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Abstract

The broken positions of the overlying strata might lead to different geometric configurations of the caving overburden and also
have an impact on the coal mine pressure behaviors and dynamic mine hazards in the open face area. This paper has developed a
roof failure analytical model combining the beam on the elastic foundation theory and the cantilever beam theory. The model
gives the analytical solutions for the roof broken positions, rock broken angle, and strata broken angle. The results show that (1)
the roof broken position is moved forward ahead of the face with decreasing feature coefficient, (2) the strata broken angle is not
only influenced by the feature coefficient but also in direct proportion to the ratio of the uniformly distributed load over the roof
stiffness, and (3) the theoretical model is capable of simulating the three geometric configurations of the disturbed overlying
strata, i.e., the regular trapezoid-shaped, rectangular-shaped, and inverted trapezoid-shaped configurations. An improved phys-
ical modeling study is performed in order based on the deviation analysis on the conventional physical modeling studies. The
physical model physically realistically reproduces three of the abovementioned geometric caving configurations predicted by the
analytical model.

Keywords Strata movement - Cantilever beam theory - Beam on elastic foundation theory - Physical modeling - Roof broken
position - Strata broken angle

Background and problem statement

As a major source of energy, coal remains the dominant fuel in
China’s energy mix and accounted for about 62% of national
energy consumption in 2016 (BP 2017). However, affected by
the downward pressure on economic growth and the excess
production capacity, the Chinese coal industry has entered a
recession phase marked by the excess supply of coal and dra-
matically declines of coal price and corporate profits at the end
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of the booming golden 10 years in 2012 (Liu and Luan 2015;
Gao 2012). Since then, China has started the overcapacity-
cutting and production-optimizing operations including an-
nexation, reorganization, transformation, and upgrading of
coal enterprises. As a result, a total of 14 large-scale coal bases
across the country were recognized, each of which has an
annual production of more than 100 Mt. The 14 coal bases
combined contribute over 90% of the total coal production in
Chinese coal industry, and this is expected to increase to 95%
by 2020 as the overcapacity cuts continue (National Energy
Administration 2016; Qian et al. 2018; Wang et al. 2016a). Of
those, Shendong, Shanbei, Huanglong, and Xinjiang are four
of the most promising coal bases with abundant proven re-
serves and preferable geological and mining conditions, com-
pared with depleting resources and large depth of occurrence
in the rest of the 10 coal bases. A large amount of 6-9 m high
coal seams deposits in the abovementioned four major coal
bases. Due to the unfavorable cavability of the coal seam,
most of the seams are mined using the extra-large-cutting-
height longwall mining method, which is defined as cutting
height larger than 7 m in this paper (Wang and Pang 2018)
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(note that the conventional large-cutting-height longwall face
is larger than 3.5 m). The 6- and 7-m longwall mining appli-
cations have been extensively practiced in the industry with
significantly improved productivity and efficiency. However,
the goal is to extract the 9-m high full seam and further in-
crease the coal recovery. With the improvement of mining
equipment and hazard management in the open face area,
the largest mining height in China has further increased to
8 m in recent years (Wang et al. 2017a; Yang 2017).
Currently, Shangwan coal mine in Shendong coal base is test-
ing the 8.8-m single-cut longwall mining method.

Large-cutting-height longwall mining system has long
been recognized as a better mining method over top coal cav-
ing and multiple slicing mining methods for extracting the
thick coal seam in terms of coal recovery, safety, productivity,
and efficiency (PENG and CHIANG 1984; Wang 2009; Wang
and Zhong 2008; Meng et al. 2014; Song et al. 2015). Extra-
large-cutting-height longwall mining, on the other hand, has
further improved the benefits and advantages of longwall min-
ing and is considered to be the most suitable mining method
for recovering the 6-9 m coal seam in the four major coal
bases. As compared with coal faces with regular mining
height, extra-high longwall face may experience the most se-
vere and dynamic roof caving-related problems and mine haz-
ards in the open face area (Han et al. 2017; Zhang and Li 2017,
Wang et al. 2016b). Field trips also confirm that very violent
periodic roof weightings may occur over a larger area along
face for a longer duration. Face collapse extends a larger
height and deeper depth on the face wall and is followed by
immediate roof fall ahead of supports. Power supports nor-
mally see tremendous high pressure level or even a massive
impact loading. In some cases, failure of power supports and
inrush of water/sand into the face area may occur and result in
the cease of mining operations and fatal injuries of miners
(Research Group of National Key Basic Research Program
of China 2017; Fan et al. 2016). This is largely due to the fact
that this mining system advances at a quicker rate and creates
a massive vacant mined-out area behind the face. Figure 1
plots the face collapse and support failure captured in the
high-seam longwall faces.

Research hypothesis, goal, and specific
objectives

The stability and performance of the face and supports are the
major ground control concerns in the open face area when
mining thick coal seams (Song et al. 2017; Song and Chugh
2018). A number of studies have repeatedly reported that a
lack of adequate working resistance of the shield legs might be
responsible for the poor performance or failure of face and
supports (Mondal et al. 2017; Verma and Deb 2010; Verma
and Deb 2007; Ghose 2003). Therefore, efforts to increase the
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load capacity of the supports have been studied for decades
with improved ground control in the open face area. Currently,
the 8.8-m support installed in Shangwan coal mine has the
largest load capacity of 26,000 kN. The authors believe that
the dynamic movement of the strong, hard, and competent
roof above the face and supports might be the fundamental
reason for the mine hazards in the open face area. A better
understanding of the behaviors of the strong roof, therefore, is
helpful for solving the ground control problems and also the
normal functioning of the shields.

Previous studies have agreed on the comments that the
broken position of the roof might be highly influential to the
mine pressure behaviors in the face area (Wang et al. 2017b;
Wang and Pang 2016; Wang and Pang 2015). The stability of
the face and support would be better off if the roof breakage
occurs right behind the support instead of along the faceline or
ahead of the face (see Fig. 2). When dislocation of the strong
and massive roof occurs ahead of the faceline, it may exert an
impact load on the face and supports; as the face advances to
the dislocation position, failure or crush of the support may
occur if the shield cannot provide adequate pressure to the
roof. By contrast, when the hanging roof falls down regularly
behind the support, the face area may have the least negative
impacts of mine hazards. This is also why the coal mines
utilize the induced blasting methods to cave the thick and hard
roof that overhangs a large area behind the face, so that the
complete failure of the support or strong wind blowouts can be
avoided (Yang 2017; Zhang and Li 2017; Mondal et al. 2017,
Roy etal. 2003). It is also well agreed that, with the increase of
support load capacity and stiffness, the roof broken position is
tended to be moved towards the gob side direction. The bro-
ken position of the main roof may also have an influence on
the broken positions of the weaker roof layers above the main
roof.

On the other hand, most of the physical models have suc-
cessfully reproduced the situation that roof breakage occurs
behind the supports, with a trapezoid-shaped geometric con-
figuration of the disturbed overburden strata after the finish of
face advance. However, the roof breaks ahead of the face has
not been reported in the previous physical modeling studies.
In other words, the regular physical modeling studies have not
reproduced the reversed trapezoid-like roof caving configura-
tion (roof breaks ahead of coal seam or the lower roof layer)
and the rectangular roof caving configuration (roof breaks at
the same location for different layers). The authors believe this
is mainly because the mechanical properties of the strata are
not scaled down correctly to those of the physical materials
according to the principle of similarity.

A better scientific understanding of the broken position of
the roof with relation to the longwall face is necessary to
effectively mitigate the roof caving-related problems and im-
prove the ground control in the face area, so that the produc-
tivity and safety can further be improved. This paper is
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Fig. 1 Face failure and support
crush observed in the longwall
face

a Face collapse

therefore focused on analysis of the roof breakage positions,
the corresponding geometric configuration of the caving over-
lying strata above the gob, and its impacts on the mine pres-
sure behaviors in the face area. This paper has four goals: (1)
develop an analytical model using the cantilever beam theory
and beam on elastic foundation theory for analyzing the bro-
ken positions of the strong and hard main roof as well as the
above weaker roof layers and determining the geometric con-
figurations of the disturbed overburden, (2) provide a case
study for application of the proposed model, (3) perform de-
viation analysis on the conventional physical models and
identify the dominant governing parameters that influence
the roof caving characteristics, and (4) perform physical
modeling studies to reproduce the different caving configura-
tions described by the analytical model and the associated
mine hazards.

Review of pertinent literature

The movement of the overlying strata has been extensively
studied in the previous literatures. Qian proposed a “Voussoir
beam” model in the 1960s that describes the structural char-
acteristics of the disturbed overlying strata (Qian 1983; Qian
and Li 1982). This model also provides a criterion for the
sliding and rotation failures of the main roof. The “Key

Impact Loading

Roof Fall Roof Fall

Face Collapse

a Roof breaks ahead of faceline

b Roof breaks along the faceline

b Support failure

Strata” theory was presented in the 1990s which defines the
hard, massive, and competent roof strata as the key/sub-key
strata that are strong enough to influence or determine the
movement of the above weaker strata up to the ground surface
(Qian et al. 1996). The strata movement has also been studied
using the “short Voussoir beam” model for the shallow coal
seams with thick unconsolidated formation and thin-bedrock
geological conditions (Huang et al. 1999). With these models,
a broad-based observation on the development of the “caved
zone,” “fractured zone,” and “continuous deformation zone”
above the mined-out area was provided. The behaviors of the
main roof have also been perused. The classical plate theory
(Jia and Huo 1999) and beam theory (Qian 1981) were used to
analyze the stress and displacement of the strong and hard roof
above the foundation (foundation defined as the immediate
roof and coal seam in this paper). The foundation, however,
is assumed rigid in their models, which might be too rigorous
for analyzing the complex breakage of the roof in a real mine.
Li et al. (2007) developed a series of moment equations to
study the breakage and energy release of the strong roof (Li
et al. 2007). The immediate roof and coal seam below the
strong roof was considered as elastic in their model. Wang
et al. (2014), Wang and Wang (2015) proposed a dynamic
simulation method for determining the required load capacity
of'the shields for the thick coal seams (Wang et al. 2014; Wang
and Wang 2015). He also recommended a list of impact

Impact Loading

C Roof breaks behind the support

Fig.2 A schematic of the mine hazards in the face area including the face collapse followed by roof fall ahead of the support, impact loading of the main

roof and support failure
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loading coefficients for the shield supports under different
mining methods and different roof classifications. Pan et al.
(2012a, b, 2013), Pan and Gu (2014) utilized the statically
indeterminate differential equation of deflection curve to study
the deflection, shearing force, bending moment, and energy
change of the competent roof during the first and periodic roof
weightings, and how these parameters vary with the overbur-
den loads, support capacity, foundation stiffness, and periodic
roof weighting intervals (Pan et al. 2012a; 2012b; 2013; Pan
and Gu 2014). In their models, the roof breaks 6—8 m ahead of
the face. The previous analytical models provide a theoretical
basis for the prediction of the occurrence of roof weightings
and the determination of the power support load capacity.
However, the broken positions of the main roof as well as a
few weaker roof strata above the main roof were not consid-
ered in depth.

Physical modeling of the roof caving behaviors has been
frequently documented in the previous studies. Song et al.
(2015) studied the dynamic movement of the roof and the
extension of caved and fractured zone heights with face ad-
vance (Song and Yang 2015). Li et al. (2015) analyzed the
characteristics of acoustic emission signals during the failure
process of the hard roof. The maximum AE energy was found
at the position where the roof breakage occurs (Li et al. 2015).
Xuetal. (2017) reproduced the trapezoid-like configuration of
the disturbed overburden strata using the physical modeling
study. An overall decreasing trend of the fracture space from
the model bottom to the top was observed, which is the most
typical result of the conventional physical modeling studies
(Xu et al. 2017). Yang et al. (2017) developed a physical
modeling rig to study the roof movement in the shallow-
buried thin-bedrock coal seams and its effects on the stability
of'the face and performance of the supports (Yang et al. 2017).
The results show that the impact load on the support at roof
weighting is two times of the support working resistance dur-
ing the normal advance of longwall face. The short Voussoir
beam was also reproduced in his physical model. Most of the
physical models, however, cannot reproduce the case that roof
breaks ahead of or along the face, the geometric configuration
of the disturbed overburden strata in the regular physical
models is therefore trapezoid-shaped, instead of reversed
trapezoid-like or rectangular-like.

The previous works have largely improved our understand-
ings on the movement and dynamic behaviors of the roof
including the structural forms of the strong roof after failure
and the analysis of internal force and deflection of the roof
ahead of and behind the face. The broken position of a single
roof layer (say the main roof) and the dynamic load on the
support have also been documented. However, the broken
position of the strong and massive roof not only has a great
impact on the stability of its below support and face but also
influences the behaviors and movement of a few weaker roof
layers sitting right above this hard roof. Therefore, more
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research needs to be done regarding the characteristics of the
gradual upward extension of the roof breakage, including the
broken positions of different roof layers, rock broken angle o
and strata broken angle ¢, which are considered closely relat-
ed to the geometric configurations of the disturbed overlying
strata above the gob (see Fig. 3 for the definitions of these
parameters). This study may help improving the ground con-
trol in the open face area, optimizing the face support design
and predicting the surface subsidence. This paper therefore
attempts to study the movement and broken positions of the
overlying strata through a theoretical analysis and physical
models.

Analytical solutions for the overburden
movement

The broken positions of the roof strata and the consequent
geometric caving configurations of the overlying strata above
the face and the gob may have a major impact on the mine
pressure behaviors in the open face area. The roof broken
position, on the other hand, is affected not only by its thick-
ness, strength, and stiffness, but also the loading characteris-
tics of the upper rock layers and the deformation or stiffness of
the lower strata. It is necessary to understand how these
influencing factors affect the caving characteristics of the
strong and hard roof as well as the upper few weaker roof
layers.

Development of a roof failure analytical model

The immediate roof caves in upon the advance of the roof
supports and the fresh main roof overhangs. The strong and
hard main roof breaks when the limit broken length of the
cantilever roof beam is reached. In this paper, an analytical
model combining the beam on the elastic foundation theory

strata broken line roof layer line

roof broken position rock broken lme\\’f\_ /

Stratum M, | ht / k! £\

‘/ \ 2\
Sy L 7N
StratumM; \ [/ \
_____ . TR

\
Main Roof \\\ /
______ L7 \

5 X

Immediate Roof ™\ %

Fig. 3 A schematic for the definitions of the rock broken angle «, strata
broken angle (, and roof broken position. Rock broken angle « is defined
as the angle between the rock broken line and the roof layer line, strata
broken angle ¢ is defined as the angle between the strata broken line and
the roof layer line
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and the cantilever beam theory is proposed for analyzing the
broken positions of the roof strata above the face and the
consequent geometric configurations of the overburden be-
hind the support after caving. Figure 4 gives a schematic of
the analytical model, in which b and / are the length of beams
OA and AB, respectively; / is the thickness of the main roof;
origin of coordinates is set at point O with the horizontal X
coordinate pointing to the gob direction and vertical Y-
coordinate pointing downward. In this model, the main roof
OB has two segments, i.e., beam OA sitting on the elastic
foundation (say the immediate roof and the coal seam) and
the cantilever beam AB overhanging behind the face. Note
that point O is assumed far beyond the influencing area of
the front abutment pressure. Rotation and moment at point
O are therefore 0. On the other hand, the cantilever beam
AB is fixed at point A. We assume that the maximum moment
M, and shear force O, are found at point A (see Fig. 4), and
the rotation and displacement at this point are not 0. By con-
trast, the other side of the cantilever beam AB (point B) is
assumed free. The overlying pressure on the main roof might
be influential to the broken position of the roof. For simplifi-
cation, a uniformly distributed pressure ¢ is assumed in this
paper for the overlying pressure on the main roof (beam OB).

The below coal seam and immediate roof are the elastic
foundation supporting the main roof. In this paper, we define
a supporting factor kg as the roof pressure on the foundation
resulting in per unit vertical displacement of the foundation
(Long 1982). By assuming that the total vertical displacement
of the foundation is y, the force to the main roof provided by
unit area of the foundation is ky % y. Hence, the following
equation can be obtained:

EYY = g—koy

where £ is the elastic modulus, and / is the second moment of
area of the beam.

My
1, MY
- QA QA

Fig. 4 The roof failure analytical model combining the beam on elastic
foundation theory and the cantilever beam theory

By solving the above equation, we can have the following
deflection equation of the beam OA on the elastic foundation,
which is given as

0
¥ = o+ 61(08) + 205 (Br)— o ()28 )

B EIB Jé;
+ 11 (8]
where
¢1(0x) = ch(fBx)cos(fx)
¢y (fx) = (ch(Ox)sin(fx) + sh(fx)cos(fx)) /2
¢3(Bx) = sh(fx)sin(fx) /2
¢4(Bx) = (ch(fx)sin(Ax)—sh(Ax)cos((x)) /4

(= /k/(AEI)

In the above equations, y,, 6y, Qo, and M, are the
vertical displacement, rotation, shear force, and moment
of the beam at point O. (§ is a feature coefficient in
m ', a comprehensive parameter relative to the elastic
performance of the beam (the main roof) and the foun-
dation (the immediate roof and coal seam). This coeffi-
cient is influential to the stress and displacement of the
main roof. k is a product of ky and the width of the
beam (in the face width direction).

For a beam with a unit width, the feature coefficient can be
described as

B =\/3ko/(ER’)

Combining that yo =0 and 6, =0 at point O, the equations
for the deflection, rotation, moment, and shear force are given
in Egs. 1, 2, 3, and 4, respectively:

M
y= ) s + ey a] ()
d M 4
= = (30 + T o) @)
M=% My - 4,80 + Loy (-L oy (3)
B gl o
0 = it = ~48My - 4(3) + Q0+ n ()~ ex(r) (4)

Substituting the moment and shear force values at point A
(M=M,, Q=0,) into Egs. 3 and 4 yields

1 <¢1¢2 + 40304

= b2 + dys 3 q+ 6104+ 4ﬂ¢4MA>

(5)

o
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Mo = —
’ # (¢12 +4h2¢4)

[(¢22*¢1¢3)q+5¢2QA*¢152MA] (6)

For the cantilever beam AB, we can easily get the moment
and shear force values expressed as Q4 = gl and M, = -qI*/2.
Equations 5 and 6 are then changed as Eqs. 7 and 8 shown
below:

. q P19y + 4P34 - 2)

Oy = 6.2 1 4630, ( 3 + O11=2P¢41 (7)
o q ¢22_¢1¢’3 ¢_2l l 2>

Mo = ¢12+4¢2¢4< 7ot a)  ©®

where ¢,, = ¢,(8b), n=1, 2, 3, and 4.

Combining the above equations, we can have the deflec-
tion, rotation, moment, and shear force at any position in the
beam OB.

Based on the proposed analytical model, we can determine
the roof broken position, strata broken angle, and consequent-
ly the caving geometric characteristics of the overlying strata.

Determination of the roof broken positions

The breakage of the main roof might be a result of both the
weight of the above overlying strata and the upward pressure
provided by the below strata. Therefore, this paper considers
both the overburden pressure g and supporting factor &y in the
proposed analytical model. Note that the roof typically fails in
tension and the broken position of the roof occurs at the max-
imum moment (and 0 for shear force at this position). Since
the shear force at point A is not 0, the moment at this position
is therefore not the maximum value. The main roof therefore
breaks ahead of point A. With the advance of the longwall
face, the main roof overhangs behind the face, and the mined-
out void in the open face area allows the displacement and
rotation of the main roof. The above strata, however, have less
available space or separation for displacement due to the sup-
port of the main roof, shields, and the gob materials.
Therefore, the main roof and the overlying strata may present
different broken positions. This is analyzed below separately.

Broken position of the main roof

The main roof breaks at the position where the shear force is 0
and the bending moment reaches its maximum. The calcula-
tion of the roof broken position requires combining Egs. 3, 4,
7, and 8. A parametric study is performed by substituting
typical parameters into the expression for the broken position
of the main roof. Since the closed-form solution for the roof
broken position is way too complex, this paper only gives the
results calculated from a MATLAB code.
It is not unreasonable to assume that E=30 GPa, o,=

3.5 MPa, ¢=0.5 MPa, and k=0.5-2 GPa, where E is the
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modulus of the main roof, oy is the tensile strength, ¢ is the
uniformly distributed pressure on the main roof, & is the
supporting factor, and the suggested values can be found from
Long (Long 1982). Table 1 gives the results obtained from a
MATLAB code.

In Table 1, /& represents the thickness of the strong roof
above the seam. It is learned that the broken position ahead
of the longwall face increases with the thickness of the roof
but decreases with the increase of supporting factor. A thin
main roof with a low supporting factor breaks at a smaller
distance ahead of the immediate roof line. For example, the
broken position of a 5-m main roof with a supporting factor of
0.5 occurs at 3.38 m ahead of the immediate roof. In western
mining areas of China (the 4 major coal bases) where the thin
bedrock is commonly found, the broken position of the main
roof falls in the range of the shield’s supporting area, which
might result in a dynamic load on the shields when the roof
breaks. Field observation confirms this mine pressure behav-
ior that a tremendous working resistance is commonly found
on the legs of the shields during periodic roof weightings.
Hence, this finding of the analytical model should be helpful
for predicting the dynamic mine hazards during weighting and
improving the performance of the face and shields.

Broken positions of the strata above the main roof

The breakage of the main roof creates separation and space for
the movement of the very above weaker stratum, say Stratum
M; in Fig. 5a. Assuming the roof beams have the same limit
broken length (Lo =L;), the overhang length of Stratum M,
can be expressed as

I = Li—z1 = (lo +20)—21

where /y and /; are the overhang lengths of the main roof and
Stratum M, z, and z; are the distance ahead of the lower roof
line for the main roof and Stratum M. L, and L, are the limit
broken lengths of the main roof and Stratum M.

Depending on the relative magnitude of /; and L, the bro-
ken positions of above strata can be divided into two modes. If
the unsupported overhang length of the Stratum M; is larger
than its limit broken length (/; > L;), Stratum M; and its over-
lying strata would fail as Mode I shown in Fig. 5b. During the
periodic breaks of the main roof, it is observed that the

Table 1 Broken

positions of the main h/m k/(GPam™")

roof ahead of the

immediate roof line 0.5 1.0 1.5 2.0
under different geologic

conditions 5 3.38 2.58 2.20 1.96

10 5.16 391 331 294
15 6.58 4.97 4.20 3.72
20 7.82 5.88 4.97 4.40
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Fig. 5 Two modes of the broken L 1 Stratum M,/ I/'
positions of the main roof and the ~ S iy / .
above weaker strata Stratum M, /N ll | tratum My -/ ) |
_________ Stratum M, I / / I
r l 1 b T
Main Roof ,L o .t Stratum M, [/
| / [SEER
L_"_'LT) ————— 1 Main Roof ,/ /

Immediate Roof

a

released unsupported area of the above Stratum M; is not
increasing progressively but at an interval. The maximum
bending moment at the broken position is larger than its ulti-
mate bending moment. Therefore, the position where the
bending moment reaches the maximum value indicates the
roof broken position. In this case, Stratum M; has the same
broken length with the main roof.

If the limit broken length of Stratum M, is larger than the
overhang length (L; > /;), Stratum M; may maintain its stabil-
ity since the main roof provides support for Stratum M.
When the main roof breaks again, the unsupported overhang
length of Stratum M, increases suddenly and dramatically. By
this time, the overhang length is typically larger than its limit
broken length. Stratum M, breaks as Mode II. Likewise, the
broken position occurs at the maximum bending moment.
During the calculation, the overhang length of Stratum M;
(;) is assumed to be twice the limit broken length of the main
roof (2Ly). Considering that the shear force is 0, the position
where bending moment reaches the maximum, i.e., the roof
broken position. In this case, the broken length of Stratum M,
is twice the main roof. The strata above Stratum M; have the
similar broken positions.

The broken positions of the overlying strata above the main
roof depend on the maximum bending moment rather than the
tensile strength of the strata. The overhang length of the strata
in Mode II is twice that Mode I; therefore, the roof broken
positions ahead of the longwall face are different.

Parametric analysis on the broken positions
of the overlying strata

The shear force should be 0 at the positions where the roof
break. Let z = b-x and combine Egs. 4, 7, and 8; we can have
the expression for the distance of the i,, stratum ahead of its
lower (i-1),, stratum, i.e., z;. Note that x is the distance from
the front side of the beam (see Fig. 4 the coordinate system),
and b is the length of the beam sitting on elastic foundation
(for instance, the length of beam OA for the main roof in Fig.
4). It is better choosing a large value of b. The front side of the
beam therefore stays far beyond the abutment pressure
influencing area.

Immediate Roof T ey

b

The following steps give the method for calculating the
broken positions of the overlying strata.

1. By assuming b = 2mm, where m is a large positive integer,
we can have ch (8b) = sh(b) = &"™/2.

2. Substituting the above equation into Egs. 7 and 8 yields
the expressions for Qg and M.

3. Substitute the obtained expressions for Oy and M, into Eq.
4, and let Eq. 4 equal 0; the formula for z; can be obtained
and given below in Eq. 9. Note that during the calculation,
the expression z = b-x is changed back to x = b-z:

z; = — arctan andz; + 1; = Ly )

Bi
where [3; is the feature coefficient of the elastic foundation for
the iy, stratum. /; is the overhang length of the stratum (/;> L,).
Ly is the broken length of the main roof.

Figure 6 gives the relationship between the length of the
roof ahead of its very below roof line (z) and the feature co-
efficient () and the overhang length (/). It shows that z de-
creases with increasing (3 and /. Note that a small value of z
means that the broken position is closer to the faceline/power
support.

1
Gili +1

Analysis on the caving characteristics
of the overlying strata

Geometric configurations of the caving overburden

The geometric configuration of the overlying strata above the
gob is influenced by both the roof broken positions and strata
broken angle. Theoretically, the configurations can be classi-
fied into three types, the trapezoid-shaped, rectangular-
shaped, and inverted trapezoid-shaped configurations given
in Fig. 7. Figure 7a plots the regular trapezoid-shaped config-
uration, in which the strata broken angle ¢ is less than 90°.
This is because the length of the roof ahead of the lower roof

@ Springer
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Fig. 6 The relationships between 6 ‘ ‘ 6 b ‘ B
a roof broken length ahead of the a ~I1=8m ~p=0.1 m |
lower stratum and the feature ~B=0.2 m

coefficient at different overhang
lengths; b roof broken length
ahead of the lower stratum and the
overhang length at different
feature coefficients

+p=03m" |

0.2

0.1 0.15

0.25
B(m")

line (z;) is less than half of the roof overhang length (0.54; x
tan#;), or z; < 0.54; % tanf;. The rectangular-shaped configura-
tion is given in Fig. 7b where ¢ = 90°. In this case, z; = 0.55; ¥
tanf; = 0. Figure 7c shows the inverted trapezoid-shaped con-
figuration where ¢ > 90° and z; > 0.5/; * tan#;.

Rock broken angle

The caving configurations of the disturbed overlying strata
above the gob are influenced by not only the breaking posi-
tions of the strata, but also the rock broken angle and the strata
broken angle. Based on the field observation, the rock broken
angle is slightly less than 90° (see « in Fig. 8) and the roof
block rotates after its breakage (see 6 in Fig. 8). The relation-
ship of the roof block rotation angle and the rock broken angle
is given as ov=90° — 0.

Substituting the coordinate values at the roof broken posi-
tion into Eq. 2 gives the expression for the roof block rotation
angle 6 shown in Eq. 10:

VZox) >
0 — ql' ﬁ I+ Zﬁl +2 ) efarctanﬁ (10)
2EI3

where 0 is the roof block rotation angle in rad.
It can be seen from Eq. 10 that @ has a positive rela-
tionship with ¢/EI and is also related to the feature

strata broken lineﬂ

0.3

strata broken line——~

035 04 6 8 100 12 14 16 18
I'(m)

coefficient # and the overhang length of the roof /.
Figure 9 shows the variation of the roof block rotation
angle over the feature coefficient and the overhang length
of the roof. It should be noted that the Y-coordinate is
Elf/q, a dimensionless parameter that can be used to de-
scribe the rotation of the roof block when El/q is deter-
mined in a certain condition. It shows that 6 decreases
with the increase of 3 and increases with the increase of
[ (or equivalently, « increases with the increase of  and
decreases with the increase of /).

Strata broken angle

Assuming in a coal mine a 6.75-m thick Stratum 1 over-
hangs 14.7 m after the breakage of the main roof, the
Stratum 1 applies a vertical pressure of 0.206 MPa to
the main roof, and the elastic modulus, tensile strength,
and supporting factor are 11 GPa, 1.5 MPa, and 1.0 GN/
m°®, respectively. Substituting these figures into Eq. 9
yields z;=1.6 m and 6, =0.03°. Therefore, the block ro-
tation angle @ is negligible and consequently, the rock
broken angle « is close to 90°. Field observation also
confirms that the roof block rotation angle 6 is small in
the field. On the other hand, the inverted trapezoid-shaped
configuration is mostly observed. As a result, the config-
uration given in Fig. 7c is re-plotted as Fig. 10 with the
strata broken angle ¢ larger than 90°, and the rock broken
angle o equal to 90°.

strata broken line—= 1)

hl A ]

T T [ T T |
2} z |

center line ,/ ~ center line

Fig. 7 a Regular trapezoid-shaped configuration. b Rectangular-shaped configuration. ¢ Inverted trapezoid-shaped configuration
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Main Roof ™

Immediate Roof

Immediate Floor

Fig. 8 Roof block rotation angle # and rock broken angle «

The strata broken angle ¢ can be given as

=T arctani=T
¥=3 o2

3\ 025 1
+ arctan < (?0) K% arctan W)
0T ()
(11)

From Eq. 11, it is found that the strata broken angle ¢
increases with the decrease of ky/E and [. The thickness of
the roof layer / also has an impact on the strata broken angle,
but this impact varies under different conditions. Assuming
that £=30 GPa, k,=0.3 GN/m3, and /=11.62 m, Fig. 11a
shows that ¢ increases with 4. While if the overhang length
decreases to /=15 m, ¢ first increases then decreases with the
increase of 4 (see Fig. 11b). In both figures, however, ¢ is
larger than 90°, indicating an inverted trapezoid-shaped con-
figuration of the caving overlying strata above the gob.

A case study

This paper gives a case study for the application of the pro-
posed model. The necessary parameters of the studied coal
mine are listed in Table 2. Equation 12 is first used to calculate
the pressure on each stratum to determine the strong and hard
key stratum (Qian 1983). The results show that Stratum 5 is
the key stratum:

strata broken line—=_ o

o
hi \‘Zi

Fig. 10 The inverted trapezoid-shaped configuration with a 90° of rock
broken angle

(4,); = Evhy (vihy + ahy + 0 4 y,h0)
ge E\B3 + Exh + - + E b

(12)

where E; is the elastic modulus of each stratum (i=1, 2,..., n).
h is the thickness of each stratum. -y is the unit weight.

The following Eq. 13 is then used to estimate the limit
broken length of each beam (Qian 1983). It shows that the
largest limit broken length occurs at the main roof instead of
the above roof strata. Therefore, the failure mode of the roof'in
this case can be determined as Mode I (see Fig. 5b):

L:h\/% (13)

where L is the limit broken length of the beam; 4 is the strata
thickness, o, is the tensile strength, and ¢ is the uniform dis-
tributed load.

The interval of the main roof failure can be obtained based
on Eq. 8 using a MATLAB code. The broken position and
broken angle can be determined by combining Egs. 9, 10, and
11. The results are given in Table 3 and Fig. 12. It shows that
the strata broken angle ¢ is 110°, which is in good agreement
with the field measurement.

The theoretical analysis reveals that the strata broken angle
() changes under different geological and mining conditions.
If ¢ < 90°, the final configuration of the roof after break is
trapezoid-shaped; = 90° and ¢ > 90° yield the rectangular
and inverted trapezoid-shaped configurations, respectively. Of

2000 r

Fig. 9 The relationships between
a the roof block rotation angle and
feature coefficient under different
overhang lengths and b the roof
block rotation angle and overhang
length under different feature
coefficients

~+[=8m
—-I=12m
—1=16 m 1500 |

El0/q

1000 -

500
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Fig. 11 The variation of the strata 124
broken angle over thickness of the 123

roof strata
122

o

?(°)

121
120
119
18

117 10

8
h (m)

those, the inverted trapezoid-shaped configuration is mostly
observed in the field.

Physical modeling study

The conventional physical model only reproduces the
trapezoid-shaped configuration in the previous physical
modeling studies. This might be due to the unrealistic
governing parameters in the physical modeling. These inves-
tigations have developed an improved physical modeling rig
to reproduce three of the overlying configurations predicted
by the theoretical model. The deviation analysis on the previ-
ous physical modeling studies is first presented to determine
the governing parameters according to the proposed theoreti-
cal model.

Deviation analysis on conventional physical
modeling studies

Physical modeling is commonly used in the laboratory for
studying the roof strata movement above a longwall face.
Figure 13 gives a typical geometric configuration of the
roof strata after caving at the final advance of face. It
shows a regular trapezoid-shaped caving configuration.
However, the strata geometric configuration after caving
might be different in the field under different geological
and mining conditions. For instance, in the thin-bedrock
longwall faces at four of the abovementioned coal bases, a

1=11.62 m I=5m

131

»(°)

130

129

8 10 12 14 16
h (m)

large-scale vertical crack developed from the faceline up
to the surface is frequently observed (rectangular-shaped
configuration, ¢ =90°). The inrush of water or sand into
the open face area along the large-scale crack may occur.
The breakage of the hard roof along the faceline may
generate dynamic load on the roof supports, leading to
the poor performance or failure of the supports.

The conventional physical models are not capable of
accurately capturing the roof broken position, strata bro-
ken angle, and the interaction between the roof and sup-
ports. This might be due in part to the inapplicable
governing parameters such as the feature coefficient (5),
the ratio of the uniformly distributed load over roof stiff-
ness (g/EI), the ratio of tensile strength over the uniformly
distributed load (o,/g), and the dimensionality of the mod-
el, which is illustrated below in detail.

The feature coefficient 8 (8 = (k/4El)°%)

The feature coefficient 5 might be the most important
parameter that affects the roof broken position and strata
broken angle, which is widely ignored in the conventional
physical models. Generally, the feature coefficient (3 in the
conventional physical models is larger than that in the
field. It is found that the feature coefficient of the roof
materials in the physical model is about 20, compared to
approximately 0.2 in the field. Therefore, the upper roof
breaks behind or along the lower roof line in the physical
model, resulting in the trapezoid-shaped caving configu-
ration. To realistically simulate the roof movement, the

Table 2 Mechanical properties of

overlying strata Strata Lithology 7, MN/m? h,m E, GPa ko, 10°N/m?
Stratum 5 Mudstone 0.024 15.15 11 0.3-04
Stratum 4 Fine-grained standstone 0.025 4.05 30 0.8-1.2
Stratum 3 Mudstone 0.024 7.8 11 0.3-0.4
Stratum 2 Medium-grained standstone 0.025 24 27 0.4-0.6
Stratum 1 Mudstone 0.025 6.75 11 0.3-04
Main roof Fine-grained standstone 0.025 8.75 30 0.8-1.2
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Table 3 A list of the calculation results

Strata ko, GPa/m o, MPa g, MPa 6 s’, m s/m a, ° z,m ®,°

Stratum 4 0.35 3.5 0.101 0.152 13.76 L0=10+2z0=123+4.0=16.3 89.97 2 116.5
Stratum 3 0.5 1.5 0.209 0.13 12.06 89.98 2.7 108.8
Stratum 2 0.35 3 0.06 0.23 9.8 89.94 0.9 111.4
Stratum 1 1 1.5 0.206 0.173 10.52 89.97 1.6 103.3
Main roof 0.75 3.5 0.46 0.103 13.93 89.99 4 114.8

L’ is the estimated limit broken length of the overlying roof beam. L is the limit broken length of the main roof. In the case where the elastic foundation
has two layers, e.g., the upper laminated layer and the lower massive one, the supporting factor of the foundation can be calculated by using ko = Eo/H,
where H is the foundation thickness and E| is the foundation modulus. For instance, when the main roof is the beam on elastic foundation, the upper
foundation is the laminated immediate roof and coal seam, while the lower foundation is the massive floor. The supporting factor is given as

ko = 0.75 GPa/m, where the average modulus of the foundation is 3 GPa and the seam thickness is 4 m

feature coefficient should be decreased. This can be
achieved by increasing the elastic modulus of the roof
materials or reducing the supporting coefficient.

The ratio of the uniformly distributed load over roof
stiffness (g/El)

The strata broken angle is not only affected by the feature
coefficient but also the ratio of the uniformly distributed load
over the roof stiffness (¢/EI). Note that the roof load on the
coal seam is assumed as the uniformly distributed load in this
paper. The broken angle trends to be proportional to ¢/EI, or
equivalently p/(Eh%), in which is p the density of the construc-
tion material in the physical model. In the conventional phys-
ical models, this ratio is 107 times the in situ value. As a result,
the broken angle obtained in the physical model is unrealisti-
cally larger than that observed in the field. To solve this prob-
lem, we need to select physical materials with small density
and large modulus and improve the overall size of the physical
model.

Stratum M;

immediate roof and coal seam 4.0

Fig. 12 The roof broken position and the strata broken angle of the
studied coal mine

The ratio of tensile strength over the uniformly
distributed load (0/q)

The compression strength ratio is one of the three major sim-
ilarity ratios that a conventional physical model must follow.
However, the roof both in the physical model and the field fail
in tension. Tensile strength of the roof rocks is therefore a
more important parameter than the compression strength for
a physically realistic simulation. Tensile strength of the rock
may change the extension length of the cantilever roof beam,
and consequently, the caving configuration of the overlying
roof strata. Generally, a larger tensile strength leads to a longer
overhang length of the cantilever roof beam. Hence, care
should be taken to ensure proper density for the physical ma-
terials and a proper tensile strength ratio for the physical
model.

The dimensionality of the model

Generally, the conventional 2D physical model is less than
20 cm wide (the face width is less than 20 cm). The length
of the model is also too small to achieve a critical extraction.

Fig. 13 The typical regular trapezoid-shaped roof caving configuration
captured in the conventional physical model at final face advance. The
strata broken angle ¢ is less than 90°
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Fig. 14 Final construction of the physical model and the measuring system. a Physical modeling rig. b Load sensor installed on the support. ¢ Infrared
imaging system. d Ultrasonic detection system. e High-speed imaging system

By increasing the overall size of the physical modeling rig, the
similarity ratio is increased with an enlarged mining area, and
the impact of the model boundaries is reduced with improved
accuracy.

Development of an improved physical model

Based on the above deviation analysis, the physiomechanical
properties of the physical model for different strata are the
most important factor affecting the experimental accuracy.
Therefore, the construction materials should be chosen care-
fully at the first place and the physiomechanical properties of
the roof layers should be determined by adjusting the propor-
tions of the construction materials through a trial-and-error
procedure. Thus, the abovementioned governing factors can
be kept as close to those in the field as possible. During the
physical modeling test, movement of the roof strata (including
the creation of the mining induced cracks) is only produced
due to the mining activities.

Secondly, the overall dimension of the test rig should be
increased. Figure 14 shows the improved physical modeling

rig developed by the principal author of this paper. The
3000 x 500 x 4000-mm modeling rig is significantly larger
than the conventional one with a typical width of 200 mm.
A total of five hydraulic rams are evenly displaced on the top
of the model to simulate the overall weight of the overburden
that cannot be constructed in the physical model. The hydrau-
lic cylinder provides a maximum stroke of 1000 mm and
maximum load of 50 t. The test rig enables modeling of an
enlarged mining area with increased similarity ratio and re-
duced boundary effect.

The measuring system is also an important part of the phys-
ical modeling. This experiment includes displacement mea-
suring system, strain measuring system, ultrasonic detection
system, infrared imaging system, and high-speed imaging sys-
tem for gathering the necessary data on the roof movement
during the face advance. A load sensor (type SZY-3-B) is used
for monitoring the changes of the support’s working resistance
with face advance for studying the interaction between the
roof and support. The sensor is able to capture 100 load data
per second. Note that this paper mainly concerns the configu-
ration of the overburden induced by the longwall mining; the
displacement and stress data are therefore not included.

-
L
L]
v
~
=
&
<

Fig. 15 Geometric configurations of the caving strata under different experimental conditions. a Reversed trapezoid roof caving configuration. b Regular
trapezoid roof caving configuration. ¢ Rectangular roof caving configuration
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Results and analysis

The improved physical modeling rig is used to reproduce the
caving configurations of the strata after mining. Figure 15
gives the geometric configurations of the caving strata under
different experimental conditions. A massive strong roof layer
produces a reversed trapezoid-shaped configuration, in which
the broken position of each roof layer extends upward ahead
of the face (¢ > 90°; see Fig. 15a). The soft roof, however,
creates a trapezoid-shaped caving configuration, in which the
roof broken position extends upward behind the face (p
< 90°; see Fig. 15b). The thin-bedrock roof produces a
rectangle-shaped caving configuration, in which the crack de-
velops upward vertically (¢ = 90°; see Fig. 15¢). These con-
figurations (especially the reversed trapezoid-shaped and the
rectangle-shaped one) are not commonly found in the previ-
ous conventional physical modeling. The physical modeling
properly reproduces the three caving configuration of the stra-
ta above the gob, which can be used to validate the proposed
theoretical model.

Summary and conclusions

The broken positions of the roof may have an impact on the
geometric configurations of the caving strata and the mine
pressure behaviors in the open face area. This paper has de-
veloped an analytical model combining the cantilever beam
theory and beam on elastic foundation theory to obtain the
roof broken positions, rock broken angle, and strata broken
angle, which can be used for describing the caving configura-
tions of the disturbed strata above the gob. The proposed an-
alytical model yields three different caving configurations in-
cluding the regular trapezoid-shaped, rectangular-shaped, and
inverted trapezoid-shaped configurations. A case study is also
provided to illustrate the application of the analytical model.
The proposed roof failure analytical model gives the closed-
form solutions for the roof broken position (z), rock broken
angle («), and the strata broken angle (), according to which
the geometric caving configuration of the overlying strata can
be classified as the regular trapezoid-shaped, rectangular-
shaped, and inverted trapezoid-shaped. The roof broken posi-
tion (z) and the rock broken angle («) are largely influenced by
both the feature coefficient (3), overhang length (/) of the roof
beam, and the tensile strength of the roof. The roof broken
position (z) has a negative relationship with the feature coef-
ficient () and the overhang length (/), while the rock broken
angle («) has a positive relationship with the feature coeffi-
cient () and negative relationship with the overhang length
(/). The strata broken angle is typically larger than 90°, indi-
cating an inverted trapezoid-shaped configuration.

The conventional physical models can only reproduce the
regular trapezoid-shaped configuration due to the inapplicable

governing parameters. These parameters may influence the
roof caving characteristics and are identified through a devia-
tion analysis. An improved physical modeling rig is therefore
developed based on the deviation analysis to reproduce the
movement of the roof strata in a physically realistic way.
The prerequisite is that the construction materials of the phys-
ical model should be chosen carefully to develop proper phys-
ical rock layers with reasonable physiomechanical properties
and that the stress and displacement boundary conditions
should be met. The improved physical rig realistically repro-
duces the regular trapezoid-shaped, the rectangular-shaped,
and the inverted trapezoid-shaped configurations predicted
by the theoretical model. Future studies will consider obser-
vations of acoustic emission events and ultrasonic velocity in
the physical models, and monitoring of microseismic in the
field for predicting the broken positions of the roof strata
ahead of longwall face.
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