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Abstract: The surrounding rock of deep roadway is mostly composed of fractured rock. The defor-
mation of roadway surrounding rock is complicated, which not only involves the stress change, but
also involves the support means. This paper aims to study the deformation and fracture evolution
law of surrounding rock in deep underground engineering. According to the stress rebalancing
characteristics, after roadway excavation, the development and evolution characteristics of surround-
ing rock cracks are studied. At the same time, different seepage zones are divided according to the
relationship between surrounding rock failure and its total stress—strain, that is, complete seepage
zone, seepage shielding zone, and proto-rock seepage zone. The crack distribution characteristics
of surrounding rock are studied, and the graded control of gradient support is proposed. In the
broken area, the gradient bearing shell outside the roadway is achieved by means of bolting and
high-strength grouting. As the cracks and pore sizes in the plastic zone gradually decrease along the
radial stress direction of the roadway, and the open cracks gradually change into closed cracks, it
is difficult for ordinary grouting materials to complete better consolidation and filling. Therefore,
small particle size grouting reinforcement materials are studied. The plastic zone (fracture zone) is
reinforced with nano-scale grouting material, and the internal three-dimensional gradient bearing
shell is formed by combining with the anchor cable. This research plays an important guiding role in
the stability of deep roadway surrounding rock.

Keywords: fracture evolution law; fractured seepage zone; gradient failure support; hierarchical
control mechanism

1. Introduction

With the continuous extension of coal mining depth, the underground mining envi-
ronment becomes more complicated. After the excavation of deep roadways, the stress
of the roadways will change significantly [1,2]. The tangential stress gradually weakens
from the outside to the inside and reaches the maximum at the surface, shown as stress
concentration. The radial stress increases from the outside to the inside, which is almost
zero on the surface, resulting in layered failure of the surrounding rock, tangential force
transfer, and further failure of the surrounding rock and crack development [3,4]. Under the
influence of high-stress concentration and mining, the surrounding rock can show various
cracks. For example, when the surrounding rock cracks develop and have a large opening
degree, because of the stress weakening, a large number of cracks with a small opening
degree can appear. Moreover, many of these cracks will be isolated and not connected with
each other, resulting in poor permeability characteristics of the surrounding rock. The high
development of the surrounding rock cracks is bound to reduce its strength, and with the
continuous change of stress, it will cause large deformation of roadways and affect the
safety of mining production.

Many scholars have studied the stability of roadway surrounding rock control in
coal mines. At the same time, a variety of research methods have been used, including
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theoretical analysis, laboratory testing, etc., and achieved good results [5-7]. According to
Li et al. [8], large-scale geomechanical models and stress evolution were used to study the
deformation characteristics of deep roadway surrounding rock. Zhang et al. [9] studied
the excavation and unloading of deep underground tunnels caused by the rupture of
surrounding rock and analyzed the fracturing mechanism. Petuknov et al [10] discussed
the deformation of surrounding rock after and the failure of stable rock. Alsayed [11]
carried out experiments with rock cylinders as specimens and realized true triaxial tests,
showing several different failure modes. Kulatilake et al. [12] studied the behavior of
jointed rock mass and its failure summary standard. With the development of computer
technology, numerical simulation is widely used in the research of coal mining [13,14].
The finite element method (FEM) and finite element difference method (FDM) were used
to study roadway stability [15-17]. Yang et al. [18] studied the deformation and failure
of surrounding rock by combining field investigation, laboratory experiment, and UDEC
simulation. Research on the prevention and technology of traditional support, including
bolt, anchor cable, and other means, is difficult to meet the control requirements, leading
to the softening of coal and rock, resulting in continuous deformation and large-scale
movement of surrounding rock [19,20]. Grouting reinforcement can change the shape of
surrounding rock to a certain extent, and grouting can fill grout into surrounding rock
cracks, improve its cohesion and strength, and further improve the stability of surrounding
rock [21-23]. The good grouting effect of surrounding rock fissures can ensure that the
broken surrounding rock is closely connected together, improve the overall performance of
surrounding rock, cement the broken surrounding rock into a complete whole, and even
restore to the original rock state to ensure its overall stability.

Under the circumstances of stress redistribution, the surrounding rock structure evo-
lution occurs, which is manifested as obvious crack change from the outside to the inside
of the roadway. That is, the cracks close to the roadway are dense and wide, and there
are sparse and narrow cracks further inside. The different crack opening causes the tra-
ditional grouting method to be unscientific, and the grouting material particles are large,
which greatly reduces its injectability and affects the grouting effect, which cannot meet
the desired effect. Therefore, this paper studies the regularity and characteristics of the
evolution of deep rock cracks through theoretical analysis and expounds the traditional
support and reinforcement technology. At the same time, a new type of grouting material
is developed, and combined with the characteristics of surrounding rock and cracks, the
graded control mechanical model of gradient support is established. According to the
gradient failure law, using the gradient control technology, the surrounding rock formed
a three-dimensional gradient pressure shell, which restored the bearing capacity of the
surrounding rock. The gradient model established in this paper provides a new idea for the
control of deep surrounding rock. Meanwhile, the proposed hierarchical control technology
ensures the stability of deep surrounding rock and the safety of mining.

2. Study on Evolution Characteristics of Roadway Surrounding Rock Fissure

The surrounding rock fissures are a kind of structural plane in rock mass and exist
in large numbers. It is mainly included in primary and secondary fissures. In actual
engineering, rock mass with primary fractures is called fractured rock mass when the
external force of rock mass is not enough to destroy its strength. Firstly, the primary cracks
in the surrounding rock expand, and then secondary cracks appear. At the same time,
the primary cracks of the surrounding rock expand, and the secondary cracks continue to
develop. The cracks have different opening degrees, and the cracks are connected to each
other, which leads to the failure and instability of the rock mass. The surrounding rock
fissures of deep roadways are mainly subjected to the action of pressure, and the secondary
fissure is one of the common ones, with uneven distribution and large size differences.

Based on previous research results [24], before deep roadway excavation, rock mass is
in a three-way stress environment. Once the roadway is excavated, the three-way stress
environment of the rock mass will be destroyed. After the excavation and unloading of
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roadway, the stress field appears to be redistributed. When the stress of the surrounding
rock is higher than the elastic limit and enters the plastic state, the surrounding rock will
successively appear in the broken zone, the plastic zone, and the elastic zone from the
outside. The three corresponding stress—strain stages in the three zones of the surrounding
rock are shown in Figure 1. In the figure, R is tunnel radius, m, R¢ is plastic zone radius,
m, and R is crushing zone radius, m. In the total stress—strain curve of rock, oy is yield
strength, MPa, Opk is peak strength, MPa, and o is residual strength, MPa.
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Figure 1. Surrounding rock zoning and rock stress—strain curve model of circular roadway.

After tunnel excavation, stress on the surrounding rock is redistributed, resulting in
unidirectional, bidirectional, and tridirectional states of the surrounding rock from the
inside to the outside. At the same time, due to the different degrees of damage caused
by the rock mass during the stress process, the rock mass is successively located in the
fracture zone, the plastic zone, and the original rock stress zone along the radial direction
of the roadway. Corresponding to the stress reduction zone, the stress increase zone, and
the proto-rock zone, a relatively obvious hierarchical gradient failure pattern is presented.
The gradient failure structure of the surrounding rock is shown in Figure 2. According to
the permeability characteristics of each zone [25], it can be divided into complete seepage
zone, seepage shielding zone, and proto-rock seepage zone. The fractured zone of the
roadway is at the stage of the residual strength of the surrounding rock, and the cracks are
large and fully developed, forming a complete seepage zone. The axial and circumaxial
permeability of the roadway is equivalent, and the grout can be diffused in all directions.
When the roadway enters the plastic zone from the outside to the inside, the permeability
of the surrounding rock decreases under the action of the structural plane and it cracks, and
the grout is mostly diffused with large cracks. This area is called the directional seepage
zone. As the radial depth continues to increase, due to the strengthening of the confining
pressure, the cracks are subjected to a compression effect, forming fully developed micro
and meso cracks. With the increase of depth, the permeability decreases, and the minimum
value is found at the critical point of the plastic and elastic zones, which seriously affects
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the flow of the grout and forms a seepage shield zone. The permeability of the elastic zone
is restored to the state of the original rock, namely the original rock seepage zone. The
radial seepage zone of the roadway and its permeability characteristics are finally formed,
as shown in Figure 3.
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Figure 2. Schematic diagram of gradient failure structure of surrounding rock.
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Figure 3. Radial seepage development characteristics of surrounding rocks.

3. Study on Graded Control Mechanism of Gradient Support
3.1. Graded Control Mechanism of Gradient Support
Due to the complexity of deep roadway, there are still a large number of unsolvable

scientific problems in roadway management. Traditional support means only combine a
variety of support methods, lack the research on the control mechanism of roadways, and
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do not consider the influence of gradient failure, let alone put forward the control method
combined with gradient failure. Therefore, it is difficult to achieve the ideal support control
effect. In view of this, combined with the grouting materials developed in this paper,
the grouting reinforcement technology is used to put forward a graded control method
for gradient support of the surrounding rock, forming a gradient bearing shell model,
and the control mechanism is studied in detail. Graded control of gradient support of
the surrounding rock mainly refers to adopting corresponding support measures in the
corresponding area of the surrounding rock according to the evolution characteristics of
the stress gradient of the surrounding rock of the roadway in order to form corresponding
gradient support measures in the control area and realize graded control in different areas.
For example, the stress gradient in the fracture zone is significant, and high-strength
reinforcement materials and bolt support are adopted. While the stress gradient in the
plastic zone is weakened, the gradient control is formed step-by-step by adopting the
reinforcement material of nanoscale grouting and the anchor cable support.

3.2. Key Ideas of Graded Control for Gradient Support

After the excavation of deep roadway, the stress state will change and a stress gradient
field will appear in the radial stress direction, resulting in different damage of the surround-
ing rock from the inside to the outside and finally making the surrounding rock present a
typical stress gradient failure mode. When a roadway is excavated, stress concentration will
occur, and gradient failure will be more obvious. In particular, when the stress of the deep
roadway surrounding rock is greater than the bearing capacity of the rock, it will eventually
lead to zoned failure of the surrounding rock, that is, the fracture zone, the plastic zone, and
the elastic zone, as shown in Figure 4a. The uniaxial compressive strength of rock, o, and
its variation trend shows the characteristics of increasing zoning, with the lowest strength
in the crushing zone and the highest strength in the elastic zone, that is, 0. < 0 < 0¢3.
Detailed analysis can be seen in Figure 4b. Element 1 is in the state of primary rock stress
before excavation. Once the equilibrium of one side is damaged, the horizontal stress of
071 will be relieved, and the element will change from three-way stress to two-way stress,
or unidirectional stress, and its strength will decrease significantly. At the same time, the
stress of the original rock is redistributed, showing stress concentration. If the stress of
element 1 (assuming that it is in the crushing zone) is greater than its bearing capacity,
the element will be destroyed, and the stress will continue to transfer to the interior of
the roadway.

Similarly, the horizontal stress value of element 2 (assuming it is in the plastic zone) is
small, and the strength of element 2 is greater than that of element 1, while the failure of
element 2 continues, and the stress continues to transfer. During the whole stress process,
with the stress transfer, the degree of stress concentration decreases, and the strength of
the element gradually increases until the stress of the element n (assuming it is in the
elastic zone) and subsequent surrounding rock is less than its bearing capacity. Thus, the
element is not damaged, and the original stress condition is maintained. The above analysis
shows that, in the whole process of stress transfer, the surrounding rock is subject to similar
changes in each direction, and then the surrounding rock of the roadway presents different
structural levels of failure.

The bearing capacity of rocks in the broken zone and the plastic zone obviously
decreases. If no reasonable means of control is taken, the roadway will continue to deform
and fail until it becomes unstable. In order to solve the problem of the surrounding rock
deformation, the research group, combined with the gradient failure characteristics of the
surrounding rock, proposed a graded gradient support control method. In other words,
gradient graded support is adopted to realize the integration of the surrounding rock and
provides support in the broken zone and the plastic zone. Therefore, the uniformity of
the load is controlled by layers to ensure that the strength of the surrounding rock in the
broken zone and the plastic zone is restored to the initial stress strength or close to the
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state of the surrounding rock in the elastic zone, that is, the implementation of the original
0c < O < O transforms into 0 ¢} & 0 2 = 0 3.
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Figure 4. Mechanical model after roadway excavation; (a) Mechanical model of surrounding rock;

(b) Stratified failure of surrounding rock physical state [26].

3.3. Hierarchical Control Principle Model of Gradient Support

The changes of the stress gradient cause the surrounding rock to present unidirectional,
bidirectional, and tridirectional stress conditions from the inside to the outside. At the
same time, due to the different degrees of damage caused by the rock mass during the
stress process, the fracture zone, plastic zone (fracture zone), and elastic zones are formed,
showing relatively significant hierarchical gradient failure. The gradient failure leads to
a significant reduction in the bearing capacity of the rock mass. If the rock mass is not
treated in time under continuous stress, large deformation or even instability of roadway
surrounding rock will occur. Therefore, according to the gradient failure, this paper puts
forward the graded control method of gradient support to further enhance or even restore
the bearing capacity of the rock mass. As shown in Figure 5, curve I represents the
change rule of rock mass strength caused by gradient failure, while curve II represents the
ideal change of the rock mass strength after graded control with gradient support. The
gradient bearing shell outside the roadway is realized by means of bolting and high-strength
grouting. Since the cracks and pore sizes in the plastic zone gradually decrease along the
radial stress direction of the roadway, the open cracks also gradually transform into closed
cracks. It is difficult for ordinary grouting materials to complete good consolidation and
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filling, and they still cannot prevent the surrounding rock from developing from the plastic
zone to the broken zone. Therefore, in the plastic zone (fractured zone), nano-base grouting
materials are used to achieve graded reinforcement, and the internal three-dimensional
gradient bearing shell is formed by combining with the anchor cable in order to achieve
the transformation from curve I to curve II. The gradient bearing shell includes the broken
zone and the plastic zone, which is the gradient support technology corresponding to
the stress gradient change established by the pointer and forms the supporting shell with
corresponding bearing capacity. We collectively call it the gradient bearing shell [27]. The
shell properties formed in the broken zone and the plastic zone are different, in order
to distinguish the gradient pressure shell (broken zone) and the gradient pressure shell
(plastic zone).
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Figure 5. Mechanical model of graded support control.

4. Discussion on the Injectivity of Reinforcement Materials
4.1. Traditional Reinforcement Material

The stress transition caused by roadway excavation leads to the continuous devel-
opment of surrounding rock cracks, which reduces the strength of the surrounding rock,
causing large deformation that seriously affects its stability. The surrounding rock rein-
forcement can seal the fracture to a certain extent, improve its mechanical properties, and
ensure the stable deformation. However, at present, Portland cement is the main material
for roadway grouting. However, due to its large particle size, late consolidation cracking,
and low grout adhesion, the performance of Portland cement material is greatly weakened
in the underground environment with rich water and ion erosion. Combined with the
seepage development characteristics of the surrounding rock, it can be seen that the large
particle size of traditional materials causes the poor diffusion of grout and the existence of
many deep micro-cracks, which leads to the weakening of grout diffusion radius and even
causes problems, such as the non-injection of cracks. At the same time, the high grouting
pressure method adopted for micro-cracks easily causes the fracture to coalesce, increases
the leakage channels, affects the slurry diffusion, and greatly weakens the reinforcement
effect. However, the traditional grouting mostly adopts the one-time reinforcement tech-
nology, which eventually leads to poor grouting ability and other problems, as shown
in Figure 6.
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Figure 6. Chematic diagram of traditional grouting [28]. (a) Without grouting in surrounding rock;
(b) traditional grouting in surrounding rock.

Regarding the injectivity of grout of grouting material, according to the research work
completed by scholars, the injectivity standard of grout can be summarized as follows:
The crack opening is D,, and grout particle size d must meet the formula [29] (1):

D,
= >3 )

Assuming that the grout can penetrate into the cracks of the injected surrounding rock,
the crack opening should meet the following requirements:

D; > 3d > 0.18 mm 2)

The crack opening of the surrounding rock must meet the conditions of Formula (2);
the slurry can be permeated into the filled fissure. However, the change of underground
stress leads to the evolution of structure hierarchy of the surrounding rock, which is
manifested as obvious crack changes from the outside to the inside of the roadway. That is,
the cracks close to the roadway are dense and wide, and sparse and narrow cracks continue
to appear inward [30]. This phenomenon shows that not all cracks meet this condition, and
micro-cracks (plastic zone cracks) have difficulty with meeting the above requirements,
which will inevitably increase the difficulty of grout diffusion, reduce the stability of the
surrounding rock after reinforcement, and cause continuous deformation.

The superfine cement material improves the injectivity of the slurry to some extent.
Due to the gradient stress, there are many cracks in the plastic zone, and the crack opening
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is very small, even less than 20 um, resulting in grout that cannot be injected into the crack.
The organic grouting material has good injectivity and high adhesion to the surrounding
rock. However, its price is too high, and it pollutes the water, corrodes the human body;,
and is not natural enough. Therefore, many mines list organic materials as contraband,
such as polyurethane and Malisan.

For this reason, the surrounding rock of deep mine reinforcement requires materials
with high permeability and high viscosity. High permeability can be achieved by changing
the particle size of the material, and high viscosity can be achieved by changing the chemical
reaction between the crack and the slurry. When the crack opening is 3 times of the particle
size of the reinforcement material, the grout can be injected into the crack. If the difference
is greater than 3 times, the grout cannot be injected into the crack and will gradually show a
bridging state at the crack mouth. At the same time, considering the complexity of the deep
mine environment, it is highly likely to face water-rich and ionic erosion. It is difficult for
traditional grouting materials to resist ion erosion, which is bound to cause this. Moreover,
even after grouting reinforcement, its performance will be greatly reduced, and it cannot
meet the requirements of the surrounding rock control. Therefore, it is necessary to further
develop reinforcement materials resistant to ion erosion on the basis of satisfying the filling.

4.2. Graded Control Technology of Gradient Support

As can be seen from Figure 7, radial stress o, and tangential stress og of the sur-
rounding rock are greatly affected after tunnel excavation. The radial stress increased
gradually with the increase of distance and was almost zero near the edge of the surround-
ing rock. However, the tangential stress gradually decreased with the increase of distance
and reached its maximum near the edge of the surrounding rock. However, both of them
are close to stable at the distance of excavation and are hardly affected by excavation. At
the distance of rp—2ry, there was a large difference in stress evolution. The slope of the
straight line in the dotted box indicates that the stress of the surrounding rock gradually
increased under the influence of the buried depth [30]. The surrounding rock of the deep
mining roadway is greatly affected by secondary stress, and the stress gradient field that
formed gradually became prominent. There are obvious high stress gradients around deep
roadways, which is the main factor leading to the continuous failure of roadways.
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Figure 7. Cont.
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Figure 7. Distribution diagram of surrounding rock stress after roadway excavation. (a) The radial
stress; (b) The tangential stress.

At the same time, considering the evolution of the surrounding rock structure caused
by gradient failure, the concrete manifestation is that the cracks close to the roadway
are dense and wide, and the cracks continue to be sparse and narrow. The traditional
grouting materials can only inject cracks with a large crack opening, and micro-cracks
cannot reach the injection range. However, for the crack distribution caused by gradient
failure of the surrounding rock, the crack opening is small, and there are many cracks in
the plastic zone. If the reinforcement cannot be completed, the surrounding rock is bound
to be damaged or even unstable. Therefore, this paper studied the small particle grouting
reinforcement material, combined with high-strength cement material, and proposed a
gradient support classification control method, hoping to improve or even restore the
bearing performance of the surrounding rock, that is, the broken area is reinforced by bolt
and high-strength grouting. The cracks and pore sizes in the plastic zone gradually become
smaller along the radial stress direction of the roadway, and the open cracks also gradually
transform into closed cracks. The graded reinforcement is achieved by using nano-based
grouting materials, and the internal three-dimensional gradient pressure shell is formed
by combining with the anchor cable. After the reinforcement of small particle size grout,
all the cracks in the surrounding rock can be filled using multi-scale grading to meet the
stability control problem of the surrounding rock. The research work should be further
combined with the quantitative characteristics of deep rock cracks, establish a quantitative
model, and carry out field tests in other mines in order to make it more suitable for deep,
complex geological conditions.

5. Conclusions

According to the gradient failure characteristics of deep roadway surrounding rock,
the main conclusions obtained in this paper are as follows:

(1) After roadway excavation, the stress of the deep surrounding rock is redistributed.
Along the radial direction of the roadway;, it is divided into stress reduction zone,
stress increase zone, and original rock stress zone. According to the permeability
characteristics, it can be divided into complete seepage zone, seepage shield zone,
and proto-rock seepage zone.

(2) When the crack opening degree of the surrounding rock meets certain conditions,
slurries can permeate into the crack. However, the deep surrounding rock cracks
are dense and wide near the roadway, while the deep ones are sparse and narrow.
Changing the particle size of the material can improve the grouting ability. If the
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difference between the particle size of the grouting material and the crack is greater
than 3 times, the grouting cannot be injected into the crack, and the bridge state will
gradually appear at the crack mouth, greatly reducing the reinforcement effect.

(3) The equivalent graded gradient support is proposed, and the mechanical model of
gradient support is established. The gradient graded support is adopted to achieve
the integration of the surrounding rock and provide support to the broken zone and
to the plastic zone. Stratified control of load uniformity ensures that the strength of
the surrounding rock in the broken zone and the plastic zone is restored to the initial
stress strength or close to the state of the surrounding rock in the elastic zone, that is,
the implementation of the original o) < 0 < 03 transforms into o ¢; ~ 0 ¢ & 0 3.
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