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Driven by the high original rock stress and engineering disturbance, the ultrahigh roadways of about 7~8 m appear in the deep
coal mine. Based on the field measured data, the stability in different zones of roof and rib is divided. From shallow to deep, the
roof forms potential leakage and falling zone, metastable zone, and stable zone, and the coal rib forms potential spalling zone,
crack developed zone, and transition zone. Based on the theory of transverse isotropy, the mechanical analysis model of layered
roof is established, the real stress state at any point of layered roof is deduced, the roof failure criterion is constructed, and the
theoretical solution of the failure depth of layered roof is obtained. The mechanical model of pillar bar of the splitting coal body in
the potential spalling zone is established, and the deflection deformation expression of the pillar bar is derived. In view of the
deformation and failure characteristics of the roof and rib, this paper puts forward the cooperative integrated support technology
based on high-strength prestressed cables and deep-shallow hole grouting, which effectively reduce the hidden danger of roof

falling and eliminate the formation of ultrahigh roadway from the source.

1. Introduction

The in situ stress level increases with the increase of the
buried depth of the roadway, and the surrounding rock
shows the property of soft rock. Under the influence of the
engineering excavation disturbance, the environment of the
roadway tends to be complicated, and the risk potential of
the roof falling and the rib spalling is increased [1]. On the
one hand, roof falling and rib spalling seriously threaten the
safe production of the mine; on the other hand, they block
the roadway, restrict the operation of the production system,
and seriously threaten the efficient production of the mine
[2-4]. At the same time, the frequent roof falling forms
ultrahigh roadway, and the support cost is huge, which
seriously affects the benefit of the mine.

Roof and rib are the weak links of surrounding rock
bearing structure of deep roadway and are the key factors
that restrict the long-term stability of deep roadway. At
present, relevant scholars have carried out a lot of research

work on the stability and control technology of the roof-rib
bearing system and have achieved fruitful research results.
An et al. took the thick-coal-roof roadways as the research
object, studied the evolution law of the roof failure area
under the condition of insufficient support, and proposed an
improved support with thick anchoring structure and roof
reinforcement, which effectively reduced the damage height
of the thick coal roof [5]. Bai et al. studied the process of
progressive roof failure in a wide coal roadway from water-
rich roofs based on the UDEC method. The numerical re-
sults revealed that the progressive failure mechanism was
characterized by an initial fracturing of the roof due to
strength degradation, which was followed by significant
dilation as fractures grew. The large span of the roadway
further contributed to the roof failure process [6]. On the
basis of fully considering the actual characteristics of coal
seam and roof, Yu et al. established a mechanical calculation
model of compound roof roadway by using elastic me-
chanics theory, deduced the bed separation and instability
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limit load expressions of compound roof, and proposed the
targeted stability control technology for roadways with
a compound roof, which effectively improved the overall
stability of the roadway [7]. Jiang et al. simplified the im-
mediate roof stratum as an elastic beam supported on
a Winkler-type foundation, then obtained the bending stress
and deflection of the roof beam, and considered that the
elastic coefficient of the coal seam is the key factor for the
deformation and potential damage of the roof [8]. Liu et al.
regarded the immediate roof as an elastic body, established
the mechanical model of the immediate roof in the whole
process of gob-side entry retaining by roof cutting, analyzed
the stress characteristics of the immediate roof, and finally
obtained the relationship between the deformation of the
immediate roof and the stiffness of the support system [9].
Based on the infinite plate theory, Yu et al. obtained the
expressions of deflection and bed separation of the com-
posite roof and determined the critical load expression of
each delamination, and the influence of roadway width,
overlying strata load, elastic modulus, shape parameters, and
scale parameters on the stability of composite roof was
explored [10]. Gao et al. used a novel UDEC Trigon ap-
proach to conduct numerical simulation and truly repro-
duced the squeezing failure process of roof rock under high
stress environment [11]. Wang et al. undertook an in-
vestigation to study driving force of roof fall in a geologically
complex zone, and the results revealed that the driving force
of the roof fall was that the high levels of horizontal tectonic
stress and fault slip were induced by mining activities [12].

Based on the physical and mechanical parameters, in situ
stress measurements, and the failure characteristics of the
roadway, Sun et al. proposed the yielding bolt-grouting
support design to restrict the deformation of roadway ribs
[13]. Wu et al. used field tests and numerical modeling to
study the initiation, propagation, and failure of cracks within
the gob-side coal pillar rib, and the failure mechanism of coal
pillar rib is revealed [14]. Based on Hoek-Brown and
Mohr-Coulomb strength criteria, De-Feng et al. deduced
the equation of normal stress and limit equilibrium zone
width of slip surface of roadway rib related to engineering
disturbance degree and geological strength index of rock
mass and analyzed the integrity of roadway rib [15]. De-
Chao et al. established a mechanical analysis model con-
sidering the softening characteristics of the coal rib and
obtained the stress, deformation, and failure characteristics
of the gob side entry retaining coal rib [16]. Ren-Liang et al.
put forward the strong support theory for sidewall in coal
roadway on the basis of analyzing the mechanism of coal rib
damage and reinforcement and obtained good application
effect in engineering practice [17, 18].

The existing studies have analyzed the stability of roof and
rib from different angles and methods and put forward targeted
control countermeasures for specific engineering cases.
However, as a special kind of engineering research object, the
formation mechanism of ultrahigh roadway is rarely involved
in the existing research, so it is difficult to fundamentally inhibit
the formation of ultrahigh roadway. Therefore, it is of great
engineering significance to explore the formation mechanism
of ultrahigh roadway by theoretical analysis and numerical
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calculation based on the field investigation data and engi-
neering geological data, so as to put forward targeted control
measures.

2. Project Background

2.1. Engineering Geological Conditions. The Zhaozhuang
Mine in Changzhi, Shanxi, China, currently mainly mines 3#
coal seam, which is nearly horizontal, with an average
thickness of 4.6 m and an average burial depth of more than
600 m. The development roadways and the mining roadways
are arranged in the coal seam and are driven along the roof of
the coal seam. The uniaxial compressive strength of the coal is
only 2.1~13.2 MPa, so the coal rib is soft and broken, with
developed cracks and poor stability. The immediate roof is
mudstone or sandy mudstone and locally siltstone, which has
developed bedding, forming a longitudinal discontinuous
structure, resulting in poor roof integrity. The main roof is
fine sandstone with thick-layered structure and high rock
strength. The immediate floor is mudstone or carbonaceous
mudstone, with thin coal interlayer locally. The columnar
information of the roof and floor rocks is shown in
Figure 1(a). The immediate roof and floor are mudstone and
sandy mudstone with weak mechanical properties. The rock
mass has obvious layered characteristics and low bearing
capacity. With the development and penetration of sur-
rounding rock cracks, the roof will sink violently and even
lead to roof collapse. The integrity of coal rib is also poor.
Under the influence of overburden pressure, the coal rib is
seriously squeezed, the phenomenon of rib spalling occurs
frequently, a large number of supporting members fail, and
the stability of the coal rib is significantly reduced.

As shown in Figure 1(b), the content of clay minerals in
mudstone and sandy mudstone is as high as 56.4% and
46.3%, and the content of illite montmorillonite mixed layer
in clay minerals is 41% and 34.4%, respectively. Water
molecules can easily enter the crystal lattice of montmo-
rillonite, resulting in changes in the thickness of its crystal
structure, which is macroscopically manifested as rock ex-
pansion. Montmorillonite has very strong ion exchange
performance and good hydrophilicity. It is very easy to show
argillization and disintegration after encountering with
water, resulting in great attenuation of rock strength. The
reduction of bearing capacity and the occurrence of layer
separation induce the instability of roof rock mass.

2.2. Deformation and Failure Characteristics of Surrounding
Rock. After the roadway is excavated, the borehole imager is
used to detect the internal structure of the surrounding rock.
The roof rock structure is shown in Figure 2(a). The shallow
roof crack within 0~4 m is highly developed, and the layer
separation phenomenon is obvious, forming a potential
leakage and falling zone. The integrity of the roof rock within
the range of 4~8 m is gradually improved, forming a meta-
stable zone. Due to the existence of weak interlayer, there are
significant open cracks in local areas. The roof rock beyond
8m is stable, forming a stable zone, which is the main
bearing structure of the roof. The internal structure of the
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FIGURE 1: Rock properties of roof and floor: (a) rock stratum histogram; (b) mineral composition.

coal rib is shown in Figure 2(b). Due to the low bearing
capacity of the coal body, after the roadway is excavated,
potential spalling zone, crack developed zone, and transition
zone are formed from shallow to deep in the coal rib. The
destruction of the shallow coal rib increases the real span of
the roadway and further reduces the stability of the roof.

2.3. Formation Mechanism of Ultrahigh Roadway. As shown
in Figure 3(a), the roof structure and the working conditions
of supporting members exposed after the roadway roof
falling. The roof has a remarkable layered structure, with
a layer thickness of about 0.2 m and poor interlayer bonding
performance. Under the pressure of the overlying strata,
separation and dislocation occur in the vertical direction and
horizontal direction of the layered roof, respectively,
resulting in tensile fracture, shear fracture, and tensile shear
composite fracture of the cables. The interface element in
FLAC3D is used to construct the interlayer structural plane
and simulate the layered characteristics of the roof rock
mass. According to previous studies, the elastic modulus,
cohesion, and tensile strength are taken as 0.2 times the
experimental value, and the Poisson’s ratio is taken as
1.2 times the experimental value. The calculated failure mode
of the layered roof is shown in Figure 3(b). The roof presents
significant progressive failure layer by layer. The disconti-
nuity of layered rock mass results in the discontinuity of its
deformation. There is a large-scale separation zone in the
roof, forming a potential caving arch structure. With the
gradual development of the rock mass bed separation within
the potential caving arch, the rock mass in the arch shows
structural instability, forming an ultrahigh roadway with
a height of about 7~8 m (Figure 3(c)).

3. Roof Stability Analysis

3.1. Stress Distribution Characteristics. 'The coal bearing rock
series formed a typical layered structure during the de-
position process [19]. The mechanical behavior of layered
rock mass is affected by the weak structural plane and has
significant anisotropy. The transverse isotropic body can

well characterize the mechanical behavior of layered rock
mass. In the transverse isotropic plane, the layered rock mass
has the same mechanical properties, while in the direction
perpendicular to the plane, the rock mass shows another
property. The elastic constitutive relationship of a trans-
versely isotropic body is expressed as [20, 21].

£ a;, a, 017[0o

XX XX
&z | =12 G2 0 || 0z | (1)
Vxz 0 0 Ae6 Txz

where an = (1 - !/l)/EH, app = —[/lv(l + !’lH)/EV) ar = (1 - ‘Ll/
En)/Ey, and ags =1/Gy. Here, Ey and Ey are horizontal and
vertical elastic modulus, yy is Poisson’s ratio of vertical
strain caused by horizontal strain, yy is Poisson’s ratio of
horizontal strain caused by vertical strain, and Gy is the
shear modulus perpendicular to the xy plane.

Ignoring the volume force, it is assumed that the material
of a half plane body conforms to the transverse isotropic
constitutive relation. Under the action of concentrated force
on the boundary, the compatible equation expressed by the
stress function in the plane problem can be expressed as

a4q>+(2 + dgg) ro + a4q)—O (2)
an R Az + des 9x’0y” axn P S

By solving equation (2), the stress component at any
point after the transversely isotropic half-plane body is
subjected to the concentrated force perpendicular to the
isotropic plane can be obtained as follows:

E[ Kic'z ~ Kyf’z ]

T %+ (c2)? x2+(fz)2 ’
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FIGURE 2: Internal structure of surrounding rock: (a) internal structure of roof; (b) internal structure of coal rib (CC means circumferential
crack; LC means longitudinal crack; IC means interlaced crack; IZ means intact zone; FC means fracture zone).
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FIGURE 3: Formation mechanism of ultrahigh roadway: (a) exposed roof; (b) roof failure mode; (c) ultrahigh roadway.
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FIGURE 4: Stress distribution of surrounding rock: (a) stress curve; (b) stress composition.

where Ki=f/(c—f), Kn=c/(c—f), and the expressions of ¢
and f are

2
¢ Agsl2 + a1, + \/(a66/2 +ay) - ayay, (4)

f an

According to formula (3), the stress component at any
point of a transversely isotropic half-plane body under linear
load can be obtained by superposition principle.

Excavating the roadway in the undisturbed natural rock
mass breaks the stress balance state of the original rock, and
the original rock stress is redistributed. The surrounding
rock of the roadway forms stress-decreased zone, stress-
increased zone, and original rock stress zone in turn. The
stress distribution of surrounding rock is shown in
Figure 4(a). The original rock stress is yH. The peak stress of
surrounding rock on both sides of the roadway is K, 5, where
K represents the stress concentration factor. As shown in
Figure 4(b), according to the principle of stress superim-
position, the actual stress at any point of the roof can be
characterized as the sum of the original rock stress and the
additional stress caused by the stress increment. The original
rock stress of the roadway can be calculated according to the
measured data or the buried depth of the roadway according
to formula (5). Therefore, under the action of overburden
pressure, the stress solution of layered roof can be reduced to
the solution of additional stress:

5
yH
Original rock stress
yH yH +
A1 ] ] ] l = (K-1)yH
Actual stress 4! I [k
Stress increment -yH
(®)
o, =yH,
(5)
oy = AyH.

The mechanical model of stress increment as shown in
Figure 5 is established by taking the right direction parallel to
the roof as the positive direction of the x-axis and the right
direction perpendicular to the roof as the positive direction
of the z-axis, where L; and L, represent the distance between
the original rock stress boundary and the roof stress peak
point, L, and L; represent the distance between the roof
stress peak point and the coal rib, and B represents the width
of the roadway. The expression of load in each interval can
be expressed as

g =Ax+B, (i=1~5), (6)

where A,=(K-1)yH/L,, By=A\(L,+Ly), A;=(q.-K,p)/
L,, B;=4q.-yH, A3=0, B3= q.-YH, Ay= (KyH_ qz)/LS’
B4:qz—'yH—BA4, A5:—(K— 1)'})H/L4, and
Bs=—As(B+ L3+ Ly).

We take the microsegment d¢ at the distance 1€ from the
coordinate origin, and the load within the microsegment can
be simplified as the concentrated force, that is, dF = gd&. The
stress generated by dF at any point M(x, z) of the lower rock
layer can be solved according to formula (3). Here, the
vertical and horizontal distances between the action point of
dF and the point M are, respectively, expressed as |zl and
lx —&l. Therefore, the additional stress generated by dF at
point M is

The stress caused by all the small concentrated forces in
the interval at point M is superimposed, that is, formula (7)
is integrated in the load action interval, and the additional

do. = (A& +B;)d¢ [ KIC3Z _ K11f3Z j|)
¥ y (x= & +(c2)® (x- &’ +(f2)
Vdo = (A¢+ Bl)df[ Kicz ~ Kyfz ]’ )
: 77 (x= 8 +(c2)® (x- & +(f2)
dr = (AIE+Bl)dE[ Kie(x-§)  Kyf(x-9 ]
* Q (x= & +(c2)® (x- &’ +(f2)

stress value of point M under the linear load in the in-
tegration interval can be obtained. Each integral interval has
the same solution process except that the upper and lower
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limits of integration are different. The [-L;-L,, —L,] interval
is taken as an example for explanation.
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The additional stress value of the roof under the stress
increment can be obtained by superimposing the integration
results of each interval. The sum of the additional stress and the
original rock stress is the actual stress state of the roof, namely,

5
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According to the engineering geological data, the cal-
culation parameters are selected as follows: roadway span
B=5.5m; the roof load is distributed symmetrically,
Ly=L;=10m, L,=L;=5m; average volumetric weight of
rock y =25kN/m’ roadway buried depth H =670 m; stress
concentration coeflicient K=2.0; lateral stress coefficient
A=1.2. According to formula (9), the stress distribution of

x+ L2) AKicz
arctan——= ) - ———
2m

{ln [(x +L,) + (cz)z] —-In [(x +L + L) + (cz)z]}
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- 7{1n [(x +L + L) + (cz)z] -In [(x +L,) + (cz)z]} e LY - 1€ 412 (arctanx T arctan T 2)
m m cz cz
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—arctan .
fz fz
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s s

(8)

the roof under the influence of roadway excavation is cal-
culated by MATLAB.

The stress cloud of the roof after the roadway is exca-
vated is shown in Figure 6, which is distributed symmet-
rically. As shown in Figures 6(a) and 6(b), the vertical stress
and horizontal stress, respectively, form stress concentration
zones in the roof above the solid coal and unloading zones in
the roof above the roadway. The influence range of stress
concentration zone and unloading zone of vertical stress is
significantly larger than that of horizontal stress. With the
increase of depth, the vertical stress and horizontal stress
gradually return to the original rock stress level. Taking the
roadway center line as the boundary, as shown in
Figure 6(c), the shear stress forms four symmetrically dis-
tributed shear stress concentration zones in the roof above
the solid coal on both sides. The shear stress concentration
zone near the roadway is defined as zone I, and the zone far
away is defined as zone II. The existence of zone I is the direct
cause of roadway upper corners failure, and its stress
concentration is significantly greater than that of zone II.
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We extract the stress curves of different layers roof from
the stress cloud, as shown in Figure 7. Here, we define the
roof unloading coefficient K’ = (original rock stress —actual
stress)/original rock stress. As shown in Figure 7(a), at 0.5m
above the roadway roof, the vertical stress unloading co-
efficient is 0.91, which indicates that the roof rock mass is
seriously damaged and the bearing capacity is basically lost.
As the depth increases from 0.5m to 3.5m, the unloading
coefficient of the rock mass above the roadway gradually
decreases from 0.91 to 0.68, and the vertical stress gradually
recovers, indicating that the bearing capacity of the rock
mass gradually increases. At the same time, the vertical stress
concentration coefficient of the roof above the coal body
decreases from 1.93 to 1.59, and the stress concentration
degree gradually decreases.

As shown in Figure 7(b), with the increase of the depth,
the unloading coeflicient of the horizontal stress of the roof
above the roadway decreases rapidly, and the horizontal
stress of the roof at 3.5m exceeds the original rock stress
level. The horizontal stress concentration coefficient of the
roof at 0.5 m above the coal body is 1.67. With the increase of
depth, the stress concentration coefficient decreases rapidly,
and there is no significant peak in the stress curve at 3.5 m.
As shown in Figure 7(c), the peak shear stress in zone I is
significantly higher than that in zone II. When the shear
stress in this zone exceeds the shear strength of surrounding
rock, a large range of shear failure zone will appear in the
upper corners of the roadway. With the increase of the
depth, the shear stress in zone I and zone II increases first
and then decreases, which indicates the process of the
gradual homogenization of the stress distribution.

3.2. Failure Characteristics of Roof. The roadway excavation
causes stress disturbance to the natural rock mass, and the
stress field of the surrounding rock redistributes. When the
stress of surrounding rock exceeds the ultimate bearing
capacity of rock mass, the surrounding rock is damaged and
the roadway is unstable. Under the action of stress distur-
bance, the rock usually presents shear failure or tensile shear
composite failure. According to Moh#Coulomb criterion,
when the maximum shear stress of the roof rock exceeds its

shear strength, the rock mass will undergo shear failure. The
maximum shear stress of the roof is

_ 2
S +(%) . (10)
The condition for shear failure of roof is
((o,+0,/2)tang +¢)
< Tmax’ (11)

\1 + tan’ ()

where ¢ and ¢ are the internal friction angle and cohesion of
the roof rock mass, respectively, and the roof failure criterion
can be obtained from equations (10) and (11):

((ox+0o./2)tang+c)

A1+ tan’ @

The failure mode of roof rock mass is drawn by
MATLAB, as shown in Figure 8, where ¢=32" and
¢=0.5MPa. The areas with F(x, z) <0 in the figure indicate
that the roof has been damaged. The roof failure areas above
the roadway are symmetrically distributed, and the maxi-
mum fajlure depth is 4.15m, which is located at the roof
above the roadway center line.

According to the failure criterion of roof rock, the
stability of roof is related to the stress environment of
surrounding rock (o, 0, T,.) and the property of rock
mass(c, ¢). For a given engineering conditions, it is assumed
that the stress environment of the surrounding rock of the
roadway is unchanged. Based on the principle of control
variables, we take ¢ =32°, ¢=0.5~3 MPa; ¢=0.5 MPa, and
@=25~39", and the correlation between the roof failure
depth and the rock mass properties is obtained. As shown in
Figures 9(a) and 9(b), with the increase of ¢ and ¢, the
maximum failure depth of roadway roof decreases linearly.
Therefore, through reasonable support and reinforcement
measures, the mechanical properties of the roof rock mass
can be improved and its bearing capacity can be increased,
which can greatly improve the stability of the roof and
eliminate the hidden danger of roof collapse.

F(x,z) =

T

max —

(12)
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Ficure 8: Roof failure characteristics.

4. Stability Analysis of Coal Rib

4.1. Mechanical Model. Under the action of the overlying
rock stress, the fracture zone of the coal body in the rib
expands, and the split coal body in the shallow potential
spalling zone forms a pillar bar structure [22]. We take pillar
bar structure as the research object and establish the me-
chanical model as shown in Figure 10. Since the gravity of
pillar bar is far less than the overburden stress, the influence
of gravity on its deflection is ignored. According to the static
equilibrium conditions, F,=qh/2, where h is the roadway
height and g is the uniformly distributed load acting on the
pillar bar structure. The bending moment at any section of
the pillar bar is
1 , 1
M(x)ziq(h—x) —th(h—x)—wa. (13)
According to the deflection differential equation
Elw" = M(x), where EI is the stiffness of the pillar bar and w
is its deflection, we can get

1 2_1
Elo" =>q(h=x)° -2 qh(h - x) - F,w. (14)

We set up f°=F,/EI and the previous formula can be
simplified as

I IPRRC IR LR,

W' +frw=
2EI 2EI

(15)
The general solution of the equation can be obtained by
solving the previous differential equation, where C; and C,

are undetermined coefficients:

w=C,cosfx+C, sinﬁx+%(h - x)*

y
(16)
h EI
B LIy _q_z'
2Fy Fy

By displacement boundary condition w,—o=0, w,-, =0,
can be obtained as follows: C; =qEI/F and C, = (1 — cosfh)
qEI/(Fsinfh).

Substituting C; and C, into formula (4), we can obtain
the deflection deformation expression of the pillar bar as
follows:
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4.2. Deformation Characteristics of Coal Rib. According to
equation (5), based on the control variable method,
MATLAB is used to draw the deformation curve of the pillar
bar of the coal rib, and the influence of the coal rib stiffness,
roof load, roadway height, and lateral load on the stability of
the coal rib is obtained, as shown in Figure 11. The de-
formation in the middle of the coal rib reaches the maxi-
mum, and the maximum displacement decreases
exponentially with the increase of the stiffness of the coal rib.
As shown in Figure 11(a), as the stiffness of the coal rib
increases from 10 MN-m*> to 80 MN-m’ the maximum
displacement decreases by 89.8%; especially, in the range of
10~30 MN-m?, the response of the coal rib deformation to
the change of stiffness is particularly significant. As shown in
Figures 11(b) and 11(c), with the increase of roof load and
roadway height, the maximum displacement of the coal rib

increases exponentially. As the roof load increases from
1 MPa to 6 MPa, the maximum displacement increases from
0.2m to 1.0 m. As the roadway height increases from 2 m to
7m, the maximum displacement increases from 0.0l m to
1.6 m. When the roadway height is more than 5m, the
increase of roadway height will promote the maximum
displacement significantly. As shown in Figure 11(d), the
maximum displacement increases linearly with the increase
of lateral load, and the growth rate is 0.41 m/MPa.

To sum up, it is an effective way to control the de-
formation and failure of the coal rib by actively applying
support resistance to it through support units to improve the
mechanical properties of the weak structural plane of the coal
body and enhance the stiffness of the bearing structure of the
coal rib. The roof acts as a medium for the overburden to
transmit load to the rib. To improve the stability of the roof,
on the one hand, it can limit the transfer of the overburden
stress to the coal rib, and at the same time, it can eliminate the
hidden danger of roof falling and effectively prevent the
secondary increase of the roadway height. After the roadway
is excavated, stress concentration occurs at the upper and
lower corners. Under the action of concentrated stress, the
surrounding rock in these areas is damaged, the pedestal of
the pillar bar moves to the deep part of the surrounding rock,
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and the true height of the roadway increases. Therefore, the
control of roadway upper and lower corners has a significant
impact on the stability of the coal rib.

5. Surrounding Rock Control Countermeasures
and Technology

5.1. Surrounding Rock Control Countermeasures

(1) We build a roof-coal rib-floor coordinated integrated
bearing system to improve the overall bearing per-
formance of the surrounding rock support system.

The integrity of layered roof is poor, and the surface
of the roof provides a free surface for the release of
surrounding rock stress and deformation under
engineering disturbance. The roof rock mass shows
progressive failure layer by layer from shallow to
deep, forming a certain range of potential leakage
and falling zone. After the roof is unstable, the true
height of the pillar bar increases, and the de-
formation of the coal rib increases exponentially. The
instability of the coal rib will lead to the increase of
the true span of the roadway roof and floor and
induce roof falling or floor heave. As shown in
Figures 13(a) and 13(b), improving the strength of
the coal rib can ensure its stable support to the roof
rock layer, block the transfer of the load of the
overlying rock to the floor, and greatly reduce the
overall damage range of the surrounding rock. As
shown in Figure 13(c), selecting high-performance
bolts and cables to reinforce the roof and floor can
restore and maintain the three-dimensional stress
state of the rock mass in the fracture zone. As the
surrounding rock stress gradually recovers, the ra-
dius of Mohr’s stress circle decreases. When the
stress circle is tangent to the strength envelope, the
rock mass reaches the limit equilibrium state. The
stress further recovers, and the surrounding rock
transits from unstable state to stable state. Each
support unit is coupled to each other and carries

loads cooperatively, so as to build a roof-coal rib-
floor coordinated integrated bearing system and
improve the integrity of the bearing system.

(2) Grouting fills the internal cracks of surrounding rock
and improves the overall bearing capacity of weak
and broken coal and rock mass.

Grouting can strengthen the loose and broken coal
and rock mass, fill the cracks of surrounding rock,
and improve its mechanical properties and bearing
capacity. At the same time, the grouting re-
inforcement zone provides a reliable force founda-
tion for the bolts and cables to ensure the full play of
their anchoring efficiency.

(3) Full section shotcrete is used to prevent the de-
terioration of surrounding rock strength caused by
water rich environment.

The full section shotcrete seals the surrounding rock,
fills the cracks on the surface of the surrounding
rock, blocks the water seepage channel from the roof
to the inside of the surrounding rock, and prevents
the surrounding rock from weathering and swelling
when encountering water. At the same time, the
shotcrete layer bonds the surrounding rock and the
supporting units into a unified supporting structure,
which can give full play to the self-bearing capacity of
the surrounding rock.

5.2. Surrounding Rock Control Technology. In view of the
deformation and failure characteristics of the roof and floor,
based on the above surrounding rock control measures,
taking the south return air main roadway of Zhaozhuang
Mine as the engineering background, the support param-
eters are optimized through engineering analogy, theoretical
analysis, and numerical calculation, and the rib strength-
ening and roof controlling coordinated integrated support
technology based on high-strength prestressed cables, and
deep and shallow hole grouting is proposed, as shown in
Figure 13. Specific support parameters are as follows:
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(1) Roof and Rib Cooperative Control Technology. Lay-

ered soft roof has high risk of roof falling and is easy
to form ultrahigh roadway. The treatment of this
kind of roadway must consider the overall stability of
the roof-coal rib-floor bearing system. Selecting
high-performance bolts and cables components,
exerting sufficient pretightening force and support in
time are the keys to achieving roadway stability.

As shown in Figures 13(a) and 13(b), SKP22-1/1720-
7400 high-strength low relaxation steel strand is used
for roof cables, and the spacing s
1000 mm x 1200 mm, with 5 cables arranged in each
row. The anchorage length of the cable is 1970 mm,
and the pretightening force is not less than 250 kN.
Each row of anchor cables shall be connected by steel
beam. As shown in Figure 13(c), A MSGLW-500/22-
3200 high-strength left-handed nonlongitudinal re-
bar threaded steel bolt is arranged at the upper
corner and lower corner of the rib, respectively. The
bolt row spacing is 1200 mm, with a deflection angle
of 10" and an anchorage length of 1675 mm, and the
tightening torque is not less than 400 N-m. SKP22-1/
1720-5400 high-strength low relaxation steel strand
is used for rib cables, and the spacing is
950 mm x 1200 mm, with 3 cables arranged in each
row. The anchorage length of the cable is 1970 mm,
and the pretightening force is not less than 250 kN.
The stiffness of the surface floor has an important
influence on the deformation of the layered floor.
The hardening of the floor is realized by pouring
concrete, which can improve the deformation re-
sistance of the floor, and seal the floor at the same
time, so as to avoid the deterioration of the rock
strength of the floor caused by the water pouring
from the roof. The design thickness of the roadway
concrete floor is 200 mm, and the concrete strength
grade is C20.

(2) Deep and Shallow-Hole Grouting Technology. The

weak and broken rock mass has poor integrity and
low bearing capacity, and the bolts and cables cannot
form an effective force foundation, which limits the

full play of the support efficiency of the support
units. The deep and shallow-hole grouting tech-
nology is used to restore the mechanical properties of
the shallow one surrounding rock, improve the
bearing capacity of the deep rock mass, and co-
operate with the corresponding support means to
reduce the risk of roof falling and rib spalling.

The specifications of shallow grouting holes are
®30x1500 mm, and the grouting pressure is
0.8-1.0 MPa. We keep the grouting pressure for
about 15minutes, close the valve, and block the
grouting hole. The specifications of deep grouting
holes are ®30x5000mm. The initial grouting
pressure is 0.8-1.0 MPa, which gradually increases
the grouting pressure. When the grouting pressure
reaches 3-4 MPa, we maintain the pressure grouting
for 20 minutes, close the valve, and end the grouting.

(3) Full-Section Shotcrete Sealing Surrounding Rock
Technology. Underground roadways exist in humid
and hot engineering environment, and surrounding
rocks are easy to be weathered and broken [23].
Shotcreting can fill the cracks on the roadway sur-
face, seal the surrounding rock, and prevent the
surrounding rock from weathering and swelling
when encountering water. At the same time, the
shotcrete layer bonds the surrounding rock and the
supporting units into a unified supporting structure,
which can give full play to the bearing capacity of the
surrounding rock itself. After the support is com-
pleted, C20 concrete layer with thickness of 150 mm
should be sprayed on the roof and rib.

6. Support Reliability Evaluation

6.1. Evaluation by Numerical Calculation. A single bolt or
cable forms a certain range of support stress field in its an-
choring area. By reasonably controlling the spacing of support
units, the support stress fields of each bolt and cable can be
superimposed on each other, so as to form a certain range of
compression zone in the surrounding rock (Figure 14(a)). The
property and integrity of rock mass in this area are improved,
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FIGURE 13: Roadway support parameters: (a) full section; (b) roof; (c) rib.

and the bearing capacity of surrounding rock is enhanced. As
shown in Figures 14(b) and 14(c), grouting reinforcement and
support improve the mechanical properties of weak structural
planes and enhance the antisliding ability between layers. The
layered roof changes from composite beam structure to
composite beam structure, and the potential roof falling arch
disappears. The supporting units that reach the stable rock
mass are coupled with the surrounding rock to form a roof-
coal rib-floor coordinated bearing system, which greatly
improves the overall stability of the roadway, diminishes the
damage range of the surrounding rock, reduces the potential
risk of roof falling, and prevents the formation of ultrahigh
roadway.

6.2. Engineering Application Effect. After the roadway is
excavated, support is carried out in time, and rock pressure
measuring stations are arranged to evaluate the surrounding
rock control effect (Figure 15(a)). Dynamometer is used to
monitor the stress of the bolts and cables in the working
process, multipoint displacement meter is used to monitor the
internal deformation of surrounding rock, and laser range-
finder and steel tape are used to monitor the roadway surface
displacement. The stress variation trend of the bolts and cables
is shown in Figure 15(b). During the monitoring period, the
stress of the bolts and the cables increased synchronously, and

there was no sharp increase in the stress, nor was there any
failure of the component and the stress returned to zero,
indicating that the bolts and the cables and the surrounding
rock reached a synergistic coupling bearing state. The stress of
the bolts and cables arranged at the upper corner increases
sharply, which indicates that the support units play a good role
in controlling the weak zone and avoid the overall instability of
the roadway caused by the damage of local weak zones.

The roadway surface displacement curve is shown in
Figure 15(c). After the excavation of the roadway, the
surrounding rock enters a period of severe deformation, and
the deformation of the surrounding rock increases rapidly.
As the supporting units and surrounding rock form a co-
operative bearing structure, the surrounding rock enters
a stable deformation period, and the deformation speed
tends to be stable. After 40 days, the surrounding rock enters
a stable period, and the deformation of the surrounding rock
basically does not increase. The accumulated deformation of
roof, floor and rib is 68 mm, 46 mm, and 148 mm, re-
spectively. The convergence deformation of the roadway is
small and the overall stability is good.

The deformation curve of rock mass in different layers of
roof is shown in Figure 15(d). The supporting efficiency of
roof cables improves the deformation resistance of the
shallow roof (1 m base point), and the accumulated de-
formation in this area is 43 mm. With the increase of roof
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FI1GURE 16: Borehole imaging results of roof (OC means open crack; CC means circumferential crack; IZ means intact zone).

depth, the stability of roof improves. The cumulative de-
formation of the roof at 3m and 5m is 27 mm and 16 mm,
respectively. The monitoring results show that the deep and
shallow-hole grouting and prestressed cables support greatly
improve the bearing capacity of the layered roof, form
a stable bearing structure from shallow to deep, and effec-
tively reduce the hidden danger of roof falling.

After the roadway was excavated for 5 months, the internal
structure of the roof was detected by borehole imaging
technology. As shown in Figure 16, the support scheme ef-
fectively controls the evolution of roof cracks. Only a few open
fractures can be seen locally, and the fractures do not penetrate
each other to form a fracture zone. The overall stability of the
roof is good. The roof separation is effectively controlled, which
suppresses the formation of roof caving zone, thus eliminating
the formation of ultrahigh roadway from the source.

7. Conclusions

In this paper, in order to prevent the occurrence of ultrahigh
roadway caused by roof falling in Zhaozhuang Mine, the
cooperative integrated support technology based on high-

strength prestressed cables and deep-shallow hole grouting
is proposed. Through theoretical analysis, numerical sim-
ulation and field test, the reliability of support technology is
proved. The following main conclusions are drawn:

(1) After the roadway is excavated, the layered roof
forms potential leakage and falling zone, metastable
zone, and stable zone from shallow to deep. The roof
shows obvious progressive failure layer by layer,
forming a potential caving arch structure. The weak
coal rib forms potential spalling zone, crack de-
veloped zone, and transition zone. The damage of the
coal rib increases the true span of the roadway and
further reduces the stability of the roof. The gradual
development of rock layers separation within the
potential caving arch induces the structural in-
stability of rock mass within the arch, leading to roof
caving and finally forms an ultrahigh roadway with
a height of about 7~8 m.

(2) The coal bearing rock series formed a typical layered

structure during the deposition process. The me-
chanical behavior of layered rock mass is affected by
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the weak structural plane and has significant an-
isotropy. The layered roof is regarded as a trans-
versely isotropic body. Based on the elastic theory,
the mechanical model of layered roof is established.
According to the superposition principle, the real
stress state of any point of the layered roof is de-
duced, which accurately reflects the stress distribu-
tion characteristics of the layered floor.

(3) Based on Mohr-Coulomb criterion, the failure cri-
terion of layered roof is established. The symmetrical
failure mode of roof rock mass is plotted by
MATLAB, and the theoretical solution of the failure
depth of layered roof is obtained. Based on the
principle of control variables, the maximum failure
depth of roof decreases linearly with the increase of
rock mass properties.

(4) The pillar bar mechanical model of the potential
spalling zone is established, and the expression of the
deflection deformation of the pillar bar is derived.
Based on the principle of control variable, the
maximum deformation of coal rib decreases expo-
nentially with the increase of its stiffness, increases
exponentially with the increase of roof load and
roadway height, and increases linearly with the in-
crease of lateral load.

(5) In view of the deformation and failure characteristics
of the roof and coal rib, this paper puts forward the
cooperative integrated support technology based on
high-strength prestressed cables and deep-shallow
hole grouting. The results of numerical calculation
and field observation show that the designed support
scheme can effectively reduce the hidden danger of
roof falling and eliminate the formation of ultrahigh
roadway from the source.
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