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In view of the problem of a caving roof along different parts of the same roadway in a mine, this study classifies the mechanical
characteristics of the local instability of the roof based on differences in the rock mass media and types of damage. We determine
the factors influencing the quantitative relationship between the failure height of the roof and the environment to establish an
indicator system for classifying the grades of risk of the roof caving.*is is used to predict the height at which the roof caves along
the roadway in a coal seam through fuzzy variable weighting analysis. We also develop software for the grading system of risks of
caving of the roof and draw a grading map to represent this risk for a roadway in coal seam No. III in Zhaogu Coal Mine No. 2 in
Jiaozuo City of Henan Province, China. According to the zoning characteristics of the coal mine, a targeted support design test is
carried out in the same intake airway of working face 11030 of the mine. *e results show that the proposed classification method
conforms to safe practices in underground mining. *e stability of the roadway during service and the grades determined using
the proposed method were consistent. *is has important theoretical significance and practical value for designing support for
roadways and timely reinforcements in areas with a high-risk grade to guarantee the safe operation of coal mines.

1. Introduction

Mining disasters have a serious impact on the safe production
of coal mines. Among the different kinds of mining disasters,
those pertaining to roadway roofs are characterized by a high
frequency and a large number of deaths because of which
reasonable and targeted roof support has become a focus of
research in the context of controlling safe production in coal
mines. To identify areas at high risk of caving roofs along
a roadway, it is important to study the mechanism of caving
and analyze the stability of rock surrounding the roadway.
Chen and Chen [1] claimed that the factors influencing the
stability of the roof of a roadway can be classified into four
categories, i.e., natural geological factors, factors related to
engineering quality, the impact of mining engineering, and
factors resulting from operations by technical personnel that

are not in compliance with roof safety regulations. Based on the
stress distribution in its rock surrounding, Gou and Hou [2]
noted that the caving of the roof of a roadway supported by
anchor bolts can be classified into two categories. One involves
the slipping down of the anchorage in the roof above two
sidewalls of the roadway due to shear failure and the other
involves caving induced by the compression failure of the
anchorage on the roof of the roadway. Xu et al. [3] claimed that
the properties of roof strata are important factors delaying the
layered roof caving of roadways, whereas changes in the
thickness of soft rock are the most important factor. Jia and
Wang [4] claimed that the ratio of the thickness to the span of
rock beams has important effects on the layered roof caving of
roadways. Huang et al. [5] claimed that the coefficient λ of
lateral pressure of the surrounding rock is the main factor
influencing the failure of rock mass in layered roofs of the
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roadway. In accordance with characteristics of rock sur-
rounding the roadway, Jia [6] divided the causes of caving into
12 subcategories (in four major categories) and concluded that
the primary cause of caving is an inferior combination of strata.
Yang [7] noted that, owing to vertical stress, joints and frac-
tures in layered roof strata convert the layered rock mass into
an articulated arch, which damages the bearing structure. For
the rock mass in a roof under horizontal stress, the articulated
arch is crushed and broken. Under vertical and horizontal
stresses, a roof with a layered structure of the coal roadway
finally forms a combined articulated arch structure.

When classifying the stability of its surrounding rock, a coal
mine or a coal seam is generally researched from amacroscopic
perspective [8–28]. Inmost roadways, excessive support is used
to control the caving of the roof, which increases cost and
sometimes leads to caving accidents. Few studies have ex-
amined methods of classifying the same roadway into different
risk grades of roof caving. By combining the classification of
a layered roof of the roadwaywith parameters of the supporting
bodies, Liu and Ma [29] constructed a mechanical model for
the stability of the roof strata and analyzed the main factors
influencing the caving of the roof. According to different
grades, a reasonable and targeted support was used.

In terms of its morphology, the roof of a roadway in a coal
seam caves not simply due to the failure and collapse of the
layered rock mass structures but also as a result of changes in
them under the effects of various factors, such as long-term
diagenesis and tectonic movement.*e diversity of rock mass
structures causes the roadway to feature various rock mass
media because of which the mechanical mechanisms of roof
caving, height at which the roof caves, influential factors, and
geometric morphology of the failure zone vary from place to
place. An analysis of the stability of the roof of the roadway
should be based on objective mechanical properties and
structural characteristics of the surrounding rock mass. By
analyzing and studying rock mass media in the roof of the
roadway, this study builds a relationship between the types of
disasters in the roadway and summarizes the characteristics of
different rock mass media. Moreover, roof caving is classified
into four types: the falling of local blocks from the roof of the
roadway due to fractured surrounding rock mass, the caving
of a composite roof with weakly bonded and layered sur-
rounding rock mass, caving in a butterfly-shaped plastic zone
of the roadway with fractured surrounding rock mass, and
roof leakage in the roadway with a loose surrounding rock
mass [30–32], as shown in Figure 1.

Based on the differences in rock mass media and types of
disaster in the roof of the coal roadway, we classified and
clarified the quantitative relationships between such acci-
dents and the environment of the rock mass and the me-
chanical characteristics of local instability of the roof.We use
this to establish an indictor system for classifying the grades
of risk of the caving roof. *is is used to predict the height of
caving of the roof of the roadway in a coal seam through the
fuzzy mathematical method. In addition, according to dif-
ferent heights of caving, the risk of the roof caving is graded
and software for the risk grading system is developed. We
also generate a zoning map for the grade of risk and propose
targeted support design. *is has an important theoretical

significance and practical value for guiding the design of
support along the roadway of a mine and reducing the
probability of accidents to ensure safe production.

2. Difference Analysis of Types of Damage to
Roofs of Coal Roadways

2.1. Falling Local Blocks fromRoof of Roadway with Fractured
Surrounding Rock Mass. Figure 2(a) shows a hexahedral
block structure in the roof of the roadway of a mine. In this
structure, two pairs of structural planes P1 and P4 and P2
and P3 are parallel to each other and cut the roadway into
a hexahedral block structure. P1 is a free face, as shown in
Figure 2(b).

In this structure, A, as a key block, undergoes shear slip
or falling along the weak plane under dead weight.
According to the limit equilibrium principle, a mechanical
model for the stability of local blocks in a roadway roof with
fractured surrounding rock is built, as shown in Figure 3.

Assuming that the block is of unit length, its gravity G is
as follows:

G � cV � cS梯 � ch
2l − h/tan aA(  − h/tan aB( ( 

2
, (1)

where l represents the length of the free face, aA and aB

indicate the angles of the free face with the two weak
structural planes, and G, c, and h denote the weight of the
block, the volume force, and the height of the block,
respectively.

X and Y as applied on the block are expressed as follows:

X � σxh,

Y � σy l −
h

tan aA

−
h

tan aB

 .

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(2)

assumed thatIt is
σx � λcH

σy � cH
 , where σx, σy, c, H, and λ

indicate theIt is horizontal stress, vertical stress, volume
force, burial depth of the roadway, and coefficient of lateral
pressure, respectively.

Based on the equilibrium condition of the minimum
ultimate strength of rock blocks, the following formulae are
obtained:

 Y � 0,

F1 sin aA + F2 sin aB � G + Y,
(3)

where F1 � N1 × tan φ � X sin aA × tan φA and F2 � N2
× tan φ � X sin aB × tan φB.

F1 and F2 represent the frictional forces of the two weak
planes, N1 and N2 indicate the normal pressures on the two
weak planes, and φA and φB denote their frictional angles,
respectively:

X sin2aA tan φA + X sin2aB tan φB � Y + G. (4)

If block A slips along the two planes, the conditions for
stability are presented as follows:
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Figure 1: Continued.
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Figure 1: Types of disasters due to the caving of the roof of a roadway: (a) examples of caving caused by local block falling between anchor
bolts (cables) and a cross-sectional block falling; (b) examples of roof caving induced by an inferior combination of strata of composite
layered roofs; (c) examples of caving in a butterfly-shaped plastic zone; (d) an example of caving accident of a loose and fractured roof owing
to improper support for small implicit faults.
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Figure 2: Hexahedron block structure of the roof of a roadway.
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Figure 3: Model for analyzing the stability of the hexahedron rock blocks in a roof.
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Xsin2aA tan φA + Xsin2aB tan φB ≥Y + G,

σxh × sin2αA tan φA + sin2αB tan φB  � σy l −
h

tan aA

−
h

tan aB

  + ch 2l −
h

tan aA

−
h

tan aB

 ,

σy l −
h

tan aA

−
h

tan aB

 ≫ ch
2l − h/tan aA(  − h/tan aB( ( 

2
,

σxh × sin2αA tan φA + sin2αB tan φB  � σy l −
h

tan aA

−
h

tan aB

 , aA ≠ 0, aB ≠ 0, thus,
1

tan aA

+
1

tan aB

≠ 0|,

(5)

l �
l

λ × sin2αA tan φA + sin2αB tan φB  + 1/tan aA(  + 1/tan aB(  
. (6)

If there is no frictional force of the rock block, free falling
occurs only under gravity G.

Equation (6) shows that the falling height h of the block
has an important correlation with the block structure and is
mainly affected by length l of the free face, dip angle α of the
structural plane, frictional angle φ, and coefficient λ of lateral
pressure. Furthermore, the height of the rock mass when
stable is directly proportional to the length of the free face;
that is, as the length of the free face of the block increases, the
height of the stable block rises. *is reasonably explains why
small blocks generally fall in the transverse direction of the
roadway, with the falling height generally not greater than
the length of the anchor bolts, while large blocks usually fall
in the longitudinal direction of the roadway, with a high risk
of falling over the large caving area of the roof and causing
serious damage.

2.2. Composite Caving of Roof of Roadway with Layered
Surrounding Rock Mass

2.2.1. Mechanical Analysis of Fracturing of Layered Roof
Strata of the Roadway. In general, the limit span corre-
sponding to shear stress is much larger than that generated
by the bending of the beam. *erefore, in modeling and
calculations, whether the strata are unstable is determined
according to the limit span and bearing capacity of the rock
beams:

(1) Once the roadway has been excavated, the rock
surrounding it is less damaged in a short period, and
the mechanical model of rock beams in the roof of
the roadway should be calculated according to the
clamped-clamped beam at the outset, as shown in
Figure 4.
When calculating the limit span of strata according
to the model, the analysis should start from the first
stratum of the roof of the roadway. If the limit span of
rock beams in this stratum is smaller than the span of
the roadway, the first stratum is unstable and causes
instability and collapse. If its limit span is larger than
the span of the roadway, the calculation is carried out

based on the mechanical model in Figure 4, until
a stable stratum is found.
In the calculation in accordance with clamped-
clamped beams, as the minimum ultimate tensile
strength σtx of the stratum is smaller than the
maximum tensile stress σmax, the stratum is fractured
and instability occurs. In this case, the clamped-
clamped beam is fractured and the limit span of the
stratum with the minimum strength is expressed as
follows:

Lx � hx

����
2σtx

qx



, (7)

where hx, Lx, and σtx indicate the thickness, span,
and unidirectional tensile strength of the xth stra-
tum, respectively.
According to equation (1), the limit span Lx of the
xth stratum with the minimum ultimate strength is
related to the thickness hx of the stratum, unidi-
rectional tensile strength σtx, and the imposed load
qx. Of them, the limit span Lx of the stratum with the
minimum ultimate strength is directly proportional
to the thickness hx of this stratum and its unidi-
rectional tensile strength σtx and reversely pro-
portional to the imposed load qx. *is indicates that
if the other factors remain unchanged, the greater the
thickness and tensile strength of the stratum are, the
larger the limit span of the stratum with the mini-
mum strength and the more stable it is.*e larger the
imposed load qx is, the greater the imposed load
borne by the stratum is, and the smaller the limit
span of the stratum with the minimum strength is, so
that it can more easily become unstable.
In terms of factors influencing the limit span, past
research [29] has shown that the burial depth fm,
abnormal in situ stress fd, and integrity fw of the
rock mass can weaken the limit span of the strata.
When calculating the limit span of the strata with the
minimum strength, the following factors are con-
sidered and introduced into the calculation:

Shock and Vibration 5



[L] � hxfw

�������
2σtx

qxfmfd



. (8)

In conclusion, when the limit span [L] of the stratum
is smaller than the span L of the roadway, that is,
[L] � hxfw

�������������
(2σtx/qxfmfd)


< L, the stratum be-

comes unstable and collapses. As the limit span [L] of
the stratum is larger than the span L of the roadway,
that is, [L] � hxfw

�������������
(2σtx/qxfmfd)


< L, a lintel

structure is formed by the stratum. *e mechanical
model is shown in Figure 5.
(2)If the limit span of the stratum is larger than the
span of the roadway, a lintel structure is formed.
When the inserted section is larger than the span L of
the roadway, it tends to be a clamped-clamped beam
and the stratum is stable. When the inserted section
is not long, the lintel structure formed is somewhere
between a clamped-clamped beam and a simply
supported beam. *e model of the lintel structure

established by the roof stratum is calculated
according to Figure 5, and its bending moment is
shown in Figure 6.
*e maximum positive and negative bending mo-
ments of the rock beam are separately shown as
follows:

M
+
max �

qx[L]

2
×

L

2
−

qx[L]
2

8
,

M
−
max � −

qx

2
[L] − L

2
 

2

.

(9)

In accordance with normal stress at any point of the
beam,

σ �
12Mxyx

h
3
x

. (10)

*erefore, the following formulae are obtained:

σ+
max �

12M
+
max hx/2( 

h
3
x

�
6 × qx[L]/2(  ×(L/2) − qx[L]

2/8  

h
2
x

�
6qx[L] × L − 3qx[L]

2

4h
2
x

�
3qx[L] ×(2L − [L])

4h
2
x

,

σ −
max �

12M
−
max hx/2( 

h
3
x

�
6 × − qx/2( ([L] − L/2)

2
 

h
2
x

�
− 3qx([L] − L)

2

4h
2
x

.

(11)

As the limit span [L] is not large in relation to the
span L of the roadway, the structure tends to be
a simply supported beam, and the stress σ−

max is much
smaller relative to the failure strength σt of the beam.
*e beam thus cannot be fractured at the articulated
point. *erefore, when σ+

max < σtx, namely,
(3qx[L] × (2L − [L])/4h2

x)≥ σtx, the middle of the
beam is not broken and the stratum is stable. When
σ+
max > σtx, that is, (3qx[L] × (2L − [L])/4h2

x)≥ σtx,
the middle of the beam is broken to form a classic
articulated structure of the block in Figure 7 [26].
*e sliding and instability of the articulated structure
of blocks are as

hx

([L]/2)
≤
1
2
tan(φ − θ), (12)

where φ represents the frictional angle between the
blocks. In general, φ � 38∘∼45∘ and tan φ � 0.8∼1.
Moreover, [L] and hx indicate the limit span and
thickness of the stratum, respectively.
*e deformation and instability of the articulated
structure of the block are presented as

σp �
2qx × i

2

(1 − i × sin α)
2, (13)

where i � ([L]/2)/hx and α and σp denote the angle of
rotation of the rock mass and the extrusion stress, re-
spectively. Given the biting point is in a plastic state, the
formula is similar to Δ � ([L]/2) × sin α; thus, the angle of
rotation can be calculated according to this formula, in
which Δ represents the maximum subsidence of the roof of
the roadway.

2.2.2. Basis of Determining Stable Strata of Layered Roof

(1) Analysis of imposed load qx. *e load imposed by
rock beams on the xth stratum of the roof of the roadway
is qx and comprises three parts, i.e., dead weight of the
stratum, load generated by interactions between the
overlying strata, and action of unstable underlying strata
on the xth stratum. Whether the stratum is stable is
successively determined from the shallow to the deep
part of the roof of the roadway according to the prin-
ciple. If the first stratum is stable, it is unnecessary to
calculate the stability of the second to the nth strata. *is
stratum is taken as a reference for designing the support
parameters. If the first stratum is unstable, we analyze
whether the second stratum overlying the roadway is
stable. In this case, instability and collapse can occur in
the first stratum because of which it should be regarded
as a load and its weight should be included in the cal-
culation. By analogy, for the xth stratum, the load of the
underlying unstable stratum is the weight of the first to
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the x − 1th strata. *us, according to the principle of
composite beams, the load of overlying strata formed
when the nth layer affects the xth layer is as follows:

qn( x �
Exh

3
x cxhx + cx+1hx+1 + · · · + cnhn( 

Exh
3
x + Ex+1h

3
x+1 + · · · + Enh

3
n

, (14)

where Ex, hx, and cx represent the elastic modulus
(MPa), thickness (m), and volume force (N/m3) of
the xth stratum, respectively.
*e load of the unstable stratum underlying the xth
rock beam is expressed as follows:

Qx � c1h1 + c2h2 + · · · + cx− 1hx− 1. (15)

*erefore, the total load imposed on the xth rock
beam is the sum of equations (14) and (15):

qx � qn( x + Qx. (16)

(2) Method for determining stratum instability in
layered roof. Based on the layer thickness hn, load
qx, and strength σtx of the roof strata as well as fc,
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Figure 4: Mechanical model of clamped-clamped beams in the roof.
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Figure 5: Mechanical model of the lintel structure of the layered roof stratum of the roadway.
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f m, fd, and fw—representing the burial depth,
abnormal in situ stress, and integrity—the sta-
bility of the xth stratum is determined according
to the following criterion:

hxfw

�������
2σtx

qxfmfd



< L. (17)

According to equation (17), the xth stratum is de-
termined to be stable, and the relationship between the
maximum normal stress σ+

max of the lintel structure formed
by the xth stratum and the layer strength σtx should continue
to be determined. When σ+

max < σtx, the beam does not break
in the middle, and thus, the xth stratum is determined to be
stable. If σ+

max > σtx, the beam is broken in the middle to form
the classical articulated structure of blocks. *us, the sta-
bility of the xth stratum should continue to be determined. If
this stratum is stable, the xth stratum is determined to be
stable. If this stratum is unstable, we need to continue to
determine the stability of the x + 1th stratum.

Finally, stratum stability is determined layer by layer
from the shallow to the deep roof strata of the roadway until
the stable stratum is found. *is yields the thickness of
unstable roof strata, that is, the height of roof caving:

H � 
n�1

x− 1
hn. (18)

2.3. Roof Caving in Butterfly-Shaped Plastic Zone of Roadway
with Fractured Surrounding Rock Mass

2.3.1. Stress at the Point of Surrounding Rock with a Circular
Hole in Inhomogeneous Stress Field in Polar Coordinates.
A schematic diagram of a hole in an inhomogeneous stress
field is shown in Figure 8. Under the inhomogeneous stress
field, according to the theory of elastic mechanics, stress at
a point in the rock surrounding the hole in polar coordinates
can be obtained by the following formula:

σr �
cH

2
(1 + λ) 1 −

R
2
0

r
2  +(1 − λ) 1 − 4

R
2
0

r
2 + 3

R
4
0

r
4 cos 2 θ ,

σθ �
cH

2
(1 + λ) 1 +

R
2
0

r
2  − (1 − λ) 1 + 3

R
4
0

r
4 cos 2 θ ,

τrθ �
cH

2
(1 − λ) 1 + 2

R
2
0

r
2 − 3

R
4
0

r
4 sin 2 θ ,

(19)

where σθ, σr, and τrθ indicate the circumferential stress,
radial stress, and shear stress (MPa) at any point, re-
spectively; cH, λ, and R0, respectively, represent the vertical
load (MPa) of the roadway, the coefficient of lateral pressure,
and the radius (m) of a circular roadway; and r and θ denote
the polar coordinates of any given point.

2.3.2. Calculation of Butterfly-Shaped Plastic Boundary Lines.
In polar coordinates, elastic stress at any point in the hole
can be substituted into the plastic criterion for calculation to
obtain the approximate equation of plastic boundary lines of
rock surrounding the hole.

*e principal stresses σ1 and σ3 under the minimum
ultimate strength are used to express the Mohr–Coulomb
strength criterion, that is, the limit equilibrium condition:

σ1 � 2C
cos φ

1 − sin φ
+
1 + sin φ
1 − sin φ

σ3. (20)

It is rewritten as

σ1 − σ3(  − σ1 + σ3( sin φ � 2C cos φ. (21)

*e principal stress under plastic conditions can be
calculated based on the vertical and horizontal stresses:

σ1 �
σr + σθ

2
+

���������������

σr − σθ
2

 
2

+ τrθ( 
2



,

σ3 �
σr + σθ

2
−

���������������

σr − σθ
2

 
2

+ τrθ( 
2



.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(22)

By substituting the calculated principal stress into
equation (21), the equation of plastic conditions of the rock
surrounding the roadway can be obtained:

σr − σθ
2

 
2

+ τrθ( 
2

−
σr + σθ

2
 

2
sin2 φ

− σr + σθ( sin φ cos φC − C
2cos2 φ � 0.

(23)

By substituting elastic stress at a point in the hole under
polar coordinates in equations (19) into (23), the approxi-
mate equation of plastic boundary lines of the surrounding
rock in an inhomogeneous stress field under polar co-
ordinates can be obtained:
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9(1 − λ)
2

·
R0

r
 

8
− 12 1 − λ2  + 6 1 − λ2 cos 2 θ  ·

R0

r
 

6

+ 2(1 − λ)
2 cos22θ 5 − 2 sin2 φ  − sin22θ  +(1 + λ)

2
+ 4 1 − λ2 cos 2 θ ·

R0

r
 

4

− 4(1 − λ)
2 cos 4 θ + 2(1 − λ)

2 cos 2 θ 1 − 2 sin2 φ  −
4

cH
(1 − λ)cos 2 θ sin 2 φC 

·
R0

r
 

2
(1 − λ)

2
− sin2 φ 1 + λ +

2C

cH

cos φ
sin φ

 

2

� 0.

(24)

*e above shows that the approximate equation of
butterfly-shaped plastic boundary lines of rock surrounding
the hole is affected by various factors, mainly the coefficient λ
of lateral pressure, cohesion C, angle φ of internal friction of
the surrounding rock, burial depth H of the hole, unit weight
c of the rock surrounding the hole, and radius R0 of the hole.
Given the other factors, the depth r of the butterfly-shaped
plastic zone under different values of θ of the roof of the
roadway can be obtained by equation (24). *is can be used
to calculate the height at which the roof is at risk of caving in
the butterfly-shaped zone, as shown in Figure 9:

h � Max
θ∈[0,π]

(r × sin θ) − R0. (25)

2.4. Mechanical Analysis of Leakage of Roof with Loose Sur-
rounding Rock Mass. Protodyakonov theory is generally
used to examine roof leakage in a roadway with loose
surrounding rock mass. It claims that, after roadway ex-
cavation, stress in the surrounding rock is redistributed to
generate secondary stress that damages it.*e primary result
of roadway failure is the caving of loose roadway roof rock
and the formation of an arch in the crushed zone, as shown
in Figure 10.

From the perspective of loose and fractured rock, the
height of the caving arch is

h0 �
bm

f
�

a + htg 45° − (φ/2)(  m

f
, (26)

where a, h, φ, f, and m represent the radius of the roadway,
its height, the angle of internal friction, the Protodyakonov
coefficient, and the safety factor, respectively.

*e factors affecting the critical stable height of the roof
of the roadway with loose surrounding rockmass include the
radius of the roadway, its height, angle of internal friction of
the surrounding rock, the Protodyakonov coefficient, and
the safety factor.

3. Indicator System for Grading Risk of
Caving of Roof of Coal Roadway

3.1. Design Principle for Grading Risk of Caving of Roof

(1) Based on the results of grading the risk of the caving
of the roof of the roadway in the coal seam, the
prevalent support modes and parameters for the
excavated roadway were calculated to find areas at
high risk of caving in a timely manner and take
reasonable and effective preventative measures.

(2) For the tunnel to be excavated, reasonable support
modes and parameters were designed according to
a zoning map of risk grades of caving of the roof in
the coal seam. *is was used to develop a targeted
support design that reduces support costs and
eliminates the risk of caving of the roof.

3.2. Indicator System for Grading Risk of Roof Caving.
Many factors influence the stability of the roof of the
roadway, but it is impossible to consider each to classify the

θ

γH

γH

λγHλγH

Figure 8: Stress around a hole under inhomogeneous stress conditions.

Shock and Vibration 9



risk grading. According to equation (6), the critical height
H1 of local blocks of the roof with fractured surrounding
rockmass is related to the length l of the free face, dip angle α
of the structural plane of the block, frictional angle φ, co-
efficient λ of lateral pressure, and buried depth h of the
roadway. According to equation (18), the critical stable
height H2 of the composite roof of the roadway with weakly
bonded and layered surrounding rock mass is correlated
with the abnormal in situ stress, span of the roadway, uniaxial
tensile strength, burial depth, uniaxial compressive strength,
the imposed load on the strata, their limit span, integrity
coefficient, angle of rotation of the rock blocks, and roof
subsidence. Equation (25) shows that the critical stable height
H3 of the roof in the butterfly-shaped plastic zone is correlated
with the coefficient λ of lateral pressure, angle φ of internal
friction, cohesion C, burial depth m of the roadway, and its
radius R0. Based on equation (26), the critical stable height H4
of the roof of the roadway with loose surrounding rock mass is
correlated with the radius and height of the roadway, angle of
internal friction of the surrounding rock, Protodyakonov co-
efficient, and safety factor.*ese factors are shown in Figure 11.

Too many factors affect the stability of the roof strata of
the roadway to describe quantitatively as indicators for

classification or grading. Moreover, the indicators for
classification cannot clearly express the basic characteristics
of the surrounding rock mass. As shown in Figure 11, these
factors directly or indirectly affect the height of caving of the
roof, which is used to determine the design of the support
parameters with anchor bolts and cables. *e larger the
failure depth of the roadway roof is, the higher the roof
caves, and the larger the weight is because of which the
longer are the anchor bolts and cables needed. *e risk
grading of roof caving should be in accordance with the
required lengths of conventional anchor bolts, connected
long bolts, or short anchor cables as well as long anchor
cables arranged in undamaged strata. *e available anchor
bolts are generally 1.6∼2.5m long, whereas some new
ultralong bolts or extendable bolts [33–39] can be as long as
4∼7.5m. Short cables with lengths of 3∼4m are used in some
mining areas, while 10∼14m or longer cables are used in
others. In general, anchor cables with a length of 5∼10m are
used. *e characteristics and grading of roof stability are
listed in Table 1.

For a grade I roof, the lowest height of the roof caving
and the range to be anchored is within the reach of con-
ventional anchor bolts. *e maximum height of caving is set
to 1.5m.*e weight of the strata that need to be controlled is
small for such a roof and can be used as a bearing layer.
Caving accidents at great heights generally do not occur. In
designing the support parameters, it is necessary to ensure
that rock in the bearing layer does not cave locally.
*erefore, such a roof has the lowest risk grade of caving,
which is indicated by green when drawing the grading map
of risks.

Compared with a grade I roof, a grade II roof has
a greater height of caving of the roof that exceeds the range
of conventional anchor bolts. However, when using con-
nected long bolts and short anchor cables, this height is
within the range of anchorage. When such roofs are set to
have a maximum caving height of 3.5m, they can still be
used as the bearing layer. When designing support pa-
rameters, caving accident at great heights does not occur,
even not anchor cables are not used, so long as the forms of
conventional anchor bolts and connected long bolts as well
as the lengths of the anchor ends are reasonable.*e grade II
roof has the moderate risk of caving, which is represented by
yellow in the grading map of risks.

*e caving height of a grade III roof is beyond the
reaches of conventional anchor bolts, connected long bolts,
and short anchor cables. Such roofs need to be supported by
long anchor cables. *e maximum caving height of the roof
is set to 5.5m. Due to the height of such roofs and wide range
of failure of the strata, caving accidents easily occur un-
derground. *erefore, in designing the support parameters,
such a roof should be supported by conventional anchor
bolts combined with long anchor cables. If necessary, layered
support should be used; that is, the conventional anchor
bolts can be used to form the primary anchorage and bearing
structure to support the surrounding rock, which can easily
fracture in a shallow roof. Connected long bolts or short
anchor cables should control stratum separation in the
middle and lower roof and coordinate in support with the

X
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π/4 – θr/2
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Figure 10: Roof leakage of a roadway with loose surrounding rock.

σ3

σ3

2 1

r

h

3
σ1

σ1

h

Figure 9: Roof caving in the butterfly-shaped plastic zone of the
roadway with fractured surrounding rock mass.
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conventional anchor bolts to form a secondary anchorage
and bearing structure. Moreover, anchor cables are used to
overhang and anchor the formed secondary anchorage and
bearing body to stable strata, which form a layered ster-
eostructure with combined anchoring effects for a certain
thickness and bearing strength. Timely and regular moni-
toring should be conducted during roadway tunneling. *e
grade III roof poses a high risk of roof caving and is indicated
by carmine in the grading map of risks.

*e grade IV roof has the greatest caving height, exceeding
the range that can be anchored by conventional anchor cables.

*e maximum height of caving is undetermined and some-
times exceeds 8∼10m. Owing to the large failure range, caving
height, serious consequences, and high degree of hazard, such
a roof can easily cave and trigger caving accidents in adjacent
roadways. Furthermore, such accidents are difficult to control.
*erefore, observation andmonitoring should be strengthened
alongwith providing support, such as by increasing the density,
diameter, and length of the anchor cables and erecting steel
sheds, to minimize the risk of caving.*e grade IV roof has the
highest risk grade of caving and is represented in red in the
grading map of risks.

Table 1: Grading and characteristics of roof stability.

Grade Height of fractured
roof Difficulty in controlling roof caving

I ≤1.5m Easy Under general conditions, the support requirements can be met by using conventional
anchor bolts alone

II ≤3.5m Difficult Use of conventional anchor bolts alone does not work, and they need to be combined with
anchor bolts longer than 4m or anchor cables to strengthen support

III ≤5.5m More difficult Use of conventional anchor bolts alone does not work, and they need to be combined with
anchor cables longer than 6m to strengthen support; anchor cables are locally broken

IV Undetermined Extremely
difficult

When combining anchor bolts with cables for supporting the roof, the probability of
breakage is so high that it is very difficult to prevent the roof from caving

Indicator 
system 
for risk 
grading 
of the 
roof 

caving 
of the 

roadway 
in the 
coal 
seam

Critical stability height of local rock block in 
the roof of fissure enclosed rock mass

Critical stable height of the roadway roof with 
weakly bonded and layered surrounding rock mass

Critical stable height of roof in the butterfly-
shaped plastic zone of the roadway with fractured 

surrounding rock mass

Critical stable height of the roadway roof with 
loose surrounding rock mass

Length of the free face
Dip angle of structural planes

Frictional angle of structural planes
Burial depth of the roadway

Coefficient of lateral pressure
Volume force

Magnitude of insitu stress
Burial depth of the roadway

Thickness of a single stratum
Actual span of the roadway

Uniaxial tensile strength
Uniaxial compressive strength

Imposed load
Limit span of strata

Roof subsidence

Angle of internal friction of 
surrounding rock

Cohesion of surrounding rock
Burial depth of the roadway

Radius of the roadway
Volume force

Coefficient of lateral pressure

Radius of the roadway
Height of the roadway

Broken zone on side walls of the 
roadway

Protodyakonov coefficient

Angle of internal friction of 
surrounding rock

Crustal stress

Burial depth of the 
roadway

Cross-sectional size of the 
roadway

Deformation and failure 
characteristics of the roof

Roof lithology and 
structural combination

Mechanical properties of 
surrounding rock

Stress on 
surrounding rock

Engineering factor

Properties of 
surrounding rock

Figure 11: Indicator system for grading risk of the roof of the roadway in the coal seam.
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4. Software for Risk Grading System for
Caving of Roof

4.1. Method to Predict the Height of Roof Caving

4.1.1. Introduction to Prediction Methods. *ere are i types
of cavings of the roof of the roadway at the kth coordinate
point of the mine (i � 1, 2, 3, 4); pk(i) represents the em-
pirical probability of the ith type of roof caving at the kth
coordinate point, and 

4
i�1 pk(i) � 1, 0≤pk(i) ≤ 1(k �

1, 2, . . . , n).
hk(i) indicates the predicted value of the height of the ith

type of caving at the kth coordinate point of the mine, where
i � 1, 2, 3, 4 and k � 1, 2, . . . , n.

Fk � (fij)(i � 1, 2, 3, 4; i � 1, 2, 3, 4; k � 1, 2, . . . , n) de-
notes the fuzzy complementary judgement matrix generated
by p at the kth coordinate point of the mine, and rk(i) (i �

1, 2, 3, 4; i � 1, 2, 3, 4; k � 1, 2, . . . , n) indicates the sum of the
i th row in the fuzzy judgement matrix Fk at the k th co-
ordinate point of the mine.

Rk � (rij) is the fuzzy judgement matrix with consis-
tency constructed by row sum r at the k th coordinate point

of the mine, where i � 1, 2, 3, 4, j � 1, 2, 3, 4 and
k � 1, 2, . . . , n.

wk(i) represents the weighted average coefficient cor-
responding to the i th type of caving of the roadway at the k

th coordinate point of the mine, where i � 1, 2, 3, 4 and


4
i�1 wk(i) � 1, 0≤wk(i)≤ 1(k � 1, 2, . . . , n).

Hk denotes the predicted value of the height of the
caving of the roof of the roadway at the kth coordinate point
of the mine (k � 1, 2, . . . , n, Hk � 

4
i�1 wk(i)hk(i) � 1, 0

≤wk(i)≤ 1).

4.1.2. Calculation of Indicators of Fuzzy Variable Weight

(1) It is assumed that the empirical probability of the i th
type of caving of the roof of the roadway at the k th
coordinate point of the mine is Pk(i) (i � 1, 2, 3, 4)

and 
4
i�1 pk(i) � 1, 0≤pk(i)≤ 1(k � 1, 2, . . . , n) If

the i th type of caving is not likely to occur, that is, its
empirical probability is zero, it is not considered
when forming the fuzzy judgement matrix.

(2) We establish the fuzzy judgement matrix:

F � fij 4×4 �

f11 f12 f13 f14

f21 f22 f23 f24

f31 f32 f33 f34

f41 f42 f43 f44

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

, wherefij �

0.5, Pi � Pj,

Pi

Pi + Pj

, Pi ≠Pj.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(27)

(3) To determine the weighted average coefficient cor-
responding to the i th type of caving at the k th
coordinate point of the mine, the fuzzy matrix with
consistency R � (rij)4×4, a matrix that meets the
following relationship, is constructed:

(i) 0≤ rij ≤ 1 (i, j � 1, 2, 3, 4).
(ii) rij + rji � 1 (i, j � 1, 2, 3, 4).
(iii) ∀i, j, rij � wk(i)

− wk(j) + 0.5 (i, j � 1, 2, 3, 4; k � 1, 2, . . . , n).

*e row sum ri �  j � 14fij is calculated, and the
fuzzy judgement matrix F � (fij)4×4 is transformed
into the fuzzy judgement matrix with consistency
R � (rij)4×4 by using the formula rij � (1/2) × ((ri −

rj/n) + 1).
(4) If R is the fuzzy judgement matrix with consistency,

the weighted average coefficient can be calculated by
Wk � (1/k)(

k
j�1 rij + 1 − (1/k)). If 

k
j�1 rij ≤ (1/k)

− 1, this needs to be modified until Wk > 0.*e vector
of the weighted average coefficient is as follows:

Wk � wk(1), wk(2), wk(3), wk(4)( 
T

�
1
4



4

j�1
r1j + 1 −

1
4

⎛⎝ ⎞⎠, 
4

j�1
r2j + 1 −

1
4

⎛⎝ ⎞⎠, 
4

j�1
r3j + 1 −

1
4

⎛⎝ ⎞⎠, 
4

j�1
r4j + 1 −

1
4

⎛⎝ ⎞⎠⎛⎝ ⎞⎠

T

.

(28)
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4.1.3. Predicted Value of Height of Roof Caving of the
Roadway. After calculating Wk, the predicted value of the
height of caving of the roof of the roadway at the k th coordinate
point of the mine can be obtained by hk(i), which is calculated
as follows:

Hk � 
4

j�1
wk(i)hk(i) � 1, 0≤wk(i)≤ 1, k � 1, 2, . . . , n.

(29)

4.2. Software Design of Risk Grading System

(1) Login interface. Once it opened, the homepage of the
program for the risk grading system appears, as
shown in Figure 12. It has “login” and “logout”
buttons. By clicking the former, the user can access
the input module of the index samples, operation
module, and the display module for the calculations
and results.

(2) System interface. Once the user has logged into the
system interface, the first interface is as shown in
Figure 13. *e items [local block falling], [composite
roof caving], [caving in butterfly-shaped plastic
zone], [loose roof leakage], and [grading results] are
listed in the toolbar. For each module, according to
the parameters entered by the user into different
modules of the calculation, the calculations are made
by using programmed formulae and algorithms.
When calculating the first module, the name of the
given mine, serial number of a single borehole, and
its coordinates (X and Y) on the mining plan need to
be first input.

*is information interface can be accessed by clicking
the button “local block falling” on the system interface. For
calculation of the local block falling module, it is necessary to
enter parameters, including the length of the free faces,
coefficient of lateral pressure, dip angle of the structural
planes, and their frictional angles. By clicking the button
“Calculate,” the height H1 of the caving of the roof of local
blocks of the roadway roof can be obtained and can be saved
by clicking the button “Save.” If a mistake is made in the
input process, the button “Delete” can be clicked to reinput
the parameters.

For calculations of composite roof caving module, the
parameters are successively entered for each ground bore-
hole and peephole drilled from bottom to top in the cor-
responding roof of the roadway. *ey include the thickness
of a single stratum, lithology, lithology code, compressive
strength, tensile strength, elastic modulus, volume force,
span of the roadway, its burial depth, and the measured in
situ stress. By clicking the button “Calculate,” the effective
thickness of the strata, in situ stress, burial depth of the
roadway, and limit span of each stratum can be obtained.
Finally, the caving height H2 of the composite layered roof of
the roadway can be obtained and saved by clicking “Save.”

In calculations in case of caving in the butterfly-shaped
plastic zone, the angle of internal friction of the surrounding

rock, its cohesion, burial depth of the roadway, its radius,
volume force, coefficient of lateral pressure, and angle of
butterfly wings need to be entered. By clicking “Calculate,”
the height H3 of the caving in the zone can be obtained and
saved by clicking “Save.”

For calculations of the module for loose roof leakage, the
input parameters are the angle of internal friction of the
surrounding rock, height of the roadway, Protodyakonov
coefficient, radius of the roadway, and safety factor. “Cal-
culate” can then be clicked to obtain the height H4 of the
loose roof caving and saved by clicking “Save.”

Finally, by clicking “Generating document,” all the above
results can be saved in text format (.txt). *e user then clicks
“Close” to proceed to enter information for the next
borehole.

5. An Engineering Example of Risk Grading and
Control of Caving Roof of Coal Roadway

5.1. Risk Grading of Caving Roof in Zhaogu Coal Mine No. 2.
We used coal seam No. III of Zhaogu Coal Mine No. 2 in
Jiaozuo, Henan Province, China, as an example of de-
termining the graded risks of caving of a layered roof of the
roadway. Due to limitations in space, the parameter ac-
quisition process and test results are not discussed in detail.
*e results were obtained bymeans of field investigation and
measurements of the force of the anchor bolts (cables),
broken zone test, and physical and mechanical tests. By
entering the parameters of the stratum obtained from
ground boreholes and peepholes in the roof into the risk
grading system developed here, the height of the caving of
the roof was calculated. Based on this, the risk grades of
caving were determined. *e coordinates of a single bore-
hole were determined and matched to the relevant drawings,
such as the mining plan of the coal seam.*e zoning map of
the risk grades of the roof caving in the entire mine was
obtained by using SURFER software to guide production, as
shown in Figure 12.

*e entire well field was at high risk of the roof caving.
*e well field was dominated by roofs of risk grade III,
covering an area twice that of that covered by roofs at risk
grade II. As the well field extended to the west panel, the
mining depth gradually increased and the area of roofs with
risks in grade III gradually increased.

Some sections in the well field contained roofs with risk
grade IV. *e area of intersection of faults with structures
and the boundary between roofs of grades III and IV mostly
contained roofs with a high caving risk and needed to be
monitored intensively during roadway construction.

For roofs with risk grade III, reasonably designing the
support parameters can help prevent caving accidents. For roofs
with risk grade IV, even if the intensity and density of support
are increased, there is still the possibility of local caving acci-
dents. *erefore, it is necessary to strengthen monitoring and
take reasonable and effective measures in time to avoid injuries.

5.2. Correction of Support Parameters. According to the
zoning results of risk grades of caving in coal seam No. III in
Zhaogu Coal Mine No. 2, underground application and tests
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were carried out in the intake airway of working face 11030
of the mine. Targeted support designs were implemented in
the areas with different risk grades of caving using long
anchor bolts. *e long anchor bolts consisted of a connector
of anchor bolts, metal bolts, a screw nut at the anchor end,
and a connecting bolt, as shown in Figures 13 and 14.

*e primary support design of the intake airway of
working face 11030 is shown in Figure 15. According to
Figure 12, within 0∼250m in the intake airway, the risks of
caving were graded as II, while those in the range of
680∼780m were mostly grade as III. *erefore, roof support
for grade II roofs was designed in the range 180∼210m.
Conventional anchor bolts combined with long anchor bolts
[33–39] were used as the main support without using anchor
cables. *e support design is illustrated in Figure 16.

Within 680∼780m of the working face, the support
design for grade III roofs was used. According to geological
data, this section was located adjacent to faults F107, F109,
and F111. To ensure safety, the layered support design was
used. *e primary anchorage and bearing structure were
used in the easily fractured surrounding rock in the shallow
roof using conventional anchor bolts; connected long bolts
were used to control stratum separation in the middle and
lower parts of the roof and formed a secondary anchorage
and bearing structure through coordinated support with the
conventional anchor bolts. Moreover, by using the anchor
cables, the secondary anchorage and bearing body overhung
and were anchored in the stable strata. *is formed a layered
stereostructure with the combined effects of anchoring of
a certain thickness and bearing strength [40–44]. *e
support design is shown in Figure 17.

After correcting the support parameters, the measuring
points were arranged in areas with roofs in risk grades II and
III for measurement and monitoring. For the area with roofs
in grade II, the strengthened monitoring was intended to
identify the deep failure of roof strata and prevent the roof
from worsening to grade III. *e monitoring data are an-
alyzed below.

5.3. Analysis of Observation of Mine Pressure. A monitoring
system for deep displacement at multiple base points was set
in the intake airway of working face 11030 to monitor the
deep deformation of the surrounding rock. In contrast to
ordinary displacement meters at deep base points, highly
sensitive equipment can transform the displacement signals
into electrical signals for analysis with an accuracy of
0.2mm. In other words, small displacements in strata could
be recorded and could accurately reflect the laws of de-
formation and failure of the surrounding rock, as shown in
Figure 18.

Figure 19 shows the results of monitoring of displace-
ment at deep base points within 46 days in the intake airway
of working face 11030. When installing the displacement
monitoring instrument at multiple base points, four points
were set at 1, 2.5, 4, and 8m above the roof. In sections of the
roof with risk grades II and III in the roadway, several
monitoring stations were set. *e measuring points in two
monitoring stations with prominent trends of changes in
displacement are presented. Figures 19(a) and 19(b), re-
spectively, show displacements at monitoring stations in the
roofs with risk grades II and III.

I

II

III

IV

Figure 12: Zoning map of risk grades of roof caving in coal seam No. III.
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Figure 13: Connected long anchor bolt and accessories. 1, nut; 2, plastic washer; 3, tray; 4, ball seat; 5, bolt; 6, upset connector; 7, connecting
bolt; 8, anchor head.
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A comparison of the two displacement curves in
Figure 19 shows that the roof with risks in grade II de-
formed quickly in the first 10 days of the monitoring
period, and the overall displacement was 67mm. *e

overall displacement was gentle later in the monitoring
period. As the change in displacement stabilized, the
overall displacement was 102mm, mainly in 0∼1m in the
shallow part of the roof, while the displacement at other
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Figure 16: Support design for roof with grade II risk in the intake airway of working face 11030 of the mine.
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Figure 15: Cross section of the roadway and support design of intake airway of working face 11030.

Figure 14: Schematic diagram of the long anchor bolt.
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base points was moderate. In the first 20 days of the
monitoring period, the roofs with risk grade III deformed
quickly and considerably, with an overall displacement of
168mm. By the 34th day, the change in displacement had

stabilized. *e maximum displacement in the deep part of
the roof was 213mm, and nearly 80% of it occurred in the
ranges of 0∼1m and 2.5∼4m in the shallow part of the
roof.
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Figure 17: Support design for grade III roof in the intake airway of working face 11030.
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Figure 18: A monitoring system for deep displacement at multiple base points.
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6. Conclusions

In light of the problem of caving roofs in different parts of
the same roadway, this study classified and illustrated the
mechanical characteristics of local instability of the roof
based on differences in rock mass media and types of ac-
cidents. Moreover, the factors influencing the quantitative
relationship between the failure height of the roof and the
environment were ascertained, and an indicator system for
grading the risk of caving of roofs of roadways of coal mines
was established. *e risk grading method can predict the
height of caving of the roof in the coal seam through fuzzy
variable weighting analysis. We also developed a software for
the risk grading system.*emain conclusions are as follows.

Based on the difference in rock mass media and types of
accidents of the roof of the roadway, the mechanical
characteristics of falling, caving, and leakage of local in-
stability were classified, and factors influencing the re-
lationship between the failure height of the roadway roof and
the environment were obtained.

By combining the above with interpolation and drawing
functions of the SURFER software, a zoning map for risk
grades of caving of the roof of the roadway in coal seam No.
III of Zhaogu Coal Mine No. 2 was obtained.

*e well field was found to have a high overall risk of the
roof caving and was dominated by areas in risk grade III.*e
area of intersection of faults and structures and the boundary
between roofs in grades III and IV were mostly in high risk
and needed to be monitored during roadway construction.

A targeted support design test was conducted in areas
with different risk grades of caving in the same intake airway
of working face 11030 of the mine. *e observations showed
that the proposed risk grading technology conformed to the
safety practices of underground mining. *e stability of the
roadway during service was consistent with the risk grades
determined by the software.
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