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The roof in a fully-mechanized face of a shallow coal seam with large mining

height is prone to form a combined cantilever—articulated rock beam structure.

When the support resistance is insufficient, the articulated rock beam will sink.

This will make the combined cantilever beam rotate and fracture. It is then easy

to induce the sliding and instability of the articulated rock beam, which results in

large-scale roof cutting and the support crushing. Taking the combined

cantilever beam structure as the main research object, and considering the

mining damaged characteristics of cantilever beam rock stratum, the rock beam

was regarded as a finite plate model with an edge crack of arbitrary dip angle. In

addition, a fracture mechanics model controlled by a set of structural planes

was established, the instability conditions of rock beam and the main control

factors were analyzed, and the method of determining the support resistance

were discussed. The results show that the cantilever beam rotates and fractures.

This causes a chain reaction of the rock beam that leads to fracture. The

combined cantilever beam then loses stability with the increase of the length of

the crack length and the crack dip angle, and therefore it is easier to penetrate

the cantilever beam and cause roof instability. The necessary condition for rock

beam instability was crack activation, and the sufficient condition was the airfoil

branch crack propagate through the rock beam. The influence degree of each

parameter on the support resistance was thus determined: crack length a >
crack dip angle β > rock thickness h > weighting interval l. The theoretical

analysis results were proven to be reasonable by an in situ monitoring example

of no. 22,310 working face in the Daliuta coal mine, China. On this basis, the

reasonable value of support resistance was obtained. The conclusions of this
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combined cantilever beam; hi, The thickness of rock block; ai, The length of structural plane; li, The
length of cantilever section; Ri, The cantilever beam structural load; QZi, The lower support or
cantilever beam supporting force; Qxi, The gravity of the antilever beam rock block of the ith
layer; σ, the stress value of σx when y=h/2; β, The crack dip angle; RT, The ultimate tensile strength
of rock; s, The length of the branch crack; Δmi, The possible subsidence; Δji, The ultimate settlement;
W, The thickness of the analyzed rock stratum.
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research provide a newmethod for researching the roof instability mechanism.

They are also conducive to the green and sustainable development of mines.

KEYWORDS

large mining height, combined cantilever beam, stress-intensity factor, roof cutting,
support resistance

Introduction

Fully-mechanized mining technology with large mining

height and extra-large mining height is widely recognized

thanks to its technical advantages, such as high resource

recovery rate, low gangue rate, safety, and efficiency in

shallow coal seam mining (Wang et al., 2017). With the

increase of mining height, the fully mechanized mining roof is

prone to form a combined cantilever—articulated rock beam

structure (Yan et al., 2011; Yan et al., 2015; Yu and Yan, 2015).

Because the larger thickness of the combined cantilever beam, the

load of the support increases accordingly. When the support

capacity of the support is insufficient, the combined cantilever

beam will fracture along the coal wall, the strata behavior is

extremely severe, and this results in large-area roof cutting and

support crushing accidents (Yan et al., 2015). Therefore, it is

necessary to analyze the failure mechanism of the combined

cantilever beam to ensure the stability of combined

cantilever—articulated rock beam structure and the safety of

working face.

Many scholars have already conducted in-depth research on

the characteristics of overlying strata, instability mechanism of

immediate roof and the relationship between support and

surrounding rock in a large mining height face. The height of

the collapsed and cracked zone rises in steps with the

enlargement of mining height (Gong and Jin, 2008). The

overburden failure height was shown to be linearly positively

correlated with the mining thickness (Han et al., 2016). Zhao

et al. (2021) obtained the fitting equation of fracture development

height, mining height and advance distance of working face.

Singh and Singh (2009) found that the bulking factor of the caved

rock pile increases and resulted in an increase in cover pressure

distance as the mining height increases. Ghosh and Sivakumar

(2018) divided the microseismic events of the main roof fracture

into three stage processes: initial or preliminary, middle or

building, and final or falling. Kong et al. (2017, 2021)

reported that the stability of a coal wall-support-roof

supporting system is a prerequisite to ensure the stability of

the surrounding rock. Lou et al. (2021, 2017) established a

cantilever beam-sandwich-voussoir beam structure model and

calculated the preliminary scheme of support resistance. Yi et al.

(2022) clarified the temporal–spatial evolution of overburden

movement caused by shallow-seam fully mechanized top coal

caving high-intensity mining. Yang (2021) put forward a

structural model of a cutting block+squeezing balance arch in

super large mining-height working face with 8.8 m support.

Liang et al. (2017) put forward two structure patterns and six

moving types of key strata. Yu et al. (2016, 2015) pointed out that

the key stratum in the near field of fully mechanized caving

mining in extra thickness coal seams was a combined cantilever -

articulated rock beam structure. Xu and Ju (2011), Ju et al. (2011),

Ju and Xu (2015), Li et al. (2018) put forward three moving types

of immediate roof: cantilever directly baggy fall type, cantilever

bi-directional rotation baggy fall type, and cantilever-voussoir

beam alternating movement type. Yan, (2013), 2012, 2015, Yan

et al., 2020) constructed a combined cantilever beam-articulated

rock beam structural model for the roof, and explained the large

and small periodic weighting phenomenon. Li et al. (2014)

constructed the up masonry beam and down inverted step

combination of cantilever beam structural model, and

proposed the calculation method of support resistance. Pang

and Wang (2017) established a simplified dynamic model

between hydraulic support with large mining height and

surround rock, and determined the reasonable support

resistance of a 7.0 m mining face. Xu et al. (2022) found to

the relationship between roof subsidence and support stiffness is

hyperbolic. Yin (2017, 2019) put forward the double period

dynamic mechanism of support and surrounding rock. Ren

et al. (2016) found that the column expansion allowance was

an important evaluation indicator to the yield ability to the

pressure of support. Feng et al. (2017, 2018) found that the

most dangerous state of the support was the combination broken

of the cantilever beam and the masonry beam during coal

mining. Huang et al. (2015), Huang and Tang, 2017, Zhou

and Huang, 2019) pointed out that the support resistance

increases significantly with the increase of the equivalent

immediate roof thickness. Wen et al. (2010) revised the

concept of immediate roof and main roof in combination

with overlying rock structure and movement law of mining a

large height working face. Wang and Wang (2015) constructed a

dynamic load instability model of the working face with large

mining height. Szurgacz and Brodny (2019a, 2019b) analyzed the

influence of dynamic loads on the working parameters of a

powered roof support’s hydraulic leg through tests. Yang et al.

(2020) and Yang et al. (2016) analyzed the instability conditions

of the immediate roof in the working face with large mining

height. Wang et al. (2014) pointed out that with the increase of

KSIR’s thickness or its hardness, or the lower horizon of KSIR,

the support working resistance will increase.

Although scholars have obtained a huge amount of research

results, their research on immediate roof of large mining height

face mainly focuses on its classification, instability characteristics,
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and the relationship with upper strata and supports. There is less

research on the instability mechanism of the equivalent

immediate roof composed of multiple rock strata

(i.e., combined cantilever beam; as shown in Figure 1) (Yan,

2009; Xu and Ju, 2011; Yu et al., 2012; Xu and Fu., 2021), and the

calculation of the support resistance is quite different from the

actual value.

In addition to supporting the combined cantilever beam, the

support also provides a certain support force for the articulated

rock beam, so as to control the stability of the combined

cantilever—articulated rock beam structure. When the support

resistance is insufficient, it is difficult to prevent the excessive

subsidence of the overlying roof, and the key block of the

articulated rock beam will further sink. This forces the mining

damaged area of the combined cantilever beam to expand, and

then break and rotate. The rotating and sinking of the combined

cantilever beam lead to the reduction of the support resistance

acting on the articulated rock beam, which can easily to cause the

sliding and instability of the articulated rock beam. This results in

the large-scale roof cutting along the coal wall and the support

crushing, thus forming the serious and violent strata behavior

and the dynamic load impact phenomenon of the support.

Therefore, ensuring the stability of combined cantilever beam

and making the roof weighting behind the support is conducive

to ensuring the safety and stability of the working face (Kong

et al., 2010a; Kong et al., 2010b; Kong et al., 2010c; Li et al., 2014;

Wang et al., 2014; Yang et al., 2016a; Li et al., 2017).

Currently, fracture mechanics research methods are

increasingly being used in the study of coal mine disasters

(Chen et al., 2011; Zhang et al., 2014; Yang et al., 2016b; Gao

et al., 2017; Wang et al., 2018; Zhao et al., 2019; Wang et al., 2020;

Yang et al., 2021). The roof structure model generally assumes

that the rock stratum is a homogeneous and continuous medium,

which is based on the basic theory and method of the theoretical

mechanics or the material mechanics to analyze the stability and

fracture of rock beam. However, after long-term tectonic activity

and mining damage, there are inevitably some joints and fissures

of different sizes, and even faults in the roof rock mass, which

destroy the integrity and control the fracture and weighting of the

roof. Therefore, each rock strata of the combined cantilever beam

can be assumed as a cantilever beam with edge crack. The

collapse criteria and supporting conditions of combined

cantilever beam can be studied by the principle and method

of fracture mechanics.

Therefore, based on the practice of fully mechanized mining

of a large mining height, from the perspective of fracture

mechanics, combined with the combined

cantilever—articulated rock beam structure model, this paper

studies the fracture evolution process and characteristics of

combined cantilever beam, analyzes the fracture instability

mechanical mechanism and its influence on the interaction

between support and surrounding rock, and studies the

determination method of support resistance.

Analysis of roof structure and fracture
characteristics

Roof structure analysis in a large mining
height

To analyze the structural characteristics of overlying strata

with large mining heights of shallow coal seam, we used the

discrete-element numerical simulation software UDEC to

construct a numerical model and analyzed the coal mining

process with mining heights ranging from 3 to 7 m. The

material model is calculated using the Mohr-Coulomb

elastic–plastic theory model. The direction of the numerical

model was 200 m, and the vertical height was 60 m. The

upper boundary of the model was free. The bottom boundary,

FIGURE 1
The combined cantilever beam structure in a fully-mechanized mining face: (A) roof structural model, (B) physical simulation result of roof
cutting.
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and the left-hand and right-hand horizontal boundary

displacements were fixed.

The simulation results are shown in Figure 2. By comparing

the roof fracture characteristics of 3–7 m mining height, it can

be found that when the mining height is 3 and 4 m, the roof

fracture conforms to the classical voussoir beam structure

model (Figures 2A,B). When the mining height increases to

5 m, the rotation space of the roof increases. The roof collapses

into the goaf, which makes the position of the voussoir beam

structure move up, the thickness of the cantilever beam

increases, and the rock beam has a certain scale of cutting

(Figure 2C). When the mining height increases to 6 m, the

rotation deformation increases after the roof is broken, and the

maximum rotation angle reaches 52°, the thickness of cantilever

beam increases continuously (Figure 2D). When the mining

height increases to 7 m, the roof rotation deformation is greater,

and the rotation angle reaches 60°. When the roof fractures, it is

difficult to touch the gangue, the original rock strata with

voussoir beam structure in small mining height cannot form

an articulated structure but exists in the form of a cantilever

beam. The fracture of the rock strata develops upward and the

thickness increases until the upper strata form an effective

support. Finally, the obvious combined cantilever-articulated

rock beam structure is formed (Figures 2E,F). When the length

of the rock beam exceeds a certain value, the roof of the

combined cantilever beam will lose stability along the coal

wall. The simulation results show that the greater the

thickness of one-time mining in a fully mechanized face is,

the easier it is to form a combined cantilever beam structure and

the easier it is to lose stability.

Simulation analysis of the fracture
characteristics of a cantilever beam
structure

To analyze the formation process and fracture evolution law

of a combined cantilever beam, and discuss the linkage

mechanism between combined cantilever beam and

overlying strata, I constructed a physical analysis model to

simulate and analyze the weighting process of roof under the

condition of 7 m mining height. In the physical model, the coal

seam open-off cut was 25 cm away from the left-hand

boundary, the excavation was from right-hand to left-hand,

and was 5 cm each time.

The physical simulation results show that the large mining

height increases the rotation space of the roof, the goaf cannot

be filled in time after the working face is advanced (Figures

3A–C), the original rock strata that can form voussoir beam is

transformed into cantilever beam with the original immediate

roof, which increases the number of rock stratum and the

thickness of cantilever beam (Figure 3D), Finally, the

combined cantilever beam structure is formed (Figure 3E).

The strata at higher position continue to collapse until the

caving rock fills the goaf, forming a high voussoir beam

structure, and the working face eventually forms a combined

cantilever—articulated rock beam structure (Figure 3F). When

the support resistance is insufficient, with the continuous

advance of the working face, the articulated rock beam is

unstable. This makes the rock strata of the combined

cantilever beam rotate and deform. The damage edge crack

of the cantilever beam then begins to expand, until the edge

FIGURE 2
Overburden structure under weighting at different mining heights: (A) 3 m; (B) 4 m; (C) 5 m; (D) 6 m; (E) 7 m, first-weighting; (F) 7 m, periodic-
weighting.
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crack propagation and coalescence the rock stratum shear

instability occurs (Figures 3B,C,G,H), and the combined

cantilever beam cutting along the coal wall forms in a large

range (Figure 3G). The interaction between the combined

cantilever beam and articulated rock beam has formed the

process of instability and weighting of the working face, the

roof is cut off along the coal wall, and this results in the strata’s

violent behavior. With the continuous advancement of the

working face, the process of roof cutting along the coal wall

caused by the instability of the combined cantilever beam

continues to occur (Figures 3H,I), which creates a

considerable hidden danger to the safe production of the

working face.

The fracture structural model of the
“combined cantilever beam”

Through simulation test analysis, it can be found that before

the combined cantilever beam structure becomes unstable, the

rock strata are not completely fractured but a cantilever beam

with an edge crack can form. When the support capacity is

insufficient, the combined cantilever beam structure rotation

deforms, the crack starts to propagate and penetrate, it then

forms a cutting line, which eventually leads to the instability

along the coal wall of the combined cantilever beam shear

structure, resulting in a large-area support crushing accident

(Figure 3I). Therefore, in combination with specific engineering

FIGURE 3
Simulation test results of similar materials.
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geological conditions, the rock strata of a combined cantilever

beam are approximately a rock beam with an edge crack of

arbitrary dip angle. We can then establish a fracture mechanics

analysis model, and analyze the fracture and instability

mechanism.

Construction and analysis of the
mechanical model

Load analysis of a high articulated rock
beam structure

When the support resistance is insufficient, resulting in the

sliding instability of the voussoir beam, and the voussoir beam

acts on the combined cantilever beam, this can result in the

fracture and collapse of the cantilever beam (Yan et al., 2015).

The load of the support includes two parts: combined cantilever

beam and articulated rock beam. The action of overlying strata

on blocks A and B of the voussoir beam structure is set as the

uniform load action ql. The load action of the voussoir beam

structure on the lower support structure is analyzed by the model

in (Yan, 2013). The model is shown in Figure 4.

The load of voussoir beam can be expressed as (Yan et al.,

2015):

R � QA( L2 +
1
2
H cot α) − Ks2 − QB

f
(h − s1)

− (Ks2 − QB)(L +H sin α)
(1)

where QA is the sum of the gravity of block A and the strata load

controlled by it, kN; H and L are the thickness and weighting

interval of “voussoir beam”, m; T is the horizontal stress, kN; α is

the crack dip angle, (°); s1 is the subsidence of block A, m; FAB is

the friction force between blocks A and B; QB is the sum of the

gravity of block B and the strata load controlled by it, kN; K is the

rigidity of gangue in goaf, kN/m; s2 is the compression of gangue

in goaf (s2 � (kp1 − kp2)∑n
i�1
hi); kp1 is the bulking coefficient of

gangue, kp2 is the residual swelling bulking coefficient of gangue,

m; and f is the friction coefficient between rock blocks.

Construction of the fracture-mechanics
model of a combined cantilever beam

The structural characteristics analysis of a
combined cantilever beam

The combined cantilever beam is cut by a set of structural

planes inclined outward, and it controls the stability of rock beam

(as shown in Figure 5A). Each rock stratum is horizontal, with a

total height of h, the thickness of rock block is hi (i = 1, 2, ... , n),

the length of structural plane is ai (i = 1, 2, ... , n), and the length of

cantilever section is li (i = 1, 2,..., n) (Yan., 2015; Wang., 2020).

The structural fracture analysis of combined
cantilever beam

To facilitate the calculation, according to the geometric

characteristics of the combined cantilever beam structure, a

simplified mechanical model is established to analyze the

stress of the ith potential unstable rock beam. The analysis

model is shown in Figure 5B. The loads on the model include

the upper voussoir beam or cantilever beam structural load Ri

and the lower support or cantilever beam supporting force QZi.

Under the condition of large mining height, it is difficult for the

beam-end gangue to form a supporting effect on the cantilever

beam, so the supporting effect of gangue is not considered.

Because the crack in the roof is usually a compound crack

under complex loads, it is generally understood as a

compression-shear crack. It is difficult to directly calculate the

stress-intensity factor on the crack tip, so the cantilever beam

FIGURE 4
Force calculation of roof: (A) block A; (B) block B.
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rock stratum is regarded as a finite plate model with an oblique

edge crack.

Since the combined cantilever beam is not subjected to

horizontal stress, only the shear stress and bending moment

are considered in the analysis of crack stress. The decomposed

stress-intensity factor calculation models of the two simple loads

are shown in Figure 6. The overburden load is decomposed into

the concentrated force ql and bending moment M, the upper

voussoir beam or cantilever beam structural load Ri, the gravity

Qxi of the cantilever beam and the supporting force QZi of the

lower rock beam or supports forms a shearing effect on the

oblique edge cracks of the cantilever beam.

Fracture mechanics analysis

According to the equation of the finite plate model, the

equation for calculating the stress-intensity factor under

various simple loads is as follows (wang et al., 2020; Chinese

Aeronautical Establishment, 1993):

(1) The calculation of the stress-intensity factor of the crack

under the action of the shear stress (Figure 6A).

The shear force on the crack caused by the concentrated load

of the roof, the gravity of the cantilever beam and the supporting

force is simplified into the force model of the rock beam with

oblique edge crack under uniaxial compression. The resultant

shear force is P � 1
2Ri + Qxi − Qzi, the calculation result of the

shear stress at the crack is obtained as follows:

KII � Fτ(12Ri + Qxi − Qzi)
����
2πa

√
2

sin β cos β (2)

where Fτ can be obtained from the stress-intensity factor

handbook.

Fτ �
1.3 − 0.65 a

h + 0.37(ah)2 + 0.28(ah)3�������
1 − a/h√

FIGURE 5
The construction of mechanical model: (A) force analysis of the model, (B) simplified mechanical analysis model of the ith cantilever beam.

FIGURE 6
Stress-intensity factor calculation for two basic loads: (A)
shear stress, (B) bending moment.
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(2) The calculation of the stress-intensity factor of the crack

under the action of the bending moment (Figure 6B).

The bending stress of the rock beam is decomposed. The

shear force obtained by decomposition counteracts each other

and are omitted, only the stress-intensity factor under the action

of σx is considered, where σx=6qL0
2 y/h3, y∈(-h/2, h/2).

KIM � σ
����
2πa

√
FM sin2 β (3)

where σ is the stress value of σx when y=h/2. Substituting σ �
(Rl+3Qxl−6Qzic)a

h3 into Eq. 3 gives the following:

KIM � FM

����
2πa

√
2h3

(Ril + 3Qxil − 6Qzixi)a sin2 β (4)

where FM can be obtained from the stress-intensity factor

handbook.

FM � 1.122 − 1.4
a

h
+ 7.33(a

h
)2

− 13.08(a
h
)3

+ 14(a
h
)4

The stress-intensity factor at the crack tip of the rock beam is

the superposition of the stress-intensity factor under the above

two simple loads, namely,

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
KIi � FM

����
2πa

√
2h3

(Rili + 3Qxili − 6Qzixi)asin3β

KIIi � Fτ(12Ri + Qxi − Qzi)
����
2πa

√
2

sin β cos β

(5)

where Qxi is the gravity of the cantilever beam rock block of the

ith layer; hi and li are the thickness and length of the cantilever

beam rock block of the ith layer, m; β is the crack dip angle, (°); Ri

is the additional load of the high rock strata, kN; and xi is the

distance between the additional load Ri and the fracture point of

the rock strata, m.

From Eq. 5, it can be found that the stress-intensity factor at

the crack tip of cantilever beam is not only directly related to the

length of the crack, the crack dip angle, and the thickness of the

rock beam, but is also related to overlying strata load Ri, the

weighting interval l of cantilever beam, and the supporting force

Qzi. These factors determine the activation and propagation of

the crack. With the increase of crack length a, KI and KII increase,

which proves that the increase of crack length is more conducive

to crack propagation. With the increase of the crack dip angle β,

KI increase, KII increases first (0<β<45°) and then reduces

(45<β<90°) with increasing of crack dip angle. When the

thickness of the rock beam increases, KI decreases in the form

of a negative third power function, while KII is unaffected. With

the increase of overburden load Ri, the homogeneity of KI and KII

increases, which indicates that the crack is easier to reach the

fracture toughness of rock beam with the increase of overburden

load, resulting in crack propagation, which is similar to the

analysis conclusion of crack length a. With the increase of

support force Qzi, KI and KII decrease, and the stability of

rock beam increases. This indicates that the increase of

support force is conducive to the stability of roof and the

working face. These analysis results are consistent with the

engineering practice, which verifies the correctness of the

theoretical model.

According to a large number of experiments and field studies

(Yu et al., 1991; Liu et al., 2008), the fracture criterion of rock and

concrete materials can be expressed as follows:

λ∑KI +
∣∣∣∣∣∑KII

∣∣∣∣∣ � Kc (6)

where λ is the compression ratio of crack propagation, and KC is

the fracture toughness of the rock.

By substituting Eq. 5 into Eq. 6, the fracture condition of the

cantilever beam rock strata can be obtained as follows:

λFM

����
2πa

√
2h3

(Rili + 3Qxili − 6Qzixi)a sin3 β + Fτ(12Ri + Qxi

− Qzi)
����
2πa

√
2

sin β cos β

� Kc (7)

Analysis of support resistance

The key of the support controlling the stability of the

overlying strata is to control the voussoir beam structure.

The support not only provides the resistance of supporting

the cantilever beam but also provides a certain supporting

force for the voussoir beam structure, so as to control the

stability of the combined cantilever - articulated rock beam

structure.

From Eq. 7, the load force of the rock stratum on the next

rock stratum can be obtained when any cantilever beam is

instability, as follows:

Qzi �

λFM

����
2πa

√
2h3i

(Rili + 3Qxili)a sin3 β + Fτ(12Ri

+Qxi)
����
2πa

√
2

sin β cos β − Kc

(FM
3λxia

���
2πa

√
h3i

sin3 β + Fτ

���
2πa

√
2 sin β cos β) (8)

The force of the ith cantilever beam in contact with the

articulated rock beam on the i-1 stratum can then be

expressed as:

Qzi �

λFM

����
2πa

√
2h3i

(Rli + 3Qxili)a sin3 β + Fτ(12R
+Qxi)

����
2πa

√
2

sin β cos β − Kc

(FM
3λxia

���
2πa

√
h3i

sin3 β + Fτ

���
2πa

√
2 sin β cos β) (9)

By substituting Eq. 1 into Eq. 9, the supporting reaction force

on the ith layer can be obtained:
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Ri �
3FMQxiliaλ

����
2πa

√
2h3i

sin3 β + FτQxi

����
2πa

√
2

sin β cos β −Kc

(FM
3λxia

����
2πa

√
h3i

sin3 β + Fτ

����
2πa

√
2

sin β cos β) +

(FM
λlia

����
2πa

√
2h3i

sin2 β + Fτ

����
2πa

√
4

cos β)
(FM

3λxia
����
2πa

√
h3i

sin2 β + Fτ

����
2πa

√
2

cos β)
[QA(L2 + 1

2
H cot α) − Ks2 − QB

f
(h − s1)

−(Ks2 − QB)(L +H sin α)]
(10)

Under the action of load, the uppermost rock stratum of

combined cantilever beam is the first to lose stability.

Through the iterative calculation of Eq. 9, the force Ri−1

of the i-1 rock stratum on the i-1 rock stratum can be

obtained, which is the reaction force required for each

stratum to maintain the limit equilibrium. The actual

stability of each rock strata can be reflected by the size of

Ri−1. In the same way, through iterative calculations, the

force R1 of rock strata contacting with the support is the

resistance value provided by the support for the first rock

stratum. The stability of the combined cantilever beam can

be judged by the iterative value R1 of the rock stratum

(i.e., the support resistance), and the support resistance

can be determined.

By iteration of Eq. 9, the equation for calculating the support

resistance can be obtained (here xi=c):

FIGURE 7
Support resistance calculation for three basic loads: (A) rock thickness, (B) crack length, (C) crack dip angle, and (D) weighting interval.
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Rz �

λFM

����
2πa

√
2h31

(R1l1 + 3Q1l1)a sin3 β + Fτ(12R1

+Q1)
����
2πa

√
2

sin β cos β − Kc

FM
3λca

���
2πa

√
h31

sin3 β + Fτ

���
2πa

√
2 sin β cos β

(11)

where c is the distance between the action point of support force

and the coal wall.

By analyzing the support resistance Eq. 13 calculated by the

fracture mechanics method, it can be found that a fracture in the

combined cantilever beam is unavoidable during the weighting

process. If a reasonable support resistance is provided, then the

stress environment is improved, and the combined cantilever

beam will have a certain bearing effect. At the same time, the

original immediate roof of the roof can maintain relatively good

integrity due to the weakening of the upper load andmaintain the

safety of working face. Therefore, reasonable support resistance

will weaken the appearance of strata behavior. However, when

the support resistance is insufficient, it is easy to induce the

expansion of the main control crack on the cantilever beam.

Therefore, the support resistance is one of the necessary

conditions for the edge crack propagation of the cantilever beam.

Analysis of the factors that influence the
support resistance

To thoroughly analyze the influencing factors of support

resistance, we combined with the engineering geological

conditions of the no. 22,310 coal mining face in the Daliuta

mining area. According to the Eq. 11, the influence of rock

thickness h, crack length a, weighting interval l, and crack dip

angle β on support resistance were analyzed, as shown in Figure 7.

It can be found from the curves in Figure 7 that the support

resistance has a curve decreasing relationship with the thickness of

the cantilever beam h, a positive parabolic linear correlation with the

crack length a, an approximately linear positive correlation with the

cantilever beam weighting interval l, and a parabola with the crack

dip angle β. With the increase of rock thickness, the difficulty of the

roof collapse increases. The rotation angle decreases after the

collapse, which reduces the force on the support. With the

increase of crack dip angle β and crack length a, the support

resistance increase. The main reason is that with the increase of

crack angle and length, it is easier to meet the stress intensity factor

conditions of crack propagation, and the crack initiation stress is

reduced, so the main control crack is easy to expand and penetrate

the cantilever beam structure. The influence of the crack length on

the support resistance is realized through the roof fracture and

instability (when a = h, the combined cantilever beam will cut

directly along the coal wall). When the cantilever beam weighting

interval l increases, the rock load acting on the support increases, and

greater support resistance is needed to balance the overlying rock

load. By comparing the four parameters, we find that the influence

weight on the support resistance is as follows: crack length a > crack

dip angle β > rock thickness h > weighting interval l.

Analysis of the crack penetration process

Figure 8 shows a compression-shear crack model under

complex load. The crack length is a, which is under the

action of the maximum and minimum principal stresses σ1
and σ3. Because σn on the crack surface is a tensile stress, the

crack propagation is the expansion of I and II compound cracks.

Assuming that σ1 is the maximum compressive stress, the branch

cracks generated during crack propagation will grow along the

direction of the maximum compressive stress. When the crack

propagation length of the airfoil branch crack reaches W

(W=h−a) (i.e., the branch crack penetrates the rock strata) it

will cause the rock fracture. Therefore, it is a sufficient condition

for the cantilever beam to fracture and weighting when the

branch fracture penetrates the cantilever beam or the

propagation length reaches W.

The stress state on the crack surface can be expressed as:

σn � σ1 + σ3
2

− σ1 − σ3
2

cos 2 θ

τ � σ1 − σ3
2

sin 2 θ
(12)

where θ is the angle between the long axis direction of the

crack and the minimum principal stress the direction of the

crack.

FIGURE 8
Compressive shear model of the crack.
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The stress-intensity factor of the branch crack tip is

composed of the stress-intensity factor (KI)1 generated by the

shear stress on the crack surface and the stress-intensity factor

(KI)2 produced by the far-field lateral stress σ3 (Chen, et al., 2011;
Wang, et al., 2018).

KI � (KI)1 + (KI)2
� 2τ

��
πs

√
sin θ

π
− σ3

��
πs

√

�
��
πs

√
π

(σ1 − σ3) sin θ sin 2 θ − σ3
��
πs

√
(13)

where s is the length of the branch crack.

According to the principle of fracture mechanics, under the

influence of mining stress, the lateral stress is a tensile stress in

the fracture process of cantilever beam. Stress concentration and

energy accumulation will occur at the tip of crack. The stress-

intensity factor and crack length at the tip of branch crack will

increase until the cantilever beam is penetrated. Under the action

of lateral compressive stress, the stress-intensity factor KI of the

branch crack tip decreases with the increase of the crack length,

and the crack stops expanding When KI=KIc. Therefore, the

length of the airfoil crack propagation can be expressed as:

TABLE 1 Lithology of the no. 22310 working face.

Stratum number Composition Geotechnical name Columnar Thickness/m Burial depth/m

C15 Main roof Sand layer 60 60

Siltstone 6.22 65.22

C14 Fine sandstone 7.25 73.47

C13 Siltstone 7.88 81.35

C12 Sandstone 5.34 86.69

C11 Fine sandstone 5.65 92.34

C10 Combined cantilever beam Sandstone interbedding 6.15 98.49

C9 Siltstone 4.2 102.69

C8 Fine sandstone 4.66 107.35

C7 Mudstone 3.34 110.69

C6 Siltstone 7.38 118.07

C5 Fine sandstone 3.52 121.59

C4 Mudstone 5.77 127.36

C3 Siltstone 4.74 132.09

C2 Carbonaceous mudstone 3.2 135.29

C1 Sandy mudstone 2.6 137.89

2−2 coal seam 7.55 145.44

fine siltstone 5.6 151.04

TABLE 2 The weighing characteristic of no.63 support.

Times of
weighting

Weighting interval/m Support
resistance/kN

Dynamic load
coefficient

Duration of
weighting/m

The broken
rock strata

1 15.2 15,992 1.35 5.7 Cantilever beam

2 10.8 15,978 1.39 4.5 Voussoir beam

3 11.9 16,000 1.41 4.1 Cantilever beam

4 9.1 16,012 1.43 3.6 Voussoir beam

5 12.6 15,998 1.34 1.8 Cantilever beam

6 9.5 16,021 1.42 3.5 Voussoir beam

7 15.8 16,003 1.38 3.9 Cantilever beam

8 9.7 15,998 1.44 4.3 Voussoir beam

9 16.1 16,002 1.36 4.1 Cantilever beam

10 10.2 16,110 1.39 3.9 Voussoir beam
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s � πK2
Ic

[(σ1 − σ3) sin θ sin 2 θ − πσ3]2 (14)

The cantilever beam protection thickness W decreases with

the accumulation of crack propagation length, when the crack

propagation length s reaches W, it indicates that the crack

penetrates through the cantilever beam, and the weighting

occurs. This is a sufficient condition for the combined

cantilever beam to fracture. It can be found from Eq. 14 that

the length of the branch crack is proportional to the square of the

stress-intensity factor at the crack tip and it is negatively related

to the square of the resultant force on the crack surface. In other

words, the lower the strength of the rock, the longer the length of

the crack expansion, and the easier it is to penetrate the cantilever

beam. According to the theory of elasticity, the stress-intensity

factor increases much faster than the stress.

Analysis of the engineering example

The Daliuta no. 22310 mining face is located in no.3 panel of

2−2 coal seam, with an average coal seam thickness of 7.55 m, and

the dip angle of the coal seam is 1°–3°, the working face adopted

domestic ZY16800/32/70 double column shield type hydraulic

support, and the rated support resistance was 16,800 kN, the first

weighting interval was 47.6 m, and the thickness of the coal seam

was stable. The thickness of overlying bedrock was 125–300 m.

The immediate roof was mainly composed of siltstone and sandy

mudstone, and the floor was mainly composed of mudstone and

siltstone. A comprehensive histogram is shown in Table 1.

The mining height of Daliuta no. 22310 fully mechanized

mining face was 7.0 m, a total of 144 supports were installed on

the mining face, taking the monitoring results of no.63 support as

an example to analyze the characteristics of strata behavior. With

FIGURE 9
Resistance curve of no.63 support.

FIGURE 10
Roof disasters of no. 22,310 fully mechanized mining face: (A) rib fall of the coal wall, (B) step sinking of the ground.
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the advance of the working face, periodic changes of one big and

the other small for the weight interval and dynamic load

coefficient in the working face were made. The specific roof

weighing characteristic of the working face and the pressure

curve of support no.63 are shown in Table 2; Figure 9. It can be

found that the small periodic weighting interval is 9.1–10.8 m,

with an average of 9.9 m, and the big periodic weighting interval

is 11.9–16.1 m, with an average of 14.2 m. The small dynamic

load coefficient is 1.34–1.41, with an average of 1.38, and the big

dynamic load coefficient is 1.39–1.44, with an average of 1.4. The

average support pressure is 16,037 kN, and the average

continuous length is 4.0 m.

From the comprehensive field monitoring data (Table 2;

Figure 9), it can be found that the 9.9 m weighting interval of

the working face corresponds to the instability of the voussoir beam

structure, and the 14.2 m weighting interval corresponds to the

instability of the lower cantilever beam structure. The instability

ahead of time of the cantilever beam is caused by the instability of the

voussoir beam, so the weighting interval of the voussoir beam is 14.2

+ 9.9 = 24.1 m. Because of the bigger periodic weighting interval of

the upper voussoir beam structure, the load applied to the support is

also bigger, and so the corresponding dynamic load coefficient is also

bigger. Finally, the periodic weighting interval and dynamic load

coefficient (i.e., weighting intensity) of the working face show the

phenomenon of alternating change, and the big weighting interval

corresponds to the small dynamic load coefficient.

When the no. 22,310 fully mechanized mining face advances

to 61.8 m, the first periodic weighting occurs. The large-scale roof

weighting causes large-scale rib fall of the coal wall and serious

end roof leakage. The rib fall depth was 1,250–1,470 mm

(Figure 10A), and the height of the leaking gangue

accumulation reached 3.4–4.8 m. During the period of

weighting, the working face had obvious subsidence and

obvious cracks on the surface, and the sinking amount was

between 205 and 230 mm, with an average of 215 mm

(Figure 10B). The support safety valve opened frequently and

the roof sunk rapid, which presented a greater risk. Therefore, it

was necessary to analyze the applicability of the hydraulic

support with a rated working resistance of 16,800 kN.

Combined with the results of theoretical analysis, we

analyzed the stability of the Daliuta coal mine no.

22,310 working face, the adaptability of support resistance was

analyzed, and the rationality of theoretical analysis was verified.

According to the actual mining conditions of the working face,

the following parameters are determined: the support width is

b=1.75 m, the top distance of the support control is lk=2.2 m, the

length of the top support beam is 5.5 m, the distance from the

coal wall to the centerline of the support column is 3.8 m, μ = 0.9,

q = 1.12 MPa, RT = 3.7 MPa, σ1 = 0.73 MPa, σ3 = 0.32 MPa, λ = 1,

Kc = 1.03 MN/m3/2, α = 35°, c = 3.5 m, λm=14.5 kN/m
3.

According to the structural model of a cantilever beam-

articulated rock beam, the roof rock stratum that satisfies Δji-
Δmi ≤0 is the immediate roof, whenΔji-Δmi ≥0, the rock stratum

is the main roof, whereΔji is the ultimate settlement (i=1, 2,···,13),
Δmi is the possible subsidence (i=1, 2,···,13) (Yan, 2009; Yu,

et al.,2012). The calculation method is as follows:

Δji � h − ql2

kh[σc] (15)

Δmi � (hc + hf)(1 − p1) + (1 − kp)hm (16)

where H is the thickness of the rock stratum analyzed; K is the

coefficient, k = 0.1 h; Q is the line load; l is the weighting interval of

the analyzed strata; [σc] is the allowable compressive strength, [σc]

=(0.30 ~ 0.35)Rc, Rc is the compressive strength; p1 is the coal loss

rate; hc is the mining height; hf is the drawing height; hf is the caving

height; Kp is the bulking coefficient; and hm is the accumulated

thickness of the immediate roof from the mth rock stratum.

The main roof and the immediate roof are judged according

to the judgment criteria of the immediate roof strata.
Δj1 � 4.37m < Δm1 � 11.26m

Then, the C1-th rock stratum belongs to the immediate roof

strata.
Δj2 � 3.19m < Δm2 � 9.68m

Then, the C2-th rock stratum belongs to the immediate roof

strata.

We calculate and judge each rock stratum in turn, when

i = 11,

Δj1 1 � 2.27m > Δm11 � 1.74 m

It can be judged that the C11 and above rock strata are all

main roof. The C1~C10 strata will collapse into the goaf in the

form of a combined cantilever beam.

Therefore, the stable state and weighting interval of the

combined cantilever beam can be judged according to the

theoretical analysis results, and the reasonable support

resistance value can be discussed.

(1) Judgment of crack propagation and penetration

The stability judgment of the cantilever beam is calculated by

taking the top ith rock stratum of the combined cantilever beam

as an example.

TABLE 3 Statistics of dynamic load coefficient in no. 22,315 working
face under big periodic weighting.

Support no 18 19 58 59 98 99

1 1.33 1.31 1.33 1.29 1.30 1.32

2 1.35 1.34 1.36 1.32 1.35 1.33

3 1.33 1.34 1.37 1.34 1.35 1.34

4 1.34 1.35 1.39 1.35 1.36 1.33

5 1.31 1.32 1.33 1.31 1.32 1.30

average value 1.33
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s � πK2
Ic

[(σ1 − σ3) sin θ sin 2 θ − πσ3]2

� 3.14 × (1.03 × 103)2
[(0.73 − 0.32) ×

�
3

√
2

×

�
3

√
2

− 3.14 × 0.32]2

� 6.85m

The minimum safety thickness of C10 stratum is 6.85 m,

which is more than 6.15 m, and meets the sufficient

condition of a cantilever beam fracture. Under the current

mining conditions, the rock strata will fracture and rotate,

which further causes the lower rock strata to fracture, and

forms the combined cantilever beam instability and support

crushing.

TABLE 4 Lithology of the no. 22,317 working face.

Stratum number Composition Geotechnical name Thickness/m Burial depth/m

C19 Combined cantilever beam Sand layer 42 42

Siltstone 7.2 49.2

C18 Fine sandstone 6.1 55.3

C17 Siltstone 4.3 59.6

C16 Fine sandstone 5.1 64.7

C15 Sandstone 7.4 72.1

C14 Medium grained sandstone 8.32 80.42

C13 Fine sandstone 4.2 84.62

C12 Combined cantilever beam Coarse grained sandstone 3.62 88.24

C11 Siltstone 4.74 92.98

C10 Sandstone interbedding 6.61 99.59

C9 Mudstone 5.46 105.05

C8 Fine sandstone 7.31 112.36

C7 Mudstone 6.23 118.59

C6 Siltstone 4.77 123.36

C5 Fine sandstone 6.41 129.77

C4 Carbonaceous mudstone 5.34 135.11

C3 Siltstone 5.56 140.67

C2 Fine sandstone 6.02 146.69

C1 Sandy mudstone 2.55 149.24

2−2 coal seam 8.22 157.46

FIGURE 11
Support resistance distribution in a fully mechanized mining face.

Frontiers in Earth Science frontiersin.org14

Yang 10.3389/feart.2022.900144

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.900144


(2) Calculation of the minimum support resistance

Continuously substituting from the ith rock stratum into the

Eq. 12 for iterative calculations, the force R1 acting on the first

rock stratum of the combined cantilever beam is 4,308 kN. The

support resistance is calculated by substituting the R1 and the

rock parameters into Eq. 11.

Rz �
λFM

����
2πa

√
2h31

(R1l1 + 3Q1l1)a sin3 β + Fτ(12R1 + Q1)
����
2πa

√
2

sin β cos β −Kc

FM
3λca

����
2πa

√
h31

sin3 β + Fτ

����
2πa

√
2

sin β cos β

� 8923kN + 7913kN + 916kN

� 17752kN

Based on the fracture mechanics analysis model of a

combined cantilever beam, the insufficient support

resistance in Daliuta no. 22,310 coal mine is the main

cause of coal wall rib fall and ground subsidence. The

reasonable support resistance is 17,752 kN through

theoretical calculation. Therefore, it is necessary to

increase the support resistance, optimize support

parameters and performance to improve support strength,

and reduce pressure and weighting intensity of fully-

mechanized face to ensure the safe and efficient mining of

the working face.

The 22,315 fully mechanized mining face is the replacement

face of the 22,310 fully mechanized mining face, and the average

TABLE 5 Lithology of the no.60 support in 31,206 working face.

Stratum number Composition Geotechnical name Thickness/m Burial depth/m

C18 Main roof Sand layer 52 52

Siltstone 5.48 57.48

C17 Sandstone 6.77 64.25

C16 Medium grained sandstone 6.49 70.74

C15 Fine sandstone 7.21 77.95

C14 Siltstone 4.66 82.61

C13 Fine sandstone 6.17 88.78

C12 Combined cantilever beam Siltstone 6.54 95.32

C11 Sandstone interbedding 4.86 100.18

C10 Mudstone 5.02 105.2

C9 Carbonaceous mudstone 4.14 109.34

C8 Mudstone 6.83 115.72

C7 Fine sandstone 5.54 121.26

C6 Siltstone 4.72 125.98

C5 Fine sandstone 5.22 131.2

C4 Medium grained sandstone 5.63 136.83

C3 Carbonaceous mudstone 4.87 141.7

C2 Siltstone 4.11 145.81

C1 Sandy mudstone 3.0 148.81

2−2 coal seam 8.22 157.03

TABLE 6 The weighing characteristic of no.75 support in 22,317 working face.

Times of weighting Weighting interval/m Support resistance/kN Dynamic load coefficient The broken rock strata

1 17.3 16,582 1.40 Cantilever beam

2 12.4 16,287 1.46 Voussoir beam

3 12.5 15,933 1.39 Cantilever beam

4 9.7 16,124 1.44 Voussoir beam

5 13.3 16,020 1.36 Cantilever beam

6 10.1 16,122 1.41 Voussoir beam

7 16.3 16,100 1.37 Cantilever beam

8 10.2 16,140 1.43 Voussoir beam
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thickness of the coal seam is 7.1 m. Combined with the above

calculation results, the support strength of no. 22,315 working

face is improved, and ZY19000/28/52 large mining height fully

mechanized support is selected. The dynamic load coefficient of

the no. 22,315 working face under big periodic weighting is

shown in Table 3. The distribution curve of support resistance at

no. 22,315 fully mechanized mining face is shown in Figure 11.

The on-site strata behavior monitoring shows that the working

face also has the phenomenon of large and small periodic weighting,

and the average periodic weighting interval is 13.96 m, which is

slightly smaller than that of no. 22,310 fully mechanized face. It can

be found from Table 3 and on-site observations that the

characteristics of strata behavior of no. 22,315 fully mechanized

face are similar to those of no. 22,310 fully mechanized face, but the

support adaptability is better and the dynamic load coefficient when

roof weighting that is applied is much smaller than that of no.

22,310 working face (Figure 11). The roof is effectively controlled,

and the weighting on the working face and the weighting intensity

are alleviated. In the course of actual mining, there was no large-area

roof cutting and support crushing accident.

To verify the rationality of the theoretical analysis results, the

ground pressure measurement results of two fully mechanized

mining faces with large mining height of 22,317 working face in

Bulianta coal mine and 31,206 working face in Shigetai coal mine

are compared with the 22,303 working face. Comprehensive

histograms of the two working faces are given in Tables 4, 5.

According to Eq. 15, the structural state of the roof formed by

the weighting process of two fully mechanized face with large

mining height is discriminated. It can be judged from the

calculation results of each rock strata in two working faces

that the C13 and above rock strata are all main roof, the

C1~C12 strata will collapse into the goaf in the form of a

combined cantilever beam (the 22,317 working face), the

C14 and above rock strata are all main roof, the

C1~C13 strata will collapse into the goaf in the form of a

combined cantilever beam (the 22,317 working face). In

Tables 6, 7, the dynamic load coefficient variation

characteristics during the weighting process of the working

face are counted, and it is also proved that the combined

cantilever—articulated rock beam structure is formed when

the roof is broken. Therefore, the reasonable support

resistance value can be discussed according to the results of

the theoretical analysis.

The support resistance is calculated by substituting the rock

parameters into Eq. 11. According to the calculation results, the

reasonable support resistance is 17,131 kN in Shigetai no.

31206 coal mine, and the reasonable support resistance is

16,975 kN in Shigetai no. 31206 coal mine. Tables 5, 6

summarize the characteristics of strata behaviors of the two

working faces. Comparing the theoretical calculation results, it

can be found that the supports of the two working faces meet the

production requirements.

Conclusion

In this paper, a mechanical model was developed to study the

combined cantilever beam fracture mechanism based on the

fracture mechanics theory, and the roof cutting instability

mechanism with a large mining height face in a shallow coal

seam was discussed. The calculation method of the support

resistance to ensure the stability of working face were

obtained, and the variation characteristics of the main control

factors were analyzed. The validity of the theoretical analysis was

verified with an engineering example. The following conclusions

can be drawn through the analysis results:

(1) Comprehensive physical simulation and numerical analysis

show that when the mining height of one-time mining in a

fully mechanized face is larger, then the face will be more

prone to instability of the combined cantilever beam. When

the support resistance is insufficient, the rotation instability

of the upper articulated rock beam causes the fracture

instability of the combined cantilever beam.

(2) The fracture mechanics model of a combined cantilever

beam was established, and the expressions of stress-

TABLE 7 The weighing characteristic of no.60 support in 31,206 working face.

Times of weighting Weighting interval/m Support resistance/kN Dynamic load coefficient The broken rock strata

1 17.3 16,486 1.39 Cantilever beam

2 11.5 16,100 1.42 Voussoir beam

3 11.9 16,022 1.40 Cantilever beam

4 9.5 16,108 1.44 Voussoir beam

5 11.9 16,111 1.37 Cantilever beam

6 10.1 16,120 1.44 Voussoir beam

7 14.9 16,136 1.40 Cantilever beam

8 9.4 16,111 1.45 Voussoir beam
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intensity factor of cantilever beam breaking were derived.

The calculation equations of the support resistance were

deduced, the influence weights of each parameter on the

support resistance are as follows: crack length a > crack dip

angle β > rock thickness h > weighting interval l.

(3) When the crack propagation length s of the airfoil branch

reaches the critical value W, the crack penetrates the

cantilever beam. This is a sufficient condition for the

cantilever beam to fracture. The insufficient support

resistance causes the overlying strata to rotate and cause

the crack propagation, which is one of the necessary

conditions for the cantilever beam to fracture.

(4) The stability of the Daliuta no. 22,310 working face was

analyzed using the theoretical analysis results. The results

show that the working face meets the instability conditions,

which was consistent with the monitoring results. The

support resistance should be greater than 17,752 kN to

ensure the stability of the combined

cantilever—articulated rock beam, which is conducive to

the support type that is chosen.

It should be pointed out that the instability criterion of

the combined cantilever beam was derived by the fracture

mechanics method. However, the research methods of rock

material failure are complex and diverse, and the differences

in the fracture characteristics of roof rock beams under

different failure criteria need to be further studied. The

composite cantilever beam is composed of multi-layer

strata, including the key strata. However, whether or not

its fracture motion forms as envisaged needs further

verification.

At present, there is a lack of reasonable and effective

research on the strata behavior mechanism of a shallow coal

seam with a large mining height. This paper studies the

fracture mechanism, support resistance, weighting interval,

and other contents of the combined cantilever beam

structure. This is helpful for the analysis and control of

roof disasters in the process of weighting, has a certain

guiding significance for the safety and stability of the

working face, and is also conducive to reducing the

occurrence of mining geohazards and eco-environmental

issues, such as land subsidence, collapse, and water and

soil loss.
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