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More and more attention has been paid to the supporting problem of deep soft rock roadway floor with long-term water
immersion in recent years. However, the existing soft rock roadway support technology rarely takes into account the influence of
the immersion softening phenomenon of the roadway floor and the self-supporting structure characteristics of the surrounding
rock on the stability of the surrounding rock at the same time, and the influence of the creep characteristics of rock on the
deformation zone of the surrounding rock requires further research on the nature and division of the self-supporting structure of
the surrounding rock. In response to the issues mentioned, based on the loading and unloading properties of the surrounding rock
of the soft rock roadway, a new concept of the internal and external self-bearing structure was proposed. )e fact of water-
immersed mudstone softening in the soft rock roadway floor was revealed through the field practice, and the shape of the internal
and external bearing structure was determined based on the in situ monitoring results. )en, the instability mechanism of the
internal and external self-bearing structure of the surrounding rock was analyzed, the position of the critical control point was
calculated, and the key control technology based on the method of controlling floor heave by using double-row anchor cables to
control the deformation of the roadway sides was put forward. Finally, the field industrial test showed that this support technology
can effectively control the deformation and failure of soft rock roadway in the case of water immersion on the floor.)is work can
provide a technical reference for similar roadway support designs.

1. Introduction

Due to the large ground stress and low strength of sur-
rounding rock, soft rock roadway has some engineering
problems, such as difficult support, poor safety and stability,
and a large amount of maintenance, which pose a great
threat to coal mine safety production. )e supporting
technology of soft rock roadway has always been the focus of
scholars. In recent years, with the gradual increase of coal
mining depth, the support issue of soft rock roadway be-
comes more prominent, such as serious floor heave, large-
scale instability and failure of surrounding rock, and severe

damage of the support structure, as shown in Figure 1.
Although the existing support scheme has achieved certain
results, due to the complex nature of the surrounding rock
and the long-term existence of a large amount of free water
on the floor, the problem of large deformation of the sur-
rounding rock has not been completely resolved.

Wang et al. [1] analyzed the floor heave mechanism of
high-stress soft rock roadway by using FLAC3D software and
proposed a floor heave control scheme based on end-an-
chored cable bundles. Wang and Wan [2] studied the stress
characteristics and failure problems of full-length FRP an-
chor in high-stress soft rock roadway by using FLAC3D
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software. Sun et al. [3] proposed using a flexible bearing
structure composed of retractable anchor and anchor cable
as the main supporting mode based on the numerical
simulation results, and then grouting reinforcement was
adopted to control the deformation of soft rock roadway.
However, the current research objects are mainly supported
structures, which do not consider the self-bearing capacity of
the surrounding rock, and the situation of mudstone soft-
ening on the floor cannot be reflected during the numerical
analysis [4–8], which leads to the discrepancy between the
simulation results and the real situation. )is means that
there is still room for optimization in the support scheme.

It should be noticed that although the strength of the
surrounding rock of soft rock roadway is low, the self-
bearing capacity of the surrounding rock still needs to be
considered in the support design so that the resulting
support structure can not only meet the support require-
ments but also save engineering costs.)is is like the stability
of a bridge which is closely related to the nature of the
building materials and the loads it bears, but the structure
and shape of the bridge are also critical to its stability. If the
structure is unreasonable, it is also difficult to guarantee
stability with high-performance buildingmaterials and small
loads. However, only a few scholars have studied the
composition and shape of the self-bearing structure of
surrounding rock. Wang et al. [9] proposed a newmethod to
judge the anchoring effect by the double peaks of the tan-
gential stress curve, based on the relationship between the
characteristics of the self-bearing structure of the sur-
rounding rock and the stress state of the roadway. Hou [10]
researched that improving the stress state and mechanical
properties of roadway surrounding rock, rationally selecting
the roadway support forms, increasing support resistance,
and optimizing roadway sections were effective ways to
improve the control effect of deep roadway surrounding
rock. Zhao et al. [11] proposed the self-bearing coefficient for
evaluating the bearing capacity of surrounding rock and
took the deep circular tunnel under the action of equivalent
ground stress as an example to derive the formula for cal-
culating the bearing coefficient. It is found that although
some studies [12–14] take into account the self-bearing
characteristics of the roadway surrounding rock when an-
alyzing the deformation mechanism of the roadway, the

deep high-stress soft rock roadway is not taken as the re-
search object, and the important characteristic that most soft
rock roadway floor mudstone will be immersed and softened
is not considered, so the reference value for the research of
surrounding rock control technology of high-stress soft rock
roadway is limited. Kang [15] found that high confining
pressure supporting can effectively improve the self-bearing
capacity of surrounding rock. Tang et al. [16] proposed an
optimized support scheme considering the synergistic re-
inforcement effect of surrounding rock, which clarified the
failure mode and failure mechanism of surrounding rock in
the mining roadway with high stress “three soft” coal seams.
Huang and Zheng [17] revealed the interaction among the
roadway roof, the two sides, and the roadway floor through
numerical simulation, based on the self-stabilizing and
equilibrium phenomenon in the soft rock roadway. Al-
though the self-bearing structure of surrounding rock has
been considered in some studies on surrounding rock
support technology or deformation mechanism of high-
stress soft rock roadway, there are few studies on long-term
water immersion soft rock roadway, and it is not deep and
comprehensive enough [18–21]. As a result, the definition of
the scope and shape of the loose zone is not accurate.
)erefore, the deformation and control mechanism of soft
roadway needs to be further studied, and the corresponding
support technology needs to be put forward urgently.

)erefore, in order to clarify the deformation and in-
stability mechanism of deep soft rock roadway under the
condition of water immersion on the floor and determine
the corresponding support scheme, the self-supporting
structure of the surrounding rock was taken as the research
object, and the self-supporting structure was divided
according to the loading and unloading characteristics of the
surrounding rock. )e shape of the internal and external
bearing structure was analyzed by revealing the phenome-
non of water-immersed mudstone softening on the floor of
the soft rock roadway. Moreover, based on the principle of
mechanics, the instability mechanism of the internal and
external bearing structure of surrounding rock was revealed,
and the key control technology of the roadway was put
forward. Finally, the field test was carried out in the 101 track
roadway of Yuandian No.1 Coal Mine, and the results show
that the key control technology can effectively control the
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Figure 1: Deformation failure cases in the roadway. (a) Roof falling. (b) Floor heave, rib spalling, and roof falling.
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large deformation of soft rock roadway and meet the re-
quirements of safe and efficient production of the working
face. )is research can provide the scientific basis for the
supporting scheme of deep high-stress soft rock roadway
under the condition of floor water immersion.

2. Characteristics of Self-Bearing Structure

2.1. Concept and Division of Self-Bearing Structure. Due to
the creep characteristics of the surrounding rock, the
maximum stress value that the rock can withstand is not the
peak strength previously recognized but should be the long-
term strength [22]. )erefore, the deformation zoning
mechanism based on the creep characteristics of sur-
rounding rocks [22] shows that the surrounding rock of soft
rock roadway should actually be divided into four defor-
mation zones: plastic flow zone (broken zone), plastic
softening zone, plastic hardening zone, and elastic zone. )e
four zones are the main bearers of the ground stress which
bear most of the secondary ground pressure caused by
roadway excavation, and the rock masses in each defor-
mation zone influence each other in the process of bearing
ground pressure. )erefore, the self-bearing structure of the
roadway surrounding rock refers to the bearing unity
formed by the rock mass of four deformation regions, as
shown in Figure 2.

As can be seen in Figure 2, the two inner zones of the
self-bearing structure are the plastic flow zone and the plastic
softening zone. )e former is composed of broken rocks,
while the latter is composed of the rockmass whose fractures
have not been fully connected. )ese two regions are
combined to form the loose zone [23]. )e distribution law
of circumferential stress in Figure 2 shows that the rocks in
the two regions are in the unloading stage. Although these
rocks can carry, the bearing capacity is limited. )e two
inner zones are combined to form the internal bearing
structure which is referred to as the internal structure.

Figure 2 shows that the two external zones of the self-
bearing structure are the plastic hardening zone and the
elastic zone, and there are no fractures in the rock mass.
Because the rock mass in the plastic hardening zone is in the
stable loading stage after loading (the stage after the ter-
mination of stable creep), it is in the loading stage. Fur-
thermore, the rock mass in the elastic zone is also in the
loading stage, so the two zones can be combined to form the
external bearing structure of the surrounding rock, which
are the main bearing parts of the ground pressure.

To sum up, the self-bearing structure can be divided into
the internal structure and the external structure. )e ex-
ternal structure is the main load-bearing structure, and the
internal structure has the function of restricting the further
softening, failure, and instability of the external structure.

2.2. Shape of Self-Bearing Structure. Since the cross-section
shape of the roadway is definite, the inner boundary shape of
the internal structure (loose zone) can be determined. )e
outer boundary shape of the external structure can be
regarded as a mutually perpendicular square at infinity, so

the shape can be known. )erefore, the shape of the internal
structure and external structure naturally depends on the
outer boundary shape of the loose zone. Besides, it should be
noticed that the shape of the loose zone was extremely af-
fected by the water immersion in the roadway floor.

2.2.1. Water Immersion and Softening of Soft Rock Roadway
Floor. Since the loose zone of the soft rock roadway floor is
difficult to be tested by conventional instruments, the test
range of the loose zone is limited to the side, arch, and roof,
and the loose zone of the roadway floor is mainly analyzed by
computer numerical calculations. However, a large amount
of static or dynamic water is accumulated in the loose zone
of most soft rock roadway floor in coal mines, which makes
the rock properties of the floor change obviously. However,
the water immersion and softening problem of the soft rock
roadway floor has not been considered in the previous
numerical analysis, and the actual shape of the roadway
loose zone obviously deviated from the numerical analysis
result so that the actual situation of the project cannot be
reflected accurately.

According to the basic principle of aerodynamics, the
roadway floor anchor cable drilling rig developed by Anhui
University of Science and Technology can realize rapid
drilling on the roadway floor. )is equipment is small in size
and easy to operate, and it can quickly monitor the range of
the loose zone of the soft rock roadway floor, as shown in
Figure 3.

)e roadway floor anchor cable drilling rig has been used
in hundreds of coal mines in China since 2010, such as
Guqiao Coal Mine, Zhuji Coal Mine, Panyidong Coal Mine,
Panbei Coal Mine, Yangzhuang Coal Mine, Xutuang Coal
Mine, Xinghu Coal Mine, Luling Coal Mine, and Zouzhuang
Coal Mine. In the course of use, it is found that a large
amount of water will be gushed out in the process of floor
drilling. When drilling a vertical hole with a diameter of
75mm and a depth of about 8m, the average water inflow is
about 1.8 tons. In general, when the borehole is drilled to
300mm–700mm below the floor, the water will start to flow
until the drilling is stopped, and when the drill pipe is pulled
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Figure 2: Schematic diagram of internal and external bearing
structure division of surrounding rock.
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out, the hole is immediately filled with water. It can be seen
that a large amount of free water is accumulated in the loose
zone of the roadway floor, and there are four main sources of
floor water: construction water produced by roadway ex-
cavation, infiltration of water from ditches, gradual infil-
tration of static water from rock strata, and inflow of water
conservancy channels in a loose circle of interconnected
roadway floor.

Due to the softening coefficient of major rocks [24], all
water-immersed rocks have the property of softening, but
the softening degree of soft rock is much greater than that of
hard rock. )e softening coefficient of water-immersed
mudstone commonly used in coal mines is very close to the
lower limit of the softening coefficient of clay rock, and the
strength of clay rock after immersion softening can be re-
duced to as low as 8% of the original strength.)us, it can be
inferred that in the condition of long-term water immersion,
the soft rock in the range of floor loose zone will continue to
soften and destroy due to the decrease in strength, and the
range of loose zone will continue to expand. As a result, the
final stable shape is obviously different from the previous
numerical simulation results. )erefore, it is necessary to
analyze the internal and external structure shape of the soft
rock roadway when the floor is immersed in water.

2.2.2. Shape of External Structure. Compared with the ex-
ternal structure, the internal structure is equivalent to a
supporting structure, and the supporting carrier of roadway
surrounding rock after removing the supporting structure is
the external structure, as shown in Figure 4(a). It can be seen
from Figure 4 that the external structure can be treated as an
approximate elastic body, and the shape and size of the inner
boundary of the external structure depend on the scope of
the internal structure (loose zone).

2.2.3. Shape of Internal Structure. )e internal structure of
the surrounding rock is the loose zone, which plays a
supporting role in the external structure. Because the shape
of the internal structure of the roadway floor under water
immersion and softening cannot be determined by nu-
merical simulation, the on-site monitoring data of the 101
track roadway in Yuandian No.1 Coal Mine of Huaibei
Mining Co., Ltd., is used to reveal the actual situation of the
loose zone of soft rock roadway.

)e loose zone was detected by the comprehensive
detection method of drilling core, ultrasonic testing, and
peephole observation. )e ultrasonic tester cannot be used
for the arch and roof of the roadway due to the development
of rock cracks, so the borescope was used to detect these
regions. )e sides of the roadway were also detected by the
borescope and then rechecked after grouting for 24 hours by
the BA-II ultrasonic rock fracture detector. At the bottom
corners of the roadway, the ultrasonic detectors were used to
check after grouting for 24 hours. In addition, the roadway
floor anchor cable drilling rig was used to determine the
range of the loose zone by observing the termination in-
terface of cement slurry penetration. )e test pieces of
equipment are shown in Figures 3 and 5.

)e test results of five positions in the loose zone are
shown in Figure 6. )e height of the loose zone at the top is
1690mm, the depth of the loose zone at the middle of the
floor is 4990mm, the depth of the loose zone at the bottom
corner (45° from horizontal) is 2720mm, the scope of the
loose zone at the arch waist is 2320mm, and the width at the
positions of 1000mm above the floor on the sides is
2010mm. According to the size of each part of the loose
zone, the loose zone shape of the 101 track roadway can be
obtained by connecting the test results with a smooth curve.
From Figure 6, it can be obtained that the longitudinal size of
the outer boundary of the loose zone (11.08m) is much
larger than the transverse size (8.82m), and it is an ap-
proximate vertical ellipse.

At this point, the shape and size of the outer boundary of
the loose zone have been determined. Since the shape and
size of the roadway section are known, the shape and range
of the internal structure and the external structure (the loose
zone) of the surrounding rock can be determined, as shown
in Figure 3.

3. Instability Mechanism of Internal and
External Bearing Structures

3.1. Instability Mechanism of External Structure.
Considering the water immersion and softening of the loose
zone of the roadway floor, the outer boundary sharp of the
loose zone is approximately a vertical ellipse, and the shape
of the roadway is not the circle assumed in many previous
studies [25–27]. )erefore, it is very difficult to reveal the
stress distribution law of the surrounding rock in each
deformation zone. To obtain the supporting technology
applicable to high-stress soft rock roadway under the
condition of long-term water immersion on the floor, the
external structure can be regarded as a combination of
several approximately vertical elliptic rings with equal
thickness based on the knowledge of solid mechanics [28], as
shown in Figure 7(a).

First of all, because the deformation and failure of the
roadway start from the inner layer, only the stress of the
innermost layer of the external structure (at the outer
boundary of the loose zone) is analyzed here. Since the
pressure acting on the outside of the ring is greater than the
support force from the loose zone acting on the inside of the
ring, in order to clearly reflect the force acting on the ring,

Figure 3: Roadway floor anchor cable drilling rig.
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the pressure state of the ring is expressed by the pressure
difference between the inside and outside of the ring, where
q3 represents the pressure difference of the arched portion of

the vertical elliptical ring, and q4 represents the pressure
difference of the near-vertical parts of the vertical elliptical
ring, as shown in Figure 7(b). )e vertical elliptical ring can
be hypothetically cut open at the position of the upper and
lower arch foundation to obtain four independent parts,
which are two near-vertical parts and two arch parts de-
scribed in Figure 7(c). According to the mechanics’ prin-
ciple, the main stress on the cross sections of the upper and
lower arch parts of the ring is compressive stress, so the
tensile stress is difficult to occur in the ring, and the bending
moment on the cross section of the ring is very small, which
results in strong bearing capacity and high stability of the
ring.

)e stress condition of the left and right near-vertical
parts is quite different from that of the upper and lower arch
parts. )ere are two main sources of normal stress on the
cross section: one is the compressive stress transmitted from
the upper and lower arch parts, and the other one is the
bending normal stress produced by the lateral pressure
difference q4. Because the latter will produce a large bending
moment on the cross section, this means a large bending
normal stress (tensile stress) will be generated on the cross
section. )erefore, the deformation and failure of soft rock
roadway under the combined action of two stresses can be
divided into two situations. One case is that when there is
tensile stress on the cross section of the near-vertical parts if
the tensile stress reaches or exceeds the strength limit, the
strength failuremust first occur at a certain point on the part.
Even if the strength limit is not reached, when the long-term
strength is exceeded, unstable creep will also occur and
eventually lead to failure. )e other case is that if the near-
vertical parts are regarded as a bar member fixed at both
ends, the bar member will be unstable when the pressure
from the upper and lower arch part exceeds the critical
pressure. )us, it can be seen that when the vertical pressure
is too large, the near-vertical parts will be unstable. However,
when the horizontal pressure is too large, the strength failure
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Figure 4: Stress analysis of the bearing structure in soft rock roadway (unit: m).
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of the near-vertical parts will occur. It means that lateral
horizontal pressure and vertical pressure will lead to the
failure of the near-vertical parts of the elliptic ring. )ere-
fore, finding out the earliest failure points of the left and
right near-vertical parts is the key to reveal the instability
mechanism of the external structure of the surrounding
rock, and it is also the basis to study the key control
technology of soft rock roadway.

As can be seen in Figure 7(c), because the loaded bodies
on the left and right sides are approximately linear, and the
whole external structure can be regarded as approximate
elastic bodies, the relevant theory of structural mechanics
can be applied to analyze the two parts approximately as two
statically indeterminate beams EG and FH fixed at both ends.
)e EG beam is taken as an example for a specific calcu-
lation, as shown in Figure 8(a). Based on the basic theory of
structural mechanics and elasticity, the lateral horizontal
pressure difference q4 acting on the EG beam is approxi-
mately uniformly distributed.

According to the principle of force method in structural
mechanics, the typical equation of force method for a
statically indeterminate beam with n degree is as follows:

δ11X1 + δ12X2 + · · · + δ1iXi + δ1nXn + Δ1P � 0

· · · · · · · · · · · ·

δi1X1 + δi2X2 + · · · + δiiXi + δinXn + ΔiP � 0

· · · · · · · · · · · ·

δn1X1 + δn2X2 + · · · + δniXi + δnnXn + ΔnP � 0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

When calculating the statically indeterminate beam by
force method [29], the influence of shear force and axial
force on the displacement is usually ignored, and only the
influence of bending moment is considered, so the calcu-
lation formula of each coefficient in the typical equation of
force method is as follows:

δii � 􏽘 􏽚
M

2
i ds

EI
+ 􏽘 􏽚

F
2
Ni ds

EA
+ 􏽘 􏽚 k

F
2
Si ds

EA
� 􏽘 􏽚

M
2
i ds

EI
,

δij � δji � 􏽘 􏽚
Mi · Mi ds

EI
+ 􏽘 􏽚

FNi · FNj ds

EA
+ 􏽘 􏽚 k

FSi · FSj ds

EA
� 􏽘 􏽚

Mi · Mj ds

EI
,

ΔiP � 􏽘 􏽚
Mi · MP ds

EI
+ 􏽘 􏽚

FNi · FNP ds

EA
+ 􏽘 􏽚 k

FSi · FSP ds

EA
� 􏽘 􏽚

Mi · MP ds

EI
.

(2)

)e above coefficients can be calculated by using the
graph multiplication method [29], where the flexibility
coefficient δij represents the displacement of the action point
of Xi in the basic system along the Xi direction under the
action of the unit unknown force Xj � 1. )e free term Δ iP
represents the displacement of the action point of Xi in the
basic system along the Xi direction under external load.
Finally, the bending moment of the statically indeterminate

structure can be calculated by the superposition method
principle, and the superposition equation is expressed as
follows:

M � M1X1 + M2X2 + · · · + MnXn + MP � 0. (3)

)e beam EG is a statically indeterminate structure with
three degrees, so it can be calculated by the force method, as
shown in Figures 8(b)–8(f). Let the length of the EG beam be

(a)

q3

q4

(b)

q4

E

G H

F

q3

C

D

E

G

A

F

H

B

(c)

Figure 7: Instability mechanism analysis of the peripheral bearing structure.
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l, X1, X2, and X3 are the forces instead of the removed
superfluous constraints described in Figure 8(b), graphs M1,
M2, and M3 are the bending moment diagrams obtained
from the unit forces X1, X2, and X3 acting on the basic
structure, respectively, and graph MP shows the bending
moment obtained by the original external load acting alone
on the basic structure, as shown in Figures 8(c)–8(f).

First of all, the equation of the force method can be
established, as shown in the following formula:

δ11X1 + δ12X2 + δ13X3 + Δ1P � 0,

δ21X1 + δ22X2 + δ23X3 + Δ2P � 0,

δ31X1 + δ32X2 + δ33X3 + Δ3P � 0.

⎧⎪⎪⎨

⎪⎪⎩
(4)

)e coefficients δij and free term ΔiP in equation (4) can
be calculated by using the following formulas, respectively:

δ11 � 􏽘 􏽚
M

2
1ds

EI
�

l

3EI
, (5)

δ22 � 􏽘 􏽚
M

2
2ds

EI
�

l

3EI
, (6)

δ33 � 􏽘 􏽚
M

2
3ds

EI
+ 􏽘 􏽚

N
2
3

EA
ds �

l

EA
, (7)

δ12 � δ21 � 􏽘 􏽚
M1 · M2ds

EI
� −

l

6EI
, (8)

δ13 � δ31 � 􏽘 􏽚
M1 · M3ds

EI
+ 􏽘 􏽚

N1 · N3

EA
ds � 0, (9)

δ23 � δ32 � 􏽘 􏽚
M2 · M3ds

EI
� 0, (10)

Δ1P � 􏽘 􏽚
M1 · MPds

EI
�

ql
3

24EI
, (11)

Δ2P � 􏽘 􏽚
M2 · MPds

EI
� −

ql
3

24EI
, (12)

Δ3P � 􏽘 􏽚
M3.MPds

EI
+ 􏽘 􏽚

N3.NPds

EA
� 0. (13)

By substituting formulas (5)–(13) into formula (4), X1,
X2, and X3 can be calculated as follows:

X1 � −
ql

2

12
,

X2 �
ql

2

12
,

X3 � 0.

(14)

Finally, the bending moment diagram of the statically
indeterminate beam EG can be drawn from the superpo-
sition formula (15), as shown in Figure 8(g).

M � M1X1 + M2X2 + M3X3 + MP. (15)

From the calculation results, it can be seen that when q4
is uniformly distributed load, the maximum bending mo-
ment of the statically indeterminate beam appears at the
midpoint, which means that the maximum deformation
positions of the near-vertical parts EG and FH at the inner
boundary of the external structure are midpoints A and B, as
shown in Figures 7(c) and 8(g).

In summary, points A and B in Figure 6 are the locations
where the external structure is most prone to deformation
and failure. According to the mechanics’ principle, if an
outward force is applied at each of the two locations, the

l

q4G E

(a)

l

q4G E

X1 X2

X3

(b)

G E
X1 = 1

(c)

G

X2 = 1

E

(d)

G E
X3 = 1

(e)

q4

G E

(f )

G E

ql2/12 ql2/12

ql2/24

A

(g)

Figure 8: Stress analysis of statically indeterminate structure EG under uniformly distributed load. (a) Original structure. (b) Basic system.
(c) Bending moment diagram M1. (d) Bending moment diagram M2. (e) Bending moment diagram M3. (f ) Bending moment diagram MP.
(g) Final bending moment diagram M.
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stability and bearing strength of the surrounding rock in the
external structure will be greatly improved.

3.2. Instability Mechanism of the Internal Structure. Due to
the long-term water immersion and softening of the loose
zone in the roadway floor, the rock mechanical properties of
the loose zone above the floor are quite different from those
of the water-immersed floor, and the bearing capacity of the
latter is much less than that of the former. )erefore, the
bearing capacity of the whole internal structure depends on
that of the water-immersed loose zone on the floor, which is
called the cask effect.

When the external force acting on the whole loose zone
is less than a certain limit, the deformation of the water-
immersed loose zone on the floor is within the range of
stable creep, and the whole structure is stable. However,
when the external force acting on the loose zone is greater
than or equal to the above limit, the unstable creep defor-
mation of the water-immersed loose ring will begin to occur,
and the stability of the loose zone will be reduced.

)e decrease of structural stability of the loose zone
directly leads to the weakening of its supporting force to the
external surrounding rock, which makes the external sur-
rounding rock continue to move to the inside of the
roadway. In the process of the displacement, the rock mass
of the floor loose zone will deform as a whole, and the
deformation direction can only be upward, so the floor heave
must occur on the roadway floor. Moreover, it is bound to
cause the loose zone in lower parts of the roadway sides to
move inward. In this way, the supporting ability of the loose
zone to external rock mass will gradually weaken from the
bottom up, and the deformation of the external rock mass
will also gradually increase from the bottom up. Ultimately,
it can lead to serious deformation and failure of the sur-
rounding rock and loss of safety. )erefore, the critical
control points and control technology of soft rock roadway
are studied based on the above internal and external
structure instability mechanism in the following.

4. Critical Control Points and
Control Technology

4.1. Critical Control Points of the External Structure. )e
shape of the external structure has been shown in Figure 6
and is based on the elastic theory and the study of the in-
stability mechanism of the external structure mentioned
above. PointsA and B are the locations at the inner boundary
of the external structure which is most prone to loss of
stability and strength failure, which means they are the
critical control points of the surrounding rock at the inner
boundary of the external structure. According to the stability
theory, the effective way to enhance the stability of the
external structure is to set a horizontal outward force at A
and B or to set two or more symmetrical horizontal outward
forces along the vertical direction with A and B as symmetry
points. Moreover, according to the strength theory, the same
method is used to improve the bearing capacity of the ex-
ternal structures.

4.2.CriticalControlPoints of the Internal Structure. )e loose
zone is attached to the external structure because of the bolt,
and it bears the extrusion effect of the external structure
because of its own bearing capacity at the same time. Since
the length of the bolt is difficult to control the stability and
bearing capacity of the external structure, the maximum
radial deformation position of external structure is still at
points A and B. )erefore, the loose zone is bound to be
squeezed by the external structure at the corresponding
position, which leads to the inward displacement of the loose
zone in the lower parts of the roadway sides. It can be
concluded that the critical control points in the loose zone
must be the points A′ and B′ corresponding to points A and
B in Figure 6(a). Since pointsA, B,A′, and B′ are on the same
horizontal line, the critical control points of the internal and
external structure are in the same horizontal position.

4.3. Key Control Technology. )e above analysis shows that
the first deformation of the loose zone starts from the
horizontal inward movement at points A and B on the inner
boundary of the external structure. Figure 7(c) shows that
the simplest and scientific way to control the strength,
stiffness, and stability of the parts EG and FH at the outer
boundary of the loose zone is to apply one or a group of
horizontal forces on the inside, as shown in Figure 9.

In general, when the lateral pressure difference q4 acting
on the EG part is small, the technique shown in Figure 9(a)
can be used to set a horizontal anchor cable at pointA. When
the lateral pressure difference q4 is large and the span length
of the EG part is long, the technology to set two horizontal
anchor cables vertically at the two positions Q and Twith A
as the symmetry point shown in Figure 9(b) can be used,
which can better improve the strength, stiffness, and stability
of the roadway surrounding rock, and restrain the defor-
mation of the roadway floor heave. )erefore, the key
control technology of the soft rock roadway is the method of
controlling floor heave by using double-row anchor cables to
control the deformation of the roadway sides, as shown in
Figure 10.

5. Field Industrial Test

)e surrounding rock control mechanism and key control
technology of soft rock roadway mentioned above have been
successfully applied in Zhuji Coal Mine, Yangzhuang Coal
Mine, Zouzhuang Coal Mine, Yuandian No.1 Coal Mine,
and other coal mines in Huainan-Huaibei areas, and re-
markable support results have been obtained. )is section
takes the 101 track roadway of the Yuandian No.1 Coal Mine
as an example.

5.1. EngineeringGeology of 101TrackRoadway. )e 101 track
roadway of Yuandian No.1 Coal Mine is located on the roof
of No.10 coal at a depth of 740 meters. It is arranged in the
argillaceous sandstone layer along the rock strike, and there
is large tectonic stress in the rock layer. )e maximum
principal stress is 20.91MPa with an azimuth angle of 86.39°,
which is approximately perpendicular to the roadway strike,
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and the minimum principal stress is 9.91MPa with an
azimuth angle of 173.98°, and the lateral pressure coefficient
is approximately 1.50. In addition, the mining of No. 1011
working surface also makes the adjacent 101 track roadway
deeply affected by themining stress. Due to the large tectonic
stress and the mining of No. 1011 working face, the de-
formation of 101 track roadway is more serious. )e dis-
tribution of rock strata in the 101 track roadway is shown in
Figure 11.

5.2. Original Supporting Scheme of 101 Track Roadway.
)e 101 track roadway is a semicircular arch roadway with a
height of 4400mm, a width of 4800mm, and a section area
of 18.6m2. )e original supporting scheme is bolting and
shotcreting with wire mesh, the specification of the bolts is
Φ20× 2400mm, the spacing is 700mm× 700mm, and the
thickness of the C20 concrete spray layer is 150mm. )e
“anchor cable +M steel belt” reinforcement support is
adopted above the arch baseline of the roadway. )e pa-
rameters of the anchor cables are Φ 17.3× 6300mm, the
spacing is 1500mm× 1500mm, and the specification of steel
belt is M 3400×180× 4mm. Five rows of anchor cables and
M steel belts are arranged from the middle top to the two

sides along the strike direction of the roadway, as shown in
Figure 12.

Comparing the original supporting scheme with Fig-
ure 11, it is clear that there is a lack of effective support at the
critical control points of the internal and external structure
of surrounding rock, which is the reason for the continuous
deformation of the roadway in the high ground stress field.

5.3. Optimized Support Scheme. According to the instability
mechanism and key control technology of the internal and
external bearing structure of the soft rock roadway described
in this paper, the distance from the key control points A or B
to the roadway floor is 0.55m, which can be calculated from
the dimensions of the 101 track roadway in Figure 6.
)erefore, two horizontal outward forces should be set
vertically with A and B as symmetrical points. )e position
of the lower anchor cable is set at 300mm above the floor (if
the distance is less than 300mm, the construction difficulty
of the anchor cable will be greatly increased), and the po-
sition of the upper anchor cable is set at the 1100mm above
the floor. In other words, the optimized support scheme is to
set up two rows of anchor cables at 300mm and 1100mm
above the roadway floor, and the specific parameters are
shown in Figure 13.

5.4. Analysis of Monitoring Results. In order to verify the
correctness of the theory and technology, the researchers
arranged to measure stations in the 101 track roadway and
compared the monitoring data of approaching velocity of
the two sides and floor heave velocity before and after the
implementation of the optimization scheme. )e on-site
layout of the observation section and the measuring points
in the sections are shown in Figure 14.

)is monitoring uses the JSS30A digital display roadway
section convergence instrument shown in Figure 15 to re-
cord the displacement change of the roadway surface. In this
monitoring, the JSS30A digital display roadway section
convergence meter shown in Figure 15 was used to record
the displacement change of the roadway surface. )e
measurement accuracy of the instrument is 0.06mm, and
the resolution is 0.01mm. In actual use, it was found that the
accuracy of the instrument can reach 0.02mm. In the ob-
servation section, the deformation of the roadway sides is
monitored by the distance change between the two mea-
suring points 1 and 2 arranged on the waistline, and the
deformation of the roadway floor is monitored by the
distance change from the middle point 3 of the roadway
floor to themeasuring point 4 at 400mm above the waistline.
)e comparison of the monitoring results is shown in
Figure 16.

From Figure 16, it can be seen that the deformation
speed of roadway sides and floor heave has not slowed down
obviously during the implementation of the original support
scheme, which shows that the surrounding rock deforma-
tion has not been well controlled. After using the improved
scheme to reinforce the roadway sides with anchor cables for
about 100 days, the deformation speed of the roadway sides
decreased from 0.36mm/days to 0.07mm/days with a
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Figure 9: Schematic diagram of key control technology.
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reduction of 4.14 times, which was only 19.4% of that before
reinforcement. )e floor heave velocity decreased from
0.32mm/day to 0.03mm/day with a reduction of 9.7 times,
which was only 9.38% of that before reinforcement. Fur-
thermore, the deformation velocity of the roadway sides and
floor heave is still decreasing, so the reinforcement effect is
very significant.

6. Conclusions

(1) According to the loading and unloading properties
of surrounding rock, a new concept of internal and
external bearing structure of the surrounding rock is
put forward, and it is pointed out that in addition to
the ground stress and properties of surrounding
rock, the shape and size of the internal and external
bearing structures of surrounding rock also play a
key role in controlling the stability of surrounding
rock

(2) )e field practice shows that the rock mass of
roadway floor in many coal mines is water-immersed
and softened due to the accumulation of a large
amount of water, which results in a great decrease in
rock strength, and the strength failure or unstable
creep failure of the external nonimmersed rock mass
continues to occur due to the decrease of internal
supporting force, resulting in the continuous ex-
pansion of the floor loose zone. )erefore, the ver-
tical size of the actual loose zone is much larger than
the transverse size, and the whole loose zone is
approximately elliptical. In addition, the range of the
actual floor loose ring is much larger than the results
of previous computer numerical simulations

(3) )e deformation control mechanism and key control
point of the surrounding rock of deep soft roadway
were revealed based on the mechanics’ principle, and

a support technology suitable for deep soft roadway
under the condition of long-term water immersion
on the floor was proposed, which used double-row
anchor cables to strengthen the key control points of
the roadway sides so that the deformation of the
roadway floor heave and the roadway sides can be
effectively controlled. )e field measurement results
show that this technology can maintain the long-
term stability of the surrounding rock of deep soft
rock roadway and provide a guarantee for the safe
production of coal mine
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