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Abstract: Pressure relief for roadways retained by roof cutting is essentially caused by stress transfer.
In this paper, the stress transfer mechanism of 16011 tail entry with roof cutting in Zhaogu No.1 coal
mine is studied from the following two aspects: the change of the tail entry surrounding the rock
structure and the interaction between the roadway surrounding rock and supporting structures. It is
found by numerical simulation that roof cutting can significantly reduce the magnitude of roadway
roof stress, transferring the concentrated stress induced by excavation and mining away from the
roadway, and forming an obvious triangle pressure relief area in front of the working face. In the early
stage after mining, most of the overburden load is transferred downward through the immediate
roof of the roadway. With the movement of overlying strata, the stress, initially transferred to the
immediate roof strata, is gradually transferred to the gob, and the calculation formula and influence
factors of the transferred stress are derived. In addition, through the establishment of the mechanical
model and theoretical calculation of the key rock block of the main roof, the roadside support
resistance required to ensure the stability of the main roof block is determined. The field monitoring
shows that the lateral pressure coefficient of the roadside caved rocks is 0.36 and the constant
resistance and large deformation anchor cable (CRLDAC) and the roadway temporary support play
roles of conduction and control in the process of stress transfer, and effectively ensure the stability of
surrounding rock during the service life of the retained gob-side entry by roof cutting (RGERC).

Keywords: gob-side entry retaining by roof cutting; stress transfer; constant resistant and large
deformation anchor cable; roadside support

1. Introduction

Retained gob-side entry by roof cutting (RGERC) is a new gob-side entry developed
in recent years. It retains the advantages of traditional gob-side entry retaining (GER)
technology, such as removing the coal pillar, dual use of one entry, and continuous min-
ing [1-3]. Based on the idea of actively controlling the roof structure of the roadway and
optimizing the stress environment of the surrounding rock, the constant resistance and
large deformation anchor cable (CRLDAC) was adopted to strengthen the roadway roof,
and the directional pre-split blasting technology was invented to cut off the roadway roof.
In order to avoid the influence of mining-induced pressure, roof reinforcement support
and directional pre-split blasting should be carried out in order at a certain distance in front
of the working face. When the working face is advancing, the temporary support structure
should be arranged in the retained roadway in time to offset the impact of gob roof collapse
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on the roadway roof, and control the continuous deformation of the roadway roof after the
gob roof collapses. Because an artificial fracture plane is formed in the roadway roof by
directional pre-split blasting, the gob roof will collapse along this plane, and the roadway
roof will be retained and form a short cantilever beam structure [4]. The surrounding rock
structure of RGERC is shown in Figure 1. The caved rocks formed by the fractured roof
provide support for the overlying roof strata with its bulking effect, which promotes the
overlying strata to be stable. The roof structure of the roadway has been changed and the
coal pillar and backfilling wall have been canceled because of the incorporation of RGERC
technology, thereby optimizing the stress environment of roadway surrounding rock and
improving the cost and effect of the retained roadway.

Main roof

"Roof cutting line

Caved rocks

Coal seam

Hydraulic single prop \Ganguc prevention device
Figure 1. Schematic diagram of RGERC.

The key technologies of RGERC mainly include CRLDAC support, directional pre-
split blasting, gangue retaining support, and roadway temporary support. Through the
static and impact tensile tests of the CRLDAC in the laboratory, it was found that CRLDAC
can sustain large deformation with constant resistance and energy absorption and impact
resistance. In situ tests showed that the CRLDAC can be applied at a higher pretension,
which plays an important role in controlling the early-stage deformation of roadway
surrounding rock [5,6]. The static tensile characteristics and supporting principle of the
CRLDAC are shown in Figure 2a. Directional pre-split blasting is a kind of cumulative
blasting that guides the blasting energy to form tension cracks in the rock strata along the
preset direction by a special energy cumulative tube (ECT) [7-9] so as to cut off the rock
strata and eliminate the influence of gob roof collapse on roadway roof stability. The roof
cutting principle of directional pre-split blasting is illustrated in Figure 2b. Because the
gangue blocking structure at the gob side has to bear both the vertical pressure from the
roof and the horizontal pressure from the gangue, the combined U-type steel is usually
adopted for roadside support to ensure that the gangue blocking structure contracts with
the subsidence of the roof [10], and no obvious bending deformation occurs under the
action of the horizontal pressure of the gangue. Under the influence of mining-induced
pressure, roadside hydraulic support or a single hydraulic prop are adopted to support the
roadway roof and floor [11].
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Figure 2. Mechanical schematic of CRLDAC and roof pre-split blasting: (a) mechanical properties and supporting principle
of CRLDAC and (b) 3D profile of roof cutting in RGERC.

So far, Chinese scholars have carried out a lot of research on the key design parame-
ters [12-14], construction process optimization [15,16], and surrounding rock control [17-19]
of RGERC. Great progress has been made in the study of the overlying strata structure and
stress field of surrounding rock of RGERC. Gao et al. (2017) and Liu et al. (2019) [20,21]
suggested equations to estimate the roof stress at all stages by considering the evolution
process of the overlying short cantilever beam. Through theoretical analysis and field
monitoring, He et al. (2017) [22] proposed that roof cutting can eliminate the stress con-
nection between the roadway roof and the gob roof so as to weaken the mining-induced
pressure and disturbance of roadway surrounding rock. Based on the control effect of the
main roof block on the stability of the retained roadway, Chen et al. (2017) [23] derived the
equations for calculating support resistance to the retained roadway roof by constructing
the structural and mechanical model of the main roof under different failure forms. With
a deepening of the research, Li et al. (2020) [24] found that roof cutting can promote the
mining-induced high stress to transfer into the deeper part and optimize the stress environ-
ment for the roadway surrounding rock through similar simulation. In addition, the role of
caved rocks in overburden movement has attracted more and more attention of scholars.
Wang et al. (2018) and Zhang et al. (2020) [25,26] proposed that the joint support of the
caved rocks and solid coal seam on the overburden can effectively control its movement
and stress transfer so that the retained roadway is located in a relatively low-stress area of
the stope.

So far, there are still some limitations in the current research on RGERC. Most research
is commonly based on the assumption that roof cutting can relieve the roof pressure and
optimize the stress environment of roadway surrounding rock, but the research on the
pressure relief mechanism of roof cutting still needs to be enriched. Research on the transfer
and evolution of surrounding rock stress before and after roof cutting is limited in the
shallow immediate roof or two sides of the roadway. It did not take the stress transfer path
or mechanism of large-scale surrounding rock into account. By analyzing the influence of
roof cutting on the large structure change of roadway surrounding rock, this paper presents
the transformation process of the path and quantity of the downward stress transmission
of the overlying load, and clarifies the role of the caved rocks in the stress transfer of the
stope. Finally, the mechanism of roof cutting on the pressure relief of roadway surrounding
rock is revealed, and the technical and economic advantages of RGERC compared to the
traditional GER are verified. As for the small structure of roadway surrounding rock,
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through the analysis of the interaction between the supporting structure and the roadway
roof, it is concluded that the CRLDAC and the temporary roadside support are the key
measures to control the stability of the surrounding rock of the retained roadway, and
sufficient support resistance beside the roadway can ensure the stability of the main roof
block structure. The field application and monitoring data also verify the validity of the
research above.

The research results of this paper can fill the blank in the research on pressure relief
mechanisms of RGERC, further enrich the theory of stress and deformation control of
retained gob-side entry, and provide the basis for further improving the technology of
RGERC. With further development of the research, it can guide similar mines to adopt the
retained gob-side entry and create huge profits.

2. Engineering Background
2.1. Engineering Geological Settings

Zhaogu No.1 coal mine is located in Xinxiang, Henan Province, China. The geograph-
ical location of the mine is shown in Figure 3. Its annual output is 4 Mt. The development
of a single level (—525 m) with a vertical shaft is adopted. Inclined slice, fully mechanized
longwall mining methods are used at 16011 mining panel, which advances along the strike.
Naturally, the caving method is chosen to manage the roof behind the shields. At present,
the coal seam being mined is a 2-1 coal seam, where the average thickness is 5.8 m and the
average dip angle is 2.5°. The coal seam occurrence is stable and the geological structure
is simple.

Wl

.

China

Figure 3. Location of Zhaogu No.1 coal mine.

The coal-measure rock layers are mainly located in the lower Permian Shanxi For-
mation, and the average overburden depth of the coal seam is 560 m. The immediate
roof of the coal seam is mainly composed of sandy mudstone with an average thickness
of 6.3 m, and the overlying strata is a combination of interbedded sandy mudstone and
medium-grained sandstone. The immediate floor of the coal seam is composed of sandy
mudstone with an average thickness of 3.0 m.

2.2. Working Face Overview

16011 panel is the first panel of the West 6 district in Zhaogu No.1 mine. The panel is
205 m wide along the dip and 650 m along the strike. RGERC was applied in the 16011 tail
entry, which is located in the upper coal seam. The width and height of the roadway are
4500 mm and 3500 mm, respectively. The roadway roof support is mainly composed of the
CRLDAUC, anchor cables, and rebar bolts. The length of the CRLDAC is 11,300 mm, and
the pattern is 1600 x 1600 mm?. Directional pre-split blasting is adopted to accomplish the
work of roof cutting. The designed roof cutting depth is 9000 mm, and the borehole slopes
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at an angle of 15° to the vertical. The detailed parameter of roadway support is shown in
Figure 4.
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Figure 4. Roadway support and roof cutting scheme of the 16011 tail entry: (a) roadway support scheme of the roadway

cross section and (b) roof support and cutting scheme.

The maximum allowable deformation of the CRLDAC is 350 mm, the constant resis-
tance force is 30 &= 2 t, and the applied pretension should be no less than 28 t. The boreholes
are arranged along the longitudinal direction of the roadway, the distance between the
roadside coal wall and boreholes is 200 mm, and the distance between adjacent boreholes
is 600 mm. After the roadway roof is reinforced with the CRLDAC, the ECT and explosive
can be installed in the boreholes for directional pre-split blasting. The cracks generated
by blasting penetrate the rock between the adjacent boreholes, thus forming a man-made
fracture in the roof strata along the longitudinal direction of the roadway.

3. Stress Distribution and Transfer of Roadway Surrounding Rock in Front of the
Working Face

If the roof strata of the coal seam before roof cutting can be regarded as a rectangular
elastic thin plate fixed by a solid coal seam all around, then each rock layer becomes a
stable transferring and bearing layer of the overburden. The internal stress distribution
of the rock layer is uniform, and the pressure relief area is only formed within a certain
range of the roadway surrounding rock after roadway excavation, and the roof structure
does not change. However, after roof cutting, the roof structure is transformed into a
composite structure composed of two parts (A and B), as shown in Figure 5. Part A is
the roof of the roadway and the coal seam beside the roadway coal side, which can be
regarded as the thin plate with three sides fixed and one side roller supported. Part B is the
working face roof, which can be regarded as the thin plate with two sides fixed and two
sides roller supported. Therefore, it can be inferred that roof cutting will significantly affect
the structural continuity of the roadway roof strata, which will inevitably lead to the stress
transfer and asymmetric distribution of surrounding rock stress.
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Figure 5. Influence of roof cutting on the roadway roof structure.

3.1. The Stress Transfer of Roadway Surrounding Rock after Roof Cutting

FLAC3P simulation software was used to study the stress transfer of roadway sur-
rounding rock caused by the change in roof structure. The length, width, and height of
the established numerical model were 300 m, 300 m, and 80 m, respectively. In the model,
the thickness of the strata above the coal seam was 64.2 m, and the thickness of the strata
below the coal seam was 10 m. The mechanical parameters of the rock appearing in the
model are shown in Table 1. Displacement boundaries were applied to the front, back,
left, right, and bottom of the model. The upper surface of the model was a free surface
applied stress boundary. A load (6.5 MPa) equal to the gravity of the overlying strata
was applied on the upper surface of the model. The model calculation was based on the
Mohr-Coulomb criterion.

Table 1. Lithology and rock mechanical parameters.

Lithology Density Bulk Modulus Shear Modulus Friction Angle Cohesion Tensile
(kg/m3) (10® MPa) (10° MPa) ©) (MPa) Strength (MPa)
Overlying strata 2300 3.2 1.6 33 1.6 0.7
Sandy mudstone 2550 3.7 1.8 32 22 1.2
Fine sandstone 2430 25 1.7 30 24 1.4
Medium sandstone 2680 3.9 1.9 38 22 1.6
Coal seam 2-1 1330 1.9 0.6 24 0.8 0.5

After the roadway in the model is excavated, the surrounding rock forms a new stress
equilibrium state. The stress distribution of the roadway surrounding rock is shown in
Figure 6a. The shallow surrounding rock of the roadway is at a lower stress level due to
the excavation induced unloading effect, and stress concentration is formed in the deep
surrounding rock of the roadway. The maximum concentrated stress beside the roadway
exceeds 11 MPa, and the stress concentration factor is greater than 1.6.

By comparing Figure 6b with Figure 6a, it is found that after roof cutting, the peak
stress of the stress concentration area in the working face is reduced and the area is shifted
to the deep and upper coal seam. At the same time, the stress concentration appears at the
top of the blasting induced crack, and the maximum stress exceeds 11 MPa. However, in
the coal seam beside the roadway mining side, the stress concentration area expands and
shifts to the deep coal seam after roof cutting. The range of the pressure relief zone in the
roadway roof is significantly increased, and the roadway roof stress within the height of
roof cutting is generally below 3 MPa. In addition, the roadway floor strata is also relieved.
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Figure 6. Influence of roof cutting on the stress transfer of roadway surrounding rock: (a) no roof cutting and (b) roof cutting.

It is inferred that the existence of a pre-split blasting induced crack in the roadway
roof significantly changes the stress distribution pattern of the roadway surrounding rock.
During the downward transfer of the overburden load, stress is transferred to the deep
coal seam away from the roadway and the blasting fracture, thus forming the asymmetry
of the stress distribution on both sides of the roadway. The range of the stress-relief zone of
the roadway surrounding rock is expanded, which is beneficial to the control of roadway
surrounding rock, especially the roof. Therefore, the directional pre-split blasting of the
roadway roof should be completed as soon as possible to reduce the roadway deformation
before roadway development.

3.2. Distribution and Transfer of Front Abutment Pressure after Roof Cutting

At present, academia has reached a consensus that the overlying strata movement,
such as roof collapse and strata deformation, caused by coal mining is the mechanical
source of abutment pressure [27]. Combined with the theory of key strata, the abutment
pressure is formed by the stress transfer from the overburden above the broken key strata
to the coal-rock mass around the mining stope. It is obvious that the existence of a pre-split
fracture changes the roof structure, which will inevitably affect the distribution of abutment
pressure on the strike and dip.

In order to study the influence of roof cutting on the magnitude and distribution of
front abutment pressure, several measuring lines were arranged in the coal seam on both
sides of the roadway in front of the working face. The layout scheme of the measuring
lines is shown in Figure 7. The distribution and variation of front abutment pressure on the
strike and dip were monitored under the conditions of roof cutting and no roof cutting. A
total of 6 measuring lines were arranged on the strike: 2 were located in the coal seam on
the left side of the roadway, and the distance between the measuring lines and the roadway
were 2.5 m and 5.5 m, respectively. The other 4 were located in the coal seam on the right
side of the roadway, and the distance between the measuring lines and the roadway were
2m, 5 m, 10 m, and 20 m, respectively. In addition, 6 measuring lines were also arranged
along the inclined direction of the working face, and the distances between the measuring
lines and the coal wall of the working face were 10 m, 20 m, 30 m, 40 m, 50 m, and 60 m,
respectively.
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Figure 7. Layout of the abutment pressure monitoring line.

The working face was mined in the model, and the variation of vertical stress on the
measuring line in front of the working face was monitored and recorded. After the vertical
stress caused by coal seam mining tended to be stable, the monitoring data was extracted,
and the distribution of the front abutment pressure was analyzed. Figure 8a,b shows
the distribution of front abutment pressure on the strike under the condition of no roof
cutting and roof cutting, respectively. If the roadway roof was not split, the front abutment
pressure on the left side of the roadway decreased with increased distance from the coal
wall of the working face. The front abutment pressure on the other side increased rapidly
in zone I and reached the peak value soon, then decreased gradually in zone II and tended
to be stable in zone III. The length of zone I and II were 8 m and 42 m, respectively, and the
sum (50 m) of their lengths was the length of zone influenced by front abutment pressure.
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Figure 8. Distribution of front abutment pressure on the strike: (a) no roof cutting and (b) roof cutting.

After roof cutting, the distribution of the front abutment pressure on the left side
of the roadway had no change compared to that without roof cutting, but the value of
the front abutment pressure decreased generally. At the same time, the front abutment
pressure on the other side changed significantly. The length of zone I increased from 8 to
18 m, the length of zone II decreased from 42 to 37 m, and the length of zone influenced
by the front abutment pressure increased to 55 m, which indicates that the peak front
abutment pressure moves away from the coal wall of the working face. The magnitude of
the abutment pressure on the measuring lines of X =32 m, X =35 m, and X = 40 m were
obviously smaller than those without roof cutting, which indicates that roof cutting has
an obvious pressure relief effect on the front abutment pressure. However, the range of
pressure relief induced by roof cutting is not infinite, for the peak value of front abutment
pressure on the monitoring line X = 50 m was greater than that without roof cutting.
Therefore, the pressure relief range of roof cutting to the working face on the dip is no more
than 20 m.

Figure 9a,b show the distribution of side abutment pressure at different positions
in front of the working face under the conditions of no roof cutting and roof cutting,
respectively. By comparing the two figures below, it was found that the side abutment
pressure on both sides of the roadway showed the distribution characteristics of increasing
rapidly at the beginning, then deceasing after reaching the peak value and reaching a stable
state quickly with the increase in distance from the roadway. Roof cutting moved the peak
of the side abutment pressure on both sides of roadway into the deeper part of the coal
seam, but had little influence on the magnitude of the peak and stable value of the side
abutment pressure. To sum up, roof cutting can promote the high side abutment pressure
to transfer to the position away from the roadway and optimize the stress environment for
roadway surrounding rock.
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Figure 10 is the contour of vertical stress of the coal seam roof within 160 x 120 m?
in front of the working face. It shows that the vertical stress contour on both sides of the
roadway roof was transferred to the deeper part of the strata, and an obvious triangle
pressure relief area was formed within 20 m in front of the working face end. The stress
transfer and pressure-relief zone of the roof strata caused by roof cutting are of great
significance for optimizing the stress environment of the roadway surrounding rock in
the area affected by abutment pressure, and it is helpful to control the deformation of the
roadway surrounding rock before entry development.
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Figure 10. Abutment pressure distribution of roof strata in front of the working face: (a) no roof cutting and (b) roof cutting.
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4. Stress Transfer of the Overlying Strata behind the Working Face
4.1. Stress Transfer between Overlying Strata

Stress change in roadway surrounding rock is attributed to mining-induced overlying
strata movement, and the roadway roof is a load transfer structure of stress from the
overlying strata to the roadway surrounding rock [28]. After the immediate roof behind
the shields collapses, the caved rocks are loosely heaped up in the gob. As a result,
the overlying rock strata loses effective support from the direction of the mined-out area,
which inevitably causes asymmetric stress transfer when the overburden load is transferred
downwards. There are two main paths of the stress transfer.

Path 1: the stress transfer of the overburden load to the roadway immediate roof
and roadside coal seam. When the caved rocks are loose, its supporting capacity is small.
Almost all the overburden load is transferred to the retained immediate roof through path
1 in Figure 11, thus forming a concentrated pressure in the roadway surrounding rock that
is significantly higher than the original rock stress. This is the mechanical source of high
concentrated stress and large deformations of roadway surrounding rock in the early stage
of roadway retaining.

Gob L= = — -

Coal seam

TITI i) Suilaley

- .

Coal seam floor

Figure 11. Mechanism of stress transfer between roadway surrounding rock after mining.

Path 2: the stress transfer from the overburden load to the caved rocks. At first, only
a small part of the overburden load is transferred to the caved rocks through path 2 in
Figure 11. However, with the subsiding of the overlying roof strata, the caved rocks are
compacted, and its bearing capacity is gradually enhanced. The stress transferred from the
overburden load to the caved rocks also gradually increases, and the internal stress of the
caved rocks begins to recover. With the distance from the roadway increasing, the degree
of stress recovery increases.

According to the above analysis, the stress transferred from the overlying rock strata
to the roadway surrounding rock varies over time. With the continuous movement of
the overlying rock strata, more and more overburden loads are transferred to the caved
rocks and the stress concentration and large deformation of the roadway roof are gradually
alleviated. When the caved rocks cannot be further compressed, the subsidence of the
overlying rock strata tends to cease, and the internal stress distribution of the surrounding
rock and the caved rocks becomes stable.

From the perspective of stress transfer, it was found that the recovery of the supporting
capacity of the caved rocks makes a positive contribution to the stress transfer from the
roadway roof to the gob, which plays an important role in alleviating the large deformation
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of the roadway surrounding rock and the asymmetric stress distribution of the mining

stope. Therefore, through the directional pre-split blasting technology and reasonable

design of roof cutting parameters, it is possible to actively control the collapse starting

position, time, and the bulking factor of caved rocks. Therefore, it is also a success to

bring the caved rocks into full use to control the stress transfer of the overburden load and

optimize the stress environment of the roadway surrounding rock and the mining stope.
The height H; of the roof cutting can be expressed as follows:

_ He—AH; — AH,

H,
q
K, —1

)

where H, is the mining height of the working face, AH; is the roof subsidence of the coal
seam, and AH), is the floor heave of the coal seam. K|, is the initial bulking factor of the
caved rocks.

When the main roof strata break above the solid coal, articulated rock blocks A, B, and
C are formed. At this time, rock block B rotates around the contact plane with block A. A
lateral structural model of the roof strata during RGERC is shown in Figure 12.

A

Main roof

o
Immediate roof - - —  — -
T Tailentry |
Coal seam :
Fractureline /_ Lp | Le | x

Figure 12. Lateral structure model of roof strata during RGERC.

According to the stress—strain relationship of caved rocks proposed by H. Yavuz
(2004) [29], the internal stress o of caved rocks can be expressed as follows:

EoHjy (Kp — 1)

g =
HyK, (Kp — 1) — H, K,

@

where Ej is the initial elastic modulus of the caved rocks and can be obtained by Equa-
tion (3), and Hj, is the subsidence of rock block B at a distance x from the roadway.

10.3901-042
Eo = K77 ®)
p
where o is the initial compressive strength of the caved rocks. H;, can be expressed as
follows:
x
Hy =1+ -—— |H; 4
o= (i) @
where L, is the roadway width, H; is the subsidence of rock block B at the roadway mining
side, and Lp is the horizontal distance between the fracture line of the main roof and the
roadway coal side and can be expressed as follows [30]:
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where A is the ratio of lateral to vertical stresses, ¢ is the internal friction angle of the
coal-rock interface, ¢ is the cohesion of the coal-rock interface, -y is the average unit weight
of overburden rocks, H is the buried depth of the coal seam, and py is the support strength
of the roadway coal side.

The subsidence H; of rock block B at the roadway mining side can be obtained with
respect to the bulking factor K; as follows:

H; = (K, — K;) H, (6)

The variation of the bulking factor of the caved rocks at the roadway mining side with
respect to the distance behind the working face was plotted as illustrated with scattered
data in Figure 13. As a result of a 2D regression analysis, the best curve fit to the data
obtained can be expressed with the following equation:

3.447

= 5055+ 076 T 318 "

i

where L, is the distance from the working face.
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Figure 13. Field observation and regression analysis on the bulking factor of the caved rocks at the
roadway mining side.

Neglecting the roof subsidence and floor heave in Equation (1), and by substitution of
Equations (1), (3), (4), (6) and (7) into Equation (2) and taking K, = 1.53, finally, the internal
stress ¢ of the caved rocks can be expressed as follows:

1042 197458233 [ x+Lp+Le
v N 8.055+ 1075 ) \ "Ly +Le ®)
1836 — 7.34 (L0 -8233 ) (xtLytLe
: : 8.055+19-74 Lp+L.

According to the analysis of Equation (8), the internal stress of the caved rocks gradu-
ally increases with the increase of the distance from the roadway and the working face. This
means that with the subsidence of the main roof block and the movement of the overlying
rock strata, the overburden load is gradually transferred to the caved rocks in the gob. The
internal stress distribution of the caved rocks on the strike and dip is shown in Figure 14a,b.
The development of the internal stress is more rapid if the distance from the working face
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Internal stress of caved rocks / MPa

increases on the strike. On the other hand, the pressure imposed on the main roof block is
higher with the increase of the distance, which means that the restriction on the main roof
block also increases. Finally, it can be inferred that with the movement of the overlying
rock strata after mining, the stress transfer from the overburden load to the gob mainly
develops towards the deeper part of the caved rocks on the strike and dip.
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Figure 14. Internal stress distribution of the caved rocks on the strike and dip: (a) on the strike and (b) on the dip.

Internal stress of caved rocks / MPa

The internal stress distribution for the initial compressive strength from 20 to 35 MPa
for a constant distance from the roadway mining side of 6 m was determined for the
caved rocks by using Equation (8). As Figure 15a shows, with the increase of the initial
compressive strength of the caved rocks, the internal stress of the caved rocks gradually
increases. Considering that the initial compressive strength of the caved rocks is mainly
determined by the lithology and bulking factor of the immediate roof strata, for a specific
lithology, the technology of loose blasting can be adopted to reduce the fragmentation of the
caved rocks so as to increase the initial compressive strength of the caved rocks. Figure 15b
shows that the effective support of the roadway coal side can promote the transfer of the
overburden load to the gob, and this promotion effect is constantly enhanced with the
advancement of the working face. Therefore, the effective support of the roadway coal side
is also indispensable.

1~
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Figure 15. Internal stress distribution of the caved rocks influenced by the parameters of the initial compressive strength

and the support strength of the roadway coal side: (a) initial compressive strength and (b) support strength of the roadway

coal side.
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4.2. Stress Transfer between Roadway Surrounding Rock and Support Structure

The mining induced overlying strata movement is the stress source of the roadway
surrounding support structure [31]. The function of the supporting structure is to improve
the integrity and strength of roadway surrounding rock through its own mechanical
properties and the interaction with the surrounding rock so as to improve the local stress
concentration and large deformation of roadway surrounding rock. Secondly, the roadway
support structure transfers and absorbs the deformation energy of the surrounding rock
through its own structural deformation, and establishes or strengthens the stress connection
between the roof strata and between the roof and floor after roadway excavation [32].

The CRLDAC, with high pretension and constant resistance, is used to support the
roadway roof together with the anchor bolts so that the shallow and deep rock strata
of the roadway roof are anchored as a whole [33]. The roadway roof supported by the
CRLDAC has the ability to transmit continuous stress in both the horizontal and vertical
directions. On the other hand, a strong support structure such as the roadside hydraulic
support is indispensable in the roadway behind the working face, because it has to resist
large deformation of the roadway roof under the violent movement of the overlying rock
strata. The existence of the support structure establishes the stress connection between the
roadway surrounding rock and promotes the stress of the roadway surrounding rock to
reach the equilibrium state.

In order to determine the reasonable strength of the temporary roadside support and
its role in the stress transfer of the overburden load, let us assume that the immediate roof
strata above the roadway becomes a whole block under the support of the CRLDAC. The
immediate roof strata between the fracture line of the main roof and the roof cutting line are
extracted for stress analysis, and the established mechanical model is shown in Figure 16.
The lower edge of the model is subjected to the supporting stress o, of the solid coal seam
and the supporting stress 0. of the roadside support. The upper edge of the model is
subjected to the force of the main roof block, which is simplified as a concentrated force F;.
The left edge of the model is a fixed boundary, which is subjected to bending moment M,
and shear force T. Finally, the model is subjected to self-weight F,. Note that the right
edge of the model is simplified as a free boundary.

z A

T, WM, #FZ

Immediate roof

T T I I ﬁ

Coal seam Roadway

Ls
Lp Le -% ~

Figure 16. Mechanical model of the roadway immediate roof.

According to the elastoplastic theory, the supporting stress oy, to the immediate roof
by the solid coal seam can be expressed as follows [34]:

_ co Px 2tangg ¢
Im = (tan ®0 A ) P AH. ¥ tango ©)
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The self-weight F, of the immediate roof can be expressed as follows:

E, = % (Lp + Le + Hr tana) (Lp + Le) ' (10)

where H; is the height of the immediate roof, « is the angle of the roof cutting line with
respect to the vertical at the borehole, and +/ is the average unit weight of the immedi-
ate roof.

To facilitate subsequent calculations, let L = L, + L.. Establishing a rectangular
coordinate system as shown in Figure 16, the moments of the forces acting on the immediate
roof to point O can be expressed as follows:

OLp [(tariocpo + %) exp Zt)?Ir-IIC(PUx - talioqog} xdx = Mm
oels (Li— 5 ) = Me
togH? = My (11)
3L3H,+H? tana(6L;3+4L;2 Hy+ L H,? tan® a )y - M
12L;+6H, tan« z
Fr(Li+H2’ tanac) =M,

where My, Me, My, and M; are the moments of stresses o, 0, Fz, and F; to point O,
respectively, L is the width of the roadside support, and oy is the tensile strength of the
immediate roof.

As Y Mo =0, the concentrated force F; can be expressed as follows:

_ 2(My + Me + Mp — My)

F = 12
’ Li + H, tan« (12)

The mechanical analysis of key rock block B is carried out. Actually, the main roof
strata break periodically in the form of “O-X"” with the advance of the working face so
that the main roof block above the roadway presents an arch-triangle block structure. The
mechanical model of the arch-triangle block is shown in Figure 17. Key rock block B
rotates around arbitrary line GH and subsides to the gob. The planes BCFE, ABED, and
HGA’'C’ are the contact planes between rock block B and adjacent rock blocks. Through the
interaction between the rock blocks, rock block B is subjected to pressure Tcp and T ap, and
shear force Fcp and Fap from blocks A and C, respectively.

Key block B
0}

! '\\.\ .4,
FanlJ : - = 1
AAAALAAAAAALL 5 fF_
| iy A
. S

Figure 17. Mechanical model of key rock block B of the main roof.

A beam element with unit width perpendicular to rotation axis GH is extracted for
force analysis. The lower edge of the unit rock beam is subjected to supporting stresses
F; and o, respectively. At the same time, the unit rock beam is subjected to the resultant
force Fj of its self-weight and the overburden load it controls. The left edge of the unit rock
beam is subjected to horizontal pressure Tap and shear force Fag. The right edge of the
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unit rock beam is subjected to horizontal pressure T, and shear force Fcp, in which T is
equal to TcpcospB. B is the characteristic angle of rock block rupture, and can be determined
as follows:

B = arctan(?) (13)

m

where Ly, is the periodic weighting interval of the main roof strata, and L is the length of
the main roof block on the dip, and can be determined as follows:

L 1612 3
L=L " b 14
m(HS—ZHm +\/4H,%1—4HmHs—Hszs2 +2> 14

where H,, is the height of the main roof, Hs is the maximum subsidence of block B = Hy(K},
— K4), and K, is the residual bulking factor of the caved rocks.

In the horizontal and vertical directions, the equilibrium equations of the pressure on

the unit rock beam are established as follows:

{ T1 = TCB COSﬁ = TAB

Lcos®

Leost_ 1, (15)
F+[y? Toxdx+Fpp—Fap—F=0

The moments of forces acting on the unit rock beam to the rotation axis GH can be
expressed as follows:

Li+H,tanw
Fr(%) = MGH

Lcosf

Jo @ ox(x+ L)dx = Mygu

Fep (LCTOSG + (Hm — s) sin 9) = McBGH (16)
O —

= Migu
2 2
F} (cos(9+5)\4/4Hm+L + (Hm . %) sin 9) _ MjGH

where M;cn, MxgH, McpcH, Mign, and Mgy are the moments of stresses Fr, 0x, Fcg,
Ty, and Fj to rotation axis GH, respectively, and ¢ is the characteristic angle of the rock
block rupture.

Moreover, the moments of forces acting on the unit rock beam to point O can be
expressed as follows:

Fr(# + (Hm —s)sinf — Li> = Mo

TAB((Hm —5)cosf — L%ne) = Mrago

Fup (LCTOSQ — (Hm —s) sin9) = MraBo (17)
(I _ g

] 4

where M0, Mtapo, MraBo, Mmo, and Mo are the moments of stresses Fr, Tap, FAB, 0'm,
and Fj to point O, respectively.
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By substitution of Equations (12) and (13) into Equations (16) and (17), and then
making Y Mgy = 0 and YM, = 0, the forces acting on the unit rock beam from other rock
blocks can be expressed as follows:

_ 2(Ma—My)
Tap = s(cos 0—sin 0)
- 2(Ma—Mp)
Tep = s(cos @—sin ) cos B
Frp — 2(Ma—My,)((2Hm—s) cos 8—(L+s) sin ) —2M,s(sin 6 —cos 6) (18)
CB — s(sinf—cos 0) (L cos 0+2(Hm—s) sin6)
Fin — 2(Ma—My,)(2(Hm—s) cos 8—Lsin §) —2M,s(sin 6—cos 6)
AB — s(sinf@—cos 0)(L cos +2(Hm—s) sinf)

For the convenience of calculation, the following substitutions are made in Equation (18):
{ Ma = Mjo — M;o — Mmo (19)
My = Miga + Mxcu — Mjcu

In order to ensure the stability of key rock block B in the subsiding process, it is
necessary to prevent the relative dislocation between key rock blocks A and B. Therefore,
rock block B must satisfy the following mechanical requirements:

Fagp
TAB tan((p — ‘B) S 1 (20)

where ¢ is the friction angle of the contact plane of key rock blocks A and B.

In order to obtain roadside support resistance F. under the limit equilibrium state,
it is necessary to let F4p = Tgptan(¢ — B). Therefore, the final roadside support force is
determined as follows:

L — 2Mcsc(cos 0—sin0) —2c(Mc—My) (a+b tan(¢—pB))

€ 7 s(b—2L;)(ssinf—scos0—a—btan(p—pB))—(L;+H, tana)(a+b tan(¢—p))
2(M;~Mp—M

+——7r—1, )

(21)

For the convenience of calculation, the following substitutions are made in Equation (21):

M. = Mo — Mmo
My = My — Mjgu

a=2(Hmn —s)cosf — Lsin® (22)
b= Lcos6+2(Hpm —s)sinf

_ Li+H,tana
C= 21,

5. Field Monitoring
5.1. Stress Monitoring of Supporting Structures

After the roadway roof is supported by the CRLDAC, a pretension is applied to the
anchor cable immediately. After that, under the influence of mining-induced pressure, the
resistance of the anchor cable continues to increase until it reaches the constant resistance
value. The unique mechanical characteristics of constant resistance and large deformation
of the CRLDAC ensures that the supported roadway roof is always in a dynamic balance
between high support strength and the roof subsidence so as to prevent possible roof
failure due to stress accumulation. The in situ monitoring curve of the CRLDAC resistance
is shown in Figure 18.
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Figure 18. Force monitoring curve of the CRLDAC.

As shown in Figure 18, the installation position of the CRLDAC was 38 m in front of
the working face, and a pretension of 282 kN was applied immediately after the installation.
Then, due to the implementation of the advance directional pre-split blasting, the resistance
force of the CRLDAC increased rapidly and then dropped. Therefore, the role of the
CRLDAC in absorbing dynamic impact energy and ensuring the stability of support
system was verified. As the working face continued to advance, the resistance force of the
CRLDAC increased steadily and reached the peak value at 25 m behind the working face,
which exceeded the design constant resistance of the CRLDAC by 350 kN. After that, the
resistance force of the CRLDAC began to fluctuate around the constant resistance value,
and at the same time, the CRLDAC deformed constantly to adapt to the roof subsidence
and absorb the energy of the roof deformation

Under the pressure of the main roof blocks and overlying strata, the caved rocks in the
gob may flow into the roadway if no restriction measures are taken. Therefore, considering
the characteristics of large mining height in the 16011 working face, a retractable U-type
steel structure was invented to constrain and shape the caved rocks beside the roadway so
that the caved rocks in the gob formed a new roadway gangue side automatically. Although
there is difficulty in directly monitoring the internal vertical stress of the caved rocks in
the gob, we can monitor the lateral pressure between the caved rocks and the retractable
U-type steel to study the evolution of the internal stress of caved rocks [35-37]. The layout
and installation of the lateral pressure monitor are shown in Figure 19. The monitoring
curve of the lateral pressure on the gangue side of the 16011 tail entry is shown in Figure 20.
When the distance behind the working face was 10-25 m, the lateral pressure of the caved
rocks increased rapidly. When the distance behind the working face reached 25 m, the
lateral pressure of the caved rocks reached 1.63 MPa, and then the lateral pressure plunged
to about 1.35 MPa. With the advance of the working face, the lateral pressure of gangue
began to increase continuously and slowly. It is speculated that the main roof strata or thick
roof strata ruptured or collapsed at the position of 25 m behind the working face, and then
the fluctuation of the lateral pressure was mainly caused by the change in the contact area
between the caved rocks and the pressure monitor induced by the fragmentation change
in the caved rocks. With the bulking factor of the caved rocks gradually stabilized, the
fluctuation of the gangue lateral pressure also decreased significantly. When the distance
behind the working face exceeded 200 m, the gangue lateral pressure reached 1.93 MPa
and continued to increase slowly. According to the results of the above theoretical analysis,
the vertical stress in the caved rocks 200 m behind the working face was 5.35 MPa, so the
lateral pressure coefficient of the caved rocks here was 0.36.
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Figure 19. Lateral pressure monitoring of roadway gangue side: (a) the layout of the monitor and (b) the installation of

the monitor.
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Figure 20. Monitoring curve of the lateral gangue pressure.

5.2. Cooperative Deformation and Control of Roadway Surrounding Rock by Support Structure

The deformation curve of the surrounding rock of the 16011 tail entry obtained by
monitoring is shown in Figure 21. When the distance behind the working face was 230 m,
the roof and floor convergence of the retained roadway reached 1490 mm. Of this amount,
the roof and floor convergence of the roadway in front of the working face was 180 mm,
accounting for 87.9% of the total deformation. This shows that the severe surrounding rock
deformation of RGERC is mainly caused by mining-induced overlying strata movement.
In addition, the floor heave of the retained roadway was 1064 mm, and the roof subsidence
was 426 mm, which shows that the roadway roof was effectively controlled under the
pressure-relief effect of roof cutting and the combined support of the CRLDAC and roadside
support. On the contrary, the roadway floor was not effectively supported, and the floor
strata was composed of coal and sandy mudstone with low strength and belonged to
expansive soft rock. In the process of stress transfer of the roadway surrounding rock, the
stress on both sides of the roadway would be transferred downward to the floor strata and
released through the roadway floor, resulting in severe roadway floor heave.
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Figure 21. Deformation of the roadway surrounding rock and the supporting structure: (a) deformation of the roadway
roof and floor and (b) deformation of the roof strata and CRLDAC.

According to the relationship between surrounding rock deformations, the roof sub-
sidence at a certain position is the sum of the separation of the roadway immediate roof
and the rotation subsidence of the main roof. Then, as long as the subsidence and bed
separation of the roadway roof are obtained, the rotation subsidence of the main roof block
at this position can be obtained. According to the monitoring curve, when the distance
behind the working face was 200 m, the roadway roof subsidence was 360 mm, and the
immediate roof separation was 122 mm, then the rotation subsidence of the main roof
block at this position was 238 mm. On the other hand, the rotation subsidence of the main
roof block at a certain position should be the sum of the cutting height of the roadway
roof and the mining height of the working face minus the current height of the caved
rocks. The cutting height of the 16011 tail entry was 9000 mm, and the mining height
of the 16011 working face was 3500 mm. When the distance behind the working face
was 200 m, the bulking factor of the caved rocks beside the roadway was calculated as
1.36 according to Equation (7). Therefore, the rotation subsidence of the main roof block
at the roadway gangue side was calculated to be 260 mm when the distance behind the
working face is 200 m. Considering that the regression equation has some errors, it can be
proved that the monitoring and regression analysis of the bulking factor of caved rocks
is generally accurate, and it also indirectly verified the correctness of the stress transfer
analysis between the roadway surrounding rock.

The structural deformation of the CRLDAC behind the working face was also recorded
in Figure 21. The deformation of the CRLDAC mainly includes the structural deformation
of the CRD itself and the tensile deformation of the steel strand. At the same time, the
deformation of the CRLDAC is equal to the immediate roof separation. Therefore, when the
structural deformation of the CRD 200 m behind the working face was 74 mm, according to
the relationship between the CRLDAC deformation and the immediate roof separation, the
elongation of the steel strand was calculated to be 48 mm. Assuming that the elongation of
the steel strand is proportional to the tensile force, then the ultimate elongation of the steel
strand with a diameter of 21.8 mm can be expressed as follows:

o = (Le—Lg—Ly)n (23)

where L. is the length of the steel strand, L, is the length of the CRLDAC anchoring section,
Ly is the length of the exposed section of CRLDAC, and 7 is the elongation rate of the
steel strand.

Letting L. = 11,300 mm, Lg = 2000 mm, Ly = 300 mm, and 7 = 3%, and substituting
these parameters into Equation (23), the ultimate elongation of the steel strand comes out to
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270 mm. Since the allowable structural deformation of a CRD is 200 mmm, it can be inferred
that the CRD can still bear a deformation of 126 mm when the distance behind the working
face exceeds 200 m. Moreover, when the structural deformation of the CRD exceeds its
allowable deformation, the steel strand can still ensure the CRLDAC provides effective
support for the roadway roof through its own tensile deformation, and the deformation
allowance of the steel strand is 222 mm.

By analyzing the relationship between the surrounding rock deformation and CRL-
DAC in Figure 21, we found that the deformation of the CRLDAC was obviously smaller
than the roadway roof subsidence, for the CRLDAC can only control the bed separation and
expansion deformation of the roadway immediate roof. Therefore, in a roadway affected by
mining pressure, a strong temporary support structure such as roadside hydraulic support
is suggested to be adopted to control the rotation subsidence of the retained roadway roof
so as to ensure the stability of the roof and floor strata during the process of the stress
transfer of the roadway surrounding rock.

6. Conclusions

1.  The key technology of RGERC is roof cutting. Roof cutting can actively change the
structure and roadway roof conditions. Through numerical simulation, it was found
that roof cutting makes the side abutment pressure transfer away from the blasting
fracture and form an obvious triangle pressure-relief area in front of the working face.
The stress environment of roadway surrounding rock is greatly improved.

2. After the panel is mined, the structural asymmetry of the rock mass on both sides of
the blasting fracture results in the asymmetrical distribution of the stress transferred
from the overlying strata to the lower coal-rock mass, and the stress transfer changes
with time. In the early stage of overburden movement, due to the small bearing
capacity of caved rocks, the overburden load is mainly transferred to the roadway
immediate roof, resulting in the stress concentration and severe deformation of the
roadway surrounding rock. With additional movement of the overlying strata, the
caved rocks are continuously compressed and its bearing capacity is restored. The
stress transferred from the overburden load to the caved rocks also gradually increases.
Based on the structural model of lateral roof strata, field monitoring and regression
analysis of the bulking factor of caved rocks, the theoretical solution of the stress
transferred to the gob was derived, and the distribution characteristics of the internal
stress of caved rocks and its influencing factors were analyzed.

3. The shallow and deep strata of the roadway roof can be anchored into a whole by a
CRLDAC so as to improve the overall strength of the roadway roof and the ability
to transfer continuous stress. The temporary support in the retained roadway can
control the rotation and subsidence of roadway roof with high support strength
and establish the stress connection between the roadway surrounding rocks. The
mechanical models of the immediate roof and the main roof were established, and
then the critical roadside support force of RGERC was derived on the premise that
the relative dislocation between key rock blocks A and B does not occur.

4. By monitoring the field stress and deformation of the surrounding rock of a retained
roadway, it was concluded that the lateral pressure coefficient of the caved rocks at the
roadway gangue side is 0.36. The stress transfer between the surrounding rocks and
between the surrounding rock and the support structure were verified, as well as the
relationship between the rotation subsidence of the main roof block and the variation
of the bulking factor of caved rocks. It was also inferred that the deformation of the
surrounding rock, especially the roof and floor, is mainly controlled by the temporary
support in the retained roadway during the dynamic pressure influence period, and
the CRLDAC can meet the roof support requirements in service life due to its enough
deformation allowance.
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