block #2. 𝛼 is the slope angle. 𝐻

1

, 𝐻
2

,and 𝐻
3

are the heights of the blocks. 𝐿 is the length of the blocks.
According to the key strata theory [7, 18],

𝑇

𝐺

1

= (

1

2

−

tan𝛼
12𝑖

)

⋅ ((𝑖 − tan𝛼) (1
2

+ tan𝛼 tan 𝜃)

+(

1

cos 𝜃
+

sin 𝜃
2

) − sin 𝜃max)
−1

,

𝑄A
𝐺

1

= 1 −

tan𝛼
cos 𝜃

⋅

𝑇

𝐺

1

,

(6)

where i is the average fragmentation degree of the block and
defined by 𝑖 = 𝐻

2

/𝐿 + (1/2) tan𝛼.
Block A does not shear off at contact A only if

𝑇 tan𝜑 ≥ 𝑄A. (7)
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Figure 11: Mechanical model for key blocks in upslope mining.

Substituting (6) into (7), then
𝑄A
𝑇

= ((𝑖 − tan𝛼) (1
2

+ tan𝛼 tan 𝜃)

+(

1

cos 𝜃
+

sin 𝜃
2

) − sin 𝜃max)

⋅ (

1

2

−

tan𝛼
12𝑖

)

−1

−

tan𝛼
cos 𝜃

≤ tan𝜑.

(8)

In order to analyze the block stability, a series of curves
showing the relationship between 𝑄A/𝑇 and 𝜃 at different
values of 𝛼, 𝜃max, and 𝑖 were drawn in Figure 12 based on (8).
Generally, 𝜃max values 8

∘ to 12∘, 𝑖 values 0.8 to 1.2, and tan𝜑
appropriates 0.5. According to Figure 12, all the 𝑄A/𝑇 values
at the designed conditions are greater than 2, which means
that the blocks may shear off with a large shock load onto
the face support. Therefore, a reasonable support capacity is
important to control the shock load and the stability of roof
blocks.

For the structure to be stable, a reasonable support
capacity 𝑅 must be equal to or greater than the downward
transferring loading; that is,

𝑅 + 𝑇 tan𝜑 ≥ 𝑄A. (9)
Substituting (6) into (9),

𝑅 ≥ [1 − ((

1

2

−

tan𝛼
12𝑖

) (tan𝜑 + tan𝛼
cos 𝜃

))

⋅ ((𝑖 − tan𝛼) (1
2

+ tan𝛼 tan 𝜃)

+(

1

cos 𝜃
+

sin 𝜃
2

) − sin 𝜃max)
−1

]𝐺

1

.

(10)
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Figure 12: Relationship between 𝑄A/𝑇 and 𝜃.

According to (10), the greater the block fragmentation
degree or the block rotation angle, the greater the needed
support capacity. Based on the definition of block fragmen-
tation degree i, the greater the slope angle or the less the
block length, the greater the needed support capacity. In other
words, if the support capacity cannot meet (10), the block
may shear off and roof shock will happen at the coalface,
which is hazardous to an underground coal mine. Therefore,
strengthening the face support capacity or lowering the
mining height may reduce the possibility of roof shock when
mining in the upslope direction.
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4. Conclusions

The paper presents the modeling results for understanding
the mechanisms of roof shock in coal mining under surface
gully. Two types of mining directions with respect to the
bottom of gully were analyzed: (1) in downslope periodwhere
the face retreats towards the bottom of the gully, the slope of
gully slid obviously layer by layer due to lack of horizontal
confinement, with a resultant roof shearing off; (2) in upslope
period, the overlying strata are split into polygon blocks
which may suddenly become unstable and shear off with
a large shock load onto face support. In order to avoid or
control the roof shock in mining under gully, layer sliding
should be controlled in downslope period and block shearing
off should be avoided in upslope period.

The paper constructs mechanical models to analyze the
roof structure stability in response to mining under gully.
The mechanical analysis results show that, (1) in downslope
period, the smaller the gully angle or the rotation degree of
formed blocks gets, the less likely block sliding and roof shock
occur; (2) in upslope period, the mining-induced blocks will
lose the stability in many scenarios. The roof shock can be
controlled by lowering the mining height and strengthening
the face support capacity.
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