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Abstract: In order to study the stability control mechanism of deep soft rock roadway and the active
support technology of the anchor-grouting flexible bolt, this paper takes the west wing transportation
roadway of Yuandian No. 2 Coal Mine of Huaibei Mining Co., Ltd., Huaibei, China as the research
background. By analyzing the occurrence conditions and failure characteristics of the surrounding
rock of the west wing transportation roadway and the structural characteristics and mechanical
properties of the anchor-grouting flexible bolt, combined with the elastic—plastic and superimposed
arch theory analysis, the superposition community theoretical model and the superposition joint
support scheme of “bolt (cable) + anchor net + anchor-grouting flexible bolt + shotcrete support” are
proposed. The reliability of the combined support scheme is analyzed by FLAC 3D numerical simula-
tion software and field experiment. The results show that the maximum roof-to-floor convergence
and two-side convergence of the west wing transportation roadway are only 30.7 mm and 27.1 mm
after adopting the combined support scheme, and the deep displacement variation is within 7 mm,
which can effectively maintain the stability of the roadway. The combined support scheme has a
certain reference value for other similar roadways.

Keywords: anchor-grouting flexible bolt; deep soft rock roadway; superimposed community; FLAC
3D numerical simulation; combined support

1. Introduction

With the progress of our society and the development of the economy, the demand
for coal is also increasing every day [1,2]. In order to improve coal production better and
faster, the mining depth of China’s mines has continued to extend downward since the
1980s. The average depth of vertical shafts has reached 600 m. At present, it is developing
to the deep at an average speed of 10-20 m/year. The mining depth is getting deeper
and deeper, and the difficulty of mining is also increasing [3,4]. At present, there is little
coal left in the shallow part of the Huaibei mining area, and the buried depth of the new
roadway is increasing [5,6]. With the increase in the buried depth of the new roadway, the
geological conditions become complicated and diverse, especially the soft rock roadway.
The traditional bolt support has been unable to effectively control the deformation of the
roadway, and the safety is poor, which can not meet the design requirements and bring
great safety hazards to coal mine production [7,8].

In order to solve the support problem of deep soft rock roadway, domestic and
foreign scholars have performed a lot of research on its support theory and method [9,10].
Additionally, the combined support system is proposed to reinforce the surrounding rock
of the roadway [11,12]. Guo et al. [13] studied the coupling support technology of soft rock
roadway in Hecaogou No. 2 Mine, Yan’an, China. Wang et al. [14] studied the high-strength
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prestressed coupling support technology in deep, extremely soft areas. Zhang et al. [15]
used the orthogonal numerical experiment of FLAC 3D to study the influence of the change
in bolt parameters and plastic yield zone on the deformation of the roadway’s surrounding
rock, which provided a basis for optimizing the support design of coal mine roadways. Wu
et al. [16] proposed the support concept of “high pre-stress asymmetry” and the combined
support method of the bolt, wire mesh and anchor cable, and verified the rationality of
the support scheme through numerical simulation. Wang et al. [17] studied the failure
mechanism of soft rock and roadways in deep coal mines. Feng et al. [18] analyzed the
factors affecting the deformation and failure mechanism of deep roadways based on the
space—time deformation distribution of 2233 working faces in the Fuxin Hengda Coal Mine,
Fuxin, China. Zhang et al. [19] analyzed the energy evolution law of the surrounding
rock of roadways under different roof strengths. Qin et al. [20] proposed a reinforcement
scheme for deep dynamic soft rock roadway and applied it. Skrzypkowski et al. [21] used
RS3 numerical software based on finite element method to establish a rock mass model
with faults. Zhu et al. [22] used the numerical simulation method to study the influence of
original geological conditions, strengthening the elastic modulus of the floor, strengthening
the strength of side wall rock, and increasing the thickness of floor rock on the displacement
of the roadway floor.

This paper takes the west wing transportation roadway of Yuandian No. 2 Coal
Mine of Huaibei Mining Co., Ltd. as the research background. Based on the analysis of
the occurrence conditions and deformation characteristics of the surrounding rock of the
west wing transportation roadway, the structure and mechanical properties of the anchor-
grouting flexible bolt and the difficulty of the original support scheme to maintain the
stability of the current excavation roadway [23,24], put forward the superposition combined
support scheme of “bolt (cable) + anchor net + anchor-grouting flexible bolt + shotcrete
support”. Additionally, the reliability of the combined support scheme is analyzed by
FLAC 3D numerical simulation software and a field experiment. The combined support
scheme has a certain reference value for other similar roadways.

2. Deformation Mechanism of Surrounding Rock in Deep Soft Rock Roadway
2.1. Background

The west wing transportation roadway of Yuandian No.2 Coal Mine belongs to Yuan-
dian No.2 Coal Mine of Bozhou Coal Industry Co., Ltd. in the Huaibei Mining Area of
Anhui Province. The geographical location of Yuandian No.2 Mine is shown in Figure 1.
The location of the west wing transport lane is shown in Figure 2.

Figure 1. Location of Yuandian No.2 Mine.
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Figure 2. Location of west wing transportation roadway.

The elevation of the west wing transport roadway is —745~—740.7 m, the south is
adjacent to the west wing return air roadway, the north is close to the west wing track road-
way, and the west is to the JF245 fault, with an average dip angle of 20°. The construction
horizon of the west wing transportation roadway is located in the roof of the No.6 coal
seam. The lithology is mainly mudstone, siltstone and sandstone. The comprehensive state
diagram of the surrounding rock column of the roadway is shown in Figure 3.

West wing
transportation
roadway

Figure 3. Comprehensive histogram of surrounding rock in Yuandian No.2 Mine.

2.2. Deformation Monitoring and Analysis of West Wing Transport Roadway

The roadway section of the west wing transportation roadway is a three-center arch,
and the section size is 5.0 m x 3.6 m. The original support scheme is the ordinary anchor
net spray support combined with an anchor bolt, anchor cable, anchor net and shotcrete.
The support is supported by a ®22 mm x 2800 mm rebar bolt. The row spacing is
500 mm x 800 mm. The two sides and the roof are driven into the ®22 mm x 6200 mm
anchor cable, and the row spacing is 1600 mm x 1600 mm. The 100 mm x 100 mm steel
bar is used to weld the warp and weft net, and the concrete with the strength grade of
C20 is used to seal the surrounding rock of the roadway. Under the original support
condition, the roof and side of the roadway are seriously broken, the convergence of the
two sides is large and the roof subsidence is serious, which seriously affects the stability of
the roadway; the failure characteristics of the roadway are shown in Figure 4. Six surface
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displacement observation stations were selected in the original support scheme of the west
wing transport roadway. Each observation station was 20 m apart. The observation station
was located at Y25 and 305 m away from the return airway of 7253 working face. The
observation results are shown in Figure 5: the maximum roof and floor convergence of the
west wing transport roadway is 496.5 mm, and the maximum two sides convergence is
416.5 mm. The displacement of the roof, floor and two sides is very large, and has exceeded
the current maximum displacement deformation of the west wing transportation roadway.
Reasonable support measures need to be taken to maintain the stability of the roadway.

(@) | )

Figure 4. Damage characteristics of west wing transportation roadway. (a) Roof fracture. (b) Cracking

on side of roadway.
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Figure 5. Displacement of transportation roadway in the west wing under the original support
scheme. (a) Top and bottom. (b) Two sides.

2.3. Analysis of Roadway Failure Mechanism

According to the field monitoring and research of the west wing transportation road-
way and the analysis of similar roadways at home and abroad, the specific factors affecting
the deformation and instability of the west wing transportation roadway are as follows:
(1) The burial depth is large. The elevation of the transportation roadway in the west
wing is about 740 m, and the surrounding rock pressure of the roadway is large, which
makes the surrounding rock loose and difficult to control [25,26]. (2) The strength of the
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surrounding rock is low. The surrounding rock of the transportation roadway in the west
wing is mainly composed of mudstone, sandstone and siltstone, with low strength and poor
stability [27,28]. (3) Unreasonable roadway support mode. The original support scheme of
the west wing transportation roadway adopts the support method of a bolt, anchor mesh
and shotcrete to reinforce the surrounding rock of the roadway, which is mainly passive
support and cannot fully mobilize the self-supporting capacity of the surrounding rock.

3. Roadway Stability Control
3.1. Roadway Stability Control Technology
The section of the west wing transport roadway is a three-center arch. According to

the elastoplastic theory [29], the displacement of the roadway surface and the radius of the
plastic zone can be expressed as follows:

1—sing
. — g 2sin

R:a[(p0+c cot¢)(1 smq))} ¢ 1)

pi +c-cote

(1+1)
U= BOR(R) @)
a

_1+sing

K= 15y )
_ A+ w)[(K=1)P +oc]
Bo= (K+1)E @)
Combined with Formulas (1)—(4), we can obtain the following:
(14 10) [ (5508 — 1) po + 0| RE) -
U= -
B(Tmg 4 1)alto0

In the formula, a—equivalent radius, m; pp—original rock stress, MPa; c—cohesion, MPa;
¢—internal friction angle, °; p,—support resistance, MPa; 7—shearing gradient; y—Poisson’s
ratio; R—radius of the plastic zone, m; E—modulus of elasticity, GPa; u—roadway surface
displacement, m; K—side pressure coefficient; and c.—compressive strength, MPa.

From Formulas (1) and (5), it can be seen that the support resistance p;, cohesion ¢
and internal friction angle ¢ will affect the size of the plastic zone radius R and surface
displacement u of the roadway. Therefore, the change law of the plastic zone radius R and
surface displacement u of the roadway can be studied by changing the support resistance
pi, cohesion ¢ and internal friction angle ¢. The relationship curves of support resistance p;,
cohesion ¢ and internal friction angle ¢ with plastic zone radius R and roadway surface
displacement 1 are shown in Figure 6.

It can be seen from Figure 6 that when the cohesion ¢ and the friction angle ¢ are
constant, as the support resistance p; increases from 0 MPa to 2 MPa, the radius R of the
plastic zone decreases from 4.15 m to 3.58 m, and the surface displacement u decreases
from 337.72 mm to 188.06 mm. When the support resistance p; and friction angle ¢ are
constant, as the cohesion ¢ increases from 3.1 MPa to 5.1 MPa, the plastic zone radius R
decreases from 3.94 m to 3.45 m, and the surface displacement u decreases from 275.3 mm
to 161.62 mm. When the support resistance p; and cohesion c are constant, with the increase
in friction angle ¢ from 34° to 54°, the radius of plastic zone R decreases from 3.98 m to
3.14 m, and the surface displacement u decreases from 285.5 mm to 115.02 mm.
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Figure 6. Curve of plastic zone radius R and roadway surface displacement u. (a) The relationship
curve of support resistance p; with plastic zone radius R and roadway surface displacement u; (b) The
curve diagram of the relationship between cohesion c and plastic zone radius R, roadway surface
displacement u; (c) The relationship curve of internal friction angle ¢ with plastic zone radius R and
roadway surface displacement u.

3.2. Superposition Community Stability Principle

Through the above analysis, it can be seen that although the radius R of the plastic
zone and the surface displacement u of the roadway decrease with the increase in the
support resistance p;, cohesion c and friction angle ¢, the variation is also decreasing,
indicating that only increasing the support resistance p;, cohesion c and friction angle ¢
can not maintain the long-term stability of the roadway. Therefore, while improving the
support resistance p;, cohesion ¢ and friction angle ¢, increasing the bearing capacity of
the superimposed arch, fully mobilizing the self-bearing capacity of the surrounding rock
of the roadway, and maintaining the stability of the roadway should also be considered
together. According to the theory of the superimposed arch [30], the bearing capacity of a
superimposed arch can be expressed as follows:

) 2Qs(1+singy)(lstana — Dy) 2Qc(1 + sin ¢p) (Ic tana’ — D,")
D;D;tana(1 —sin@,)(2Ro +1s — Dg) ~ D,'D)’ tana’(1 —sin @) (2R + I — D,')

In the formula: g'—bearing capacity of the superimposed arch, kN; [;—effective length
of anchor bolt, m; [.—effective length of anchor cable, m; Qs—pullout force of anchor bolt,

(6)
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kN; Q.—pulling force of anchor cable, kN; D,—anchor spacing, m; D;—bolt row spacing,
m; D,’—anchor cable spacing, m; D;’—anchor cable spacing, m; a—anchor bolt control
angle, 45°; a’'—anchor cable control angle, 45°; ¢p,—internal friction angle of rock in the
loose zone, taken as 34°; and Ryp—roadway radius, m. (The effective length of the bolt and
anchor cable refers to the effective length of the part of the bolt and anchor cable in the
surrounding rock playing the role of anchoring).

In order to study the influence of the effective length Is (I;) of the anchor bolt (cable) and
the row spacing D, (D,’) of the anchor (cable) on the bearing capacity ¢’ of the superimposed
arch, the relationship curves between the effective length [ (I.) of the anchor bolt (cable),
the spacing D, (D,’) of the anchor (cable), the row spacing D; (D;’) and the bearing capacity
q' of the superimposed arch are drawn, as shown in Figure 7.

[
=
=

—~ ~

Z —=— Effective length of anchor rod Z * —=— Spacing of anchor rod

< —e— Effective length of anchor cable . = —o— Spacing of anchor cable

= -~ S .

5 400 ././' = 400 | —4— Row spacing of anchor rod

= e 5 ) —v— Row spacing of anchor cable

el °

=] - P e

2 /./ /./ 2 Y.

o L * Q

£4300 /l/ o 2300 A\V L

£ - o’ £ \v\

= ! N =

o ° o n .

%‘ l/. /./ g“ \A \\W\

2 w . 2 \A o 7 Y Vvy

%5 200 . S 5 200 \ N\ Y V-V-v-v—y_y

2 e o 2 e

‘8 ./' e S >\,

a o/ 8—‘ &t.§.i

S 100 o S 100 - NS

1) ./ 'éﬁ = .,

£ e = i:::\A\A\ a

3 / o T
L] ~e

m 0 1 1 1 1 M 0 L L L L

0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 L5 2.0 25

Effective length of anchor rod (cable) /; (/,) /(m)

(%3
=3
=1

Rot (cable) spacing D, (D,") and row spacing D, (D,") /(m)

Qs=100 kN, Q:=200 kN, @»=34°, a =45°, a' = 45°, Ro=2.5 m, Q=100 kN, Q-=200 kN, @»=34°, a =45°, a' =45°, Ro=2.5m,
I (I)=04-22m D« (D) =0.4-22 m, Di (D/) =0.4-22m
(a) (b)

Figure 7. Relation curve between effective length of anchor bolt (cable) 5 (I;), spacing D, (D,), row
spacing D; (D;’) and bearing capacity ¢ of superimposed arch. (a) The relationship curve between
the effective length I () of bolt (cable) and the bearing capacity ¢’ of superimposed arch; (b) The
relationship curve between the spacing D, (D,’), the row spacing D; (D;’) and the bearing capacity ¢’
of the superimposed arch.

When the spacing D, (D,’) and the row spacing D; (D;’) are fixed, the bearing capacity
q' of the superimposed arch increases with the increase in the effective length Is (I;) of the
bolt (cable). When the effective length I; (I.) and the row spacing D; (D;’) of the anchor
bolt (cable) are constant, with the increase in the spacing D, (D,’) of the anchor bolt (cable),
the bearing capacity ¢’ of the superimposed arch decreases from 254.18 kN (479.04 kN) to
72.27 kN (14.96 kN), which decreases by 181.9 kN (464.09 kN). When the effective length
Is (I.) and spacing D, (D,’) of the anchor bolt (cable) is constant, with the increase in the
row spacing D; (D;’) of the anchor bolt (cable), the bearing capacity ¢’ of the superimposed
arch decreases from 310.29 kN (324.53 kN) to 47.19 kN (190.55 kN), which decreases by
263.09 kN (133.98 kN). From Figure 6b, it can be seen that although the bearing capacity
g’ of the superimposed arch decreases with the increase in the spacing D, (D,’) and the
row spacing D; (D)) of the anchor bolt (cable), and although the bearing capacity g’ of the
superimposed arch decreases with the increase in the spacing D, (D,) and the row spacing
D; (Dy) of the anchor bolt (cable), the variation also decreases, so selecting the appropriate
row spacing can not only improve the bearing capacity g’ of the superimposed arch, but
also reduce the use of anchor bolts (cable) and save construction costs.

q/ = Ins Qs +Inc Qc (7)
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In the formula:

B 2(1+singyp)(Is tana — D)
~ DgDjtana(1 —sin ¢p,) (2R + Is — D)

Ing (8)
2(1+singy) (Ic tana’ — D,’)

1 p—
"= D,/D/ tana' (1 —sing;) (2Ry + . — D)

)

where In; is the degree of tension concentration coefficient of the anchor bolt, and In, is the
degree of tension concentration coefficient of the anchor cable.

In order to study the influence of Qs (Q.) on ¢/, the relationship curve between the
pullout force Qs (Q,) of the bolt (cable) and the bearing capacity ¢’ of the superimposed
arch is drawn, as shown in Figure 8.
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Figure 8. The relationship curve between the bearing capacity of bolt superimposed arch g’ and the
drawing force 1 of bolt (cable) Qs (Qc).

From Figure 8, it can be seen that the bearing capacity ¢’ of the superimposed arch
increases with the increase in the pullout force Qs (Q.) of the bolt (cable). The greater
the pullout force Qs (Q.) of the bolt (cable), the greater the bearing capacity ¢’ of the
superimposed arch. In the process of roadway surrounding rock support, the bolt or anchor
cable with greater strength of the bolt body is selected.

According to the above analysis, in order to maintain the long-term stability of the
west wing transportation roadway in Yuandian No. 2 Coal Mine, a new support scheme
that can not only improve the support resistance p;, but also increase the cohesion c,
internal friction angle ¢ and self-bearing capacity of the surrounding rock of the roadway
is needed; that is, a “bolt (cable) + anchor net + anchor flexible bolt + shotcrete support”
combined support. In the combined support scheme, the small pressure arch is formed
by the mutual extrusion between the anchor bolt and the anchor bolt, the anchor bolt
and the broken surrounding rock, and the large pressure arch is formed by the mutual
compression combination between the anchor-grouting flexible anchor bolt and the anchor
cable. Through high-pressure grouting, the slurry penetrates into the broken surrounding
rock and even passes through the cracks with poor connectivity to form splitting grouting
and broken surrounding rock. The small pressure arch formed between the anchor bolt and
the anchor bolt, the small pressure arch formed between the anchor bolt and the broken
surrounding rock, the large pressure arch formed between the anchor bolt and the anchor
cable and the broken surrounding rock bonded by the grouting slurry are superimposed
together to form a superposition community, which jointly maintains the stability of the
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roadway. The schematic diagram of the superposition community structure is shown in
Figure 9.

Anchored flexible

Grout Py anchor , Anchor bolt

Surrounding
rock

Anchor cable

Broken surrounding
rock

Small bearing arch Roadway Large bearing arch

Figure 9. Schematic diagram of superimposed community structure.

3.3. Support Technical Scheme
3.3.1. Support Scheme

Based on the research background of the west wing transportation roadway of Yuan-
dian No.2 Coal Mine of Huaibei Mining Co., Ltd., this paper puts forward the superposition
combined support scheme of “bolt (cable) + anchor net + anchor flexible bolt + shotcrete
support”. This scheme innovatively puts forward the new combination mode of “bolt (ca-
ble) + anchor flexible bolt” to maintain the stability of the surrounding rock of the roadway.

3.3.2. Anchoring Flexible Bolt Technology

As shown in Figure 10, the bolt-grouting flexible bolt is composed of a steel strand
bolt, fastening sleeve, nut, pressure ring, tray, self-locking plate and grouting device.
With a high-strength steel strand as the bolt body, it is a kind of high-prestress anchoring
bolt. Through the combination of nut, tray, self-locking plate and baffle on the joint of
the grouting device, the steel strand bolt body does not rotate when tightening the nut,
which can meet the design torque force requirements. The grouting device can facilitate
grouting and realize the organic combination of full-length anchoring of bolt and grouting
reinforcement of surrounding rock. In addition, the anchor-grouting flexible bolt adopts
high-pressure grouting, and the grouting pressure is more than 3 MPa. Under the condition
of high-pressure grouting, the slurry can not only flow through the gap between the broken
surrounding rock but also pass through the cracks with poor connectivity to form splitting
grouting and combine them to form a whole.

The installation comparison diagram of the anchored flexible bolt and ordinary bolt is
shown in Figure 11. Compared with ordinary bolts, the structure of the anchored flexible
bolt is simple, the construction is convenient and efficient, and the cost of the anchored
flexible bolt is much lower than that of a traditional bolt and grouting support. In the
early stage, it is used as an ordinary support bolt, and in the later stage, it is used as a
grouting anchor cable. It only needs to be drilled and installed once, and it is not necessary
to install the grouting bolt again, which greatly simplifies the construction steps. After
installation, it can bear the load immediately, and the support strength is far more than that
of the same specification ordinary grouting anchor bolt (cable). After grouting, the support
is formed as a whole, which is very beneficial to ensure the support effect, which is far
greater than the support effect of an ordinary anchor bolt (cable). The new bolt structure is
adopted to minimize the diameter of the bolt body under the premise of ensuring smooth
grouting, and the required installation aperture is small. The bolt structure itself meets the
requirements of high-pressure grouting, and truly realizes the integration of anchor and
grouting. Grouting is convenient and timely, and grouting can be arranged at a certain
distance behind the head, so that the roadway can be reinforced in advance when it is
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only deformed but not destroyed, reducing the amount of roadway maintenance. The
mechanical properties parameters of the anchor-grouting flexible bolt are shown in Table 1.

P - > Grouting ‘j
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Figure 10. Anchor-grouting flexible bolt physical drawing.
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Figure 11. Installation comparison diagram of anchor-grouting flexible bolt and ordinary bolt.

Table 1. Mechanical performance parameter table of anchor-grouting flexible bolt.

Component Name Mechanical Property Technical Specifications Test Result Average Value
Bolt body Maximum force of bolt body (kN) >583 601 602 600 601
Bolt elongation (%) >3.5 52 54 57 54
Tail thread Bearing capacity (kN) >524 532 532 537 534
Tray Bearing capacity (kN) >524 541 541 541 541
Anchor bolt Anchoring force (kN) >367 397 401 403 400

3.3.3. Combined Support Technology Design

After the above analysis, it is finally determined that the whole section of the west
wing transport roadway is supported by a $22 mm x 2800 mm high-strength screw steel
bolt, the row spacing is 500 mm x 800 mm, and each bolt is anchored by two K2950 resin
anchoring agent. Two ®22 mm x 6200 mm anchor cables are driven into the two sides,
and the spacing between rows is 1600 mm x 1600 mm. Each anchor cable is anchored by
one K2950 type and two Z2950 type anchoring agents; the length of all anchoring agents
is 30 mm. At the top of the roadway, ®22 mm x 6300 mm anchored flexible bolts were
driven, with an interval of 1600 mm x 1600 mm and three bolts in a row. Welded warp
and weft mesh with 100 mm x 100 mm steel bar is used. The surrounding rock of the
concrete closed roadway with a strength grade of C20 is used. The thickness of the initial
spray layer is 30-50 mm, and the secondary spray is 100 mm. Youante is used as grouting
material. Youante is divided into A material and B material. Before grouting, A and B
materials are, respectively, placed in different mixing barrels for mixing. After mixing,
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they are mixed together for grouting. The grouting time depends on the depth of the
borehole and the site conditions. It is characterized by high stability, strong permeability,
quick effect, fast solidification speed, high solidification strength and green environmental
protection. The grouting schematic diagram is shown in Figure 12. The specific process
is as follows: grouting preparation — knocking — installing grouting pipe — connecting
injection gun and grouting pump with high-pressure hose — inserting two pipettes into
the barrel containing Youante A material and B material, respectively — opening pump
grouting — washing machine after grouting — stopping pump — dismantling injection
gun. According to the deformation characteristics of the surrounding rock of the west wing
transportation roadway, the grouting time should be 15 to 20 days after the excavation of
the roadway section, and the final support section is shown in Figure 13.

Figure 12. Anchor-grouting flexible bolt grouting diagram. A—A material mixing barrel; B—B
material mixing barrel; C—grouting pump; 1—feed pipe A; 2—feed pipe B; 3—discharge pipe A;
4—discharge pipe B; 5—discharge pipe; 6—anchor flexible bolt; 7—grouting hole.
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Figure 13. Bolting-grouting flexible bolt roadway support section diagram.

4. FLAC 3D Numerical Simulation

According to the geological conditions of the west wing transportation roadway, the
numerical simulation model shown in Figure 14 is established by using FLAC 3D numerical
simulation software. The section of the west wing transportation roadway adopts a three-
center arch, the roadway width is 5 m, the wall height is 1.8 m, and the model size is
60 m x 20 m x 65.6 m. The roadway section adopts a 2800 mm bolt to simulate support,
the spacing between rows is 500 mm x 800 mm, the two sides are driven into a 6200 mm
anchor cable, the spacing between those rows is 1600 mm x 1600 mm, and the top of the
roadway is driven into a 6300 mm anchor-grouting flexible bolt, the spacing those between
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those rows is 1600 mm x 1600 mm, three in a row, and the simulated support structure
is shown in Figure 15. According to the surrounding rock condition of the west wing
transportation roadway, the model can be divided into eight layers, which are mudstone,
5 coal, mudstone, siltstone, fine sandstone, siltstone, 6 coal and mudstone, from top to
bottom. The model adopts the Mohr-Coulomb criterion. The displacement constraints
in the Y direction and X direction are applied to the front and back, left and right of the
model, respectively. The displacement constraints in the Z direction are applied to the
bottom, and the stress constraints are applied to the top. The buried depth of the simulated
roadway is 740 m, and the load applied to the top of the model is 18.5 MPa. The model has
503,810 cells and 534,693 nodes. In order to improve the efficiency of model calculation
and better reflect the changes in stress and displacement of surrounding rock around the
roadway, the surrounding rock of the roadway is set to a smaller grid size, the minimum
size of which is 0.2 m x 0.2 m, and the remaining grid size is increased exponentially with
the distance from the roadway, up to a maximum size of 1 m x 1 m. The corresponding
physical parameters of each rock layer are given to the numerical simulation model. The
physical and mechanical parameters of the required rock mass mainly include the following:
density p, bulk modulus K, shear modulus G, cohesion ¢, internal friction angle ¢ and
tensile strength ¢. The mechanical parameters of rock strata are determined according to
the laboratory results, and the rock strength is transformed into rock mass strength through
certain weakening. Finally, the effective physical and mechanical parameters of rock mass
are determined, as shown in Table 2.

Mudstone 5.60
5 Coal 0.25

Mudstone 16.24

Roadway

Siltstone 11.64

Fine sandstone 4.16

Siltstone 20.66

6 Coal 0.28
Mudstone 5.31

Figure 14. FLAC 3D numerical simulation model of west wing transport roadway (m).

Anchor-grouting flexible bolt

Anchor cable

Figure 15. Numerical simulation model of supporting structure.
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Table 2. Mechanical parameters of surrounding rock of west wing transport roadway.

K/ G/ Q/ ol t/ c/ @/

Rock Stratum GPa GPa (Kg/m®) MPa MPa MPa ©)
Coal 1.2 0.6 1380 0.9 0.5 0.8 32
Mudstone 1.6 1.0 2890 185 0.9 1.6 39
Fine sandstone 3.4 15 2690 52.3 2.0 2.8 36
Siltstone 2.8 1.2 2800 39.8 1.2 1.8 35

—3.3894
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The vertical and horizontal displacement nephogram of numerical simulation before
and after the support of the west wing transport roadway is shown in Figure 16. According
to the analysis of the numerical simulation displacement cloud diagram of the roadway
before support, the maximum roof subsidence of the west wing transportation roadway
is 213.33 mm, the maximum floor heave is 174.93 mm, and the maximum two-side dis-
placement is 410.71 mm. After the support, the maximum subsidence of the roadway roof
is 33.894 mm, the maximum floor heave is 50.907 mm, and the maximum displacement
of the two sides is 66.129 mm. Compared to before the roadway support, the maximum
subsidence of the roof is reduced by 179.436 mm, and the maximum floor heave is reduced

by 124.023 mm. At the same time, the maximum displacement of the two sides is reduced
by 344.581 mm.

X 10~

(b)

Figure 16. Numerical simulation of vertical and horizontal displacement cloud before and after
support of west wing transportation roadway. (a) Numerical simulation of displacement cloud before
support (m). (b) Numerical simulation of displacement cloud after support (m).

Figure 17 shows the distribution of plastic zone in numerical simulation before and
after the support of the west wing transportation roadway. It can be seen from the figure
that the plastic zone range is obviously reduced after the combined support scheme is
adopted, and the overall strength of the surrounding rock of the roadway is improved
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Zone State By Average
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after the support. Through numerical simulation, it can be seen that the combined support
scheme of “bolt (cable) + anchor net + anchor flexible bolt + shotcrete” can effectively
reduce the distribution range of the plastic zone of the roadway’s surrounding rock and
effectively control the deformation of roadway’s surrounding rock.

Zone State By Average
None
shear-n shear-p
shear-n shear-p tension-p
shear-p
shear-p tension-p

(a) (b)

Figure 17. Numerical simulation of plastic zone distribution before and after support of west wing
transportation roadway. (a) Before support. (b) After support.

5. Industrial Experiment

In order to verify the on-site support effect of the combined support scheme of “bolt
(cable) + anchor net + anchor-grouting flexible bolt + shotcrete”, Y26 + 80 m—-Y26 + 200 m
of the west wing transportation roadway was selected as the experimental section. The
surface and deep displacement changes after roadway support were observed, and six
surface displacement monitoring stations and one deep displacement monitoring station
were set up. The layout of the observation station of the west wing transportation roadway
is shown in Figure 18. The displacement observation method is as follows: the distance
between the roof and floor of the roadway is measured by steel tape, and the distance
between the ends of the two sides of the roadway is measured by leather tape. Through the
observation of 60 days, the surface displacement monitoring results are shown in Figure 19.
The maximum displacement of the top and bottom is 30.7 mm, and it tends to be stable
after 24 days. The maximum displacement of the two sides is 27.1 mm. The deformation is
large in the first 7 days, and tends to be stable after 26 days.

» Section 1

Section 3 Section 2

Section 5 :
- Section 4

Section 6

Figure 18. Layout of observation station in west wing transportation roadway.
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Figure 19. Monitoring results of roadway surface displacement.

The monitoring results of deep displacement are shown in Figure 20. According to the
monitoring data, the maximum displacement at 1 m in the shallow part is 11.8 mm, and
the maximum displacement at 7 m in the deep part is 18.5 mm. In the early stage, due to
the influence of excavation disturbance, the deep displacement increment is large. When
the measuring point is about 80 m away from the excavation surface, the displacement
gradually tends to be gentle. The displacement change trend of the surrounding rock of
the roadway within 1~7 m is basically consistent, the change is within 7 mm, and there is
no separation between the rock layers.
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Figure 20. Monitoring results of roadway deep displacement.

From the observation results of surface and deep displacement during the excavation
of the experimental section of the west wing transportation roadway;, it can be seen that
during the observation period, the deformation of the roadway in the experimental section
was small, and no cracking of the side and roof rupture occurred. The field observation
data show that the maximum displacement of the two sides and the roof and floor of the
roadway in the experimental section is within 31 mm, and the roadway is stable. The deep
displacement observation shows that the integrity of the surrounding rock of the roadway
after support is better, and the support scheme has an obvious inhibitory effect on the
fracture expansion of the rock mass, which plays a role in strengthening the surrounding
rock. The support effect of the experimental section is shown in Figure 21.
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(d)

Figure 21. Field support effect diagram of west wing transportation roadway. (a) Section of roadway.
(b) Roof of roadway. (c) Side of roadway. (d) Floor of roadway.

6. Conclusions

(1) Aiming at the characteristics of large buried depth and low strength of the sur-
rounding rock in the west wing transportation roadway of Yuandian No.2 well coal mine,
the anchor-grouting flexible bolt is proposed to solve the stability control problem of sur-
rounding rock in this kind of roadway. Compared with ordinary anchor bolts, the structure
of anchor-grouting flexible bolts is a simple and convenient construction. It is a kind of
high pre-tightening anchoring bolt with a high-strength steel strand as the bolt body. It only
needs to be installed once, and it is convenient to install a grouting bolt without re-drilling.
At the same time, a new bolt structure is adopted to minimize the diameter of the bolt body
under the premise of ensuring smooth grouting, so as to realize the integration of bolting
and grouting.

(2) In order to maintain the stability of the roadway in the west wing transportation
roadway, a combined support scheme of “bolt (cable) + anchor net + bolt-grouting flexible
bolt + shotcrete support” was proposed, and its support mechanism was analyzed. The
results show that the small pressure arch formed between the bolt and the bolt, the bolt and
the broken surrounding rock, the large pressure arch formed between the bolt-grouting
flexible bolt and the anchor cable, and the broken surrounding rock bonded by the grouting
slurry are superimposed together to form a superimposed community, so as to realize the
combined support to jointly control the deformation of the roadway’s surrounding rock.

(3) FLAC 3D numerical simulation and field monitoring show that the surface dis-
placement monitoring of the roadway after adopting the combined support scheme of
“bolt (cable) + anchor net + anchor injection flexible bolt + shotcrete support” shows that
the maximum roof-to-floor convergence is only 30.7 mm, and the maximum two-side
convergence is 27.1 mm. The deep displacement monitoring of the roadway shows that
the trend change in deep displacement within 1-7 m is basically the same, and the change
amount is within 7 mm, which can effectively control the stability of the roadway, improve
the self-bearing capacity of surrounding rock and maintain the long-term stability of the
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roadway. The combined support scheme has a certain reference value for other similar
roadways.
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Abstract: The shear mechanical properties of rock joints are crucial in assessing the stability and
safety of rock structures, including slopes, rock dams, and tunnels. The yield stress serves as a
pivotal point that distinguishes the linear and non-linear mechanical characteristics of rock joints.
Due to its significance in risk monitoring and safety evaluation, this paper first provides an overview
of the commonly employed methods for identifying the yield stress. Then, a novel displacement
reduction method based on the displacement reduction coefficient is proposed and systemically
examined. The comparison between the proposed method and existing methods based on shear
experimental data suggests that the former is more adept at accurately determining the yield stress
without subjective interference. Finally, this innovative method is employed to estimate the effects of
external environmental factors on the yield stress of rock joints.

Keywords: rock mechanics; shear tests; yield strength; peak stress; rock joints

1. Introduction

Fractured rock masses are often characterized by extensive and intricate rock joints,
which exert a significant influence on their mechanical behavior [1-6]. Multitudinous
geotechnical engineering applications, including, but not limited to, rock foundations,
mining operations, bridge piers, and tunnelling projects, have demonstrated that the
shear slip along these joints will lead to serious structural instability [7-11]. Numerous
extensively- recorded geological calamities, such as landslides, fault-slip rock bursts, and
tunnel collapses, are induced by the shear failure of rock joints [12-14]. Therefore, extensive
and intensive studies on the shear strength characteristics of rock joints perform crucial
theoretical and practical significance for ensuring the engineering safety and preventing
geological disasters [15-20].

Numerous scholars have studied the shear deformation process of rock joints through
various approaches and obtained abundant results [21-31]. Currently, there are three main
categories of research methods for analyzing the shear mechanical properties of rock joints:
physical model experiments (laboratory and field tests), numerical simulations, and theoret-
ical analyses [32-42]. The non-uniform fluctuation of joint surface, uneven contact between
two walls, elastic deformation of rough bodies, and progressive deterioration frequently
result in the shear mechanical behavior of rock joints exhibiting alternatingly linear and
nonlinear characteristics [43,44]. Yield stress, peak strength, and residual strength are the
key stress thresholds to classify these characteristics. In terms of peak strength, dozens of
models have been introduced successively since Patton incorporated the shear dilatancy
effect into the Mohr—Coulomb criterion to establish the bilinear strength model [45-47].
The joint roughness coefficient—joint compressive strength (JRC—JCS) model, proposed
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by Barton and Choubey [48], has gained widespread acceptance among researchers and en-
gineers in the field of rock engineering. Furthermore, it has been explicitly adopted by the
International Society for Rock Mechanics (ISRM) Commission [49]. The residual strength,
also referred to as the ultimate strength, is an ideal concept that defines the shear stress
at an adequate shear displacement. However, shear displacement is finite in laboratory
tests, making it difficult to obtain the true residual strength as defined. Therefore, the ISRM
commission suggests that once the shear displacement reaches 10% of the joint length,
the corresponding shear stress can be regarded as the residual strength. Nevertheless,
concerning the yield stress, despite its widely accepted definition, its estimation method
is still in its infancy stage since existing prediction methods cannot precisely identify the
yield stress. In fact, the safe and optimal design of rock structures (such as slopes and drifts)
relies not only on peak strength but also on yield stress [50]. As stress reaches the yield
level, interior damage gradually accumulates and considerable plastic deformation occurs
along rock joints, resulting in notable non-linear mechanical characteristics, such as the
nonlinear shear constitutive curve and smaller-asperity breaking on joint surfaces [51]. A
comprehensive examination of the shear stress-shear displacement behavior of rock joints
in the past half-century has revealed that relying solely on peak strength is inadequate for
assessing the strength properties of such joints [52-57]. Instead, greater emphasis should
be placed on determining the yield stress, as this can serve as an effective early warning
indicator for potential engineering hazards. Therefore, it is imperative to develop a reliable
prediction method for estimating yield stress [58].

Notwithstanding the extant research endeavors, the yield stress has not been compre-
hensively studied. If a correlation between stress levels and yield stress can be identified
in either laboratory or field settings, it would enable precise assessment and evaluation
of joint stability and damage degree of rock masses. This study aims to propose a novel
method to accurately identify the shear yield stress. The paper is structured as follows:
Section 2 provides an overview of existing methods for determining yield stress, and criti-
cally evaluates their strengths and limitations. In Section 3, a novel method is proposed in a
simple and objective manner by introducing a displacement reduction coefficient to process
shear stress-shear displacement data, eliminating the dependence on elastic parameters. To
validate the efficacy of the proposed method, the results of the new method are compared
with those of existing methods. Section 4 investigates the effect of external environmental
factors on the determined yield stress. Finally, Section 5 summarizes the findings and
outlines future research directions.

2. Literature Review

In direct shear tests, a certain normal stress is applied to the specimen prior to the
application of shear stress parallel to the joint plane. Figure 1 illustrates a typical shear
stress-shear displacement curve, which comprises two distinct stages: pre-peak and post-
peak (stage III). The pre-peak stage can be further divided into two sub-stages: sub-stage I,
characterized by linear elasticity, and sub-stage II, marked by yield, with the demarcation
point at the yield point [59]. During the stage of linear elasticity, the shear stress exhibits
a linear increase in proportion to the shear displacement, and the shear stiffness can be
determined by calculating the slope of this line. The asperities between the joint surface
perform prominent elasticity during this stage. Subsequently, the shear constitutive curve
enters the yield stage, wherein the plastic shear displacement starts to occur, the asperities
gradually wear and break, the shear stiffness is noticeably reduced, and the hanging side
and heading side slip along the joint. Upon reaching the maximum peak shear stress, the
contact plane experiences significant collapse, which in turn results in greater slipping along
the joint. The roughness and undulation of the rock joints give rise to normal displacement,
ultimately leading to the occurrence of dilation. Once the shear stress surpasses the bearing
capacity of the asperities, the cumulative damage will cause a marked drop in shear
stress, as displayed in Figure 1. Herein, the present study is centered on the identification
of the yield point, which performs a crucial role in determining the shear mechanical
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behavior variation of rock joints. Over the past few decades, numerous investigations have
been conducted to ascertain the yield point of the shear constitutive curve, which can be
categorized as follows:
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Figure 1. Schematic diagram of the shear stress—shear displacement curve (1, and u), are yield
displacement and peak shear displacement, respectively; T, and 7, are yield stress and peak shear
stress, respectively).

(1) Empirical methods

According to extensive direct shear experimental results conducted on rock joints
by Goodman [60], it is typically observed that the yield point occurs within the range
of 70% to 90% of the peak shear stress. Using this method, Xiao et al. [61] took a yield
point equivalent to 70% of the peak shear stress to analytically derive a shear constitutive
model. Similarly, Sun et al. [62] reported that the ratio between yield shear stress and
peak shear stress is approximately 0.85. From the perspective of shear displacement,
one-third of the peak shear displacement is regarded as the yield displacement by many
researchers [52,53,63,64]. Although empirical methods may be convenient for engineering
projects, they are highly subjective and do not account for important factors, such as
lithology and pre-existing defects.

(2) Shear stiffness method

The pre-peak stage of shear stress—shear displacement curves of rock joints are usu-
ally fitted using a hyperbolic function [65]. The following equation was adopted by
Kulhawy [66] to replicate the pre-peak curve:

Ui

R nu; )
where u; is the shear displacement at a certain shear stress, m represents the reciprocal of
the initial shear stiffness (Kst), and # is the reciprocal of the horizontal asymptote to the
hyperbolic curve. By using Equation (1) to fit the experimental data, it is possible to readily
derive the initial shear stiffness. Subsequently, a line originating from the origin O, with
a slope of Ky, intersects with the shear stress-shear displacement curve at point F, which
represents the yield point [67], as shown in Figure 2. This method is on the basis of shear
test results. However, it is worth noting that determining the initial shear stiffness may be
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imprecise in situations where the shear stress—shear displacement curve does not exhibit a

hyperbolic shape.
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Figure 2. Schematic diagram of the shear stiffness method.

(3) Inflection point method

The linear fitting method was used by Xie et al. [68] to fit the experimental data in
the pre-peak stage, and the resultant slope is the initial shear stiffness (Ks), as shown in
Figure 3a. The shear stress difference (A7) can then be obtained, and its relation versus
shear displacement is illustrated in Figure 3b. The inflection point clearly corresponds
to the yield point. Nonetheless, accurately pinpointing the inflection point remains a

challenging task, as it is susceptible to subjective errors.
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Figure 3. Schematic diagram of the inflection point method, (a) T-u curve (b) At-u curve.

3. A New Displacement Reduction Method

Up to now, neither the ISRM nor the American Society for Testing and Materials have
put forth any prescribed methods for accurately discerning the yield point [69]. Given the
limitations of experience and subjective judgment, more academic approaches that enable
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a rapid and precise identification of the shear yield point are imperative to be established.
To enhance the precision of determination and streamline the mathematical representation,
a new method (i.e., displacement reduction method) is proposed herein to identify the
yield stress of the shear constitutive curve. Additionally, the superiority of this method is
validated by comparing it with existing methods.

3.1. Modeling Process

The displacement reduction method is used to determine the yield point by comparing
the normalized shear displacement response (u;/11,). The specific steps are as follows:

(1) A direct shear test is first carried out on rock joints to obtain the shear stress—shear
displacement curve. Then, a new variable w is defined, which represents the displacement
reduction coefficient:

wi =1 — ui/up )

where 1; is the displacement data in the pre-peak stage of the shear stress—shear displace-
ment curve, and u,, is the peak shear displacement. It is evident that w is a scalar quantity.

(2) The relationship between shear stress T and displacement reduction coefficient w
can be acquired, as shown in Figure 4. By applying Equation (2), points A (0, ;) and B (1,
0) can be identified, which correspond to the origin (0,0) and the peak point (uy, T,) on the
shear-stress displacement curve, respectively. It is obvious that points A (0, 7y) and B (1, 0)
always lie on the shear stress-w curve. Connecting these two points results in a reference
line denoted as AB in Figure 4.

AQ, 7)
N

=-=- Reference line AB

7w, based on experimental curve

Shear stress 7

0.0

Figure 4. Schematic diagrams of theoretical and experimental shear stress-w curves.

(8) Consequently, the difference Aw between the experimental shear—stress displace-
ment curve and the reference line AB can be calculated, as plotted in Figure 5. During the
linearly elastic stage (stage I), Aw increases proportionally with the increase in shear stress
7. In contrast, during the yield stage (stage II), the shear displacement exhibits non-linear
characteristics. Hence, the yield point is the cut-off point between the linearly elastic stage
(stage I) and the yield stage (stage II), where Aw reaches the maximum value. Consequently,
this method enables easy identification of the yield point while ensuring accuracy and
objectivity and eliminating human interference. This method provides a scientific and
efficient means of determining the shear yield stress of rock joints.
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Figure 5. Aw-7 curve under direct shear tests.

3.2. Verification and Applications

The experimental data were collected through direct shear tests conducted on cement
mortar specimens containing a saw-tooth triangular joint, as displayed in Figure 6. The
specimens were composed of a mixture of water, high-strength cement, and fine quartz
sand with a mass ratio of 1:2:4 [70]. The dimensional size and the undulating angle of
the specimen were 100 x 100 x 100 mm? and 45°, respectively. The uniaxial compressive
strength, indirect tensile strength, Young’s modulus, Poisson’s ratio, cohesion, and internal
friction angle of the cement mortar material are 18.97 MPa, 1.637 MPa, 2.202 GPa, 0.2,
1.84 MPa, and 58.47°, respectively. During the test, prior to the application of shear stress,
the specimen was subjected to a normal stress of 0.4 MPa. The test was completed once the
shear displacement reached or exceeded 10 mm.

100mm

50mm

M\/\
25mm

Figure 6. Schematic diagrams of saw-tooth triangular joint cement mortar specimens (Modified after
Xie et al. [70]).

A typical shear stress—shear displacement curve is plotted in Figure 7. It can be ob-
served that the shear stress first rose in a linear way with the increase in shear displacement,
and a minor yield stage was present before reaching the peak stress. Subsequently, the shear
stress dropped rapidly after its apex and generally leveled off. According to the definitions
in Section 2, the peak shear stress 7, and the peak shear displacement u, were 2.93 MPa
and 1.39 mm, respectively. Then, w; can be obtained based on Equation (2), and its relation
versus shear stress 7, and the reference line are shown in Figure 8. The w variation between
the experimental curve and the reference line exhibited a significant alteration with the
increase in w, which is further illustrated in Figure 9. The yield shear stress corresponds
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to the maximum value of Aw, as shown in Figure 9, where it is determined as 2.42 MPa,
accounting for 82.6% of the maximum shear stress.
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Figure 7. Shear stress—shear displacement curve from the direct shear test [70].
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Figure 8. T-w; based on the experimental data and the reference line.
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Figure 9. Determination of the yield point.

Based on the above analysis, the proposed method can better identify the yield shear
stress and thus provides a viable approach to characterize the demarcation point between
linear elasticity and pre-peak nonelasticity.
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3.3. Comparative Analysis
(1) Empirical methods

From the description in Section 2, the ratio of yield stress to peak stress is regarded as
70%-90% [60], 70% [61], and 85% [62], respectively. As the shear displacement occupies
one-third of the peak shear displacement, the corresponding stress only accounts for 38.2%
of the peak stress. Obviously, the result of the empirical displacement method is far from
the true yield point, indicating that this method could produce fairly large errors. The
result obtained using our method is close to the approximation ratio (85%) [62].

(2) Shear stiffness method

Figure 10 illustrates the pre-peak stage of the shear stress—shear displacement curve
fitted using Equation (1). As described in Section 2, the yield stress can be acquired by the
intersection point in Figure 11. However, it can be seen that the two curves only intersect at
the original point, indicating that this method cannot identify the yield point of the shear

stress—shear displacement curve.

30 —mm Experimental curve o
— Fitted curve by Eq.1 el
25| e
_’

< _/"
[ 7
S20+F 7
=
w
w
o /
Z15F 73
S v
5] i

1.0 /s

./.’.
_/
0.5 | 77
00 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Shear displacement / mm

Figure 10. Pre-peak 7-u curve.
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Figure 11. Determination by the shear stiffness method.

(3) Inflection point method

Figure 12 displays the linear fitting curve of the partial pre-peak stage of the shear—
stress displacement curve. As described in Section 2, the yield stress can be determined
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by the inflection point of the AT—u curve in Figure 12b. The yield stress is identified as
2.29 MPa, 78.16% of the peak stress.
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Figure 12. Determination by the inflection point method, (a) T-u curve (b) AT-u curve.

Based on experimental data from previous publications, Table 1 lists the ratio between
the yield stress identified by various methods and the peak stress. It can be noticed that
with the implementation of the new method, several ratios of yield stress to peak stress are
less than 70%, implying that the empirical stress method may occasionally overestimate
the yield stress. With regard to the empirical displacement method, in most cases, the
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result contradicts the in situ condition. For the shear stiffness method, it is inadequate
for predicting the yield stress because the majority of pre-peak stages of experimental
shear stress—shear displacement curves do not comply with the hyperbolic distribution.
The results determined by the inflection point method exhibit the smallest error (~10%) in
comparison to those by the newly proposed method, but it poses a challenge to ascertain
the inflection point in an objective manner devoid of any human subjectivity.

Table 1. Yield point identified by various methods.

Ty Tp%
Empirical Methods
References Prtl)\laeov:e d Ld Oh. Cordi Shear Stiffness Inflection Point
. , Cording Method [65] Method [68]
Method Goodman [60] Xiao et al. [61] Sun et al. [62] and Moon [53]

Bandis et al. [67] 83.70 70-90 70 85 76.83 248 90.96
Papaliangas et al. [71] 77.98 70-90 70 85 58.72 6.80 70.12
Grasselli [72] 92.80 70-90 70 85 39.11 9.88 97.20
. 62.69 70-90 70 85 17.27 - 57.57
Nasir and Fall [73] 68.42 70-90 70 85 72.93 - 6150
. 90.67 70-90 70 85 68.00 - 82.67
Bahaaddini [74] 80.00 70-90 70 85 6343 . 69.14
82.23 70-90 70 85 4931 - 68.21
77.11 70-90 70 85 49.37 - 82.10
Geetal. [75] 53.84 70-90 70 85 40.82 - 45.19
71.95 70-90 70 85 43.88 - 54.82
78.77 70-90 70 85 74.82 - 65.63
Ong and Choo [76] 74.71 70-90 70 85 71.73 - 66.73
Xie et al. [70] 82.6 70-90 70 85 382 - 78.16

4. Discussion

The shear characteristics of rock joints are highly susceptible to external environmental
factors, such as the temperature, normal stress, shear velocity, joint roughness coefficient
(JRC), etc., which could significantly amplify the non-linear mechanical properties of rocks
and thereby lead to the change of the shear yield point. Hence, this section aims to examine
the effects of various external environmental factors.

4.1. Effect of the Temperature

The cubic Beishan granite specimens, collected from Gansu Province, China, were
axially split to generate an artificial discontinuity. Then, they underwent thermally treat-
ment at temperatures of 100 °C, 200 °C, 300 °C, and 400 °C, respectively [77]. Table 2 and
Figure 13 show the detailed stress values and their variation tendency with temperatures,
respectively. The yield stress and peak stress overall decrease as the temperature increases
from room temperature to 400 °C, but the proportion of yield stress in peak stress approxi-
mately remains relatively constant, as displayed in Figure 13. This manifests that the effect
of high temperature (<400 °C) on the ratio of yield stress to peak stress of Beishan granite
is insignificant. It can also be inferred that very limited micro defects exist in the Beishan
granite, thus, this type of rock materials is dense. When subjected to external loads, it is
more likely to exhibit elastic—brittle characteristics, which is the reason why 7,7, is larger
than 90%.

Table 2. Yield stress under various temperatures.

Temperature/°C Ty/MPa Tp/MPa TylTpl%
20 10.49 10.69 98.13
100 9.00 9.50 94.74
200 9.00 9.61 93.65
300 8.94 9.03 99.00
400 7.78 8.36 93.06
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Figure 13. Yield stresses after thermal treatment (Note: 7, data are from Zhao et al. [77]).

4.2. Effect of the Normal Stress

Zhou et al. [78] adopted marble to investigate the effects of undulation and normal
stress on shear characteristics. Here, we selected the experimental data at a given dentate
height of 3 mm to examine the effect of normal stress on shear mechanical properties, as
shown in Table 3 and Figure 14. Both the yield stress and peak stress exhibit an overall
increasing variation tendency as the normal stress increases from 10 MPa to 60 MPa, but
the proportion of yield stress in peak stress remains relatively constant, with the exception
of the condition under a normal stress of 50 MPa, as illustrated in Figure 14. Similarly, the

effect of normal stress on the yield point is limited.

Table 3. Yield stress under various normal stresses.

Normal Stress/MPa Ty/MPa Tp/MPa TylTpl%
10 14.96 15.40 97.20
20 24.90 25.19 98.86
30 35.02 35.89 97.60
40 40.64 42.37 95.92
50 34.69 48.34 71.76
60 51.43 55.14 93.26

Shear stress / MPa

Figure 14. Yield stresses under different normal stresses (Note: T, data are from Zhou et al. [78]).
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4.3. Effect of the Shear Velocity

Marble was chosen by Wang et al. [79] to study the shear behavior subjected to high-
velocity impacts. Table 4 and Figure 15 show that both the yield stress and peak stress
exhibit an increasing trend with the increasing shear velocity, but the yield point first
increases, then decreases within the same shear velocity range. More laboratory tests
under high-velocity impacts need to be carried out to systemically examine the relationship
between yield stress and shear velocity.

Table 4. Yield stress under high velocity impact.

Shear Velocity/m/s Ty/MPa Tp/MPa TylTpl%
4.15 5.80 7.50 77.40
5.29 6.39 9.34 68.34
7.07 10.79 13.30 81.13

Shear stress / MPa

4.0 4.5 5.0 5.5 6.0 6.5 7.0
Shear velocity / m/s

Figure 15. Yield stresses under high velocity impact (Note: 7, data are from Wang et al. [79]).
4.4. Effect of the [RC

Cement mortar was adopted to study the effect of JRC on the shear characteristics of
hard —soft interfacial discontinuities [80]. Figure 16 indicates that the yield stress, peak
stress, and the ratio of yield stress to peak stress all increase with the increasing JRC, and the
corresponding values are listed in Table 5. As the joint surface becomes rougher, the upper
and lower parts are more likely to be incorporated together, leading to the enhancement of
shear mechanical properties. Hence, the yield point is also increased to resist the external
shear stress as the JRC increases.

2.0 = 100

Shear stress / MPa
r\_/rﬂ /%

JRC

Figure 16. Yield stresses under the high velocity impact (Note: 7, data are from Fan et al. [80]).
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Table 5. Yield stress under various JRC.

JRC Ty/MPa Tp/MPa TylTpl%
0.4 0.27 0.51 52.93
5.8 0.51 0.68 75.36
12.8 0.92 1.11 82.15
16.7 1.02 1.22 83.77

4.5. Effect of the Shear Direction

In rock engineering, rock joints are subjected to shear stress along different directions,
which can eventually give rise to the anisotropic instability of rock masses. Bao et al. [81]
used 3D laser scanning technology to obtain digital information of joint morphology of
a tunnel engineering (Figure 17), and a number of rock joints were made by 3D printing.
On this basis, the anisotropic shear behavior of rock joints is studied by direct shear tests
under a constant normal load. Hence, the resultant data were selected herein to analyze
the shear stress variation, as listed in Table 6. The relation between the feature points of
shear stress and the shear direction is displayed in Figure 18. It can be observed that both
the yield stress and peak stress maximize at the shear direction of 90°, while the percentage
of yield stress in peak stress reaches the minimum value at the same direction, indicating
that the increasing rate of the yield stress is lower than that of peak stress. When the shear
direction exceeds the critical value (90°), the yield stress and peak stress increase first, then
decrease, but the percentage of yield stress in peak stress performs an inverse tendency.

Figure 17. Schematic diagram of the selected rock joints [81].

Table 6. Yield stress under different shear directions.

Shear Direction/° Ty/MPa Tp/MPa Tyl Tpl%
0 0.36 0.45 81.81
45 0.39 0.49 80.39
90 0.40 0.61 65.50
135 0.36 0.47 76.14
180 0.42 0.56 74.78
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Figure 18. Yield stresses under different shear directions (Note: T, data are from Bao et al. [81]).

5. Conclusions

Based on the displacement reduction coefficient, a new method is proposed in this
paper to accurately identify the yield point of stress—shear displacement curves. In this
method, a reference line connected by points A (0, T») and B (1, 0) is introduced. The yield
stress can then be determined as the displacement reduction coefficient difference between
the experimental shear—stress displacement curve and the reference line maximizes. The
effectiveness and precision are validated by many experimental data from published papers.
Compared with previous methods, this method can enhance objectivity and effectively
reduce human interference. Furthermore, the effects of external environmental factors
except JRC on the yield stress are limited, which demonstrates that the yield stress of rock
materials is dependent on in situ lithology to a large extent, and can be significantly affected
by the joint surface roughness.
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Abstract: The typical thick-hard limestone roof with high failure pressure and easy fracture closure
under in situ stress is extremely prone to induce disasters, which seriously threatens the safe produc-
tion of coal mines. The modification of carbonate minerals by acidic effects can effectively realize
the weakening control of hard limestone strata. In this study, a multi-factor orthogonal experiment
was designed for limestone acidification reactions, and the evaluation model for the reformation and
strength weakening of hard limestone based on the acidic effect was established accordingly. The
results showed that there is an order in the influence of various factors on the reaction parameters
and strength indices of acidified limestone, and the improvement of rock properties by the level
difference of acid concentration is significantly better than that of acid type and acidification time.
Through numerical analysis, the evaluation model of limestone reformation and strength weakening
considering the acid reaction parameters is given. The reliability of the model passed the credibility
test and experimental verification, which can effectively reflect the strength response characteristics
of acidified limestone. The simulated annealing (SA) algorithm is introduced to derive the optimal
acidification system suitable for limestone weakening. Combined with the model, the control mecha-
nism of the acidic effect on hard limestone strata was analyzed. The acidic effect can not only induce
the rapid generation and expansion of micro-cracks at mineral-containing crystal defects, but also
make the cracks remain relatively open under in situ stress due to the differential interaction on
mineral components, which is conducive to the bearing capacity reduction and structural damage of
limestone rock mass. The research results provide theoretical guidance for the acidification control of
hard limestone strata in underground mines.

Keywords: acidic effect; hard stratum; evaluation model; crystal defect; strength weakening

1. Introduction

In China, more than one third of the coal seam roofs are thick-hard roofs with high
rock strength, undeveloped joint fissures, and strong bearing capacity, which can easily
induce roof accidents and derived mine pressure disasters [1-3]. For the thick-hard rock
strata (especially limestone strata) overlying the working face of longwall mining, such as
Jincheng mining area [4], Datong mining area [5], and Shendong mining area [6], due to the
extreme fracture pressure and the secondary closure of cracks under in situ stress, the effect
of conventional strata control methods such as hydraulic fracturing [7,8] and blasting [9]
is limited, which seriously threatens the safety production of coal mines. Therefore, it is
urgent to find a more suitable treatment method for hard limestone. The strong reaction of
acid to limestone can improve the rock structure and reduce the strength properties, which
is a novel and effective way to control the hard limestone strata in coal mines [10]. The
acidification method of strata is derived from the stimulation of low permeability carbonate
reservoirs. Specifically, it changes the rock structure through acid-rock chemical reactions,
and has the ability to etch cracks, dissolve cementation, and etch diversion [11].

The existing rock acidification theories and evaluation models focus on the struc-
tural reformation of reservoir-bearing strata and construct a highly conductive wormhole
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network in the strata through the acidic effect to promote the efficient output of oil, gas,
or geothermal resources [12,13]. Since the establishment of the classical N-K empirical
formula considering the equivalent relationship between rock dissolution and fracture con-
ductivity in 1973 [14], the acidification model based on this has been continuously refined
and optimized for the evaluation of acid etching fracture morphology, acid penetration
distance, and acid etching fracture conductivity [15,16]. The corresponding relationship
between the conductivity of acid etching fractures has also evolved from the single factor
models (Gangi model [17], Walsh model [18], T-W model [19], etc.) that only consider
closure stress, lithology, and surface roughness, and then gradually developed into the
models under different factors (Gong model [20], Mou model [21], etc.). In recent years, the
refined models of rock characteristics under various acidic effects are mostly applied to the
analysis of acid fluid filtration, the identification of multiphase flow and the description
of fracture behavior. The existing acidification theory system and related evaluation are
mainly limited to the improvement of permeability and conductivity of reservoir-bearing
strata under different occurrence conditions and reservoir spaces.

However, there are obvious differences in the acidification environment between
the reservoir and the rock strata in the underground mine [22-24], and the rock strata
control area of the longwall mining surface of the coal mine is relatively concentrated and
basically homogeneous [25-27]. The acidification of hard rock strata should ensure that
the acid pressure fluid is injected into the surrounding rock through drilling methods, so
as to achieve the purpose of weakening the strength of rock mass and rapidly destroy the
structural integrity. Therefore, the response law of reformation characteristics and mechan-
ical properties of hard rock strata under the acidic effect is the primary purpose of this
research. The existing acidic effect evaluation model is not suitable for the reformation and
strength influence of limestone strata in coal mines, so it cannot be further systematically
and accurately applied to field projects.

Therefore, in this study, the reformation test of hard limestone under the acidic effect
was carried out. Based on the sensitivity and significance analysis of reaction results
and mechanical indices under different acidification factors, the reformation and strength
evaluation model of limestone considering acid reaction parameters was established. The
optimized acid reaction system suitable for the weakening of hard limestone was given,
and the damage mechanism of the acidic effect on the mineral crystals contained in hard
limestone was discussed in order to provide guidance for the weakening control of hard
limestone strata in underground mines by the acidic effect.

2. Orthogonal Simulation Experiment
2.1. Chemical Reaction Principle

Limestone is a carbonate rock with calcite group minerals (CaCOs3) and dolomite
group minerals (CaMg(COs3);) as the main components [28]. It can undergo metathesis
reactions with acidic media, and the reaction products are neutral compounds containing
calcium and magnesium ions. Most of them can be dissolved in water, which has little
effect on the geological environment of the stope. The premise of acid—rock reactions
is the dissolution and ionization of carbonate mineral components in limestone under
liquid phase. Taking the calcite group as an example, Equation (1) is the dissolution and
ionization equilibrium equation of calcium carbonate, the main composition of the calcite
group, which is a strong electrolyte and can undergo complete ionization when dissolved
in water.

CaCOs(s) = CaCOs(aq) = Ca**(aq) + CO,>" (aq) 1)

For the overlying limestone strata of the stope in underground mining operations, the
acid solution is pumped into the control area through the dense drilling of the roof, and the
acid ions penetrate deep into the surrounding rock. The carbonate minerals in the area are
completely ionized under acidic conditions to produce carbonate ions, and salt compounds,
carbon dioxide gas, and water are generated according to the acid reaction of different
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media (Equation (2)), which will promote the dissolution reaction of mineral components
to be positive, resulting in the acid etching behavior of the macroscopic limestone matrix.

CaCOj3 + 2HCOOH — Ca(HCOO)2 + CO;, T +Hy0
CaCO3 + 2HCI — CaCl, + CO;, T +H,0 (2)
CaCOj3 + 2HF — CaF, + CO, 1 +H,O

The acid-rock chemical reaction behavior is mainly reflected in the initial stage con-
taining a high concentration of hydrogen ions, and the reactants are sufficient to make
the ion replacement capacity within the system stronger. At the same time, it is known
from Van's law [29] that the activated particles involved in the replacement will collide
more frequently and effectively along with the exothermic reaction, so the initial stage
has the most significant acidic effect on limestone. In the later stages of the reaction, the
hydrogen ions in the solution system are consumed. In addition, some of the generated
carbon dioxide gas will dissolve in water to form carbonic acid, which can cause certain
dissolution of carbonate minerals in limestone, but the effect is limited.

2.2. Specimen Preparation and Experimental Device

The specimens were taken from the hard limestone roof strata on the longwall working
face of a coal mine in Gaoping City, Shanxi Province, China (rock density was 2.72 g/cm?,
water content was 0.49%). In order to reduce the influence of specimen dispersion on the
experimental results, the standard rock specimens with a diameter of 50 mm and a height
of 100 mm were prepared by dense drilling in the same rock block (Figure 1).

57 89({11234 5678912345

Figure 1. Limestone specimens.

Figure 2a is the reaction device of the acidizing modification test. The surface and
lining materials of the device were an ANSI stainless steel with high pressure resistance
and polytetrafluoroethylene (PTFE) with strong acid corrosion resistance, which can be
used for long-term simulated experiments of limestone acidification reformation under
confined and high temperature environment.

The rock strength characteristic test system included MTS C64.106 electro-hydraulic
servo universal testing machine and YBY-2001 static resistance strain gauge (Figure 2b),
which is used to test the strength index of acidified specimens. The MTS testing machine
has a high strength six-column load frame configuration, with beam displacement limit
protection, force overload protection, overheating protection, voltage overload protection,
and other functions. The matching TestWork software can realize the monitoring of pa-
rameters such as Rey (upper yield strength), Rer (lower yield strength), Ry (specified
non-proportional extension strength), and Ry 5 (specified total extension strength). The
maximum loading pressure of the test machine was 1000 kN, the load accuracy was 0.5%,
and the sampling frequency was 1000 Hz. The YBY-2001 resistance strain gauge was
used to record the strain values during the strength test. The strain gauge adopts a 24-bit
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A /D resolution, the maximum sampling frequency of 10 Hz, and the maximum range of
measured strain of 19,999 pe. The strain gauge met the test environment of —20 °C to 50
°C, and collected all the data of up to 20 channels at the same time.
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(@) (b)

Figure 2. Experimental devices, (a) acidification reaction device and (b) rock strength characteristic
test system.

2.3. Orthogonal Experimental Design

This experiment was a three-factor three-level parameter test (Table 1), and the
empty column was set as a random error column for subsequent significance analy-
sis. Based on the Taguchi orthogonal method, the Lo(3%) orthogonal design was estab-
lished. The three acid types were selected as hydrochloric acid, formic acid, and mud acid
(4%—-12% HCI + 1%-3% HF), respectively.

Table 1. Factors and levels of the orthogonal experimental design.

Level A: Acid Type B: Acid C: Acidification
Factor Concentration (%) Time (min)
1 Hydrochloric acid (HCl) 5 60
2 Formic acid (HCOOH) 10 120
3 Mud acid (4%-12%HCl 15 180

+ 1%-3%HF)

2.4. Experimental Process

To carry out the limestone acidizing reformation experiment, the limestone standard
sample was dried and weighed in advance. After photographing and recording the
morphological characteristics of the rock sample, the specimen was placed in the PTFE
lining of the acidizing reformation experimental device. According to the scheme, the acid
reaction liquid was prepared in the lining to ensure that the specimen could be completely
immersed, and then the reactor cover was closed to seal the device well. The mass of the
specimen and the concentration of acid solution were measured at intervals. The mass of
the specimen at each time i was recorded as M;, and the acid dissolution rate of limestone
at time 7 was calculated according to Equation (3). According to Equation (4), the acid-
rock reaction rate constant K (used to reflect the speed of the acid-rock reaction rate) was
calculated. After acidification, the specimen was taken out from the device, the residual
acid and residue on the surface were carefully cleaned, and then placed in a drying oven at
105 °C for 24 h. Finally, the specimen was naturally cooled to room temperature for later
use.

w0 = (% ~ 1) x 100% 3)
1
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where M represents the initial mass of the specimen.

/

K= @ (4)

where K represents the reaction rate constant, | is the reaction rate at time ¢, C is the
corresponding acid solution concentration at time ¢, and 7 is the reaction order.

Due to the influence of acid etching behavior of limestone, the surface of the specimen
was polished and corrected in advance before the strength test, so as to ensure that the
flatness and parallelism of the specimen met the standard. Two sets of strain gauges were
symmetrically arranged on the central surface of the specimen at 1/2 height. Each group
was composed of two foil strain gauges that were vertically distributed along the lateral and
axial directions of the specimen. The substrate size of the strain gauge was 9.5 x 4.0 mm,
the resistance value was 120 (), and the sensitivity was 2.0 mV/V. The strain gauge was
connected to the static resistance strain gauge channel to monitor the axial and lateral strain
values of the specimen under load. In order to reduce the influence of the end effect, grease
was evenly applied to the upper and lower surfaces of the specimen. Then, the specimen
was placed in the center of the test bench, and the spherical bearing plate was covered to
make the specimen uniformly stressed during compression. The testing machine adopted
displacement loading mode, and the loading rate was set to 0.5 mm/min. The loading
system and strain gauge were started synchronously, after that, the loading was stopped
until the specimen was completely destroyed. Finally, the experimental data were saved,
the maximum failure load was recorded, and the mechanical parameters such as uniaxial
compressive strength, strain value, and elastic modulus were calculated.

3. Orthogonal Experiment Results and Analysis

Through the acidizing reformation and strength test of hard limestone, the acid reac-
tion data and macroscopic mechanical parameters of limestone were obtained, including
the acidification indexes of the limestone acid dissolution rate w and acid-rock reaction
rate constant K, as well as the strength indexes of uniaxial compressive strength o, elastic
modulus E, peak strength corresponding to the axial strain ey, and lateral strain ./, as
detailed in Table 2. Furthermore, the influencing factors were analyzed based on the test
results of the parameters.

Table 2. Results of the orthogonal experiment.

No. Factors woe  KmollTW o MPa /102 e/ EIGPa
A B/%  C/min  Null L-1.s-1.70-4
1 1 1 1 1 3.69 8.51 6301 146 083  7.97
2 1 2 2 2 6.65 34.04 4194 117 —056 594
3 1 3 3 3 9.07 3622 219 101 048 52
4 2 1 2 3 292 3.63 715 159  -089 881
5 2 2 3 1 5.29 20.80 47.86 1.25 —0.63 6.23
6 2 3 1 2 481 9.86 4959 120 —061 674
7 3 1 3 2 416 8.24 6338 141 081 791
8 3 2 1 3 486 13.77 5176 125 065 647
9 3 3 2 1 7.65 3227 3009 107 -051 584

3.1. Sensitivity Analysis

The range analysis method is widely used in the sensitivity analysis of influencing fac-
tors. The arithmetic mean values of the observed variables (limestone acidizing parameters
and strength indexes) of the influencing factors (A, B, C) at different levels were obtained,
respectively, and the range was calculated by the maximum and minimum mean values.
The larger the range value, the greater the influence degree of the factor under the same
conditions. Therefore, the influence order of factors can be determined according to the
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range analysis, and the optimal level of each factor can be selected. According to the mean

value and range at each level, Figure 3 shows the influence of A, B, and C on the acidizing
reformation and strength characteristics of limestone.
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Figure 3. Influence of various factors on limestone acidification and strength characteristics.

For the factor sensitivity analysis of the limestone acidizing reformation effect, it can
be seen that the influence order of the factors on the acid dissolution rate w and the acid-
rock reaction rate constant K are: B (acid concentration) > A (acid type) > C (acidification
time). Among them, hydrochloric acid as an acid reaction solution is more effective than
other acids for limestone acidizing reformation, specifically, w increased by 49.07% and
16.38% compared to formic acid and mud acid, and K was 129.74% and 45.14% higher than
formic acid and mud acid. The limestone acidizing parameters tend to increase uniformly
with increasing mass concentration, specifically, w from 3.59% (5% concentration) to 7.18%
(15% concentration) and K from 6.80 x 10~% mol®~™.L0=1D.s=1 (5% concentration) to
26.12 x 10~* mol~™.L.=1.s~1 (15% concentration), indicating that high concentration
acid reactants have a better ability to reform limestone. When the acidification time
was 120 min, the acidification effect of limestone is significantly improved compared
with that of 60 min. However, when the acidification time is increased to 180 min, the
degree of limestone acid etching only slightly increases, and the acid-rock reaction rate
decreases. This is because the hydrogen ions ionized in the acid—rock reaction system have
been consumed in large quantities after 120 min, and the concentration of reactants have
significantly reduced, resulting in a decrease in the reaction rate with carbonate minerals.
Correspondingly, the acid dissolution efficiency of limestone also slowed down.

For the factor sensitivity analysis of the strength characteristics of the limestone after
acidification, it can be seen that the influence order of the factors on uniaxial compres-
sive strength o, peak axial/lateral strain €c, /€., and elastic modulus E are also: B (acid
concentration) > A (acid type) > C (acidification time). Among them, the strength pa-
rameters of limestone after formic acid reaction were the highest, followed by mud acid,
and hydrochloric acid being the lowest, indicating that the strength weakening effect of
hydrochloric acid on limestone after acidification was better than that of formic acid and
mud acid. Specifically, . decreased by 18.83% and 11.08%, respectively, e, decreased
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by 9.90% and 2.41%, respectively, ¢, decreased by 12.21% and 5.08%, respectively, and
E decreased by 12.26% and 5.49%, respectively. The acid concentration was positively
correlated with the weakening degree of acidified limestone strength. Specifically, . de-
creased from 65.96 MPa (5% concentration) to 40.29 MPa (15% concentration), ., decreased
from 1.49 x 102 (5% concentration) to 1.09 x 1072 (15% concentration), e, decreased from
0.84 x 1072 (5% concentration) to 0.53 x 1072 (15% concentration), and E decreased from
8.23 GPa (5% concentration) to 5.93 GPa (15% concentration), indicating that the strength of
limestone was more weakened after the action of high concentration acidic reactants. With
the increase of acid reaction time, the strength weakening degree of limestone increased
slightly. The uniaxial compressive strength, peak strain, and elastic modulus of limestone
with acid reaction for 180 min were the lowest (¢ was 47.81 MPa, ec, was 1.22 x 1072, ey
was —0.64 x 1072, E was 6.45 GPa).

3.2. Significance Analysis

The range analysis method is widely used in the sensitivity analysis of influencing factors.

Variance analysis can be used to study whether the control variables can have a signif-
icant impact on the observed variables (dependent variables). Specifically, by analyzing the
contribution of different sources of variation in the observed variables to the total variation,
the significance of the influence of controllable factors on the research results is determined.
Multivariate analysis of variance first identifies the observed variables and several control
variables, and on this basis, gives the original hypothesis that the control variables do not
have a significant impact on the observed variables. In this experiment, the total variation
of each observed variable value (limestone acidizing parameters and strength index) was
composed of four parts: factor A (acid type), factor B (acid mass concentration), factor
C (acidification time), and the variation caused by random factor error. Therefore, the
decomposition of sum of squared deviations and degree of freedom in variance analysis is:

SST = SS5A + SSg + SSc + SSe (5)

where SSt represents the sum of the total squared deviations of the observed variables;
S5, SSg, and SSc are the sum of squared deviations of factors A, B, and C, respectively;
and SS. is the sum of squared deviations of the error (sum of squared deviations within
the group).

dfp =dfa +dfs+dfc +dfe (6)

where d fT represents the total degree of freedom of the observed variable; dfa, dfg, and
dfc are the degrees of freedom of factors A, B, and C, respectively; and df. is the freedom
of error.

i—1j=1k=1
7)
— 1 r S
X = 7st Y Y X Xz]k
i=1j=1k=1
. r
SSa=sty (X —X)" = ¥ 1x2 —uX"
i=1 i=1
o 8)
1
Xi. = St Y X Xz/k
j=1k=
S o _ S —
SSp=rty (X; -X)’= Y 1x2 - nX>
j=1 j=1
_ 1 r t (9)
X] = ﬁZ Z Xz]k
i=1k=1
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t t
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ros t
SSe =YY Y (Xip — Xi. — Xj. — X4 +2X)? = SS7 — §54 — SS5 —SSc (1)
i=1j=1k=1

where 7, 5, and t represent the level numbers of factor A, B and C respectively (in this
experiment, 7, s, and ¢ are all 3); Xl-]-k is the sample value corresponding to the 7 level of
factor A, the j level of factor B, and the k level of factor C; X is the mean value of the overall
observed variables; X;.. is the mean value of the observed variables at the ith level of factor
A; X ;. is the mean of the observed variables at the jth level of factor B; and X. is the mean
of the observed variables at the kth level of the C factor.

After calculation, the analysis of variance table (Table 3) was listed, and the homogene-
ity of variance test (F test) was performed on the statistics. According to the comparison
between the F value of each factor and the quantile F;_, at different significance levels
«, if the factor F value is greater than F;_,, the null hypothesis should be rejected. It is
considered that there are significant differences in the mean values of the observed variables
at different levels of the factor; that is, the different levels of the factor have a significant
impact on the observed variables. On the contrary, it is considered that different levels of
the factor have no significant effect on the results.

Table 3. Analysis of variance table.

Source SB?V?:ﬁsoiu:;;d F];)eee%drs;(); i Mean Square MS F-Value
A SSA deerl MSAZSSA/de FAZMSA/MSe
B SSB de =s—1 MSB = SSB/de FB = MSB/MSe
C SSc dfc=t—1 MSc =SSc/dfc Fc = MSc/MS,

Error SSe dfe=dfr — dfa — dfy — dfc MS, = SSe/dfe

Total T SSt dfr=n—1

Table 4 shows the significance characteristics of three influencing factors A, B, and C of
limestone acidification and strength characteristics based on variance analysis. According
to the significant analysis of the effect of limestone acidizing reformation, the confidence
of the three influencing factors in the F test of limestone acidizing parameters (w, K) was
above 90%, indicating that the different influencing factors set up in this experiment have
an impact on the characteristics of limestone acidification. Among them, the confidence of
factor A and factor B was between 95% and 99%, showing that the difference of acid type
and acid mass concentration had a significant impact on limestone acidizing parameters.
The confidence of factor C was between 90% and 95%, showing that the acidification time
had a certain influence on the limestone acidizing parameters. The significance analysis
of the influencing factors of the strength characteristics of limestone after acidification
showed that, consistent with the statistical results of the acidizing reformation F test, the
confidence levels of the three types of influencing factors A, B, and C of the strength indices
of acidified limestone were also above 90%. Among them, the level difference of acid mass
concentration had a very significant effect on the strength indices of acidified limestone.
The level difference of acid type and acidification time had a significant effect and a certain
effect on the strength indices, respectively. The acidification time also had a certain effect. In
general, the effect of acid mass concentration on the acidification and strength weakening
of limestone was particularly significant.

43



Minerals 2023, 13, 1101

Table 4. Significance analysis of influencing factors of limestone acidification and strength characteristics.

Observation Source of Sum of Squared Degree of Mean F-Value
Variable Variance Deviations SS Freedom df =~ Square MS
A 6.847 2 3.423 24.084 *
Acid B 19.399 2 9.699 68.240 *
dissolution C 4.793 2 2.396 16.861 °
rate w Error 0.284 2 0.142
Total 2.460 8
A 331.012 2 165.506 19.297 *
Acid-rock B 642.276 2 321.138 37.444 %
reaction rate C 282.919 2 141.460 16.494 °
constant K Error 17.153 2 8.577
Total 1273.360 8
A 168.958 2 84.479 27.681 *
Uniaxial B 1059.247 2 529.624 173.539 **
compressive C 73.425 2 36.712 12.029 °©
strength ¢ Error 6.104 2 3.052
Total 1307.734 8
A 0.029 2 0.015 26.959 *
Peak axial B 0.241 2 0.120 221.2860**
strain e C 0.010 2 0.005 9.143
Error 0.001 2 0.001
Total 0.281 8
A 0.011 2 0.006 24.571*
Peak lateral B 0.155 2 0.078 333.000 **
strain ey C 0.005 2 0.003 11.286 °
Error 0.000 2 0.000
Total 0.173 8
A 1.199 2 0.600 21.241*
) B 9.454 2 4.727 167.434 **
Elastic C 0.588 2 0.294 10.421 °
modulus £ Error 0.056 2 0.028
Total 11.299 8

** indicates extremely significant effect (F > F1(2,2)), * indicates significant effect (Fy5(2,2) < F < Fy01(2,2)),
° indicates certain effect (F1(2,2) < F < F5(2,2)). F-test threshold: Fy1(2,2) =99, Fy05(2,2) =19, Fy1(2,2) =9.

4. Evaluation Analysis of Limestone Acidizing Reformation and
Strength Characteristics

4.1. Model Establishment

Based on the results of factor sensitivity and significance analysis, it was confirmed
that factors A, B, and C as parameter variables had a significant impact on the evaluation
index of limestone acidification and strength characteristics, and the relationship between
each factor and different response values did not satisfy the general linear law. Therefore,
the nonlinear multivariate polynomial solution was used to determine the relationship
between the response parameters and the level values of each factor, and then the multiple
regression model of limestone acidification and strength characteristics considering the
influencing factors of the acid reaction system was established. The model can evaluate and
predict the strength of acidified limestone, determine the optimal level of factors through
model optimization, and analyze the acidification and strength response under different
parameter combinations.

As the establishment of the regression model needs to quantify the acid type of the
influencing factors, the definition of the acidity coefficient pK, in the acid-base proton
theory was introduced to characterize the degree of difficulty in converting acid into
hydrated hydrogen ion H30* and conjugated base by proton transfer, which can be used to
reflect the strength of acid solution. The smaller the pK; value is, the stronger the acidity is.
The pK, values of hydrochloric acid, formic acid, and mud acid selected in this experiment
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were -8.00, 3.75, and 0.346, respectively. Combined with the relationship between the
response value of limestone acidification and strength characteristics with the change of
each factor level in the sensitivity analysis, there was a nonlinear relationship between
factors A, B, and C on different response values, and, in addition, there was an interaction
effect between factors B and C (acid mass concentration decreases with acidification time).
In summary, the multiple nonlinear regression model based on the least squares method
was established:

y = Bo+ Bix1 + Baxa + Baxs + Baxi + Bsxs + Pex3 + Prraxs (12)

where y represents the response value of the regression equation, §; is the regression
coefficient of least squares estimation (i = 0, 1, 2, 3, 4), and x1, x», and x3 are the assignment
of factors A, B, and C, respectively.

The regression analysis was carried out based on the results in Table 2, and according
to the principle of the least square method, the parameter value that minimizes the sum
of squared deviations of the function was selected as the estimation of the regression
coefficient. The results of the obtained regression model parameters are shown in Table 5.
The regression model analysis showed that the effect of limestone acidizing was negatively
correlated with factor A; that is, the greater the acidity coefficient, the weaker the acidity,
resulting in a decrease in the degree of acid dissolution and acid-rock reaction rate. It
was positively correlated with factors B, C, and their interaction, showing that the greater
the acid mass concentration or the longer the acid-rock reaction time, the more favorable
the full interaction between more acid ions and limestone minerals in the reaction system,
which strengthens the acid etching ability and efficiency. The correlation between the
coefficient of the strength characteristic model of limestone after acidification was opposite
to the result of acidification; that is, it was positively correlated with factor A, and negatively
correlated with factor B, C, and the interaction, showing that the acid with a smaller acidity
coefficient had a greater degree of weakening of the mechanical properties of limestone.
At the same time, the content and time of reaction acid were beneficial to rock damage,
which weakened the ability of limestone to resist deformation, and also confirmed that
acidification will promote the deterioration of limestone strength.

Table 5. Regression model coefficient and reliability test.

Evaluating Indicator Bo B1 B2 B3 Ba Bs Be B7
Acidizing w 0.010 —0.256  0.384 1.569 —0.025 —0.009 —0.360 0.074
reformation K (107 —36.082 —1.556  6.570 12.970 —0.098 —-0.264 2577 0.325
o 104.381 1.143 —6.977 —7.350  0.073 0.236 1.373 —0.155
Strength €a (1072) 2,014 0.021 —0.096 —0.114  0.002 0.003 0.014 0.002
characteristics gq (1072)  —1.292 —0.012  0.094 0.032 —0.001 —0.003  0.002 —0.001
E 12.454 0.109 —0.864 —0.725  0.011 0.034 0.172 —0.024

4.2. Model Validation

The credibility of the model was tested, and the goodness of fit of the regression model
with different evaluation indexes for the observed values was obtained. The statistical
measure of goodness of fit is called the coefficient of determination R?, which is the overall
relationship between the dependent variable and all the independent variables. R? is
equal to the ratio of the regression sum of squares in the total sum of squares; that is,
the percentage of the variability of the dependent variable that the regression model can
explain. Table 6 is the credibility test of each index, and it can be seen that the calculated
value R? of the goodness of fit of each evaluation index model is close to 1, indicating
that the credibility of the regression model was high, and the regression model fitted the
observed value better.
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Table 6. Credibility test of the model.

Regression Sum

Regression Model Residual Sum of Squares R?
of Squares

Acidizing v (w) 32.502 0.017 0.999

reformation v (K) 1288.449 52.577 0.959
y(o¢) 1309.201 6.771 0.995

Strength Y (gca) 0.283 0.002 0.992

characteristics ¥ (&) 0.230 0.001 0.995
y (E) 11.679 0.197 0.983

In addition, the model was verified by the research results of Huang et al. [10]. The
test results of Huang’s repetitive experimental schemes 7 to 9 on limestone acidification
reformation were selected. The test reaction acid was 10% hydrochloric acid and the
reaction time was 360 min. As it was a repetitive experiment, the average value of the
experimental results of each measured parameter were calculated and compared with the
model output, and the results are shown in Table 7. It can be seen that the relative error
between the acidification experimental results and the model outputs was within 10%.
The credibility test and experimental verification confirmed that the obtained limestone
reformation and strength evaluation model based on acidic effect was reliable.

Table 7. Results comparison.

M dP o, Kimolt™ IMPa £c,/10-2 £4/10~2 E/GP
easured Parameters w/% Lo-1.g1.70-4 o a Eca £l a
Huang’s scheme 7 4.60 19.50 41.07 1.15 —044 6.83
Huang’s scheme 8 4.14 11.53 48.44 1.00 —-0.37 816
Huang’s scheme 9 3.99 12.13 52.22 1.41 —0.48 6.88
Average experimental results ~ 4.24 14.39 47.24 1.19 —0.43 7.29
Model outputs 4.30 13.91 49.75 1.23 —-041 740
Error/% 1.43 3.42 5.05 2.97 4.30 1.53

4.3. Optimal Analysis of the Model

In order to explore the optimal level of influencing factors of the strength weakening
effect after limestone acidification, it is urgent to analyze the optimal value of the model. It
can be seen from Table 5 that the acidification strength model is a quaternary high-order
equation, which is not suitable for general partial derivative solution and local optimization
method. A simulated annealing (SA) algorithm is an optimization algorithm based on
Metropolis iterative solution strategy. The algorithm has probabilistic global optimization
performance in theory. It has been widely used in control engineering, machine learning,
neural network, and other engineering fields [30]. The essence of the SA algorithm is based
on the physical principle of solid annealing where the internal energy of the solid in the
high temperature state is large. At this time, the internal particles of the solid are in a
fast disordered motion behavior. In the process of slowly decreasing the temperature, the
internal energy of the solid will decay, and the internal particles will gradually become
orderly, until the internal energy of the solid reaches the minimum at room temperature,
and the particles are in a stable ground state.

In this study, the process of parameter optimization based on the SA algorithm was
the process of finding the minimum value of the objective function in the solution space
(the minimum value of the strength after acidification). The starting point of the algorithm
was based on the similarity between the annealing process of the solid material in physics
and the optimization of the strength weakening effect after the acidification of limestone.
A higher initial value (set initial temperature) is given to the acidification strength model
by the SA algorithm, with the continuous decline (cooling) of the control parameters,
combined with the Metropolis criterion as the probability jump criterion to randomly find
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the solution (particle state) of the objective function in the solution space (state space).
That is, it can jump out of the local optimal solution interval and eventually tend to the
global optimal solution (minimum energy). Equation (13) is the specific probability jump
algorithm, and the optimization problem min f(; is set, where S is the set of feasible
solutions of the objective function f(;. If a new solution j is generated from the current
solution I; whether i is accepted as the current solution is determined by the transition
probability shown. Therefore, it can ensure a higher solution accuracy under the condition
of satisfying the function constraints.

1 faiy < i)

Pii=j) = g
e (L2) £ = £y

(13)

where T represents the control parameter, which is used to simulate the temperature in the
SA algorithm, set at an initial value Ty of 100, then slowly decreased to Ty (k=1,2,...).
Each T value needs to perform the L; times Metropolis criterion, and then transition to the
next control parameter Ty.1. That is, to fully simulate the molecular thermal motion and
detect the region with search potential, the number of iterations Ly was 1000.

The acidification strength model was introduced into the SA algorithm by MATLAB
programming, and the annealing attenuation coefficient « was set to 0.95. The SA algorithm
is independent of the initial value, and the solution obtained by the algorithm is indepen-
dent of the initial solution state (the starting point of the algorithm iteration). Therefore,
the initial value is random, and the boundary conditions need to be determined. According
to the actual engineering background and acid-rock reaction characteristics, the boundary
value conditions of independent variable parameters were determined, in which the value
interval of acidity coefficient x; was —10 to 10 (between perchloric acid HClO, and silicic
acid H,S5i03), the value interval of acid mass concentration x, was 0% to 20%, and the value
interval of acidification time x3 was 0 min to 300 min. The iterative calculation of the model
shows that the minimum compressive strength output of limestone after acidification was
28.28 MPa, the elastic modulus was 4.27 GPa, the corresponding acidity coefficient was
—6.45, the acid mass concentration was 15.06%, and the acidification time was 249.41 min.

Figure 4 shows the response surface of acidified limestone strength under different
acid reaction parameter combinations based on the limestone acidification strength model.
It can be found that regardless of the acidity coefficient and acid reaction time, the acidified
limestone strength o decreased with the increase of the acid mass concentration. Therefore,
the acid mass concentration is the optimal parameter of ¢, which is consistent with the
conclusion of the above factor significance analysis. The change of ¢ with the acidity
coefficient was stronger than that of acidification time, and the response trend of 0. was
more obvious when the acidity coefficient exceeded 0 (weak acid). The change level of o
decreased when the acidity coefficient was between —5 and —10. In addition, the decrease
rate of 0. was faster in the early stage of limestone acid reaction (acidification time from
0 min to 120 min). With the extension of the acidification reaction time, the trend of o
gradually tended to be stable, and basically remaind constant after 240 min.

Figure 4. Strength response surface of acidified limestone under different acid reaction parameter
combinations, (a) 5% mass concentration; (b) 10% mass concentration; (¢) 15% mass concentration.
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5. Analysis of Acidification Control Mechanism of Hard Limestone Strata

To discuss the influence of acidification control on limestone strata, it is necessary to
first understand the essence of macroscopic fracture of limestone strata under external
force. According to Griffith strength theory [31], the failure of brittle rock depends on the
stress state around the microcracks in rock. Therefore, the essence of macroscopic fracture
of hard limestone strata is the mechanical behavior and damage activity of mineral crystals
under load, which is mainly reflected in the dislocation movement of grains in limestone
polycrystals. In fact, due to the existence of the Hall-Petch relationship in microscopic
crystals, the effect of external force on limestone polycrystals not only needs to overcome
the hindering slip stress, but also produce dislocation pile-up in the mineral grains of
polycrystals [32]. This part of the force mainly acts on dislocations, so that the grains
can maintain equilibrium in the pile-up group. Specifically, under the action of applied
stress, the dislocation source in the most favorable position of the mineral grain in the
limestone crystal first starts. Due to the strong hindrance effect of the grain boundary on the
dislocation movement, the leading dislocation emitted by the dislocation source encounters
resistance after approaching the grain boundary and stops moving. Subsequently, the
emitted dislocation will accumulate on the slip surface of the favorable position in turn
to form the dislocation pile-up phenomenon. As shown in Figure 5, stress concentration
occurs at the top of the pile-up of grain 1 and penetrates through the grain boundary. When
the critical stress required for the dislocation activation of adjacent grain 2 is reached, the
adjacent grain 2 activates again near the grain boundary dislocation, and the dislocation
pile-up is formed in grain 2 and drives the dislocation in the next grain to activate. In this
way, the limestone crystal is deformed under the cycle. The essence of crack initiation
and propagation in limestone is that the stress accumulation at the dislocation pile-up in
the grain boundary reaches a critical value, causing intergranular separation or cleavage
development. Under the external force, the potential energy accumulated in the hard
limestone rock mass gradually expands (local fracture) after exceeding the critical value.
Multiple cracks collude with each other to form the macroscopic failure of rock mass.
Therefore, the initiation and propagation of microcracks in hard limestone polycrystals is
the key to the failure of rock strata.
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Figure 5. Diagram of dislocation pile-up.

According to the model, the acid reaction parameters involved weakened the mechan-
ical characteristics of limestone, and the strength response law after acidification obtained
by the model also confirms the effectiveness of acidification control of hard limestone strata.
The essence of the strength deterioration of acidified limestone lies in the influence of the
acidic effect on the crystal structure of minerals. The acidic effect causes multiple crystal
defects in limestone minerals, which are more prone to induce the rapid expansion of
microcracks under external force. This phenomenon can be confirmed by the acid corrosion
morphology of hard limestone surface under different acid treatment conditions (Figure 6).
It can be seen from the AO-5870 electron microscope of AOSVI company that under the
local magnification of 50 times, the surface of limestone before acidification is smooth and
has few primary fissures, and the limestone mineral composition is dominated by calcite
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minerals with lighter color and doped with some darker dolomite minerals. Due to the
close cementation of mineral particles on the surface of natural limestone, and the high
density of mineral particles at the meso-level, the overall distribution is continuous and
uniform, so the natural limestone has a fine texture and good structural integrity. After
acidification, the surface morphology of limestone tends to be complex and rough, and the
dissolution traces of minerals by acid reaction are obvious. There are fissures and gullies
along the boundary between the minerals (circled in white), and the exposed transparent
calcite crystals are clearly visible on the surface of some specimens. Therefore, under the
acidic effect, many minerals in limestone are dissolved to form voids, which change the
original continuous cementation structure, and some areas produce flake subsidence due
to the large-scale acidic effect, so that the mineral grains show irregular distribution. In
summary, the acidic effect promotes the destruction of the crystal structure of limestone
minerals and forms a range of defects, which are more likely to induce the initiation and
expansion of mineral crystals under load. The deformation degree required for the de-
struction of internally damaged limestone is reduced, and the bearing capacity of hard
limestone strata is weakened.

Before acidification :After acidification Before acidification :After acidification Before acidification :After acidification

(b)
Before acidification :After acidification
x |

Acid
dissolufion

Rough
distribufion

Figure 6. Acid etching characteristics of hard limestone, (a) Specimen 1; (b) Specimen 2; (c) Specimen 3;
(d) Specimen 4; (e) Specimen 5; (f) Specimen 6; (g) Specimen 7; (h) Specimen §; (i) Specimen 9.
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In addition, the high strength of hard limestone is the reason why the strata are
difficult to control; the fracture cracks of deep rock masses are also easy to re-close under
the action of strong ground stress. Due to the difference of acid reactions between various
minerals contained in limestone, the cracks in limestone can maintain a certain degree of
opening under acidic effects, which effectively improves this phenomenon. Carbonate
minerals basically account for more than 90% of the limestone mineral components, among
which are mainly calcite minerals and dolomite minerals. Limestone acidification does not
produce new mineral species, but the reaction efficiency of calcite (CaCOj3) and dolomite
(CaMg(CO3),) is different. Figure 7 shows that the two minerals have similar lattice models
(both belong to the trigonal system) and contain the same cation valence and charge
number. However, according to the Born—Lander lattice energy formula, the ionic bond
strength is inversely proportional to the ionic radius, so the bond energy of dolomite with
larger cationic particle size is lower than that of calcite, and the corresponding lattice
structure is more compact and stable. The dolomite with a chemical bond that is difficult to
break has a lower reaction efficiency with acid, while the acid reaction process of calcite
is more efficient. Therefore, during the process of slow acid etching of dolomite crystals
in limestone, the surrounding calcite crystals have obvious defects under the influence of
large-scale acidification. This phenomenon promotes the formation of an uneven corrosion
surface in the limestone rock mass, and the acid corrosion cracks in the rock mass can still
maintain a certain degree of opening even under the action of load, effectively preventing
the occlusion of the rock blocks on both sides of the cracks, which is more conducive to the
weakening and destruction of the hard limestone strata.

Bond strength is
Similar lattice pattern  inversely proportional )
to ionic radius

Mineral crystal defects o
under acidic effect Non-uniform dissolution caused
by acid reaction difference

Figure 7. Non-uniform dissolution principle of limestone minerals under the acidic effect.

6. Conclusions

In this paper, through the orthogonal simulation test of hard limestone acidification,
the variation of limestone reaction parameters and strength indexes under different acid-
ification factors were analyzed. The optimized acid reaction system suitable for hard
limestone weakening is given, and the damage mechanism of the acidic effect on hard
limestone strata was discussed. The following conclusions are drawn.

(1) The influence order of various factors on the acid reaction results and strength indexes of
limestone under acidic effect was confirmed: mass concentration > acid type > acidification
time. The level difference of acid concentration had a particularly significant effect
on the acidification and strength weakening of limestone. The reason is that an
appropriate increase in acid concentration supplements the reaction amount of active
ions in the system, and the large-scale acid action is more conducive to promoting the
limestone to generate defects and weakening.

(2) The evaluation model of limestone reformation and strength weakening based on acid
reaction parameters was established, and the validity was demonstrated according
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to the credibility test and model verification. The SA algorithm is used to give the
optimal acidification system suitable for the strength weakening of hard limestone: the
acidity coefficient is —6.45, the acid mass concentration is 15.06%, and the acidification
time is 249.41 min. Through the optimal analysis of the model, it was concluded
that strength response trend is more obvious when the acidity coefficient exceeds 0
(weak acid), and the strength weakening behavior for limestone acidification time
from 0 min to 120 min is the most prominent.

(3) The acidification control mechanism of hard limestone strata was revealed to be the
change of mineral crystal characteristics. The acidic effect is beneficial to improve
the shortcomings of high strength of hard limestone rock mass and easy closure of
cracks in deep underground mining. On the one hand, the crystal defects caused by
the acidic effect can induce the initiation and propagation of mineral microcracks
under load, and the bearing capacity of the internal damaged limestone rock mass is
weakened macroscopically. On the other hand, the acid reaction difference of various
minerals will promote the fracture to maintain a certain degree of opening under in
situ stress and reduce the occlusion of rock blocks on both sides of the fracture, which
is conducive to the destruction of hard limestone strata.
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Abstract: Rockmass in deep mining is highly susceptible to large-scale collapses under high stress and
blast-induced disturbances, leading to casualties and economic losses. To investigate the evolution
characteristics of goaf instability and the types of seismic sources that induce instability, an experiment
on goaf instability was designed under uniaxial compression conditions based on actual mining
operations. The entire experimental process was monitored using digital image correlation analysis
and acoustic emission monitoring. By calculating the digital speckle field on the surface of the rock
specimen during the experiment, the evolution characteristics of the deformation and strain fields
from the beginning of loading to complete failure were analyzed. The study explored the dynamic
behavior of cracks from initiation to propagation and eventually inducing large-scale collapse. The
results show that the instability process of the goaf begins with the formation of tensile cracks. As
stress increases, shear cracks occur in the specimen, leading to macroscopic failure. Furthermore,
based on the differences in overall microfracture types measured by RA-AF characteristic parameters
during specimen failure, large amplitude acoustic emission events corresponding to the formation of
dominant macroscopic cracks were selected, and the focal mechanisms of these events were inverted.
The results indicate that shear failure sources are significantly more prevalent than tensile failure
sources in acoustic emission events leading to goaf instability. These findings can provide useful
guidance for the support design and the prevention and control of rockmass instability disasters.

Keywords: failure characteristics; mining engineering; digital image correlation analysis; acoustic

emission monitoring

1. Introduction

As the mining depth continues to increase, the impact of ground stress on the tunnels
and goafs after excavation becomes more pronounced, leading to rock instability disas-
ters [1-6], such as rockburst, roof collapse, spalling, and floor heave. It not only poses
serious safety hazards for mining operations, but also increases the difficulty for vehicles
and workers to pass through, significantly reducing the efficiency of mining operations [7].
Therefore, it is crucial to monitor the stress distribution around the goaf and analyze the
characteristics of rockmass failure [4].

To study the deformation characteristics and failure mechanism of the surrounding
rocks during the mining process, many scholars have combined field monitoring data,
theoretical methods, and machine learning algorithms to establish various multi-indicator
models for the evaluation of the goaf stability. Wang et al. [8] utilized physical and
numerical model experiments to study the deformation and failure mechanisms of goaf-
side entries driving adjacent to a longwall top coal caving panel. Hao et al. [9] proposed a
calculation model to determine the appropriate treatment range for the goaf on the road.
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Zhang et al. [10] established a stress model for goafs based on elastoplastic mechanics,
through which the stress composition of roof, floor, and two sides of roadway under a
goaf are analyzed. Trigueros et al. [11] studied the overall stability after the backfilling of a
goaf using traditional techniques, numerical simulation, and remote sensing technology.
Wang et al. [12] established a back-propagation model based on the dung beetle optimizer
algorithm and applied it to evaluate the hazard of goafs. Yadav et al. [13] proposed a
machine learning model using generated data from field-validated numerical cases to
assess the stability of chain pillars under high-depth cover. Ke et al. [14] developed
a goaf stability risk early warning model based on D-number theory, RES theory, and
asymmetric fuzzy association cloud to prevent safety risks in the mining goaf. Gadepaka
and Jaiswal [15] proposed a three-dimensional model to simulate the caving behavior
during the extraction of an underground mine, by which the area of goaf exposure can
be predicted. Dong et al. [16] proposed a novel reliability analysis method considering
both microseismic loads and the uncertainty of rockmass parameters. Gu et al. [17] put
forward the dynamic stability criterion from the perspectives of energy and stress, and
further proposed some optimization approaches in practice. Chen et al. [18] established a
numerical simulation of a high steep rock slope disturbed by a room and pillar mine to
analyze the deformation and sliding characteristics of a high steep rock slope induced by
the pillar deterioration.

On the other hand, laboratory physical and mechanical experiments are also an effec-
tive method for studying the instability characteristics of rockmasses under different stress
conditions [19,20]. It has been widely applied in practice and provides valuable guidance
for practical engineering projects. Wang et al. [21] conducted biaxial compression tests
on marble specimens, combined with acoustic emission monitoring and moment tensor
inversion, to explore the relationship between the evolution of tensile cracks and shear
cracks during the loading process. By analyzing the wave velocity changes and acoustic
characteristics of uniaxial and biaxial acoustic emission experiments, Dong et al. [22,23]
proposed a method for identifying principal stress directions and rock failure precursors
under different stress conditions. Arora et al. [24] tested the failure mode of layered shale
specimens under biaxial stress conditions and found that the specimens exhibited shear
failures along multiple shear planes. Wang et al. [25] carried out tests on coal samples
soaked in salt solutions with different concentrations and obtained the dynamic evolution
of the pore—fracture structure of coal. Kumar et al. [26] presented the assessment of the
impact of a sand-stowing-based backfill on the peak strength and post-failure behavior
of coal pillars. Das et al. [27] designed different underground structures and support
systems under complex geological conditions and derived an energy-based safety factor
using numerical simulations to determine the yield zones in the surrounding rockmass.
Bednarek et al. [28] presented the results of in situ research of two roadways behind the
longwall face and revealed the phenomena occurring near the advancing longwall face.
Szurgacz et al. [29] discussed a method of combating the threat of endogenous fires by
feeding an ash and water mixture or an ash and water mixture with carbon dioxide to goafs.

Although significant progress has been made in the simulation and evaluation of goafs
stability, studies that simultaneously investigate the strain and deformation characteristics
during the mining process and the types of fracture seismic sources are relatively rare.
Therefore, this work uses digital image correlation (DIC) technology to analyze the strain
and deformation characteristics of the surrounding rock in the stope during loading and
further employs acoustic emission (AE) technology to analyze the source mechanism of
fractures and seismic events generated during the loading process.

2. Materials and Methods

As is well known, due to the presence of numerous joints, faults, and other weak
structural planes in practical engineering rockmass, the mechanical parameters are different
from the results obtained using intact samples in laboratory tests. Therefore, the results
from laboratory tests using intact rock cannot be directly applied to engineering sites. The
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samples with artificially prefabricated joints also show significant differences from actual
conditions because the joints are in an unbonded state. To better simulate engineering
reality, the samples in this paper are all made from phyllite with distinct layered joints.

2.1. Specimen Preparation

The phyllite selected in this study has a set of nearly horizontal bedding. First, the
rock materials were processed into cuboid specimens with a length of 150 mm, width of
80 mm, and height of 105 mm, and then the corresponding goafs were excavated in the
middle of the cuboid specimens. The dimensions of the goafs are 70 mm in length, 80 mm
in width, and 35 mm in height. Although the specimens in this study are all non-standard,
their flatness and verticality were processed in accordance with the International Society
for Rock Mechanics (ISRM) Suggested Methods for Rock Characterization, Testing and
Monitoring: 2007-2014 [30]. The surface of the samples was polished with sandpaper to
minimize end effects and the impact of rough surfaces on acoustic emission during loading.

2.2. Test System and Experimental Procedure

Before starting the experiment, a layer of white matte paint was evenly sprayed on the
front of each specimen to cover the original rock particles and structural surfaces, avoiding
their impact on speckle analysis. After the white paint dried, black matte paint was sprayed
diagonally upward into the air to allow it to fall evenly on the white painted surface, and
then let to dry naturally. The camera used in the experiments was a GS3-U3-12356M-C
monochrome industrial camera (Point Gray Research Inc., Richmond, BC, Canada), with a
resolution of 2592 x 2048 px, a full frame rate of 73 fps, a pixel size of 4.8 x 4.8 um, and a
shooting frame rate of 10 frames per second.

Acoustic emission monitoring is an important analysis method in this study. In the
designed experiment, to ensure that the acoustic emission sensors can envelop the specimen
to the maximum extent, 30 acoustic emission sensors need to be arranged on the surface
of a specimen. Considering the influence of the loading surface and the arrangement of
the acoustic emission sensors, the experiment in this work arranges 30 acoustic emission
sensors on the four sides of the specimen. Since the front of the specimen is sprayed with
speckles and digital speckle photography will be conducted, only 4 sensors are placed
at the four corners of the front of the specimen, while the back, left, and right sides of
the specimen have a denser arrangements of sensors. The Vallen acoustic emission (AE)
monitoring system AMSY-6 from Germany was used to monitor the rupture signal during
the loading process. The sensor type is VS45-H, with a natural frequency of 280 kHz and a
response frequency range of 20-450 kHz. The sampling frequency of the acoustic emission
system is set to 10 MHz. Before the experiment, 30 acoustic emission sensors were arranged
on the 4 sides of the specimen, and the sensor coordinates were accurately measured. The
sensor coordinates were shown in Table 1.

Table 1. Coordinates of the acoustic emission sensors.

No X mm Y mm Z mm No. X mm Y mm Z mm No. X mm Y mm Z mm
S1 10 0 10 S11 150 80 10 S21 100 80 90
S2 140 0 10 S12 110 80 10 S22 140 80 90
S3 10 0 90 S13 80 80 10 S23 140 80 65
S4 140 0 90 S14 50 80 10 S24 140 80 40
S5 150 10 10 S15 10 80 10 525 0 70 10
S6 150 70 10 S16 10 80 35 S26 0 10 10
S7 150 70 90 S17 10 80 60 S27 0 10 50
S8 150 10 90 S18 10 80 90 528 0 10 90
S9 150 10 50 S19 40 80 90 S29 0 70 90

S10 150 50 50 S20 70 80 90 S30 0 50 50
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The experiment was conducted on the INSTRON 1346 testing machine designed by
INSTRON company, Norwood, MA, USA, which can perform mechanical experiments
such as uniaxial compression, biaxial compression, direct shear, and variable angle shear
tests. The vertical and horizontal loads can reach 2000 kN and 250 kN, respectively. The
experiments adopt Z direction loading, with a constant loading rate of 500 N/s. It should
be noted that although the uniaxial compression condition cannot fully meet the deep
three-dimensional stress conditions, it still meets the one-dimensional stress conditions
of isolated pillars and some other structures. The loading process, AE monitoring, and
speckle image capture begin simultaneously. The technical roadmap of the research is
shown in Figure 1.

Large-span goaf instability test

|
! }

Digital Image Correlation Analysis Acoustic Emission Monitoring

transverse  dF  longitudinal l S
| | RA-AF relationship

[
| y |
Displacement Strain field
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guidance for support design and the prevention and
control of rockmass instability disasters

Figure 1. Technical roadmap of the research.

3. Experimental Results
3.1. Mechanical Property Curves

The changes in force and stress over time during the loading process are shown in
Figure 2a. It can be seen from Figure 2a that when the loading process continues for about
1400 s, the loading curve begins to shake, indicating that the cracks inside the specimen
have begun to gradually propagate. When the loading continues to 1421.7 s, the load
reaches its peak value of about 724.36 kN, and the corresponding peak stress is about
60.36 MPa. Since a relatively large goaf was excavated in the middle of the specimen, the
strength of the specimen was decreased. The stress—strain curve during the experimental
process is shown in Figure 2b. It can be seen from the figure that when loaded to the peak
stress, the corresponding peak strain is 0.00924. After loaded to the peak stress, the cracks
expand rapidly and the whole specimen loses its bearing capacity.

3.2. Failure Mode

The failure characteristics of the specimen during different loading stages are shown
in Figure 3. Due to the force-controlled mode of the loading system, the loading process
is stable before the occurrence of macroscopic cracking. When loading for about 21 min,
occasional cracking sounds were heard, but no obvious cracks were observed in the speckle
imaging system. When loading for about 23 min, the speckle imaging system showed
evident spalling at the left side and upper left corner of the goaf of the specimen, as shown
in Figure 3b. Subsequently, cracks gradually appeared below the goaf of the specimen, as
shown in Figure 3c. As the loading continued, several cracks on the left and middle sides
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of the specimen bottom suddenly expanded in an instant, leading to extensive damage to
the specimen, as shown in Figure 3d.

(a) 800 70 (b)70
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Figure 2. The curves of the loading process in the goaf failure test: (a) the force—time curve and the
corresponding stress—time curve; (b) the stress—strain curve.

(d)

Figure 3. The failure conditions of the specimen at each stage of the loading process during the goaf
failure test. (a) Initial state, ¢t = 0 s; (b) upper left corner fracture, t ~ 1420 s; (c) bottom fracture,
t = 1421 s; (d) overall instability, t > 1421 s. The yellow circles indicate the locations of the cracks
during the loading process.

4. Analysis Results and Discussion
4.1. Digital Image Correlation Analysis

When conducting digital speckle analysis, it was found that the variation trend of the
deformation field was more pronounced than that of the strain field at different loading

stages. Additionally, the variation patterns of the strain field and deformation field differed
in both the horizontal and vertical directions. For comparative analysis, the moments with
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significant horizontal deformation were selected for a slicing analysis of the horizontal
deformation patterns, followed by analyzing the horizontal strain changes at the same time
points. Similarly, the moments with obvious vertical deformation were selected as time
points to slice and analyze the vertical deformation patterns, followed by analyzing the
vertical strain changes at the same time points.

The horizontal displacement evolution results of the specimen during the loading
process are shown in Figure 4, corresponding to the results of the X direction in the
specimen coordinate system. It can be seen from the figure that during the process from
the beginning of loading to 654 s, the overall horizontal deformation of the specimen is
relatively small, approximately distributed between —0.06 mm and —0.07 mm, indicating
that the horizontal deformation occurs along the negative direction of the X-axis (to the left
in the figure). Meanwhile, two deformation difference zones are formed on the left and
right sides of the roof and floor of the goaf, respectively. The horizontal deformation of the
surrounding rock on the left side of the goaf is obviously greater than that on the right side,
indicating that two tensile stress regions have formed.

: |

0

|n
Os

654 s 830 s

848 s 1167 s 1236 s

1332 s 1344 s 1415 s

1480 s 1488 s 1549 s

Figure 4. Displacement evolution in the X direction of the goaf instability experiment. The white
square indicates the excavated goaf in the specimen.
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During the continued loading process, the deformation difference between the left
and right sides of the goaf becomes increasingly significant, and the tensile stress in the
surrounding rocks above and below the goaf also increases. When loaded to about 830 s, a
sudden change in horizontal deformation occurs above the goaf, indicating the formation
of a crack. As the loading continues to around 848 s, a crack also occurs in the surrounding
rock below the goaf, with another sudden mutation region appearing. During the further
loading processes, the deformation difference between the left and right sides continues
to increase. When loading to 1167 s, a region with a significant deformation difference
appears in the inclined direction of the upper left corner of the goaf, and the surrounding
rock of the floor exhibits a horizontal deformation stratification phenomenon. When the
loading reaches 1236 s, the horizontal deformation difference at the upper left corner of the
goaf and the horizontal deformation stratification in the floor surrounding rock become
more pronounced, indicating the potential formation of a crack.

As the loading process continued to 1332 s, a horizontal deformation difference area
appeared in the lower left corner of the goaf, along an inclined left direction. Additionally,
an abnormal horizontal deformation area was observed at the horizontal deformation
stratification position, indicating that cracks had begun to initiate and develop in the floor
rocks. After 2 more seconds of loading, the difference in the lower left corner of the goaf
became increasingly noticeable, clearly indicating the presence of cracks. At 1415s, a
rightward-inclined crack was clearly visible in the lower left corner of the goaf, extending
through the floor rock of the specimen. Over the next minute, the horizontal deformation
difference near the crack in the floor rocks increased significantly. By around 1488 s, these
cracks suddenly expanded, tearing the speckles sprayed on the specimen surface, and
forming a white area along the crack direction in Figure 5. Simultaneously, the horizontal
deformation difference near the crack in the upper left corner of the goaf also increased.
Within one more minute of continued loading, the specimen experienced macroscopic
failure, with the surface horizontal displacement reaching approximately —0.38 mm. The
locations and propagation directions of these cracks are clearly visible in Figure 3d.

In this test, the changes in the strain field in the X direction of the specimen during
the loading process are shown in Figure 5. By comparing the horizontal deformation at
the same time points in Figure 4, it was found that during the loading process up to 654 s,
there were noticeable differences in horizontal displacement at different positions, but
the differences in lateral strain were very small. By 830 s, a region of horizontal strain
accumulation began to appear in the top plate of the goaf, indicating the start of a crack,
corresponding to the results in Figure 5; there were still no significant differences in lateral
strain at other locations.

As loading continued to 848 s, a crack also initiated in the middle of the surrounding
rock at the bottom plate of the goaf, with lateral strain accumulating near the crack. By
1236 s, the lateral strain near the cracks in the top and bottom plates of the goaf increased,
and a difference in lateral strain began to emerge in the surrounding rock at the bottom
left and right corners of the specimen. In the following minute, the accumulation of
lateral strain in the lower left corner of the goaf intensified rapidly, more evident than
the comparison at 1332 s in Figure 5. Shortly thereafter, a linear region of lateral strain
accumulation appeared near the right side of the crack in the lower left corner of the goaf,
indicating another potential crack initiation.

By 1415 s, the crack in the lower left corner of the goaf gradually expanded, and the
crack propagation path became more apparent. At 1480 s, the expansion of cracks on the
left side and middle of the bottom plate accelerated, with lateral strain reaching 5% to 6%
near the cracks. Soon, at 1488 s, sudden cracking occurred in the surrounding rock of the
bottom plate of the goaf, with several cracks forming and connecting almost simultaneously,
and strain accumulation rapidly increased. Additionally, a linear accumulation of lateral
strain quickly appeared in the upper left corner of the goaf, with a sudden occurrence of an
inclined crack. Compared to the results in Figure 5, the sensitivity of lateral strain to the
formation of this crack was much lower than that of deformation, with the appearance of

59



Appl. Sci. 2024, 14, 9881

the crack in the lateral strain field lagging far behind that in the lateral deformation field.
As loading continued, the cracks in the specimen rapidly expanded, leading to the overall
failure of the specimen within one minute.

[%0]
6.00
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450
Os

654 s 830 s

848 s 1167 s 1236 s -

1332 s 1344 s 1415 s

1480 s 1488 s 1549 s

Figure 5. Strain field evolution in the X direction of the goaf instability experiment.

Similarly, the longitudinal strain and deformation analysis were performed. The
calculation results of the longitudinal deformation field in this experiment are shown in
Figure 6. Since the INSTRON 1346 testing machine loads upwards from the lower loading
block, i.e., moving in the positive Z-axis direction, the overall deformation of the sample is
positive, that is, in the positive Z-axis direction. As shown in Figure 7, at the initial stage of
loading, the sample begins to undergo slow longitudinal deformation. During the loading
process up to 654 s, the differences in deformation size at different positions of the sample
gradually appear. The longitudinal deformation of the bottom plate of the goaf is about
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0.06 mm, which is significantly greater than the longitudinal deformation of the top plate of
the goaf (about —0.01 mm). When loading reaches around 830 s, a line-shaped deformation
difference area gradually appears on the left side of the top plate of the goaf. Combined
with the changes in the transverse deformation in Figure 5, it can be seen that a tensile
failure crack is formed here due to the uncoordinated transverse deformation on both sides.
The deformation difference between the top and bottom plates continues to increase during
this process, reaching 0.08 mm and —0.02 mm, respectively.

848 s 1052 s 1245 s

[mm]
0.28

0.25
0.23
0.20
0.18
0.15
0.13
0.10

0.08
0.05

1323 s 1407 s 1430 s

1480 s

Figure 6. Displacement evolution in the Z direction of the goaf instability experiment.

When loading continues up to 848 s, the surrounding rock of the bottom plate in the
goaf also produces a longitudinal deformation difference zone, indicating the formation of
a crack. The longitudinal deformation difference between the upper and lower sides of the
lower left corner of the goaf becomes increasingly large and shows a trend of gradually
moving downward. During the continuous loading process up to 1052 s, the longitudinal
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deformation of the surrounding rock near the cracks in the top and bottom plates of the
goaf becomes more significant. The differences in the surrounding rock at the four corners
of the goaf are also becoming more apparent. During the additional 3 min of loading, the
longitudinal deformation of the surrounding rock near the cracks in the top and bottom
plates of the goaf is not very noticeable, but the deformation differences in the surrounding
rock on the upper and lower sides of the lower left corner of the goaf become more distinct.

Os

848 s 1052 s 1245s P

1323 s 1407 s 1430 s

[%6]
6.00
525

14.50

3.00

654 s 830 s

1480 s 1488 s 1550 s

Figure 7. Strain field evolution in the Z direction of the goaf instability experiment.

When loading continues up to 1323 s, Figure 6 shows that an approximately horizontal
longitudinal displacement difference area appears in the lower right corner of the sample.
Combined with the transverse deformation results at 1332 s in Figure 5, it can be seen that a
crack is gradually forming in this area. As loading continues up to 1407 s, the longitudinal
deformation difference on both sides of the crack in the lower left part of the sample
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gradually increases, reaching approximately 0.24 mm and 0.20 mm, respectively. Since the
sample undergoes compressive deformation, it can be inferred that the crack formed at this
time is a shear crack, with dislocation occurring on both sides of the crack. When loading
continues to 1430 s, a longitudinal deformation difference area forms at the right end of the
transverse crack in the lower left corner of the sample and connects with the deformation
difference area in the lower left corner of the goaf, indicating that a crack also forms here.

During the continuous loading process up to 1480 s, the longitudinal deformation
differences on both sides of the through crack in the lower left corner of the goaf become
increasingly apparent. Additionally, a large longitudinal deformation difference area forms
on the bottom plate of the goaf, indicating the formation of a large shear crack. A small
transverse crack also starts to form on the right side of the crack in the middle of the bottom
plate of the goaf that formed at 848 s. In the following 8 s, the cracks in the surrounding rock
of the bottom plate in the goaf rapidly expand and break, quickly splitting into multiple
small cracks. Several areas experience excessive cracking, causing the sprayed speckles
to tear, shown as white areas in the figure. An obvious upward diagonal longitudinal
deformation anomaly appears in the upper left corner of the goaf, and combined with
the transverse strain deformation, it can be seen that a large tensile crack forms here. By
around 1550 s, the cracks in the sample continue to expand, leading to the overall failure of
the sample.

The results of the strain field evolution in the Z direction at different positions of the
sample during the loading process of this set of experiments are shown in Figure 7. From
the figure, it can be seen that at the initial stage of loading, the strain field on the surface of
the sample changes uniformly, with slight longitudinal strain accumulation occurring in
the surrounding rock on the top and bottom plates of the goaf. By 830 s of loading, a faint
line-shaped strain anomaly appears in the surrounding rock of the top plate, indicating the
formation of a crack. When loading continues to 848 s, the longitudinal strain accumulation
at the crack in the surrounding rock of the top plate in the goaf becomes more pronounced,
and a line-shaped longitudinal strain accumulation gradually forms in the surrounding
rock of the bottom plate, indicating the emergence of a crack there.

As loading continues to 1052 s, the longitudinal strain accumulation near the cracks
in the surrounding rock of the top and bottom plates in the goaf becomes increasingly
evident, with regions of longitudinal strain accumulation also appearing in the rock around
the cracks. By 1245 s, the longitudinal strain near the cracks in the surrounding rock of
the top and bottom plates in the goaf becomes more apparent, and a nearly horizontal
longitudinal strain accumulation region appears below the crack in the surrounding rock of
the bottom plate. As loading continues to 1323 s, the newly formed line-shaped longitudinal
strain accumulation in the surrounding rock of the bottom plate in the goaf becomes more
distinct, and areas of longitudinal strain accumulation in the surrounding rock of the top
and bottom plates continue to increase. As loading continues, around 1407 s, an inclined
line-shaped longitudinal strain accumulation appears in the lower left corner of the goaf,
and longitudinal strain near other cracks continues to increase.

When loading continues for another 23 s, the line-shaped strain accumulation in the
lower left corner of the goaf becomes more apparent, indicating the formation of an inclined
shear crack. By 1480 s of continuous loading, the longitudinal strain accumulation in the
surrounding rock near the inclined crack in the lower left corner of the goaf increases
rapidly, and another crack forms above it. Additionally, an approximately horizontal
longitudinal strain accumulation region forms near the first crack in the middle of the
bottom plate of the goaf and continues to grow, while the line-shaped strain accumulation
above the crack branch in the top plate of the goaf also increases rapidly. After another
8 s of continuous loading, the existing longitudinal strain accumulation regions on the top
and bottom plates of the goaf expand rapidly. A large-scale inclined longitudinal strain
accumulation region suddenly appears in the upper left of the goaf, with an approximately
horizontal longitudinal strain accumulation region forming above the strain bifurcation
area. The surrounding rock of the bottom plate in the goaf quickly develops two major
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macroscopic cracks and several smaller cracks, with the longitudinal strain accumulation
rapidly increasing. When loading continues to 1550 s, the surrounding rock in the top and
bottom plates of the goaf rapidly expands, leading to the overall instability of the sample.

Comparing the deformation and strain variation patterns between the transverse and
longitudinal directions, it can be concluded that since the experiment is loaded along the
longitudinal direction, the specimen undergoes compressive deformation in the longitudi-
nal direction and tensile deformation in the transverse direction. Meanwhile, as there is
no horizontal force, its deformation is not limited. Therefore, the deformation and strain
variation in the transverse direction are more pronounced than those in the longitudinal
direction. Through the above analysis, it is found that in the goaf instability test, during
the loading process, tensile cracks first appeared in the surrounding rock of the top and
bottom plates. As the pressure continued to increase, shear cracks gradually appeared and
eventually led to overall instability. The digital image correlation analysis results indicate
that for tensile cracks, the deformation and strain perpendicular to the crack direction
are very sensitive, while the deformation and strain parallel to the crack direction are not
obvious. Conversely, for shear cracks, the deformation and strain parallel to the crack
direction are very sensitive, while the deformation and strain perpendicular to the crack
direction are not obvious. This phenomenon can serve as a characteristic indicator for
identifying tensile and shear cracks. For inclined cracks, the crack type can be analyzed
and determined based on their distribution in the coordinate system and the changes in
strain and displacement in different directions.

4.2. Failure Mechanism

The ratio of risetime/amplitude (RA) and average frequency (AF) has been widely
used for classifying the failure mechanism and crack mode in rock and concrete materials.
Crack propagation in tensile mode corresponds to a high AF value and a low RA value.
Conversely, a low AF value and a high RA value correspond to crack propagation in shear
mode. When analyzing the RA-AF values of acoustic emission hits, outlier processing
should be performed. The box plot outlier detection method can be considered, assuming
that the raw data follow a normal distribution and filter out values that deviate more than
three times from the mean. This method sequentially removes outliers in the RA and AF
values. When analyzing the RA-AF values of acoustic emission events, it is necessary to
consider the attenuation and dissipation effects of elastic waves during their propagation
in the medium, which can affect the characteristic parameters of acoustic emission. It is
recommended that the RA and AF values of acoustic emission events be determined by the
RA and AF values of the initially triggered acoustic emission hits.

In this study, the data collected by the acoustic emission monitoring system were
filtered based on the criterion that a single event triggered at least 10 sensors. A total of
204 acoustic emission events were obtained through filtering. In the analysis, the overall
micro-fracture analysis does not quantify the specific proportion of the two micro-fracture
types using a transition line. Instead, the relative proportion of micro-crack types in the
same mechanical environment is compared by analyzing the numerical differences in the
RA-AF distribution. The results are shown in Figure 8a. As can be seen from the figure,
the distribution range and density center of the RA values for the acoustic emission events
in this experiment are 0-100 ms/V and 8 ms/V, respectively, while the distribution range
and density center of the AF values are 0-140 kHz and 50 kHz, respectively. This shows
that the cracks in this experiment are characterized by low RA values and relatively low
AF values, or even moderate AF values, indicating that the cracks are mixed-mode cracks
containing both tensile and shear components.

The RA-AF relationship is more qualitative in understanding micro-fracture types
through acoustic emission hits. Therefore, after using the RA-AF ratio to assess the dif-
ferences in overall micro-fracture types during specimen failure, large amplitude acoustic
emission events that contribute to the formation of dominant macroscopic cracks are se-
lected. Considering the P-wave first motion polarity of each acoustic emission signal, the
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moment tensor inversion method is used to invert the source mechanism. This method
allows for a deeper discussion of the differences in the main fracture types across the sam-
ples. Ma et al. [31] defined Green’s function library for inverting the source mechanisms
of mine microseismic events. They successfully inverted the source mechanisms of micro-
seismic events induced by mining activities and distinguished between fault slip sources,
mine pillar instability sources, and roof collapse sources based on the source mechanism
solutions. In this section, the same method is applied to invert the source mechanisms of
the dominant sample failures in the goaf instability test using acoustic emission data. The
results are then compared with DIC and RA-AF analysis results to analyze the relationship
between macroscopic failure and microseismic source mechanisms.
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Figure 8. Results of failure source mechanism: (a) RA-AF relationship results; (b) moment tensor
inversion results. The colors in the figure indicate the corresponding density of probability.

The moment tensor inversion results of the acoustic emission monitoring data are
represented on a Hudson plot, as shown in Figure 8b. The source mechanism inversion
results indicate that none of the 204 acoustic emission events are purely tensile or shear
sources; all are mixed-type sources, which corresponds with the results from the RA-AF
relationship. On the other hand, the box plot in the lower right corner of Figure 8b reveals
that among the moment tensor components of the selected acoustic emission sources, the
double-couple component has the highest proportion. This is because, during the final
stage of loading, the rapid macroscopic failure of the specimen, due to the generation of
shear cracks, resulted in a large number of acoustic emission sources dominated by shear
components, thereby exhibiting a high proportion of double-couple components. This
result is consistent with the findings from the digital speckle analysis and RA-AF analysis.

In further research, we will consider the different stages of sample failure, combining
the time series of acoustic emission events to select appropriate parameters. By utilizing
the acoustic emission events that have already occurred, we aim to predict potential future
rockmass instabilities, providing guidance for monitoring mine goafs and preventing
instability-related disasters.

5. Conclusions

(1) Based on the changes in strain and displacement, it can be inferred that the initial
cracks are tensile cracks. When the load continues to increase, the primary cracks grad-
ually open, rapidly expanding under the load, inducing the formation of shear cracks,
which then become the main factor controlling the failure of the surrounding rock.

(2) In the goaf failure tests, tensile cracks are likely to first occur in the roof and floor. In

actual engineering practice, this may manifest as roof subsidence or a collapse in the
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roof, and as floor heave in the floor. After the formation of tensile cracks, as the load
continues to increase, these tensile cracks gradually evolve into shear cracks, which in
turn induce large-scale instability and failure.

(3) High-amplitude acoustic emission events, which dominate the formation of macro-
scopic cracks, were selected, and the moment tensor inversion method was used to
identify the source types leading to macroscopic fractures in each test. The inver-
sion results indicate that the shear component-dominated acoustic emission sources
are significantly more prevalent in the moment tensor inversion results than those
dominated by tensile failure.
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Abstract: Shield performance prediction plays a critical role in construction decision-
making. However, current models suffer from significant performance degradation in
long-distance prediction. To address this gap, we propose a novel Long-Distance Shield
Performance Prediction model (LSPP), which leverages the long-term prediction capabili-
ties of Informer. The LSPP model incorporates conventional monitoring data, tunnelling
parameters, and stratigraphic spatial information and is optimized using a ProbSparse
self-attention mechanism and dynamic decoding techniques. A series of experiments
demonstrate that LSPP significantly outperforms traditional models, such as LSTM and
GRUgs, particularly in long-distance predictions and under conditions of stratigraphic
changes. Notably, the model achieves an R? of 0.82 when predicting penetration after six
rings, making it highly accurate and stable for engineering decision-making.

Keywords: shield; long-distance prediction; tunnelling performance; Informer

1. Introduction

Shields are widely used in tunnel construction because of their safety, high efficiency,
and environmental protection. The tunnelling performance of the shield is a key concern in
project management, which not only reflects the progress of the project but also reflects
whether the control of the shield is reasonable and whether the efficiency of the equipment
is fully utilized. Therefore, it is important to accurately predict the changes in the tunnelling
performance of the shield and analyze the factors affecting the tunnelling performance to
guide engineers and technicians in adjusting the tunnelling parameters and improving the
efficiency and safety of the project.

At present, the perspectives for evaluating the performance of shield tunnelling can be
divided into two categories. One is to focus on the shield tunnelling efficiency, using micro
indicators such as thrust, penetration, propulsion speed, and other measures [1]; the second
is to judge from the perspective of shield construction energy consumption and progress,
construction power consumption, average daily propulsion, and other macro indicators [2].
Since the macro indicators have too many influencing factors, the general evaluation of
tunnelling performance is based on micro indicators, of which penetration is the most
commonly used shield tunnelling performance evaluation index [3]. The penetration
comprehensively reflects the state of propulsion and cutting during the advancement of the
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shield, which embodies the ability of the cutter plate of the shield to penetrate the ground
in the process of boring.

In order to predict the performance of shield tunnelling, scholars have carried out a
great deal of research, of which "penetration’ is the most commonly used evaluation index.
Early studies mainly include experimental methods based on experience [4,5], theoretical
techniques rooted in soil mechanics [6,7], and experimental techniques utilizing tools such
as finite element analysis [8,9]. However, these methods still have some limitations. Firstly,
empirical methods rely on regression analysis to establish the relationship between soil
or rock parameters and shield tunnelling parameters. Still, this method is highly depen-
dent on physical assumptions under specific geological conditions and lacks universality.
Secondly, in traditional theoretical approaches (e.g., Colorado School of Mines’ prediction
model, CSM) [6], the prediction results often have a large deviation due to the lack of
simulation ability regarding the interaction between shields and soils. Finally, although the
experimental method based on finite element analysis can simulate the shield tunnelling
process more accurately, a large amount of computation and the fact that the results are
only applicable to a specific stratum, which requires the establishment of multiple models
according to different geological conditions, lead to poor model generality and robustness.

The models used by researchers in the initial studies are mostly non-time series
regression models, such as support vector regression (SVR) [10], back-propagation neural
networks (BPNNSs) [11,12], and Extreme Gradient Boosting (XGBoost) [13,14]. These studies
verified the adaptability of data-driven methods in shield performance prediction, but
it is difficult for the above models to capture the information contained in the feature
changes over time. Also, because shield construction data are time-dependent, ignoring
the temporal relationship between the data will affect the reasonableness and accuracy
of TBM performance prediction [15]. Recurrent neural network (RNN)-based long short-
term memory neural networks (LSTMs) and gated recurrent unit networks (GRUs), which
are deep learning algorithms that have a significant advantage in processing time series
data and can effectively record the long-term and short-term dependencies of the data,
capture patterns in the sequences, and handle long series data well [16], have become the
focus of some researchers. Xu et al. [17] and Wang et al. [18] compared different models
predicting the shield performance one second in the future and found that LSTM had
the best prediction. Jin et al. [19] achieved a better prediction of the average speed in
the next 1 min through a hybrid model based on GRUs. However, most of these studies
focus on short-term prediction, which has difficulty reflecting the long-term trend of
tunnel construction and cannot improve the strong theoretical support for construction
decision-making.

Several scientists have recently begun looking at predictions over extended periods
and distances. Flor et al. [20] used LSTM to predict the penetration of the next ring and the
next fifth ring, but the prediction effect was not good, with a coefficient of determination
(R?) of 0.65, which is much lower than the prediction of the next ring in a short period of
time, with a value of R? of 0.97. Gao et al. introduced the attention mechanism to build an
Attention-ResNet-LSTM hybrid model to predict performance after 20 min and 60 min,
but the root mean square errors (RMSEs) were 0.523 and 1.948, meaning the prediction
accuracy decreases dramatically with increasing time [21]. It can be seen that there is still a
challenge in predicting the performance of tunnelling over long distances or long periods
of time [22]. Both LSTM and GRUs are based on RNNSs, whose structure restricts them from
performing long-distance prediction, which needs to be realized by multi-step recursion.
This inevitably produces error accumulation, leading to a significant degradation of the
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prediction ability, and, therefore, new network architectures need to be sought to solve
this problem.

The Informer algorithm is a deep learning model designed for long time series pre-
diction. It was presented at the AAAI conference in 2021, where it was recognized as the
best paper of the year, primarily for addressing the problem of accuracy degradation in
time series prediction [23]. Based on the actual construction decision-making needs [24],
this paper defines the research objective as predicting future performance beyond the fifth
ring and refers to it as the long-distance prediction. This paper utilizes the advantages of
the Informer algorithm to design a shield long-distance tunnelling performance prediction
model (LSPP) for shield tunnelling performance after five rings, which reflects the spatio-
temporal characteristics of shield tunnelling with the structure of the Informer model and
verifies the effect of the new model on the prediction of performance through experiments.

2. Methodology
2.1. Basic Structure and Principles of Informer

Informer was developed from Transformer, and its topological structure is shown
in Figure 1, which consists of three parts: an input layer, an encoding—-decoding layer,
and an output layer. The input layer receives and preprocesses the original time series
data. In the encoding—decoding layer, the encoder extracts long-term dependencies in
the sequence through stacked self-attention layers and feedforward neural networks. It
uses the ProbSparse self-attention mechanism to reduce computational complexity. The
decoder combines the encoder’s context information and input to generate predictions for
future time steps. It uses a generative decoding strategy to generate multi-step predictions
gradually. The output layer converts the output of the decoder into a final prediction,
usually including a linear transformation and an inverse data preprocessing step to return
to the original scale. This structure allows Informer to process large-scale time series data
while remaining efficient and accurate [23].

From the model structure, it can be seen that the ProbSparse self-attention mecha-
nism in the encoder and the generative decoder play an important role in improving the
performance of long-range prediction:

1.  ProbSparse self-attention is based on self-attention probability distributions with
sparse sampling [25,26]. Its distinctive feature is that it selectively computes the
attention weights between a subset of key values, rather than computing the atten-
tion weights between all key values. In the case of extremely long time series, the
conventional full attention mechanism requires the computation of attention weights
with a complexity of O(N?), where N represents the length of the sequence. In con-
trast, ProbSparse self-attention only requires the calculation of O(Nlog N) attention
weights. This significantly reduces the computational complexity. The attention mech-
anism is embedded within the encoder and learns sparse attention matrices to reduce
the cost of computations during the inference stage. This mechanism collaborates
with other components within the encoder, such as feedforward neural networks and
residual connections, to achieve efficient time series prediction.
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Figure 1. Informer model topology.

2.

The generation-based encoder adopts the start token technique [27], which assists
the model in accurately identifying the initial position of the predicted sequence
and thereby reduces the cumulative error in long-range prediction. In long-range
forecasting, the model’s prediction of the future is always based on previous results.
Suppose there are any errors in the prediction results of each step. In that case,
these errors will accumulate with the increase in the prediction sequence length,
ultimately leading to the deterioration of the overall prediction quality. Using the start
token technique allows the model to reinitialize its position at the onset of each new
prediction, thereby mitigating the impact of cumulative errors because the start token
gives the model a novel reference point, enabling it to return to the correct starting
point when generating each new sequence [28,29].

2.2. LSPP Model Design
2.2.1. Basic Structure

The LSPP model is based on the Informer algorithm, and the model framework is

shown in Figure 2, which consists of three modules: data preparation, encoding—decoding,
and performance prediction. Firstly, the time series data of shield tunnelling are subjected
to preprocessing and feature extraction, and the data are position-encoded and input into
the encoder to obtain the time series data features. Then, the decoder outputs the predicted
time series feature representation in the form of multidimensional vectors based on the
feature representation of the historical sequence given by the encoder and a part of the
target sequence. Finally, the prediction module converts the feature vector from the decoder
output into the final predicted values of the model.
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Figure 2. LSPP model framework.

2.2.2. Data Preparation

1.  Selection of construction parameters

There are many factors affecting the penetration in shield construction, including
geological parameters, mechanical conditions, and tunnelling parameters [30]. Table 1
summarizes the parameters used in some literature on shield tunnelling performance
prediction from 2021 to 2024.

As seen from Table 1, many features affect shield tunnelling performance, more than
thirty of them, and they are relatively scattered. To elucidate the salient influencing factors
while circumventing the intricacies of the model, the present study methodically screens
these factors from the perspectives of both theoretical underpinnings and engineering fea-
sibility. CS, CT, EP, SS, and CC are routine monitoring data during shield construction; CS
and CT directly affect the cutting ability and rock breaking efficiency of the shield machine;
and EP directly reflects the force of the stratum on the shield machine, which affects the sta-
bility of digging and cutting efficiency, especially under complex geological conditions, and
plays a significant role. SS affects the efficiency of soil discharge, which is closely related to
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the stability and efficiency of the shield machine. CC is an approximate characterization of
CP, which reflects the blade loading and cutting difficulty, and is an important index in
evaluating the energy consumption and performance of shield tunnelling.

Table 1. Overview of shield performance prediction models.

. Tunnelling Geological Prediction
Literature Models Parameters Conditions Target
[3] LSTM CP,CT, TF - PR
[9] XGBoost CS,CT, TF BTS, UCS PR
CS,CT, EP, CD, ET, K,
[12] BPNN SS, TF P, UCS A5
CS, CT,
[15] LSTM Ep, T - PR
AD, CT, DR,
[19] K;g:%\l ) EP, FR, GP, - AS
PA,RA, TF
CP, CS, CT,
[20] LSTM SE. TF. TAD - PR
Attention-
[21] ResNet- CS,CT, TF BC,E AS
LSTM
CS,EP,FV,
[31] GRU FP, GV, GP, CTDS’CT%{V’\,?{S' AS
PR, TF ’
AD, AVE, CS,
[32] ANN CT,EP, GV, - AS
GP, SS,TF, ]S
KCNN- AS,CS, CT,
[33] LSTM PR TF CD,E,W, ¢ CP
CS,CT, EP, AS
[34] GWO-GRNN FP, GP, GV, AVE,CD, ¢ GS
PR, TF
MRFO- CS,CP, EP,
[35] AT-TELM TAP ) TF

AD: attitude deviation, AS: advancing speed, AVE: actual volume excavation, BC: bearing capacity, BTS: Brazilian
tensile strength, CC: cutterhead current, CD: cover depth, CP: cutterhead power, CS: cutterhead rotation speed, CT:
cutterhead torque, DR: discharge pipe flow rate, E: elasticity modulus, EP: earth pressure, ET: earth type, FP: foam
pressure, FR: feed pipe flow rate, FV: foam volume, GP: grouting pressure, GS: ground settlement, GV: grouting
volume, JS: Jack Stroke, K: upper coefficient of lateral earth pressure, P: composite ratio, PA: pitching angle, PR:
penetration rate, RA: rolling angle, SE: specific energy, SS: screw conveyor speed, TAP: total absorbed power, TS:
thickness of slit, TSC: thickness of slit clay, TMR: thickness of mixed rock, TSWR: thickness of weathered rock, TF:
thrust force, UCS: uniaxial compressive strength, W: water content, ¢: friction angle.

In addition to these direct construction parameters, a number of calculation-based
metrics better reflect the performance of shield tunnelling. PR and SE can reflect the
comprehensive performance of the shield, which can be obtained through the calculation
of conventional monitoring data. PR is calculated as shown in Equation (1), which reflects
the penetration ability of the cutter plate of the shield machine to the stratum in the process
of digging. SE synthesizes the thrust, torque, and radius of the cutter plate and quantifies
the energy consumption required to excavate a unit volume of soil in units of “M]J/m3".
Since it is not convenient to count the actual energy consumed and the volume removed by
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the shield in actual construction, this paper adopts an approximation of the calculation as
shown in Equation (2), where R is the radius of the cutter head (in metres); TF is the total
thrust (in KN); and CT and PR can be found in Table 2 [36,37]. CD and ET are important
characterizations of the geological conditions. CD affects the load of shield propulsion,
while ET directly determines the strength of the soil and the difficulty of cutting, which is
usually clearly documented at the stage of construction geological investigation and forms
the basic data during construction. Ultimately, the input and output parameters of the
model selected in this paper are shown in Table 2.

AS
PR = — 1
cs )
TF-PR+2m-CT
E=——F—— 2
S 7-R%-PR @
Table 2. Input and output parameters of the LSPP model.
Type Full Name Variable Unit
Cutterhead rotation speed Cs RPM
Cutterhead torque CcT KN-m
Tunnelling Earth pressure EP MPa
Inout parameters Screw conveyor speed SS RPM
P Cutterhead current cC A
Specific energy SE MJ/m3
Geological Cover depth CD m
conditions Earth type ET -
Output Tunnelling Penetration rate PR mm/rev
parameters

2. Data filtering

Due to the complexity of the tunnelling environment, there is often a high level of
volatility and noise in the tunnelling data, making it difficult to identify data patterns.
The data were therefore grouped and filtered on the basis of the number of advancement
rings. Tukey’s fences method was used to identify and filter noise data within each ring,
preventing the negative impact of data fluctuations on the model’s training [38]. This
method is used to filter the observation value by setting the upper and lower limits of the
data range, as shown in Equations (3)—(6).

Lupper = Q3 + 1.5 x IQR ®3)
Liower = Q1 — 1.5 x IQR )

IOR = Q3 - Q1 @)

D — outliers (Ds < Liower O Ds > Lupper) (6)

non-outliers  (Ljower < Ds < Lupper)
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where Q1 is the lower quarter quantile of the data, Q3 is the upper quarter quantile, IQR is
the interquartile range, Lupper is the upper limit of non-outliers, Ljgyer is the lower limit of
non-outliers, and Ds is the data point in the selected area.

3. Data standardization

During the model training process, the different dimensions and magnitudes of the
input features will affect the training effect [39]. The data are normalized by the Z-score
normalization method, as shown in Equation (7), which eliminates the potential bias caused
by the dimension difference.

@)

where Z represents the standardized data, X represents the sample value of the excavation
feature, y represents the mean corresponding to the sample feature, and ¢ represents the
standard deviation corresponding to the excavation feature X.

4. Spatial alignment of data

Due to the sparseness of the geologic information of the construction site compared
with the tunnel construction data, we calculated the geological data surrounding the
borehole using Inverse Distance Weighting (IDW) [40] in conjunction with the geological
exploration data to determine the soil information of each segment ring. The determination
of the weight of the influence of the sample point on the value to be interpolated is
achieved by calculating the Euclidean distance between the sample point and the value to
be interpolated. The weights of the sample points are calculated according to Equation (8).

w; = 1 8
=2 ®)
where w; represents the weight of the i-th sample point and d; represents the distance
between the sample point and the position to be interpolated. The interpolation position is
aligned with the mileage required for calculation, ensuring the correct association between
the formation information and the excavation parameters.

2.2.3. Encoder-Decoder
1. Encoder

The tunnelling and geological parameters listed in Table 2 form the input to the encoder.
The data are arranged and entered in batches to improve computational performance. When
the batch size is 7, the time relationship of the sample data in the same batch is shown in
Figure 3. The time range of sample 1 is [f1, t], and the time range of sample 2 is [t2, t;12];
until n samples are obtained, the time range of sample # is [t,, ;1 ,]. The data flow in the
encoder is shown in Figure 4. The input features have 8 dimensions. If the batch size is
32 and the historical sequence length (seq_len) = 96, the initial data shape is 32 x 96 x 8.
The data are first mapped to a higher dimension through the embedding layer. After the
Encoding Stacking 1 mapping is completed, the shape of the data is 32 x 96 x 512. The
length of Encoding Stacking 2 is halved. Then, the data flow into the Muti-head ProbSparse
self-attention Block in the encoder to calculate the attention score, extracting the long-range
dependency between the data and calculating the output feature map.
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Figure 4. Schematic encoder—decoder data structure.

2. Decoder

The input to the decoder consists of the feature map from the encoder, the history
label sequence data of the predicted target, and the mask data, where the mask length is
the same as the predicted sequence length of the model. When the label sequence length
(label_len) is 48 and the predicted sequence length (pred_len) is 24, this part of the initial
input data has the shape of 32 x (48 +24) x 8, which is mapped to 32 x 72 x 512 after
embedding. Prediction results are computed by a fully connected layer in combination
with the computational attention mechanism.

2.2.4. Performance Prediction

The prediction results are organized into an n X p two-dimensional matrix, where n
represents the number of predicted samples and each row represents a predicted sequence
of length p, which intuitively demonstrates the prediction ability of the model at different
time points. By extracting the last column, the prediction results after p moments can
be obtained.

2.3. Long Short-Term Memory Networks

Long short-term memory (LSTM) is an RNN model that was proposed by Hochreiter
and Schmidhuber in 1997 [41]. It introduces memory cells and gating mechanisms to
control the transmission of information, thereby enabling the network to capture long-term
dependencies between features. The core structure of LSTM contains three gates: Forget
Gate: this decides which information needs to be discarded; Input Gate: this controls how
much of the current input information is stored in the cell state; and Output Gate: this
determines how the current cell state affects the output of the network. By regulating these

76



Appl. Sci. 2025, 15, 1674

gates, LSTM can efficiently retain information for extended periods and avoid the issue of
gradient vanishing that traditional RNNs encounter when dealing with long sequences.

2.4. Gated Recurrent Unit Networks

The gated recurrent unit (GRU) was proposed by Cho et al. in 2014 [42]. It is a relatively
simplified variant of LSTM. GRUs reduce the complexity of LSTM while retaining its ability
to process long sequences. A distinguishing feature of GRUs is their integration of some of
the gates present in LSTM, contributing to a more streamlined structure. The architecture
of GRUs comprises two primary gates: Update Gate: this gate determines the extent to
which the network retains historical information for the current moment. The Reset Gate
governs the discarding of historical information that is not pertinent to the current input.
The GRU employs these two gates to adaptively select between save and forget strategies
over time steps.

3. Case Study
3.1. Engineering Background

The right-line tunnel between the Wenjing Road Station and Chalukou Station of
Nanjing Metro Line 5 is about 1270 m long and buried at a depth of 16.4 to 25.5 m. The
geological environment along the line is complex, and it passes through various strata
such as silt, clay, rock, and composite strata. The geological profile is shown in Figure 5.
During the shield tunnelling process, due to the variability and uncertainty of the strata, it
is difficult to formulate a reasonable control strategy if the trend of tunnelling performance
changes cannot be understood.

B @-2b23Filsoil M @-2b4-3Silty clay @-3b2-3Silty clay I (3-2b2-3 Silty clay
[ | (3-4b1-2 Silty clay | J1-2xn-3" Moderately weathered (fragmented) sandstone
I Jl2xn2 Strongly weathered sandstone . J1-2xn-3 Moderately weathered sandstone

Figure 5. Geological profile of the section between Wenjing Road Station and Chalukou Station.

3.2. Data Processing

The engineering data corresponding to 50-1000 rings of the right line interval from
Wenjing Road Station-Chalukou Station were collected for experimental verification. The
data were pre-processed according to the steps described in Section 2.2.2. First, the data
for the parameters in Table 2 at the time of advancement were extracted from the cloud
database. Then, to avoid the influence of the input outliers on the model, the outliers in
each ring were identified and removed using Equations (3)-(6), with the original data of
1,846,752 sample points and the remaining 1,779,708 data after processing, with the outliers
accounting for 3.7% of the total data. The comparison of penetration before and after
processing is shown in Figure 6. It was found that the original penetration data suddenly
increased. This may be because the sensor fails to accurately read the excavation speed
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or cutter head speed due to the influence of noise, resulting in the above problem. After
processing the outliers, the penetration data are within a reasonable range.

— raw data —— filtered data

100 100

80

PR (mm/r)
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40 40
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Figure 6. Comparison of outliers before and after processing. (a) Raw data. (b) Filtered data.

After filtering the data, the different types of features were standardized using Equa-
tion (7) to eliminate the adverse effects of different magnitudes on the model. Finally, after
interpolating the stratigraphic information using Equation (8), the stratigraphic informa-
tion and construction parameters were spatially aligned to construct the input dataset.
The experiments were designed to preserve the original data characteristics and temporal
continuity by dividing the dataset into training, validation, and test with a ratio of 7:1:2, in
chronological order.

3.3. Data Correlation Analysis

Correlation analysis shows the relationship between different variables, provides
a visual understanding of the data, and can be used to assess the correlation between
input variables and objectives [43]. The Pearson correlation coefficient (PCC) was used in
this study to show the relationship between input variables and PR [44]. The correlation
between variables is calculated as shown in Equation (9).

(X -X)(Yi-Y)
r= ! )

\/i (X; —X)z\/i (Y - Y)?
i=1 i=1

where r is the Pearson correlation coefficient; X;, Y; denote the i-th sample of two different

It

features; X, Y denote the mean of the corresponding feature; and n represents the number
of measured data samples.

Figure 7 shows the heatmap of the Pearson correlation coefficient results between
PR and each feature. It can be seen that SS is the most critical feature affecting PR, and
the Pearson correlation coefficient between SS and PR is 0.72. In the process of shield
advancement, SS represents the speed of soil transported by the shield, and in order to
maintain the stability of soil pressure inside the shield, SS usually needs to be adjusted in
conjunction with the advance speed. There is a strong positive correlation between PR and
ET, CD, which indicates that when the soil body produces changes, PR will appear with
corresponding changes and the shield tunnelling performance will be affected. There is a
strong negative correlation between PR, CS, and SE, which indicates that when the energy
consumed per unit distance is higher, it can reflect that the current tunnelling is difficult.
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Figure 7. Heatmap of Pearson correlation coefficient.

3.4. Experimental Design

To assess the differences between the LSPP and existing performance prediction
methods, as well as to deeply analyze the impact of LSPP parameters on performance
prediction, a multi-group experimental design was created.

3.4.1. Effect of Sequence Length

The predicted sequence length was fixed to the 1200 mm ring width. Three groups
of nineteen experiments were designed in terms of data interval length (interval_len),
historical sequence length, and labelled sequence length, as shown in Table 3.

Table 3. Sequence length parameter setting comparison experiment.

Parameters interval_len seq_len label_len
m No (mm) (mm) (mm)
1 1200 2400 1200
2 240 2400 1200
. 3 120 2400 1200
A Dﬁigt‘ffrval 4 80 2400 1200
5 60 2400 1200
6 48 2400 1200
7 24 2400 1200
1 48 1200 1200
2 48 2400 1200
) 3 48 3600 1200
B. History sequence length 4 48 4800 1200
5 48 6000 1200
6 48 7200 1200
1 48 7200 1200
2 48 7200 2400
3 48 7200 3600
C. Label sequence length 4 48 7200 4800
5 48 7200 6000
6 48 7200 7200
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In this experiment, Group A trials fixed the length of the history sequence and the
length of the label sequence used in the model and then varied the sampling interval
to examine the effect of this parameter on model accuracy. Group B experiments varied
the length of the history sequence used in the model and observed a trend in the change
in model accuracy. Group C sought to investigate the effect of the length of the label
sequence on the model. Initially, the results of Groups A and B were used to determine the
appropriate length of the data interval and the length of the history sequence, and then the
effect of the choice of label length on model performance was further analyzed.

3.4.2. Model Performance Comparison

Previous studies have shown that the LSTM and GRU models are effective in pre-
dicting time series. To evaluate the performance of the LSPP model, we compare it to
GRUs and LSTM. To remain unbiased, we performed a grid search to identify the optimal
hyperparameters for each model. We designed three different prediction distances, short,
medium, and long, as shown in Table 4.

Table 4. Comparative experiment on prediction ability of different models.

Predicted Sequence

Model Hyperparameter Value or Space Length (mm)
Number of heads [3,4,5,6,7,8,9]
Batch size [32, 64,96, 128]
ProbSparse attn factor  [2,3,4,5,6,7,8,9, 10, 11]
LSPP Learning rate [0.0001,0.001, 0.01, 0.1] [48, 1200, 6000]
Activation function Gelu
optimizer Adam
LSTM units [32, 64, 128]
Hidden layer units [20, 50, 100]
LSTM Learning rate [0.0001, 0.001, 0.01, 0.1] [48, 1200, 6000]
Activation function Relu
optimizer Adam
GRU units [32, 64, 128]
Hidden layer units [20, 50, 100]
GRU Learning rate: [0.0001, 0.001, 0.01, 0.1] [48, 1200, 6000]
Activation function Relu
optimizer Adam

3.4.3. Model Performance Evaluation Metrics

After the model training is completed, the data in the test set is predicted and the
future results are denormalized. Four performance indicators are employed to evaluate the
model performance: mean absolute error (MAE), root mean square error (RMSE), mean
absolute percentage error (MAPE), and the determination coefficient (R?). The formulas
are presented in Equations (10)—(13).

14 )
MAE = =} [(yi — §i)] (10)
i=1
14 5
RMSE = /=) (vi = 1) (11)
i=1
n Jp— A<
MAPE = 1 x Y1 100% (12)
n 1 Yi
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where 7; is used to represent the predicted value of the i-th sample point, y; is the true
value of the i-th sample, and ¥ is the mean of the true value of the sample.

3.4.4. Significance Test

To further validate the statistical significance of the model parameters, we introduced
Student’s t-test using the t-statistic and the degrees of freedom (df) to calculate the p-value
through the t-distribution, which is used to assess whether there is a significant difference
between the predicted value of the model and the true observation. t and df calculations
are shown in Equations (14) and (15).

Original hypothesis (Hp): There is no significant difference between the predicted and
actual values.

Alternative hypothesis (H;j): There is a significant difference between the predicted
and actual values. _

po 1T X2 (14)

2 2
145
ny ny

df = a4 (15)

where X is the sample mean of the true value, X, is the sample mean of the predicted value,
s1 is the sample variance of the true value, s, is the sample variance of the predicted value,
and 1y equals 7, to indicate the sample size.

4. Results and Analysis
4.1. Effect of Sequence Length Parameter

Based on the experimental design in Table 3, the impact of different data extraction
methods on the performance of the model was explored.

1.  The effect of data interval

The prediction results of the LSPP model at different sampling intervals are shown in
Figure 8. It can be seen that the performance of the model improves as the sampling interval
is reduced. The performance improvement of the model is particularly obvious when the
sampling interval is reduced from 1200 mm to 240 mm. When the sampling interval is less
than 120 mm, the model performance improves less when the sampling interval is further
reduced. The reason for this phenomenon may be that when the sampling interval is too
large, some important information may be lost, causing the prediction error of the model
to increase.

81



Appl. Sci. 2025, 15, 1674

@ interval_len = 1200
interval_len = 240
interval_len = 120

@ interval_len = 80

@ interval_len = 60

@ interval_len = 48

@ interval_len = 24

RMSE

MAPE

Figure 8. Effects of different data intervals on LSPP prediction.

2. The effect of historical sequence length

The effect of history sequence length on LSPP performance is shown in Figure 9. When
the length of the used history sequence increases, it helps to improve the model prediction
performance. As the sequence length increases from 1200 mm to 3600 mm, the range
covered by each performance indicator shows an obvious contraction trend, but when
the sequence length reaches 3600 mm and then continues to increase the history sequence
length, the model performance improvement is not obvious. Therefore, appropriately
increasing the length of the historical sequence is beneficial to improving the predictive
performance of the model.

MAE

seq_len = 1200
seq_len = 2400
@ seq_len = 3600
RMSE =R2

@ seq_len = 4800
@ seq_len = 6000
@D seq_len = 7000

MAPE

Figure 9. Effect of different history sequence lengths on LSPP prediction.

3. The effect of label sequence length

The prediction performance of the model for different label sequence lengths is shown
in Figure 10. As the label sequence length increases, the corresponding four performance
indicators of the model gradually increase, indicating that the prediction performance of
the model has decreased. The main reason for this phenomenon may be that when the
label sequence is too long, the correlation between the information contained in it and the
future penetration decreases, causing interference with the prediction of the model, and so
the chosen length of the label should not be too long.
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label_len = 1200
label_len = 2400
@ label_len = 3600
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RMSE

MAPE

Figure 10. Effect of different label sequence lengths on LSPP prediction.

Through the above experiments, within the data interval length range of 24-1200 mm,
reducing the sampled data interval improves model performance. Additionally, when
both the history sequence and label sequence lengths are less than 7200 mm, increasing the
history sequence length enhances model performance. However, excessively long label
sequences degrade model performance.

4.2. LSPP Prediction Performance Analysis

In further exploring the characteristics of the proposed LSPP model, based on the
results of the correlation analysis in Section 4.1, the sample data with an interval length
of 48 mm (i.e., a unit distance of 48 mm) was selected for this experiment, and different
prediction sequence lengths were set to analyze the characteristics of the model as the
prediction sequence length increases.

This study optimizes the LSPP model through the grid search method. The historical
sequence time length, label sequence length, and prediction performance obtained for
different prediction requirements are shown in Table 5. The results show that the overall
coefficient of determination (R?) of the model tends to decrease with the increase in the
prediction sequence length. The closer the R? is to 1, the more capable the model is of
explaining the variability of the data. For example, at a predicted length of 48 mm, the
R? reaches 0.98, indicating that the model can almost completely explain the observed
variability. Meanwhile, a higher R? is often accompanied by a lower MAE, RMSE, and
MAPE, which reflect a smaller gap between the LSPP predicted and actual observed
values. In Table 5, when the predicted length reaches 6000 mm, R? = 0.87, which can fit the
performance variation in the shield during construction well. In addition, the increase in
the length of predicted sequences also leads to a corresponding increase in the length of
historical sequences and the length of label sequences required by the model.

Table 5. Performance of LSPP with different prediction sequence lengths.

pred_len seq_len label_len

MAE RMSE MAPE R?
(mm) (mm) (mm)

48 1200 192 0.59 0.76 0.03 0.98
1200 1200 192 1.05 1.51 0.05 0.91
2400 2400 240 1.13 1.45 0.05 0.92
3600 2400 240 1.74 2.05 0.08 0.84
4800 3600 240 1.64 1.9 0.08 0.86
6000 3600 576 1.49 1.8 0.07 0.87
7200 4800 1200 1.82 2.13 0.09 0.82
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Figure 11 shows the model prediction effect when the length of the predicted sequence
is 48 mm, 1200 mm, and 6000 mm, in which, when the length of the predicted sequence is
48 mm, the predicted value of the model keeps the trend of synchronization with the real
value, and the RMSE between the predicted value and the real value is only 0.76 mm/rev.
With the increase in the length of the predicted sequence, the error tends to be larger, but it
is still within the acceptable range, and when the length of the predicted sequence reaches
6000 mm, the model prediction trend still remains the same with the real value. The model
performance remains well stabilized in the presence of an increase in the length of the
predicted sequence.
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Figure 11. LSPP prediction results of different prediction sequence lengths.

To assess whether there is a significant difference between the predicted and actual
values of the shielding performance of LSPP for long distances, the t-test was conducted
for the predicted and actual values at the predicted length of 6000 mm. The results
showed that t = 1.647, while p_value = 0.1003, and when the significance level («) is
0.05, the p_value > 0.05, so the original hypothesis is accepted. No significant difference
was obtained between the predicted and actual values, verifying the reliability of the
model performance.

The prediction results of LSPP for the following six rings are shown in Figure 12.
Although the actual value of the penetration has changed abruptly many times and the
penetration decreased by 9.9 mm/rev from ring 821 to ring 822, a relatively large change,
the model can still predict accurately. The maximum absolute deviation of the model is
not more than 5 mm/rev, as seen in the prediction deviation graph of the model, and the
relatively large error region is concentrated in the late stage of the advancement. It may be
that frequent fluctuations in penetration increase the difficulty of model prediction.

4.3. Comparative Analysis of Model Prediction Performance
4.3.1. Comparison of Different Prediction Sequence Lengths

Table 6 shows the prediction results for the experimental group in Table 4, and we
can find that the prediction performance of LSPP is better than that of LSTM and GRUs,
which is more obvious in the long-distance prediction experiments. The performance of
LSPP degrades more slowly. Comparing LSTM and GRUs, when the prediction sequence
length is 48 mm, under this shorter prediction sequence length, the MAE of the LSPP model
is only 0.59, the RMSE is 0.76, the MAPE is 0.03, and the R? is as high as 0.98, while the
LSTM and GRU models do not perform as well as the LSPP in these four metrics, especially
in the value of R?, which is much higher than that of LSTM’s 0.85 and GRU’s 0.86. This
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Figure 12. LSPP prediction results for the next 6 rings.

Table 6. Performance comparison of different models.

P’;‘;‘liif“ Model MAE RMSE MAPE R2
LSPP 0.59 0.76 0.03 0.98

48 LSTM 1.48 22 0.07 0.85
GRU 1.86 2.71 0.12 0.86

LSPP 1.05 151 0.05 0.91

1200 LSTM 1.82 2.72 0.09 0.78
GRU 2.6 3.49 0.17 0.76

LSPP 1.49 1.8 0.07 0.87

6000 LSTM 2.04 2.98 0.11 0.73
GRU 2.89 4.09 0.15 0.49

When the prediction sequence length increases to 1200 mm, the LSPP still maintains
good prediction performance, its error is still low, and the R? remains at a high level
(0.91). However, the R? of GRUs and LSTM drop significantly to only 0.78 and 0.76. This
result shows that as the prediction sequence length increases, LSPP has the advantage of
stable performance.

When the prediction sequence length is 6000 mm, although the prediction errors of all
models have increased, the MAE, RMSE, and MAPE of LSPP are still lower than those of
LSTM and GRUs, and the R? value reaches 0.87, which is significantly better than 0.73 for
LSTM and 0.49 for GRUs, and the prediction advantage is more significant. This shows
that in long-distance prediction, the LSPP model can maintain a relatively low error and
show stronger stability.

Observe the performance degradation of the three models from Table 6. It can be found
that when the predicted length increases from 1200 mm to 6000 mm, the corresponding
R? of the GRU model decreases from 0.76 to 0.49, there is a large prediction bias, and the
model performance degradation is serious, while at this time, the LSPP only decreases
from 0.91 to 0.87 and still has excellent performance. The prediction performance of LSPP
for the future 6000 mm even exceeds that of LSTM and GRUs for 1200 mm.

The predicted sequences of the three models for the next 6000 mm are shown separately
in Figure 13. Although there is considerable variation in penetration at 899 rings of the
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project, the LSPP model predicts closest to the true value and continues to reduce the error
after continuous learning. While LSTM and GRUs perform similarly, the overall fluctuation
is around the mean without being able to agree with the real value. After 900 rings, the
actual penetration is more stable and the prediction results of all three models are close
to the real situation. However, in terms of the overall prediction characteristics, LSPP has
superior trend catching ability and accuracy, and it can use historical knowledge to infer
future trends more effectively. The prediction accuracies of LSTM and GRUs are slightly
inferior to LSPP and do not fully reflect the subtle changes in actual penetration.

48 336 624 912 0 288 576 864 1152 240 528 816 1104 192 480 768 1056 144 432 720 1008 Net stroke(mm)

PR(mm/r)
=
0]

899 900 901 902 903 904 Ring number

Figure 13. Next 5 rings prediction sequence.

In summary, the LSPP model performs well under different prediction sequence
lengths, especially in long-distance prediction with significant advantages. Compared with
the traditional LSTM and GRU models, the LSPP can better handle long sequence data and
improve prediction accuracy. This advantage stems from LSPP’s effective modelling of
long-term dependencies and its ability to capture complex patterns.

4.3.2. Analysis of Formation Adaptability of Different Models

For an in-depth analysis of the adaptability of different models in stratigraphy, the
prediction results for each of the three soil types, namely medium weathered sandstone,
silty clay, and composite strata, are detailed in Figure 14.

When advancing in the medium weathered sandstone, the penetration will have a
sudden drop phenomenon, such as in area (a) in Figure 14. According to the absolute
deviation results of the model, we find that the deviation of the prediction results of the
LSPP in this section is relatively small, especially after the sudden change, the LSPP can
track the actual situation in time, and the deviation is only 4 mm/rev, as shown in Figure 15.
In the composite strata, due to the constant change in the strata occupation ratio, the
change in the shield penetration does not have any obvious pattern, such as in the (b) area
in Figure 14, in which the LSTM and the GRU network only fluctuate around a mean value,
which cannot effectively predict the future state of the shield structure to provide valuable
guidance. Furthermore, the LSPP model can more clearly portray the fluctuation trend,
indicating that the shield driver should pay attention to changes in the stratum and alter
crucial construction factors, such as advance speed. Under the pulverized clay stratum,
such as area (c) in Figure 14, the shield propels smoothly, so even if the LSTM and GRU
fluctuate around the mean value, better results can be achieved.
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Figure 14. Predicted results of each model at the predicted length of 5 rings. (a) Predicted results

under medium weathered sandstone. (b) Predicted results under composite strata. (c) Predicted

results under silty clay.
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Figure 15. Absolute deviation in predictions of different models.

From the absolute deviation between the predicted and true values of each model, as

shown in Figure 15, it can be seen that the overall prediction deviation of the proposed LSPP

is small, especially when there is a large change in the shield penetration, the area marked by

the red box in the figure, the deviation of the LSTM and the GRU appears to be a significant

increase, but the prediction error of the LSPP does not have a significant change. It can be
seen that LSPP is also better than LSTM and GRUs in terms of stratigraphic adaptability.
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5. Conclusions

The LSPP model proposed in this study is designed to provide an accurate prediction
of the performance of the shield tunnelling over long distances. The model draws on
the structural advantages of the Informer model in long-range sequence prediction and
combines the specific context of engineering practice, which provides sound theoretical
support and practical guidance for construction decisions.

With the help of the construction data of the interval of Nanjing Line 5, Wenjing
Road Station—Chalukou Station, the performance of the proposed LSPP is compared with
that of the LSTM and GRU models for the prediction of the penetration. The conclusions
can be summarized as follows: First, LSPP can achieve accurate prediction of shield
performance over long distances. The performance indexes are excellent when the length
of the prediction sequence reaches six rings, where R? reaches 0.82 and the RMSE is only
2.13 mm/rev. Second, compared with the LSTM and GRU models, the proposed LSPP
model shows the smallest decrease in performance and the best prediction accuracy with
the increase in prediction sequences. Finally, LSPP has better adaptation to different
formations in the case selected for this study.

Despite the excellent performance of the LSPP, due to the complexity of the actual
construction conditions and the large fluctuation of the real penetration, the model’s
prediction accuracy still needs to be improved in some extreme cases. In this study, we only
focused on a single tunnel project, and the adaptability of LSPP under different geological
conditions lacks extensive validation. Future research can improve the applicability and
prediction accuracy of the model by increasing the data samples under different tunnels
and strata, integrating more construction variables, and describing the actual construction
conditions from multiple dimensions, so that it can better meet the needs of actual projects.
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Abstract: The Kusaihu and Xidatan faults in the western part of the East Kunlun active
fault present a miter compound relationship. The Quaternary activity of these two faults is
vigorous and closely associated with potent and large earthquakes. The Ms 8.1 earthquake
occurred on the Kusai Lake fault on 14 November 2001. To understand the current stress
state and seismic hazard in the Kunlun pass region following the Ms 8.1 Earthquake in 2001,
the in situ stress measurement work of four boreholes at two measuring points in this area
is conducted through the hydraulic fracturing method, and the in situ stress accumulation
level in this area is analyzed using the Coulomb fracture criterion, Byerlee’s law, and the
fault friction parameter jip,. It is found that the in situ stress accumulation level in the study
area is not high, and the possibility of fault slip is low.

Keywords: East Kunlun active fault; in situ stress; stress field; fault slip; seismic hazard

1. Introduction

The occurrence of tectonic earthquakes lies primarily in the movement of geological
structures, which gives rise to the contradiction between the in situ stress and the resistance
of rock strata [1]. The earthquake is the outcome of this contradiction. After an earthquake,
the stress state of the Earth’s crust will continue to adjust until a new equilibrium is
reached [2]. It has also been verified that the state of in situ stress undergoes substantial
changes before and after a major earthquake [3-8]. Hence, it is of paramount significance
to study the current tectonic stress field in key tectonic regions.

The East Kunlun fault zone represents a vast left-lateral strike-slip active fault located
in the northern region of the Tibetan Plateau. It stretches for approximately 1600 km,
spanning from the west of Whaili Lake on the border between Qinghai and Xinjiang to
the east of Maqu [3,9-11]. In the western portion of the East Kunlun active fault, the
Kusai Lake fault and the Xidatan fault constitute a miter complex [9]. The Quaternary
activity of these two faults is intense and is closely correlated with potent and large
earthquakes. The research findings suggest that the Kusai Lake fault and the Xidatan
fault can rupture independently and simultaneously, resulting in moderate and strong
earthquakes. The magnitude 8.1 earthquake occurred on the Kusai Lake fault on 14
November 2001 [12-14]. This indicates that the Kusai Lake fault possesses the activity
pattern of large earthquakes of magnitude 8 or above. The displacement of the fault
landform of the Xidatan fault also implies that the magnitude of the ancient earthquake
is approximately 8, reflecting that these two sections have the capacity for recurrent
strong earthquakes. Since approximately 20 ka BP, nearly all the paleoearthquakes of
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the Xidatan fault have occurred 70-500 years after the paleoearthquakes of the Kusai
Lake fault. After the magnitude 8.1 earthquake in 2001, the Xidatan fault has an elevated
risk of strong earthquakes of approximately magnitude 8 within the next 70-100 years
and constitutes a potential epicenter area for strong earthquakes in the northern Tibetan
Plateau. The history of paleoseismicity in the East Kunlun fault zone holds significant
importance for understanding the fracture characteristics and recurrence regularity of
strong earthquakes [15]. Liao, C.T. et al. [3] compared and observed the alterations in in
situ stress before and after the M8.1 earthquake in the East Kunlun Mountain Pass and
discovered that approximately two-thirds of the in situ stress was released after the Ms 8.1
earthquake (from May to July 2003). Nevertheless, the piezomagnetic stress relief method
was utilized then, and the test depth was relatively shallow. Hence, more and deeper
in situ stress data regions are required to study the current stress field characteristics in
this area. From the perspective of in situ stress measurement, this paper analyzes the
characteristics of in situ stress accumulation and seismic risk in the region, utilizing the
stress states of four deep boreholes measured by the author and one borehole measured by
previous researchers.

2. The Geological Context

The East Kunlun Mountain active fault system is a significant left-lateral strike—slip
active fault system located in the northern region of the Tibetan Plateau. Extending
approximately 2000 km from the western shores of Whalei Lake at the Qinghai—Xinjiang
border to the eastern part of Maqu, this fault system serves as a crucial boundary between
the Hoh Xil active block and the Kunlun active block. Based on its structural characteristics,
the East Kunlun Mountain active fault can be subdivided into six distinct seismic fault
zones from west to east: the Kusai Lake Fault, the Xidatan Fault, the Arak Lake Fault,
the Tuosuo Lake Fault, the Dongqginggou Fault, and the Maqu Fault. Notably, the Kusai
Lake Fault and the Xidatan Fault form a miter complex in the western segment of the East
Kunlun Mountain active fault (Figure 1). This fault system is also one of the most seismically
active regions in the northern Tibetan Plateau, with numerous strong earthquakes recorded
over the past century. These include the 8.1 magnitude earthquake that struck the western
part of the Kunlun Mountain Pass on 14 November 2001; the 6.8 magnitude earthquake
near Tuosuo Lake on 24 March 1971; the 7.0 magnitude earthquake east of Rialake Lake on
19 April 1963; the 7.5 magnitude earthquake in Huashixia on 7 January 1937; and the 7.0
magnitude earthquake east of Rialake Lake on 4 November 1902. Additionally, numerous
paleoseismic events have been documented during the Holocene epoch, leaving behind
extensive geological evidence such as earthquake ruptures, scarps, uplifts, fault ponds,
multi-tiered thrust ridges, and colluvial wedges [9,16-18]. Among these events, the Ms 8.1
earthquake that occurred along the Kusai Lake fault on 14 November 2001 represents
the largest modern seismic event recorded on the mainland of China following the
8.0-magnitude earthquake in bengcuo, Tibet Autonomous Region in 1951. This earthquake
resulted in a surface rupture zone with widths varying from several meters to several
hundred meters and extending over a length of 426 km along the southern margin of
the Kunlun Mountains. The maximum co-seismic vertical displacement was measured at
between 6.4 m and 7.6 m [10].

The left-lateral strike—slip kinematic attributes of the earthquake surface rupture zone
imply that the material on the Tibetan Plateau shifts eastward along the East Kunlun fault
zone, potentially resulting in the eastward migration of large earthquakes. The Xidatan
fault, which is mitered to the Kusai Lake fault, exhibits a high level of activity during
the Quaternary period and is closely associated with the occurrence of strong and major
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earthquakes, and possesses the propensity to repeat large earthquakes [9]. Since the Xidatan
fault is a historical surface rupture type earthquake void region, it is postulated to be a
perilous zone for large earthquakes in the future.

Fault

In-situ Stress
Measurement point

| ]
O Altitude/m
L 2634

1
Gl

Figure 1. Geological structure map and the location of in situ stress measurement point.

3. Materials and Methods
3.1. The Position of the Measurement Point

There are three in situ stress measurement points in the study area, namely,
Nanshankou, Xiaogangou and Xidatan. The measurement point at Nanshankou is situated
within the annex of the Nanshankou pumped storage power station, approximately 35 km
south of Golmud City. In July and December 2022, hydraulic fracturing in situ stress
measurements were conducted at this location, involving one vertical surface borehole and
two vertical underground boreholes. The horizontal spacing between these three boreholes
is approximately 100 m. Specifically, the first borehole, designated as Surface Borehole
No. 1, has a depth of 351.00 m and a water level of 85.50 m. Boreholes No. 2 and No. 3,
both located in a tunnel approximately 272 m below ground level, have depths of 180.00 m
each. Borehole No. 2 has a water level of 145.30 m, while Borehole No. 3 has a water level
of 61.50 m.

The Xiaogangou measurement point is situated approximately 46 km south of Golmud
City, adjacent to the Hot Spring pumped storage power station. In August 2024, a hydraulic
fracturing in situ stress measurement was conducted at a vertical borehole with a depth of
621.00 m and a water level of 290.00 m.

The measurement point at Xidatan is situated on the granite on the northern
side of Jingxiangukou within the Xidatan fault valley. The rock within the borehole is
predominantly intact, albeit with some localized fracture zones. In situ stress measurements
were performed in a vertical borehole with a depth of 181.83 m and a water level of 14.50 m.
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3.2. Overview of the Hydraulic Fracturing Method for In Situ Stress Measurement

All the data employed in this paper are the consequences of in situ stress measurement
via the hydraulic fracturing method. The hydraulic fracturing method constitutes one of
the two methods recommended by the International Society of Rock Mechanics for in situ
stress measurement, and its measurement theory is founded on the plane strain theory of
elastic mechanics [19]. This method exhibits the advantages of uncomplicated operation
and no necessity of knowing the mechanical parameters of rock, thereby emerging as
the most prominent method for deep in situ stress measurement at present. In essence,
hydraulic fracturing entails the utilization of a pair of inflatable packers to seal a borehole at
a selected measured depth, and subsequently pumping fluid to pressurize the test section
(commonly referred to as the fracturing section), fracturing the rock, and collecting pressure
curves over time (Figure 2). The instantaneous closing pressure Ps and reopening pressure
P, are acquired by analyzing and computing the curve of pressure variation with time,
thereby facilitating the calculation of the minimum and maximum horizontal principal
stress during fracturing. Bredehoeft et al. [20] and Haimson [21] put forward the formula
for computing horizontal principal stress:

O'hZPS, (1)

0'H=3P5_Pr_Pp/ (2)

Here, Ps stands for the instantaneous closing pressure, P, denotes the retention
pressure of the fracture surface, Pp, pertains to the pore pressure, 07, represents the minimum
horizontal principal stress, oy represents the maximum horizontal principal stress, and the
direction of oy, is mutually perpendicular to the direction of oyy.

The vertical stress, defined as the weight of the overlying strata from the surface to
the midpoint of the fracturing section, was calculated using the formula oy = pgh, with an
average rock density of 26.5 kg/m?.

15
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Figure 2. The curves of a typical hydraulic fracturing measurement.

3.3. Overview of Data Analysis Methods

Coulomb’s criterion indicates that when the shear stress T on the fault plane exceeds
or is equal to the frictional resistance poy, the fault will slip [20,22-25]. Upon incorporating
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the concept of effective stress, the ratio of the maximum to the minimum principal stresses
on the fault plane that could lead to sliding becomes a function of the friction coefficient .

(01 — Po)/ (03 — Po) = (12 + 1)Y? + p)?, 3)

where o represents the maximum principal stress on the fault surface, o3 denotes the
minimum principal stress on the fault surface, Py indicates pore pressure, and y is the
friction coefficient. Byerlee’s law asserts that most rocks exhibit a coefficient of friction
ranging from 0.6 to 1.0, which also applies to the shallow crust.

Um represents the ratio of the maximum shear stress to the average stress. When
accounting for the influence of pore water pressure, the expression for yin, is as follows:

Hm = (01 — 03)/(01 + 03 — 2Py), 4)

where 0 represents the maximum principal stress, o3 denotes the minimum principal
stress, and P indicates the pore pressure. In this study, we define ¢ as oy and 03 as oy
when calculating ym,. The physical interpretation of ypy, is analogous to that of the friction
coefficient yi, and the relationship between these two parameters is expressed as follows:

pm = /(1 + p®)'?, (5)

4. Results and Discussion
4.1. Results of In Situ Stress Measurement

A total of eight hydraulic fracturing in situ stress measurement experiments and
two impression experiments were conducted in Borehole No. 1. In Borehole No. 2,
seven hydraulic fracturing in situ stress measurement experiments and two impression
experiments were performed. Additionally, five hydraulic fracturing in situ stress
measurement experiments and two impression experiments were executed in Borehole
No. 3. Due to the close proximity of the three test boreholes at Nanshanku, their results
were analyzed collectively. The calculations indicate that within the depth range of 34.20 m
to 430.90 m, the maximum horizontal principal stress ranges from 2.33 MPa to 16.60 MPa,
while the minimum horizontal principal stress varies between 1.86 MPa and 10.79 MPa. The
impression results, as illustrated in Table 1, show that the determined directions of the
maximum horizontal principal stress are NE42°, NE54°, NE32°, NE21°, NE33°, and NE31°,
suggesting that the predominant direction of the maximum horizontal principal stress in
the vicinity of the measurement boreholes is the NNE direction.

A total of eight hydraulic fracturing in situ stress measurement experiments and two
impression experiments were conducted in the Xiaogangou measurement point. The results
indicate that at burial depths ranging from 182.50 m to 595.10 m, the maximum horizontal
principal stress varies between 9.37 MPa and 17.20 MPa, while the minimum horizontal
principal stress ranges from 4.92 MPa to 10.62 MPa. The impression results, as presented
in Table 1, demonstrate that the determined orientations of the maximum horizontal
principal stress are NE20° and NE30°. This suggests that the predominant orientation of
the maximum horizontal principal stress near the measurement well is directed towards
the NNE direction.

In August 2005, Wu et al. [26] conducted seven hydraulic fracturing in situ stress
measurement experiments and five impression measurement experiments in the Xidatan
borehole. The findings from the borehole suggest that the burial depth varies between
44.00 m and 176.00 m, the maximum horizontal principal stress ranges from 2.32 MPa to
11.07 MPa, while the minimum horizontal principal stress varies between 2.30 MPa and
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7.00 MPa. The impression test results are presented in Table 1. The identified orientations of
the maximum horizontal principal stress were NE21°, NE29°, NE43°, NE34°, and NE42°,
suggesting that the predominant orientation of the maximum horizontal principal stress in
the vicinity of the measurement borehole is northeast.

Table 1. Results of hydraulic fracturing stress measurements.

Test Interval Fracturing Parameter (MPa) Principal Stresses (MPa)

Borehole No. Burial Depth Hm Direction
(m) Py P, Py P, P T oH on oy of oy
1 34.20 034 000 816 457 287 359 404 287 091 063
2 36.60 037 000 561 324 186 237 233 18 097 041
3 61.20 061 000 596 331 259 265 446 259 162 047
Nanshan 4 110.00 110 025 1037 721 554 316 917 554 292 054  NE42°
PassZK01 5 161.80 162 076 1284 664 613 620 1098 613 429 049
6 229.30 229 144 1078 718 479 360 576 479 608  0.16
7 280.60 281 195 1460 996 780 464 1148 780 744 027  NE54°
8 335.80 336 250 990 744 731 246 1198 731 890 033
1 338.60 067 000 1539 962 708 577 1161 708 897 024  NE35°
2 380.40 1.08 000 1459 1226 823 233 1244 823 1008 0.0
Nanshan 5 401.50 1.3 000 1332 886 619 446  9.70 619 1064 026
;;SOSZ 4 405.45 133 000 1355 1026 87 329 1585 870 1074 029  NE21°
5 420.05 148 003 1334 1083 794 251 1296 794 1113 024
6 423.10 151 006 1888 997 712 891 1133 712 1121 023
1 405.20 133 072 137 999 709 371 1057 7.09 1074 022  NE33°
Nanshan 2 415.20 143 082 1701 1496 1079 205 166 1079 11.00 0.3
Pass 3 419.80 148 086 1257 984 854 273 1491 854 1112 029  NE31°
ZK03 4 423.00 151 09 1293 9.09 7.02 384 11.08 702 1121 025
5 430.90 159 097 121 953 701 257 1052 701 1142 027
1 182.50 183 000 1235 539 492 696 937 492 484 032
2 212.50 213 000 1141 720 692 421 1357 692 563 041
3 316.00 316 026 760 560 554 200 1075 554 837 033
4 403.00 403 113 1079 755 734 324 1334 734 1068 033
5 541.00 541 251 1594 1209 1053 3.85 1699 1053 1434 029
6 544.00 544 254 1328 946 908 382 1525 9.08 1442 032  NE20°
7 572.10 572 282 1638 1005 997 633 1704 997 1516 033  NE30°
8 595.10 595 305 1506 11.61 1062 345 1720 1062 1577  0.30
1 44.00 044 003 592 425 220 167 232 220 117 034  NE21°
2 64.00 064 023 766 403 230 363 264 230 170 024
, 3 84.00 0.84 044 892 640 350 252 366 350 223 029  NE29°
Xlzdéé?“ 4 126.00 126 086 740 703 520 037 771 520 334 047
5 152.00 152 112 1029 810 570 219 788 570 403 040  NE43°
6 168.00 168 127 936 866 700 070 11.07 7.00 445 051  NE34°
7 176.00 176 136 870 740 650 130 1074 650 466 048  NE42°

Note: P,—in situ rock fracture pressure; P.—fracture surface retention pressure; Ps—instantaneous fracture
surface closure pressure; Pyy—hydrostatic pressure; Pp—pore pressure; T—rock tensile strength; cy—maximum
horizontal principal stress; o,—minimum horizontal principal stress; oy—vertical principal stress, calculated
from the burial depth of the overlying rock (bulk density of 26.5 kN/m?), pm—the ratio of the maximum shear
stress to the average stress.

4.2. Characteristics and Magnitude of the In Situ Stress

The distance between the five in situ stress measurement boreholes at the three
locations ranges from a minimum of 20 km to a maximum of 50 km, all situated north of
the East Kunlun Mountain active fault zone. Consequently, a comprehensive analysis is
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conducted on the in situ stress data from these five boreholes when assessing the in situ
stress state of the region. By examining the degree distribution diagram of in situ stress with
depth in this area, it is observed that both maximum and minimum horizontal principal
stresses exhibit a linear trend that increases with depth. The strong linear relationship
indicates stability in regional stress field characteristics and consistency in distribution
patterns. Through linear regression analysis of the collected data, we derive a regression
curve representing in situ stress variation with depth. The regression equations obtained
here between horizontal stress and depth (m) are essentially the same as the results for
mainland China [27], expressed as follows:

oy = 0.0222 x H +4.05 R? = 0.7410, (6)

o = 0.0127 x H + 2.84 R? = 0.7836, 7)

As illustrated in Figure 3, the state of in situ stress varies with increasing depth. In
the interval from the surface to 206.00 m, the in situ stress condition is characterized by
oH > 0y, > 0y, indicative of a reverse faulting regime. Below a depth of 206 m, however,
the in situ stress state transitions to oy > oy > 0y, which corresponds to a strike-slip
faulting regime.
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Figure 3. Measured stress value vs. depth at the Kunlun Mountain pass.
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4.3. Characteristics of In Situ Stress Direction

The interactions among the Indian Ocean Plate, the Pacific Plate, the Philippine Sea
Plate, and the Eurasian Plate, along with the regional blocks within the continental plate,
govern the crustal stress field and tectonic movement patterns of the lithosphere in and
around the Chinese mainland [28-31]. A key characteristic of the contemporary tectonic
stress field of the Tibetan Plateau in China is NNE compression, which aligns with the
subduction direction of the adjacent plates, primarily influenced by the subduction and
extrusion of the Indian Plate towards Eurasia [32].

Before and after the earthquake, the direction of in situ stress changes, gradually
adjusting to align with the pre-earthquake in situ stress orientation. Previous studies
indicate that the average direction of maximum principal stress in this region was NE51.5°
prior to the earthquake, shifting to 30.5° post event [3,33]. Figure 4 illustrates the directional
characteristics of maximum horizontal principal stress in this area, derived from in situ
stress tests conducted using hydraulic fracturing methods across five boreholes. The
results predominantly fall within the range of NE20°~-NE54°, with an average value
of NE33°. When compared to earlier research findings, it is evident that the current
direction of maximum horizontal principal stress closely resembles that observed after the
earthquake. This suggests that while there is ongoing recovery within the current stress
field, it has not yet returned to its pre-earthquake levels.

Changes direction after the earthquake

----------- Direction recovery

Fault strike => 270° 9()° <=

7

Before the earthquake: NE51.5°//

Present : NE33.5°
After the earthquake: NE30.5°

180°

Figure 4. Rose diagram showing the orientations of maximum horizontal principal stress.

4.4. Analysis of In Situ Stress Accumulation Levels and Seismic Risk

Based on actual measurements and linear regression analysis, it has been determined
that, in the study area, oy > 0, > 0y within a depth range from the surface to 206 m
corresponds to a reverse fault in situ stress state; conversely, below 206 m, oy > 0y > 0,
characterizes a strike—slip fault in situ stress state. Therefore, Equation (3) is employed
in this study to analyze fault stability. For reverse faults, when the ground stress state
is at depths greater than 206 m, 01 = oy and o3 = 0y, for depths less than 206 m, the
ground stress state corresponds to that of a strike-slip fault, with o1 = oy and 03 = 0},. The
values of o3 at various depths were utilized to compute o at friction coefficients of y = 0.6
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and p = 1.0. Figure 5 presents the analysis results of the ground stress states in the study
area. From Figure 5, it is evident that the maximum horizontal principal stress in several test
sections exceeds the lower threshold of the fault slip critical value, whereas the remaining
sections remain below this threshold. Therefore, the likelihood of fault slip in this region
is minimal. The better linearity and lower yy values at the Xidatan may be related to the
closer proximity to the fault and more complete stress release after the earthquake.

}im represents the ratio of the maximum shear stress to the average stress. As illustrated
in Table 1, measurements taken at various points within this region reveal that yir, ranges
from 0.16 to 0.63. With only a few measuring sections exhibiting ym values greater than
0.5, most sections show values near 0.3, resulting in an average ym value of approximately
0.33. Japanese scholar Tanaka [34] discovered that the parameter y, can be utilized to
assess the influence of original in situ stress on fault slip. It was observed that y, in a
given area tends to decrease before and after an earthquake. The value of yi, represents
the level of stress accumulation, which is independent of the direction of stress. A larger
Hm indicates a higher level of stress accumulation, thereby increasing the likelihood of
fault slip, and conversely for smaller values. Specifically, when py, falls within the range
of 0.5-0.7, it suggests that crustal stress is approaching its limit state; a value close to 0.5
signifies high levels of stress accumulation, while values below 0.3 indicate low levels of
stress accumulation [33,34]. We believe that the level of stress accumulation in this area is
relatively low and consequently suggests a diminished possibility of fault slip.

30
25— Nanshankou
®  Xiaogangou
Xidatan
20
5
S 154
‘Q*D
g
10
5 -
0 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
o,”P, (MPa)

Figure 5. Measured stress value and fault activity analyses at the Kunlun Mountain pass.

5. Conclusions

The in situ stress state of five boreholes near Kunlun Pass was determined using the
hydraulic fracturing method for in situ stress measurement. A comprehensive analysis and
study were conducted on the level of in situ stress accumulation and seismic hazard in this
area. The conclusions are as follows:

1. The minimum and maximum horizontal principal stress measured at the Nanshankou
using the hydraulic fracturing method are 1.86-10.79 MPa and 2.33-16.60 MPa,
respectively, within a depth range of 34.20 to 430.90 m. In another assessment, the
minimum and maximum horizontal principal stress recorded are 4.92-10.62 MPa and
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9.37-17.20 MPa, respectively, across a depth range of 182.50 to 595.10 m. Additionally,
at the Xidatan test point, the minimum and maximum horizontal principal stresses
observed are 2.30-7.00 MPa and 2.32-11.07 MPa, respectively, in a depth range of
44.00 to 176.00 m. The maximum horizontal principal stress and minimum horizontal
principal stress observed in the five boreholes exhibit a linear trend of increase
with depth, demonstrating a strong linear relationship. In the depth range from the
surface to 206 m, the principal stress configuration is characterized by oy > oy, > 0,
indicating a reverse fault in situ stress state. Below 206 m, however, the principal
stress arrangement shifts to oy > 0y > 01, which corresponds to a strike—slip fault in
situ stress state;

2. The results of in situ stress measurements indicate that the direction of the maximum
principal stress is N20°E-NE54°, with an average orientation of NE33°. This finding
aligns with the direction of the regional stress field observed in the area post
earthquake, suggesting that the stress field is still undergoing recovery and has
not yet returned to pre-earthquake levels. By applying the Coulomb fracture criterion,
Byerlee’s law, and the fault friction parameter iy, it has been determined that the
level of ground stress accumulation in the study area is relatively low. Consequently,
from an in situ stress perspective, the author posits that there is minimal likelihood of
an earthquake occurring in this region.

3. The process of earth stress recovery is the process of earthquake reproduction. In order
to understand the relationship between geostress recovery process and earthquake
recurrence and the Gusaihu fault and Xidatan fault in the East Kunlun fault zone,
it is necessary to strengthen the research of geostress measurement and continuous
geostress monitoring in this area.
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Abstract: In order to solve the problems of stress concentration in the roadway peripheral
rock and poor support effect in a wide range of high-stress areas under the high-stress
environment of MaKeng Iron Mine, this study is based on the theory of loose circle support,
combined with the calculation of the anchor suspension theory to determine the reason-
able length of pipe slit anchors and other key parameters. Through the two methods of
punching and bonding, we examined the destructive effect to determine the thickness of
the spray concrete and, finally, put forward the pipe slit anchor mesh spraying support
technology program. The numerical model was constructed by using three-dimensional
numerical simulation software (FLAC3D 5.0), and the support effect analysis of the support
scheme was carried out systematically. The research results show the following: under
the high-stress environment dominated by external horizontal tectonic stress, the use of
pipe slit anchor net spray support technology can significantly improve the distribution
characteristics of the plastic zone, stress field and displacement around the roadway; after
the support, the deformation and displacement of the surrounding rock around the empty
zone are significantly reduced, effectively preventing the destruction of the surrounding
rock under the high-stress environment. The program not only unifies the mine support
form and support parameters but also specifies the support construction method and
construction quality inspection standard, which provides a scientific technical guarantee
for mine shaft support and has an important reference value for the support design and
construction of a mine roadway under a similar high-stress environment.

Keywords: roadway support; damage and deformation characteristics; numerical simulation;
pipe slit anchor mesh spraying

1. Introduction

In the process of deep mining development, the deformation control of the roadway
surrounding rock is a major technical difficulty. Particularly with the increase in mining
depth, various obvious large deformation phenomena occur in the roadway peripheral rock
under high levels of stress, and the roadway produces serious bottom plate bulging under
high levels of stress, which affects the normal use of the roadway. Under high overburden
and tectonic stresses, the roadway may collapse or undergo excessive deformation, which
not only endangers mining personnel but also reduces the function of the roadway and
stops production. Therefore, ensuring the stability of the roadway perimeter rock and
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the safety and reliability of the support structure during deep excavation is extremely
important for the safe and efficient mining of underground resources [1-8].

Deep mining is in a high-stress state, so the surrounding rock is more likely to reach
the limit state, which leads to deformation and damage. In terms of surrounding rock
control, scholars have proposed various theories and techniques, ranging from the new
Austrian tunneling method [9] to the collapse arch [10,11]. Scholars have proposed the
idea of surrounding rock management from the perspective of improving the bearing
capacity of surrounding rock and combining it with support. With the development of
energy theory [12], the interaction between surrounding rock and support was studied from
the perspective of energy regulation. Aydan, O et al. [13,14] proposed the joint support
theory according to the engineering practice. Kang et al. [15] proposed a resin full-length
prestressed anchorage joint support technology. Jia et al. [16] considered that high geostress
is an important factor leading to the deformation of deep surrounding rock, analyzed the
damage mechanism of soft rock, and proposed a support method applicable to soft rock.

However, most of the existing studies on perimeter rock support are aimed at shallow
roads. Influenced by traditional concepts, deep roadway support always adopts the
engineering analogy method and empirical method, which leads to the uncertainty of
rationality and excessive or insufficient support intensity of the surrounding rock control
methods and technical parameters. The disadvantage of the former is that it wastes the
support material and increases the support cost, while the latter brings great hidden danger
to safety production.

Based on the above, in view of the mining characteristics of the middle zone of
Makeng Iron Ore Mine, the distribution law of geostress, the deformation and damage
characteristics of the deep roadway, and the peripheral rock support characteristics of
the roadway, this study determines the reasonable support process and support design
parameters through on-site measurements, theoretical analyses, numerical simulations, and
on-site industrial tests and develops the support effect checking inspection standards to
meet the specification requirements, so as to form a set of mine-based actual support control
methods of the crushed rock body. This study is a reference for the support technology of
this kind of broken rock body.

2. Project Overview

Makeng Iron Ore Mine, located 15 km south of Longyan City, Fujian Province, employs
a large-diameter deep-hole staged stoping with backfill method. A longitudinal fault runs
through the center of the mine, and under the influence of geostress and groundwater,
fissures in the surrounding rock transition from a closed to an open state, compromising
roadway stability and posing risks to key infrastructure.

The mining of Makeng Iron Mine is carried out by the method of open stope and
subsequent filling. The mining activity of the ore body induces the mechanical response
mechanism of disturbance and failure in the surrounding rock. With the development
of mining, the surrounding rock of the roadway is dynamically driven by the mining
stress field (including the initial stress release and secondary stress concentration effect)
and presents significant asymmetric deformation characteristics: progressive settlement
occurs in the roof, and continuous uplift occurs on the floor. The historical monitoring
results show that the deformation of the roof and floor increases nonlinearly with the
increase in mining disturbance, and the deformation region shows the expansion behavior
of spatio-temporal correlation. The cumulative damage effect of surrounding rock leads
to the gradual expansion of the plastic zone, which ultimately poses a direct threat to the
stability of the roadway structure and the safety of underground production.
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Based on the results of the current stress tests at each section, the component values in
the north—south, east-west, vertical and other directions were calculated. The test results of
each measuring point are shown in Tables 1 and 2. According to the test results at this time,
the maximum principal stress in the mining production area below 90 m and at a level of
18 m reached above 30 MPa, and the horizontal component stress also showed relatively
high stress. This indicates that the stress value of the deep part of the ground stress was
relatively high. With the expansion of mining, there is a possibility of stress concentration
and the emergence of large-scale high-stress areas, which require special attention and
high-level concern. The maximum principal stress at the 18 m section measuring point
reached 31.33 MPa, with a direction of 224.9° and an inclination angle of 7.0°, which was
nearly horizontal. A phenomenon of increased lateral pressure due to the influence of
horizontal stress was clearly observed. With the increase in depth, the increase in horizontal
stress became more obvious, which is in line with the characteristics of ground stress in a
mountainous terrain environment. Figure 1 indicates that as the mining progresses, the
stress concentration and the high-stress zones keep expanding. Therefore, active ground
pressure management, timely void zone treatment and reinforcement measures need to
be adopted to prevent rock failure and ensure the safety of operations. Existing support
systems mainly rely on $43 mm hollow grouted rock bolts, supplemented with 100 mm
sprayed concrete in weak sections. However, the absence of standardized support selection
and evaluation methods results in inconsistent designs and suboptimal performance.
Without clear construction quality standards, timely acceptance and assessment of support
measures remain challenging, affecting overall site stability.

Table 1. Raw rock stress test results.

Observation

Maximum Principal Stress o1 Intermediate Principal Stress o2

Mining

Minimum Principal Stress o3

. Numerical Orientations Tilt Numerical Orientations 1y (o Numerical Orientations ... o
Point Depth (m) Value (MPa) ©) ©) Value (MPa) ©) Tilt ) Value (MPa) ©) Tilt ()
160 m level 510 17.46 2115 30.8 16.53 ~56.8 27 13.49 217.7 —59
115 m level 555 24.59 250.4 0.7 20.57 ~19.2 18.7 15.27 158.2 71.2
90 m level 580 30.22 229.3 12 16.55 ~29.2 83.8 14.00 139.1 6.0
18 mlevel 652 31.33 2249 7.0 21.86 —412 27.8 18.04 1219 61.1
Table 2. Calculation results of stress components.
) ) . . . Stress Component (MPa)
Observation Point ~ Mining Depth (m) Test Site P
ox oy oz
160 m level 510 74# Line Transportation Lane 16.41 16.52 14.54
115 m level 555 74# North Transportation Lane 20.06 20.55 15.82
90 m level 580 74# Line Transportation Lane 23.33 20.91 16.52
18 m level 652 75# Line North Transportation Lane 25.88 26.28 19.08

Vertical principal stress/MPa

m— Vertical principal stress changes

s
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Figure 1. Vertical stress variation from 160 m to —18 m.
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To improve safety and efficiency, the mine urgently needs systematic optimization
of support technologies, including standardized selection criteria, process controls, and
evaluation methods. Establishing a scientific approach to support design based on rock
mass conditions will be key to enhancing shaft stability and long-term mining sustainability.

3. Loose Ring Measurement
3.1. Loose Ring Field Test

1. Drilling measurement hole: Drilling with @90 or higher drilling rig. Each measuring
point is drilled according to the designed drilling position, the drilling azimuth is
5-10° down the tying angle, the drilling depth is at least 5 m, and the hole depth is
measured with a ruler.

2. Hole cleaning and water filling: Clean the drilling slag in the drilling hole, send the
test probe into the bottom of the hole through the extendable tube of the self-made
probe, and then send the water filling pipe into the drilling hole to fill the water.

3.  Test process: Measure the distance between receivers, input data such as project
number, hole depth and distance between receivers into the test equipment. After the
hole is filled with water, keep the hole full of water, and then slowly and evenly pull
the test line to pull out the probe. As the probe is pulled out, readings are taken every
20 cm until the transducer is completely detached from the borehole, as shown in
the top view. With the different position of the drill, that is, the different depth from
the two sides of the roadway, the reading on the tester changes due to the different
degrees of fragmentation of the rock mass. After the measurement, the computer
data analysis system is used to take the best and representative readings as the final
analysis data of the measurement results.

The testing process is shown in Figure 2.

(0 (d)

Figure 2. Field work drawing. (a) Measure the distance between receiving points, (b) pull out 20 cm

each time during measurement, (c) acquisition head wave, (d) data reading and storage.
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3.2. Sonic Method for Testing Loose Rings

Due to rock fragmentation within the loosening ring, ultrasound propagates through
the fractured rock at a lower velocity compared to intact rock. The extent of the loosening
circle can be determined by identifying the inflection point on the velocity curve, where a
sudden change in sound speed occurs. By screening, analyzing, and processing the data
collected from the measurement points at the Makeng Iron Mine, a depth—sound velocity
variation curve for the lithology at each measurement point was obtained, as shown in
Table 3 and Figure 3.

Table 3. Locations of test holes and measured sound velocities for each ore body at Makeng Iron
Ore Mine.

Hole Depth of Effective Average Rock Average
Number Position Rockiness Hollje (m) Hole Speed of Sound Velocity Note
Distance (m)  Sound (m/s) (m/s)

1 85 level 24% ore body 10 08~4 3254 vertical
transverse drift hole

5 115 level 28# bod . 084 2977 3624 .
transverse drift orebody '

3 145 level 28% ore body 6 0.8~4 3645 \

transverse drift

—m— 85m level 244 perforator
6000 4 —@— 115m level 284 perforation

5500 A —aA— 145m level 28# perforation

,—.\
1 / e
5000
o
\/

\.f.\.\././ ™
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Figure 3. Curve of hole depth versus sound velocity in the ore body.

In the 85 m, 115 m, and 145 m subsections, the relationship between ore body hole
depth and acoustic wave velocity was analyzed. As shown in Figure 3, the measurement
section at the 85 m level ranges from 0.8 m to 4.0 m. Within the 1.5 m to 4.0 m range, the
rock wave velocity remains relatively stable between 3800 m/s and 4300 m/s, indicating
that this section of the ore body is relatively intact. It has not been significantly affected by
the stress changes induced by roadway excavation.

However, between 1.2 m and 1.8 m, the wave velocity shows a noticeable decline.

Specifically, within the 0.8 m to 1.4 m range, the average wave velocity is approximately
2112 m/s, which is significantly lower than the intact rock. This suggests that the rock
mass in this section contains more fissures and is more fragmented due to the influence of
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roadway excavation. Based on this analysis, the loosening circle radius for the 85 m section
is determined to be 1.2 m.

Similarly, in the 115 m subsection, as shown in Figure 3, the acoustic wave test data
exhibit the same trend as the 85 m section. Based on these results, the loosening circle
radius for the 115 m level is determined to be 1.4 m.

For the 145 m level, the measured wave velocity remains relatively stable within the
0.8 m to 4.0 m range. However, an overall decreasing trend in wave velocity suggests that,
while the rock mass in this section remains largely intact, it is still influenced by excavation
activities near the roadway. Consequently, the loosening circle radius in this section is
relatively small.

The sonic test results across different roadway sections within the ore body rock layers
exhibit a consistent distribution pattern, with multiple factors influencing the extent of
the rock loosening circle. Based on sonic testing and data analysis, it is concluded that the
loosening circle size in the 85 m section is approximately 1.2 m, while in the 115 m section,
it is around 1.4 m. In the 145 m section, the ore body exhibits better integrity, with only
a small loosening circle present. These findings provide valuable insights into roadway
stability and serve as a basis for optimizing support measures.

4. Determination of Parameters for Slit Pipe Anchor Net Spray Support

In the combined support system of anchor, mesh, and sprayed concrete, the addition of
a metal mesh enhances the crack resistance of the sprayed concrete layer while improving its
overall flexural, tensile, and shear strength. This reinforcement helps to effectively seal the
surrounding rock, preventing weathering and protecting anchor rods from water erosion.
Additionally, it optimizes the joint support function of the anchor rods and metal mesh,
ensuring a more stable roadway structure. The sprayed concrete also acts as an isolating
layer, further safeguarding the anchor rods and metal mesh from environmental factors. For
economic efficiency, a metal mesh size of 2000 mm x 1000 mm with a 100 mm x 100 mm
mesh hole is selected.

The drill bit specification used for excavation in the Makeng Iron Mine is ¢38 mm, with
the actual construction hole diameter ranging between 38 mm and 40 mm. For analysis,
the 115 m level, section 28# through the vein, is chosen as the application site. Based on the
loosening circle calculation, the loosening circle radius at the 115 m level for section 28# is
1.4 m. The roadway specifications are 3.9 m in width and 3.6 m in height.

According to the suspension theory, after the excavation of the roadway, the original
in situ stress in the surrounding rock redistributes, changing from the original three-
dimensional stress to two-dimensional corresponding stress and creating a stress concentra-
tion area. In this area, the original joints, fissures, bedding, faults, and other discontinuities
in the rock mass may further develop. Affected by this development, some rock loosening,
sliding and fracture phenomena will occur. Further, new discontinuities may be generated,
and caving may occur under the action of self-weight. The suspension function of the
anchor bolt is to give sufficient restraint to the subregion at this time and anchor these
loose and broken rocks in the hard and stable rock stratum inside the surrounding rock
(Figure 4).

Using the anchor suspension theory and inputting these parameters into the calcula-
tion formula (Equation (1)), it is determined that the distance should not be less than 1.02 m.
Based on the mesh specifications, the distance between anchor rods is set to 1 m x 1 m.

| G
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where: a—anchor bar spacing, row spacing, m;

G is the anchor design anchoring force, taken as 70 KN /root;

k is the safety factor, take 2;

L, is the thickness of the unstable rock layer to be suspended, determined by the
radius of the circle of loose surrounding rock, here taken as 1.4 m;

v is the bulk weight of the rock, determined by the nature of the surrounding rock,
here take 24 KN/m?3.

Hard rock Hard rock
N ’

Bolt Bolt

yE
=

1
¥ 3 ™ Toy T 3

1

1

v
Balance arch

Figure 4. Schematic diagram of suspension theory.

The total length L of the anchor consists of three parts: the anchoring length L, of the
anchor deeper into the more stable rock layer, the thickness L, of the unstable rock layer to
be suspended and the thickness L. of the upper pallet and anchorage, where the thickness
L. of the upper pallet and anchorage is taken as 0.15 m.

L=Ls+Ly+ L 2)

The anchorage length L, for deeper penetration into the more stable rock layer is
determined by Equation (3). The anchorage length is calculated to be 0.45 m, so the total

length of the anchor L is 2 m.
df,

La 2Kz 3)
where: K is a safety factor, generally taken as 2;

d is the diameter of the anchor, 0.02 m;

fs is the tensile strength of the anchor, taken as 315 MPa;

f. is the bonding strength of anchor and cement paste, taken as 7 MPa.

Spray layer damage is mainly dominated by cut layer damage and bonding damage.
According to the previous report, the weight of the dangerous stone is 12,096 kg, and the
length of the dangerous stone periphery is 3519 cm; therefore, substituting the relevant
parameters into Equation (4), the thickness of the spray layer under the cut layer damage is
not less than 14.32 mm.

H, > k.G/(S9) 4)

where: H.—thickness of spray layer, cm;
G—weight of dangerous stones, G = 12,096 kg;
S—dangerous rock perimeter long, S = 3519 cm;
§—concrete shear strength, generally taken as & = 6 kg/cm?;
k.—safety factor, k = 2.5.
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Equation (5) shows that the thickness of the spray layer under the bonding damage
should not be less than 34.37 mm.

G 1'[K]} | kG

4
3 3
H, > 3.65 x k; [} [} ~ o
N

Son ©)

where:

dn—bond strength of shotcrete, 3 kg/ cm?;

K—rock elasticity tensile coefficient, 1 x 104 kg/ cm?;

E—modulus of elasticity of rocks, E = 415,100 kg/cm?

k,—safety factor, k = 3.

The results demonstrate that, based on calculations considering both the punching and
cutting destructive effects and the bonding effects, the minimum thickness of the sprayed
concrete layer should not be less than 34.37 mm. Furthermore, a protective concrete layer
with a thickness of at least 20 mm is required to ensure the integrity of the metal mesh and
to provide a smoother roadway surface, thereby promoting a more uniform distribution
of stress. To achieve consistency in the design of support parameters, a 100 mm thick
concrete layer is adopted. This thickness aligns with the specifications used for plain
sprayed concrete support in roadways characterized by more developed joints and fissures,
as well as lower stability conditions. This approach ensures both structural reliability and
compatibility with existing support practices.

5. Simulation Analysis of Support Effectiveness
5.1. Modelling

To assess the damage status of the roadway and determine an appropriate support
scheme for the Makeng Iron Ore Mine, an engineering geological model was developed.
This model considers key factors, such as roadway location, surrounding rock lithology, and
fault distribution. The model dimensions are 36 m x 30 m x 34 m, comprising 144,600 units
and 153,078 nodes. The relevant parameters required for numerical simulation are shown
in Tables 4 and 5.

Table 4. Rock mechanical parameter.

Groupine Name Soil Natural Elasticity Poisson’s Ratio Cohesive Force  Internal Friction
ping Density (g/cm—3) Modulus (GPa) (MPa) Angle (°)
Marbled limestone 2.69 4151 0.27 18.28 41.89
mine 3.82 47.70 0.27 27.65 47.88
Quartzized limestone 2.54 36.83 0.28 27.14 41.05

Table 5. Supporting mechanical parameters.

Parameter Density (g/cm—3) Elasticity Modulus (GPa) Poisson’s Ratio
lining concrete 2.50 28.00 0.27
Anchor bolt 7.80 210.00 0.30

Boundary conditions are defined as follows: the bottom boundary is subject to vertical
constraints, the four side boundaries are constrained horizontally, and the upper boundary
is a free surface. Stress boundary conditions are applied based on measured in situ stress
data. The Mohr-Coulomb model is adopted as the yield criterion. The numerical simulation
model is illustrated in Figure 5.
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Figure 5. Numerical simulation model.

To ensure that the numerical calculations accurately reflect the actual engineering
geological conditions of the Makeng Iron Ore Mine, the following assumptions are made in
the modeling process:

1. The ore-bearing rock mass is considered an ideal elastic—plastic material. After reach-
ing the yield point, neither the material strength nor volume changes with plastic
flow, and strain hardening or softening effects are not taken into account.

2. Both the ore body and surrounding rock are assumed to be locally homogeneous and
isotropic. The plastic flow does not alter the isotropic nature of the materials.

3. All physical parameters involved in the analysis are considered time-independent,
reflecting the brittle nature of the rock.

4. Given the limitations of finite difference calculations, tectonic activity is disregarded.
The in situ stress field is assumed to be geostatic, rock layers are in full contact with
each other, and the interior of each rock layer is treated as a continuous medium.
Groundwater effects are also excluded from the model.

5. The calculation considers only the effects of geostress, neglecting the impact of seismic
waves, explosive shock waves, and groundwater on the stability of the rock mass.

5.2. Stress Analysis of the Roadway Perimeter Rock

Figure 6 illustrates the distribution characteristics of the maximum principal stress,
minimum principal stress, and vertical stress (z-direction) in the surrounding rock under
two working conditions: without support and with anchor net shotcrete support.

Under unsupported conditions, stress concentration is primarily observed in the
shoulder area of the roadway and at the base of the sidewalls. The maximum principal
stress reaches 16.90 MPa, concentrated at the roadway shoulders, indicating that this zone
experiences high compressive stress due to excavation-induced disturbance and is, thus,
prone to compressive shear failure. The minimum principal stress is concentrated near
the floor, exhibiting tensile characteristics, which may lead to tensile failure of the rock
mass. The maximum vertical stress is 10.25 MPa, and although its distribution is relatively
uniform, localized concentration is still present at the junction between the roof and floor,
potentially causing structural stress imbalance.

With the application of the anchor net shotcrete support, the stress distribution within
the surrounding rock improves significantly. The maximum principal stress is reduced
to 14.23 MPa, reflecting a 15.8% decrease, and the extent of the stress concentration zone
is markedly reduced. This indicates that the support system effectively redistributes and
alleviates the high compressive stress at the roadway shoulders, thus mitigating the risk of
localized failure. Additionally, the range of tensile stress is significantly reduced, with the
minimum principal stress increasing, suggesting that the support system suppresses tensile
stress development, particularly at the wall bases. The maximum vertical stress decreases to
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7.74 MPa, a reduction of approximately 24.5%, and its distribution becomes more uniform,
which facilitates the maintenance of overall stress equilibrium in the surrounding rock mass.

From a mechanical perspective, the anchor rods link the shallow fractured rock with
the deeper stable strata, thereby enhancing the structural integrity and overall load-bearing
capacity of the surrounding rock. Meanwhile, the shotcrete layer and steel mesh rapidly
seal surface cracks, restrict deformation and crack propagation, and inhibit the formation
of new stress concentration zones. As a result, the stress within the surrounding rock is
redistributed more uniformly, and localized high-stress regions are effectively weakened,
significantly improving the stability and safety of the roadway.

In summary, the anchor net shotcrete support exhibits a notable capacity to relieve
local stress concentrations and optimize the stress distribution in the surrounding rock,
providing a critical safeguard for the long-term stable performance of the roadway structure.
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Figure 6. Diagram of stress distribution before and after support. (a) Decreasing trend of maximum

principal stress before and after support, (b) decreasing trend of minimum principal stress before
and after support, (c) decreasing trend of vertical stress before and after support.

5.3. Analysis of the Deformation of the Roadway Perimeter Rock

The deformation characteristics of surrounding rock are an important index for evalu-
ating the support effect, which directly reflects the stability of the roadway in the excavation
and support process. In this study, three monitoring points were selected at the top plate
and gang part of the roadway for displacement analysis; the distances of the monitoring
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points from the top plate were 0.2 m, 0.6 m and 1.0 m, respectively, and the results are

shown in Figures 7 and 8. The position diagram of the measuring point is shown in Figure 9.
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Figure 7. Comparison of deformation of surrounding rock in unsupported condition and spray

anchor net support condition.
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Figure 9. Schematic diagram of measuring point location.

Under the unsupported condition, the deformation of the tunnel perimeter rock is

more significant. The maximum displacement of the roof plate reaches 7.0 cm, which is

mainly concentrated in the middle part of the roof plate, indicating that the peripheral rock
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in this area has insufficient bearing capacity and there is a greater risk of deformation. The
maximum displacement of the gang section was 6.2 cm, which was mainly distributed in
the middle and upper part of the gang section, indicating that the peripheral rock of the
gang section also deformed significantly under the unsupported condition. In addition, the
displacement of the top plate at 0.6 m was 6.5 cm, and the displacement of the top plate at
1.0 m was 5.9 cm, which further indicated that the deformation of the top plate gradually
decreased from the surface to the depth of the roadway, but the overall deformation was
still large.

After adopting anchor net spray support, the deformation of surrounding rock was
effectively controlled. The top slab displacement was reduced to 5.8 cm, which was about
17.1% less, indicating that the support system played a significant role in restraining the
deformation of the top plate and surrounding rock. Gang displacement decreased to 5.1 cm,
a reduction of about 17.7%, indicating that the support measures also have a good effect on
the deformation of the surrounding rocks at the gang section. In addition, the displacement
at 0.6 m of the roof slab decreased from 6.5 cm to 5.4 cm, a decrease of about 16.9%, and
the displacement at 1.0 m of the roof slab decreased from 5.9 cm to 4.9 cm, a decrease of
about 16.9%. These data show that the support system can not only effectively control the
deformation on the surface of the roadway but also inhibit the displacement of the deep
surrounding rock, thus improving the overall stability of the roadway:.

By comparing the deformation characteristics under the two conditions, it can be
found that the anchor net spraying support significantly reduces the deformation of the
surrounding rock and improves the deformation distribution law of the roadway, which
provides an important guarantee for the safe use of the roadway.

5.4. Analysis of the Damage to the Roadway Perimeter Rock

The distribution range of the plastic zone directly reflects the damage degree of
surrounding rock, which is an important index for evaluating the stability of the roadway.
Figure 10 shows the distribution of the plastic zone of the surrounding rock under different
support conditions.
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Figure 10. Comparison of the plastic zone in the unsupported condition and the spray anchor
network supported condition of the enclosing rock. (a) Unsupported state of the surrounding rock,
(b) supporting state of surrounding rock.
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In the unsupported condition, the plastic zone of the surrounding rock of the roadway
has a large range. The maximum depth of the plastic zone in the top slab is 2.74 m, which
is mainly concentrated in the middle of the top slab, indicating that the surrounding
rock in this area has undergone significant plastic deformation and there is a high risk
of damage. The maximum depth of the plastic zone in the bottom plate is 3.0 m, which
is slightly larger than that of the top plate, indicating that the surrounding rock of the
bottom plate has undergone a wide range of plastic damage under the condition of no
support. The maximum depth of the plastic zone in the gang section is 1.6 m, which is
mainly concentrated in the middle and upper part of the gang section, indicating that
the surrounding rock in this area has insufficient bearing capacity and is prone to plastic
deformation. These data show that the plastic zone of the tunnel peripheral rock in the
unsupported condition is large, and there is a high risk of instability.

After adopting the anchor net spraying support, the range of the plastic zone of the
roadway surrounding rock was significantly reduced. The depth of the plastic zone of
the top slab was reduced from 2.74 m to 1.20 m, which was reduced by about 56.0%,
indicating that the support system had significantly suppressed the plastic deformation
of the surrounding rock of the top slab. The depth of the plastic zone in the base plate
is reduced from 3.00 m to 2.80 m, with a reduction of about 6.7%, indicating that the
supporting measures also have a certain effect on the plastic deformation of the base plate
surrounding rock. The depth of the plastic zone in the gang section is reduced from 1.60 m
to 1.30 m, which is about 19.0%, indicating that the support system can effectively enhance
the bearing capacity of the surrounding rock in the gang section and reduce the range of
plastic damage.

By comparing the distribution characteristics of the plastic zone under the two condi-
tions, it can be found that the anchor mesh spraying support significantly reduces the range
of the plastic zone of the tunnel surrounding rock, especially the plastic zone of the roof
plate, which has the largest reduction, indicating that the support measures can effectively
enhance the bearing capacity of the surrounding rock and reduce the risk of plastic damage,
so as to improve the long-term stability of the tunnel.

6. Engineering Applications
6.1. Rock Support

Based on the above calculations and the geological conditions of the site, the anchor-
mesh spray support system is adopted. The pipe slit anchors have a length of 2.0 m and
are arranged in a 1.0 x 1.0 m grid pattern. The anchors are spaced 1000 mm apart in each
row, with nine anchors per row, and the distance between the anchor and the base plate
is 100 mm. Steel mesh is added, with each mesh panel measuring 2000 x 1000 mm, a
diameter of 6 mm, and a grid size of 100 x 100 mm. The sprayed concrete has a thickness
of 100 mm and a strength rating of C20. This support system enhances roadway stability
by effectively controlling deformation and minimizing plastic zone expansion. Figure 11
shows a schematic diagram of the design.

6.2. Monitoring Method of Tunnel Convergence Deformation and Setting of Measuring Point

Roadway surface displacement is the most direct basis for the evaluation of the road-
way supporting effect and surrounding rock stability, and its monitoring content includes
the displacement of two sides and the displacement of the top and bottom. According to the
monitoring results, the improved support effect and deformation rule of surrounding rock
can be judged, and the feasibility of support can be verified. The convergence deformation
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of surrounding rock on the roadway surface was monitored using the cross-distribution
method, as shown in Figure 12.
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Figure 11. Support program diagram.
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Figure 12. Distribution diagram of key points in roadway section.

Figure 13 shows that in the initial stage of measuring point arrangement, the coupling
between the supporting system and surrounding rock is weak, supporting bodies such as
the anchor net have not fully played their roles, and the deformation rate of the roadway is
fast. With the increase in roadway deformation, the coupling between roadway surround-
ing rock and the supporting system was greatly enhanced on the 10th to 15th days, and
the roadway deformation rate slowed down significantly. After the 15th day, the roadway
deformation rate tended to be stable.

Through field monitoring, the displacement value of the surrounding rock of the
roadway measuring station can be obtained, and then the stability of the roadway can
be evaluated using the convergence rate, as shown in Table 6. Based on the empirical
value summarized from long-term engineering practice, when the relative convergence
rate of the largest two sides and roof and floor of the roadway does not exceed 2%, the
roadway is judged to be in a stable state, indicating that the roadway supporting parameters
are feasible.
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Figure 13. Tunnel convergence deformation monitoring. (a) Roof-to-floor convergence, (b) two sides
move closer.

Table 6. Stability evaluation of mining roadway.

Displacement Value of The Dlsplacemel.lt Value Top and Bottom Relative Relative Convergence
Top and Bottom Plate of the Two Sides o o
Convergence Rate (%) Rate (%)
(mm) (mm)
59.85 71.00 1.66 1.82

As can be seen from Table 6, the relative convergence rates of the top and bottom
plates and the two sides of the measuring points are 1.66% and 1.82%, respectively, both of
which are less than 2% and within the allowable convergence rate range. Therefore, the
roadway is judged to be in a stable state. It shows that the roadway supporting parameters
are feasible and can provide reference for similar roadway supporting.

After determining the parameters of anchor net spraying support and implementing
the engineering application in Makeng Iron Mine, under the influence of the vibration of
deep hole blasting in the quarry, the sprayed concrete layer close to the blasting point will
be cracked, but no spalling phenomenon will occur. Due to the blasting disturbance, the
service life of the roadway near the blasting point supported by sewing pipe-type anchor
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net spraying is relatively short. In order to improve this situation, the mine adopts the
method of filling after the stage mining room and follows the principle of “quick mining,
quick exit, quick filling” for the management of the quarry. By filling the hollow area in
time, it effectively reduces the deformation and displacement of surrounding rocks around
the hollow area, inhibits the further expansion of cracks in the shotcrete layer, and, thus,
avoids the occurrence of concrete layer spalling. After the filling is completed, only the local
cracked area needs to be shotcrete repaired to restore its integrity and ensure the long-term
stability of the supporting structure. Practice shows that this method can significantly
improve the stability of the roadway surrounding rock, providing a strong guarantee for
the safe production of the mine.

6.3. Field Analysis and Follow-Up Measures

After determining the parameters of anchor net spraying support and implementing
the engineering application in MaKeng Iron Mine, under the influence of vibration of deep
hole blasting in the quarry, the sprayed concrete layer close to the blasting point will be
cracked, but no spalling phenomenon occurs. Due to the blasting disturbance, the service
life of the roadway near the blasting point supported by sewing pipe type anchor net
spraying is relatively short. In order to improve this situation, the mine adopts the method
of filling after the stage mining room, and follows the principle of “quick mining, quick
exit, quick filling” for the management of the quarry. By filling the hollow area in time, it
effectively reduces the deformation and displacement of surrounding rocks around the
hollow area, inhibits the further expansion of cracks in the shotcrete layer, and thus avoids
the occurrence of concrete layer spalling. After the filling is completed, only the local
cracked area needs to be shotcrete repaired to restore its integrity and ensure the long-term
stability of the supporting structure. Practice shows that this method can significantly
improve the stability of the roadway surrounding rock, providing a strong guarantee for
the safe production of the mine.

7. Conclusions

1.  Based on the loosening zone theory, the quantitative analysis of the support require-
ments of the surrounding rock of the roadway was conducted, and an optimized
scheme of combined support with grouting, anchor rods and mesh was proposed.
Through theoretical calculations, key parameters such as the length of anchor rods
(2.5-3.0 m), spacing (0.8 x 0.8 m) and thickness of the sprayed layer (120-150 mm)
were determined. A quantitative design system for supporting parameters of high-
stress roadways was established.

2. The support system reduces the maximum principal stress to 14.23 MPa, a decrease of
15.8%, and the vertical stress to 7.74 MPa, a decrease of 24.5%, while weakening the
stress concentration and promoting uniform distribution. The increase in minimum
principal stress and reduction in the tensile zone indicate the effective suppression of
tensile stress, particularly at wall bases.

3. After applying the anchor net shotcrete support, roof and gang displacements are
reduced by 17.1% and 17.7%, respectively, with consistent 16.9% reductions at 0.6 m
and 1.0 m depths. The support system effectively controls both surface and deep
deformation, enhancing the overall stability and safety of the roadway.

4. After applying anchor net shotcrete support, the plastic zone was significantly re-
duced: the roof decreased from 2.74 m to 1.20 m, a reduction of 56%; the base plate
from 3.00 m to 2.80 m, a reduction of 6.7%; and the gang section from 1.60 m to 1.30
m, a reduction of 19%. These results indicate that the support system effectively
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enhances the bearing capacity and suppresses plastic deformation, particularly in the
roof, thereby improving the tunnel’s long-term stability.

5. Displacement monitoring shows that support-rock coupling improves significantly
after 10-15 days, leading to stabilized deformation. The relative convergence rates of
roof-floor and sidewalls are 1.66% and 1.82%, confirming the support effectiveness
and roadway stability. In Makeng Mine, local cracking near blasting points was
controlled through timely backfilling, which reduced deformation and prevented
spalling. This strategy enhances long-term structural stability and ensures safe min-
ing operations.

6.  After applying anchor net shotcrete support in Makeng Iron Mine, blasting-induced
vibrations caused local cracking of the concrete layer near the blasting point, but
no spalling occurred. To address this, the mine adopted a “rapid mining, rapid
exit, rapid filling” approach, backfilling hollow areas to reduce surrounding rock
deformation, prevent crack propagation, and avoid spalling. Localized shotcrete
repairs were applied after filling, restoring structural integrity and ensuring long-term
stability. This method significantly improves roadway stability and ensures safe
mining operations.
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Abstract

This work aims to reveal the full-field strain evolution characteristics and failure mech-
anisms of anisotropic coal samples under creep loading. A series of compression tests
combined with digital image correlation (DIC) monitoring were employed to characterize
the strain evolution process of coal specimens with bedding angles of 0°, 30°, 60°, and 90°.
Testing results show that the peak strength, peak strain, and the creep loading stage of coal
are significantly influenced by the bedding angle. The peak strength initially decreases
and then increases as the bedding angle increases. In addition, the creep failure of coal
manifests as a process of instantaneous deformation, decelerating creep, steady-state creep,
accelerating creep, and failure. Under graded creep loading conditions, coal specimens
exhibit distinct creep characteristics at high stress levels. Moreover, the bedding angle
significantly influences the strain field evolution of the coal samples. Finally, for coal
specimens with bedding angles of 0° and 90°, the final macroscopic fracture pattern upon
failure is characterized by longitudinal tensile splitting. In contrast, coal samples with
bedding angles of 30° and 60° tend to exhibit failure along the bedding interfaces, forming
tensile-shear fractures. The results of this study will provide theoretical guidance for the
prevention, early warning, and safety management of coal mine disasters.

Keywords: coal sample; anisotropy failure; DIC; creep loading; full-field strain

1. Introduction

Coal, as a naturally discontinuous and heterogeneous geological material, exhibits
an inherent anisotropic bedding structure due to prolonged geological sedimentation
processes. Influenced by the dip of the coal seam and the surrounding rock stress field, coal
is highly susceptible to the formation of random and disordered fractures, which complicate
the initiation and propagation of cracks. During the underground mining process, various
protective coal pillars are often left in place. However, as mining activities redistribute the
stresses around the coal pillars, these pillars are subjected to long-term static loading from
the overlying strata, leading to creep instability. Therefore, investigating the anisotropic
mechanical behavior of coal rock under the influence of bedding and understanding the
failure mechanisms of anisotropic coal rock under creep loading is of significant importance
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for the prevention, early warning, and safety management of coal mine disasters, ultimately
contributing to ensuring safe coal mine operations.

The influence of anisotropic bedding on the macroscopic mechanical properties of
coal rock has been extensively studied in recent years. Research findings indicate that the
failure characteristics of coal rock are significantly affected by both anisotropy and loading
conditions. Through a series of uniaxial compression [1-3], triaxial compression [4-7],
and dynamic impact [6-9] tests, scholars have observed that the bedding angle and peak
strength characteristic curves of anisotropic coal rock typically exhibit a “U”-shaped or
near “U”-shaped form. Furthermore, it has been noted that the directional distribution
of the coal rock’s internal microstructure leads to systematic variations in its mechanical
properties [10]. Although the static and dynamic instantaneous strength characteristics
of anisotropic coal rock have been extensively validated in previous studies, as a typical
soft rock, coal exhibits significant time-dependent rheological properties. Under varying
stress levels, coal rock demonstrates distinct creep deformation behaviors, prompting
the widespread application of multistage creep loading tests to investigate the creep de-
formation characteristics of coal rock. Poulsen and Adhikary [11] performed numerical
studies to reveal the scale effect of coal samples, and the results indicated macro failure in
compression initiated by micro tensile fractures coalescing at mid-height and resulting in a
wasting observed underground in over-stressed coal pillars. Yang et al. [12] conducted ex-
perimental studies on the deformation and acoustic properties of extremely heterogeneous
coal under incremental creep stress, noting that long-term coal creep results from multiple
structural deformations, including particle dislocation, pore closure, matrix cracking, and
clay mineral compaction. These structural changes in coal led to fluctuations in ultrasonic
velocity and dynamic modulus. Zhang et al. [13] performed multistage and graded cyclic
creep tests on intact coal rock, finding that the Burgers model could effectively predict the
transient and secondary creep behaviors of intact coal rock. Huang et al. [14] conducted
triaxial multistage creep tests on coal rock with initial damage, and the results indicated that
increased initial damage significantly reduced the creep time and long-term strength of the
coal samples. While significant progress has been made in studying the creep deformation
characteristics of coal rock, current research primarily focuses on exploring and predicting
the axial average deformation evolution process of coal samples. There is limited research
on the full-field strain evolution and crack propagation characteristics of anisotropic coal
rock under creep loading.

Although plenty of studies have been performed to investigate the anistropic creep
behaviors of different type of rock samples [15-18], the investigations on the full-field
deformation and fracture characterization of coal samples subjected to creep loading
historites are not well understood. Therefore, the aim of this study is to investigate the
full-field strain characteristics and the fracture evolution of anisotropic coal samples under
multiple-level creep loading. Using the RFTS 1000 rock mechanics testing system, graded
creep loading tests were performed on anisotropic coal rock specimens with varying
bedding orientations. Combined with the DIC testing system, this study quantitatively
characterizes the full-field strain evolution and crack propagation behaviors of coal rock
under creep loading.

2. Sample Preparation and Experimental Methods
2.1. Principles of Digital Image Correlation (DIC) Technology

Digital image correlation (DIC) technology utilizes the black-and-white speckle pattern
sprayed onto the surface of the coal sample or the natural surface texture of the specimen.
Based on a grayscale recognition digital matching algorithm, it calculates the displacement
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vectors of corresponding pixels across sequential deformation images of the loaded sample.
This enables the determination of the full-field displacement and strain information of
the coal rock surface [19-23]. The fundamental principles of digital image correlation are
illustrated in Figure 1.
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Figure 1. The basic principle of the digital image correlation method.

Figure 1 illustrates the process of displacement of a single subset and its internal coor-
dinate points before and after deformation. Let the center of the subset before deformation
be denoted as point P, and its position after deformation shifts to point P’. For any arbitrary
coordinate point Q within the subset, its position after deformation moves to point Q'. Since
the deformation of the coordinate points within the subset includes translational, shear,
and other deformation types, the displacement components along the x and y axes, u and v,
are complex functions of x and y. From this, the following relationships can be derived:

X' = Xpepe + u(x,y) 1)
r_

Y = Yrefe T v(x,y)

AX' = Ax + Au(x,y) 2

Ay = Ay + Av(x,y)
Yeuri = X' + Ax/ 3)
?curj = ]// + Ay/

Au(x,y) = auéﬁ’y) Ax + aug;;,y) Ay @

Ao(x,y) = 25 Ax 4 P00 py

By simultaneously solving Equations (1)—(4), the coordinates of any point within the
subset after deformation can be determined as follows:

- - -
Xeuri = Xrefe +U(x,y) + [1 + 2 y)]Ax + 2 Ay

X

y do(x, dulx, (5)
Veurj = Yrefe + 0(x,y) + S5 Ax 4 [14 250  ay

From Equation (5), it can be seen that once the deformation information of the subset’s
center point is obtained, the deformation information of any arbitrary point within the
subset can be derived accordingly from the deformation of the center point.
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2.2. Sample Preparation and Speckle Spraying

In order to investigate the influence of bedding angle on the anisotropic characteristics
of coal samples, rectangular specimens with bedding angles of 0°, 30°, 60°, and 90° were
first drilled using a core drilling machine, with the drilling angle 3 controlled, where {3 is
the angle between the drilling direction and the horizontal plane, as shown in Figure 2a.
Here, 0° represents horizontal bedding, and 90° represents vertical bedding. The drilled
cores were then cut into rectangular samples with dimensions of 60 mm x 30 mm x 120
mm using an automatic cutting machine. Following this, the ends of the coal specimens
were ground flat using a double-end grinding machine. During the grinding process, the
parallelism error between the two end faces of the specimen was controlled to within
0.005 mm, the flatness error of the top and bottom faces was limited to 0.02 mm, and the
diameter error of the specimen’s end faces was kept within 0.3 mm. Furthermore, the top
and bottom faces were ensured to be perpendicular to the central axis of the specimen,
with the maximum angular error not exceeding 0.25°. The prepared samples are shown in
Figure 2b.
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Figure 2. Coal sample preparation of different bedding angles. (a) Core sampling of coal with
different bedding angles; (b—e) Square coal samples with different bedding angles.

The spraying of the speckle pattern on the surface of the specimen is crucial for the
accuracy of the DIC measurement process. Therefore, prior to the experiment, a spray
nozzle was used to apply a speckle pattern to the prepared specimens. Before spraying,
it is essential to ensure that the specimen surface is smooth, clean, and flat, so that the
speckles can adhere firmly to the surface and the speckle images exhibit good contrast.
The spraying procedure involves first applying a matte white base coat to the specimen’s
surface, followed by the application of black speckle paint to create a high-contrast random
pattern. Typically, each speckle should occupy 4 to 6 image pixels. The speckle pattern on
the coal rock specimens is shown in Figure 3.

L:

Figure 3. Speckle pattern creation on coal samples with different bedding angles.
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2.3. Experimental Equipment and Test Scheme

The coal sample creep tests were conducted using the RTFS 2000 rock mechanics
testing system, as shown in Figure 4a, with loading applied, and the DIC digital image
correlation testing system, shown in Figure 4b, was used to precisely measure the defor-
mation and displacement of the speckle-marked coal rock specimens in the Figure 3. The
digital image correlation system is an optical observation system for full-field, non-contact
deformation measurement, primarily consisting of a camera module, LED light source,
trigger acquisition unit, and numerical image processing software.

T —
The typical coal samples
with different bedding

orientations

Figure 4. Experimental equipment used for creep digital image correlation testing of coal samples.

The graded creep test loading scheme is depicted in Figure 5. The load was first stabilized
at 4 kN with a loading rate of 0.06 mm/min until the first creep stage was reached, followed
by a creep loading phase lasting 1 h. Upon completion of the initial creep phase, the loading
was continued in increments of 4 kN for each creep stage, until the specimen failed.

Failure

20kN

Load (kN)

Time (H)
Figure 5. Graded creep loading test scheme.

3. Experimental Results and Analysis
3.1. Stress and Strain Responses

Figure 6a shows the stress—strain curves of coal rock at different bedding angles. The
peak strengths of coal rock with bedding angles of 0°, 30°, 60°, and 90° were 30.59 MPa,
19.61 Mpa, 11.69 Mpa, and 28.93 Mpa, respectively. The peak strength of coal rock initially
decreases and then increases as the bedding angle increases, indicating that the peak
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Stress (MPa)

strength of coal rock under creep loading is significantly influenced by the bedding angle.
For coal samples with bedding angles of 0° and 90°, the peak strengths are the highest, and
the strength values for these two bedding angles are nearly identical. For coal samples
with a bedding angle of 30°, the peak strength is reduced by 35.9% compared to the 0°
bedding angle specimens. For samples with a bedding angle of 60°, the weakening of peak
strength is even more pronounced, with a 61.8% decrease compared to the 0° bedding angle
samples. Therefore, in the process of strip mining in coal mines, attention should be paid to
the influence of the bedding angle on the overall strength of coal pillars. It is recommended
to retain coal samples with bedding angles close to 0° or 90° for use as supporting pillars.
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Figure 6. Stress—strain response of coal specimens with different bedding angles. (a) Typical stress
strain curves; (b) The strain—time curves.

The post-peak behavior of the stress=-strain curve of coal samples is closely related to
the failure mode of the coal body. Based on the post-peak characteristics of the specimens,
the post-peak stage can be divided into two types: (I) linear type and (II) buffering type.
The linear type post-peak failure mode is characterized by the specimen’s stress rapidly
decreasing along a straight line with a certain slope after reaching the peak stress, typically
with a steep slope, as seen in coal samples with bedding angles of 0°, 30°, and 90°. This
failure mode involves significant damage, with the specimen losing stability rapidly within
a short period and no plastic buffering time. In field engineering, this mode is the most
destructive, making it difficult to maintain the coal body after the peak stress using engi-
neering techniques. The buffering type post-peak failure mode refers to a stress drop after
the peak stress that reaches the residual strength and then maintains this load-carrying
capacity for a period of time, as shown in the stress—strain curve of the coal sample with a
bedding angle of 60°. In this mode, the coal body does not immediately and completely
lose stability, offering the potential for reinforcement and stabilization through engineering
measures in the later stages.

The time-strain curves of coal with different bedding angles, as shown in Figure 6b,
clearly demonstrate that the peak strain characteristics and creep loading stages of coal
rock are also controlled by the bedding angle. For coal rock with bedding angles of 0°,
30°, 60°, and 90°, the peak strains are 1.95%, 1.59%, 1.24%, and 1.79%, respectively, with
7,5, 3, and 7 creep loading stages applied. Under the same creep stages, the coal samples
are subjected to the same stress levels. Coal samples with bedding angles of 0° and 90°
exhibit greater resistance to deformation, while the sample with a bedding angle of 60°
demonstrates the weakest resistance to deformation, making it more prone to creep slip
failure along the bedding planes.
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3.2. Graded Creep Deformation Characteristics

Coal rock exhibits different creep deformation characteristics under varying stress
levels. Therefore, Figure 7 presents the strain evolution patterns of coal rock at different
creep stages. From the figures, it can be observed that the deformation of the coal sample
is primarily concentrated during the static loading phase. During the creep stage, the
deformation is relatively small and tends to stabilize. However, when the specimen reaches
failure, the deformation rapidly increases, and the specimen enters the accelerated defor-
mation phase. Different creep stages correspond to different stress levels, with higher stress
levels leading to greater creep deformation. Creep deformation gradually accumulates
over time. For each creep stage, the deformation process is divided into two phases: the
transition from the accelerated deformation phase to the stabilized deformation phase, and,
when the specimen enters the failure stage, it again undergoes accelerated deformation.
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Figure 7. Strain evolution patterns of coal rock at different creep stages: (a-d) Bedding angles of 0°,
30°, 60°, and 90°, respectively.

3.3. Full-Field Strain Evolution Analysis

The generation, propagation, and stress concentration of microcracks are not easily
visible to the naked eye but can be captured by DIC technology. By solving the full-
field displacement and strain data obtained from DIC, the Lagrangian full-field strain
information, as shown in Figure 8, can be derived. This provides a clear representation
of the entire process of crack initiation, propagation, and through-going failure during
the creep failure process of anisotropic coal rock. The figure clearly demonstrates the
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influence of bedding angle on the strain field evolution of the coal samples. The regions
of concentrated displacement changes are typically located at the intersections between
bedding planes, where cracks generally initiate and propagate along the bedding interfaces.
Throughout the compressive strain process of the coal rock, the specimen remains in a
compressed and densified state for a relatively long duration in the early stages. However,
in the final few seconds before failure, as the stress approaches the peak value, and the strain
exhibits a sharp change, leading to the formation of a crack strain band that eventually
results in overall macro-scale failure.
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Figure 8. Lagrangian strain field evolution contour maps of coal rock with different bedding angles:
(a—d) Bedding angles of 0°, 30°, 60°, and 90°, respectively.
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For the coal sample with a bedding angle of 0°, as shown in Figure 8a, it can be ob-
served that during the loading process, the coal sample remains in a long-term compressed
and densified state. Stress concentration exists at the horizontal bedding interface, but
no obvious crack initiation or propagation occurs. Just before failure, cracks suddenly
initiate and propagate, leading to localized spalling of the coal sample, which results in
brittle failure. For the coal sample with a bedding angle of 30°, crack initiation typically
concentrates at the junction points of the X-shaped shear strain damage zone. At these
junctions, the stress concentration is most pronounced. After reaching the yield limit, local
tensile stress is released, causing crack initiation perpendicular to the direction of maximum
tensile stress. Often, after cracks initiate, spalling of the material occurs due to the reduced
constraint between blocks at the edges of the coal rock sample. The energy release during
crack propagation causes the blocks to “bounce” and spall off. The continued propagation
of these cracks and their connection with the locally spalled regions contribute significantly
to the overall macroscopic failure of the specimen. For the coal sample with a bedding angle
of 60°, the strength of the specimen is the lowest, and a shear failure surface, consistent
with the bedding angle of 60°, is clearly visible. This indicates that the coal sample with
a 60° bedding angle fails along the structural weakness of the interface, where the coal
rock is more likely to form tensile or tensile-shear type fractures at the bedding junction,
eventually leading to single-shear plane failure or X-shaped conjugate shear failure. For
the coal sample with a bedding angle of 90°, the final macroscopic failure mode of the coal
sample is longitudinal tensile splitting failure. During loading, longitudinal tensile cracks
first initiate at the edges of the specimen and extend inward. After local penetration, the
sample experiences localized spalling. As the longitudinal cracks gradually develop, the
coal rock sample undergoes overall failure.

3.4. Evolution Characteristics of Spatial Shifting Along Measurement Lines

In order to more clearly depict the displacement and sliding behavior of the bed-
ding planes during the failure process and to reveal the displacement-strain evolution
of anisotropic bedding during failure, characteristic monitoring lines were arranged on
coal rock samples with different bedding angles, as shown in Figure 9, to record the dis-
placement changes. The monitoring results of the characteristic displacements for coal
rock samples with different bedding angles are shown in Figures 10 and 11. These figures
present the vertical spatial displacement along Monitoring Line 1 and the horizontal spa-
tial displacement along Monitoring Line 2 for different bedding angles, along with the
variations corresponding to different loading stages.

0 30 60 mm

30 4 |

60 -
| Line1

90

120 4 ° : | -
mm Line2

Figure 9. Feature line selection diagram.
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Figure 10. Vertical spatial migration evolution characteristics of Monitoring Line 1: (a-d) The bedding
angles are 0°, 30°, 60° and 90°, respectively.

As shown in Figures 10 and 11,the vertical and horizontal spatial displacement dis-
tances for coal samples with different bedding angles are not uniformly distributed along
the monitoring lines. The vertical spatial displacement along horizontal Monitoring Line 1
is notably influenced by the bedding angle. For coal samples with bedding angles of 30°
and 60°, the vertical displacement shows a characteristic shift along the bedding planes,
whereas for coal samples with bedding angles of 0° and 90°, the vertical displacement is
parallel to the horizontal Monitoring Line 1. However, for the coal sample with a bedding
angle of 90°, significant lateral displacement during failure causes a large variation in the
vertical displacement along the horizontal direction.

The distribution of the horizontal spatial displacement along Monitoring Line 2 is
significantly influenced by the end effects of the sample during loading. The horizontal
displacement at the bottom of the sample is larger, while the top is constrained by the
platen, resulting in smaller horizontal displacement at the upper end. As the load increases,
both the vertical spatial displacement at the monitoring points along Monitoring Line 1
and the horizontal spatial displacement at the points along Monitoring Line 2 gradually
increase. However, for coal samples exhibiting X-shaped conjugate shear failure, there is a
sharp reverse increase in the horizontal spatial displacement near failure, just moments
before the sample undergoes catastrophic failure.
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Figure 11. Evolution characteristics of horizontal spatial displacement along characteristic Measure-
ment Line 2: (a—d) Bedding angles of 0°, 30°, 60°, and 90°, respectively.

4. Discussions

The present study systematically investigates the anisotropic creep behavior and
failure mechanisms of coal under sustained loading, employing DIC-based full-field strain
monitoring. The results demonstrate that bedding orientation plays a crucial role in
governing the mechanical response, creep deformation, and ultimate failure mode of coal
specimens. The bedding orientation has obvious influence on the creep properties of coal.
The observed non-monotonic variation in peak strength—initially decreasing and then
increasing with bedding angle—aligns with previous studies on anisotropic rocks (e.g.,
shale and layered coal). The minimum strength at intermediate angles (30-60°) suggests
that bedding planes act as weak interfaces, facilitating shear slip under load. In contrast,
at 0° and 90°, the load is primarily resisted by the intact coal matrix, leading to higher
strength. The creep behavior, characterized by distinct stages (instantaneous deformation,
decelerating, steady-state, and accelerating creep), is consistent with classic rock creep
theory. However, the pronounced creep deformation at high stress levels highlights the
time-dependent weakening effect, which is critical for long-term stability assessment in
coal mine roadways. The DIC analysis reveals that strain localization evolves differently
depending on bedding orientation. For 0° and 90° specimens, strain concentrates along
axial planes, culminating in tensile splitting fractures—a typical brittle failure mode under
uniaxial compression. In contrast, 30° and 60° specimens exhibit strain accumulation

131

T T T T T T T T T T T T T T T T T T T I
-03 -026 -022 -0.18 -0.14 -0.10 -0.08 -0.06 -0.02 002



Appl. Sci. 2025, 15, 8355

along bedding planes, leading to combined tensile-shear failure. This transition from
matrix-dominated to bedding-controlled failure underscores the importance of structural
anisotropy in coal’s mechanical behavior. Similar observations have been reported in
layered rock mechanics, but the present study provides quantitative strain-field evidence,
enhancing understanding of progressive damage evolution.

The findings have direct implications for coal mine disaster prevention. The strong
dependence of creep behavior on bedding angle suggests that roadway support strategies
should account for local bedding orientation. For instance, in areas with intermediate
bedding angles (30-60°), where shear failure dominates, enhanced reinforcement (e.g.,
bolting and grouting) along weak planes may be necessary. Additionally, the accelerating
creep stage prior to failure could serve as a precursor for early warning systems, allowing
for timely intervention. While this study provides valuable insights, certain limitations
should be addressed in future research. The experiments were conducted under uniaxial
conditions, whereas in situ coal is typically under triaxial stress. Future tests should
incorporate confining pressure to better simulate underground conditions. A constitutive
model incorporating bedding angle effects should be developed to predict coal’s time-
dependent deformation under various stress paths.

5. Conclusions

This study investigates the full-field strain characteristics of anisotropic coal samples
under creep loading using the DIC testing system to investigate the anisotropic deformation
characteristics. The full-field strain evolution and crack propagation characteristics under
creep loading were obtained, revealing the influence of anisotropic bedding angles on the
strength and deformation characteristics of coal samples. The main results are summarized
as follows:

(1) The peak strength of coal under creep loading is significantly affected by the bedding
angle. As the bedding angle increases, the peak strength first decreases and then
increases. Under the same stress level, coal samples with bedding angles of 0° and
90° exhibit stronger resistance to deformation, while coal samples with a bedding
angle of 60° show the weakest deformation resistance, making them more prone to
creep sliding failure along the bedding planes.

(2) For coal samples with different bedding orientation, creep failure is characterized
by a process of instantaneous deformation, decelerating creep, steady-state creep,
accelerating creep, and eventual failure. Under multi-stage loading conditions, coal
samples show significant creep behavior under higher loading levels in the final stage.

(3) The bedding angle significantly affects the strain field evolution of coal samples.
Regions of concentrated displacement changes typically occur at the intersections be-
tween bedding planes, and cracks tend to initiate and propagate at bedding interfaces.
During the early stages, coal samples remain in a compressed and densified state.
Just before failure, within seconds of reaching the peak stress, the strain range shows
dramatic changes, followed by the formation of crack bands and overall macro failure.

(4) The post-peak stress—strain curve behavior is closely related to the failure modes
of the coal structure. For coal samples with bedding angles of 0° and 90°, the final
macroscopic failure mode is characterized by longitudinal tensile splitting failure;
for coal samples with bedding angles of 30° and 60°, failure tends to occur along the
bedding interfaces, forming tensile or tensile-shear failure, leading to single-shear
plane failure or X-shaped conjugate shear failure.
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Abstract

As metal mines advance into deep mining, the increase in tectonic stress and horizontal
stress leads to a higher degree of joint and fissure development in roadway surrounding
rocks, along with a significant rise in both the fragmentation degree of the rock mass and
the support cost. This paper adopts field monitoring and numerical simulation methods to
analyze the characteristics of mining-induced stress rotation after unloading due to deep
roadway excavation in the Jinchuan mining area, and proposes corresponding surround-
ing rock control countermeasures and optimized schemes for the original support. The
research results show that after the unloading caused by the excavation of deep roadway
surrounding rock, the magnitudes and directions of the maximum, intermediate, and
minimum principal stresses all exhibit a trend of slow change, followed by drastic change,
and finally gradual stabilization. When the roadway advances to 4 m in front of the monitor
section, the adjustment of the magnitude of principal stress of the surrounding rock is the
most drastic. Moreover, as the working face moves away from the monitor section, the
principal stress gradually stabilizes and becomes lower than the initial stress value. When
the roadway advances to 6 m in front of the monitor section, the adjustment of the direction
of the principal stress of the surrounding rock is the most drastic. The rotation angle of the
maximum principal stress shows a trend of first increasing and then decreasing with the
increase in the excavation step, while the rotation angles of the intermediate and minimum
principal stresses show a trend of first decreasing and then increasing as the excavation
step increases. Based on the spatial distribution characteristics of joints and fissures in the
roadway surrounding rock, the sensitive area for the rotation of mining-induced stress
direction is defined. By changing the advancing direction of the roadway, the rotation
trajectory of the principal stress can be deviated from the sensitive area, thereby improving
the self-stabilization ability of the roadway surrounding rock. It is proposed that asym-
metric coupling support be adopted to reinforce the positions where the principal stress
rotation of the rock mass around the anchorage is severe, which can effectively reduce the
range of the plastic zone in the roadway surrounding rock. The research results provide
new ideas for the surrounding rock control of deep roadways, as well as a theoretical basis
for the design and optimization of roadway support parameters in similar mines.

Keywords: deep mines; principal stress rotation; joints and fissures; surrounding rock
stability; asymmetric support
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1. Introduction

As metal mines gradually move into deep mining, the increase in tectonic stress and
the enhancement of mining disturbance effects have led to a higher degree of development
of joints and fissures in the surrounding rock of deep roadways, as well as an aggravation
of rock mass fragmentation [1-4]. Affected by mining disturbance effects, engineering
disasters such as floor heave in deep roadways [5], large deformation of surrounding rock
on both sides [6], roof subsidence [7], and failure of support structures [8] occur frequently,
which seriously affect the tunneling efficiency of deep mines and the safe recovery of
resources [9,10]. Therefore, existing supports for deep roadways are not enough to control
the impact of mining-induced stress rotation on the damage and failure of the surrounding
rock, so it is necessary to optimize the support scheme according to the characteristics of
mining-induced stress rotation of the surrounding rock [11].

After the excavation and unloading of deep roadways, the initial in situ stress is
redistributed, which is mainly manifested in the changes in the magnitude and the rotation
of the direction of the principal stress [12]. Kaiser et al. [13,14] hold that the change in the
direction of the principal stress in the roadway surrounding rock has a significant impact on
the failure mode of the rock mass and the fracture propagation path. Eberhardt et al. [15]
argue that during the excavation of underground space engineering, the rotation of princi-
pal stresses plays a decisive role in the propagation path of fractures. Therefore, the change
in the magnitude of the principal stress controls the depth of the propagation of joints and
fissures in rock mass in the vicinity of roadway, while the change in the direction of the
principal stress controls the direction and density of such propagation [16,17]. Due to the
limitations of indoor test equipment, most studies on the stress paths of deep rock masses
are based on tests such as uniaxial compression [18], triaxial compression [19], dynamic
loading [20], and combined dynamic-static loading [21], often neglecting the impact of
stress rotation paths on roadway surrounding rock [22]. At present, the hollow torsional
shear test is one of the methods used to study the influence of principal stress rotation
paths on the mechanical properties of roadway surrounding rocks [23], and the rotation
angle of principal stress significantly affects the development degree of torsional shear
cracks in the rock mass during the failure process [24]. In terms of theoretical analysis,
Zuo et al. [25] established a mechanical model of deep roadways under three-dimensional
stress conditions and revealed the influences of the two types of stress adjustments on the
failure modes of roadways based on the magnitude and rotation law of principal stresses.
Xiong et al. [26] established a comprehensive criterion that accounts for the coupling ef-
fects of multiple factors, quantifying the influence of the principal stress rotation angle on
the stability of support structures. In terms of numerical simulation, Wang et al. [27,28]
studied the rotation characteristics of mining-induced stress in deep mines with ultra-long
working faces and proposed a method to control deep rock masses by utilizing these
rotation characteristics. Lu et al. [29] analyzed the evolution law of the principal stress
direction during fault activation using numerical software. In terms of field applications,
Oliva et al. [30] hold that the rotation of the stress field reflects the key role played by rift
magmatic activities in shaping landforms and plate stress states, as well as volcanic and
tectonic processes.

To sum up, the characteristics of principal stress rotation in the surrounding rock of
deep roadways have an impact on the mechanical properties, crack propagation paths,
and final failure modes of the rock mass. Due to the fact that the law of principal stress
rotation induced by roadway excavation in deep hard rock metal mines is still unclear,
conventional support methods are difficult to effectively control the large deformation of
surrounding rock. Therefore, taking the deep roadways in the Jinchuan mining area as the
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engineering background and based on the FLAC3P 6.0 numerical simulation software, this
paper studies the evolution laws of the magnitude and direction of the subsequent stress in
the surrounding rock after roadway excavation. In response to the characteristics of mining-
induced stress rotation in rock mass in the vicinity of a roadway, the concept of a principal
stress direction sensitive area is proposed. By altering the trajectory of mining-induced
stress rotation, the self-stabilization capacity of the rock mass is enhanced. Additionally,
this paper optimizes the original support scheme and puts forward a suggestion: the
adoption of asymmetric coupled support can effectively control the deformation degree of
roadway surrounding rocks and improve the self-stability of rock mass.

2. Engineering Background and Numerical Simulation
2.1. Engineering Background

As shown in Figure 1, this paper takes the deep roadway in Jinchuan II Mining Area,
Jinchang City, Gansu Province, China, as the engineering background. The common cross-
sectional form of deep roadways in the Jinchuan mining area is a straight-wall semicircular
arch, with a straight-wall height of 2 m, a semicircular arch radius of 2.5 m, an overall
roadway height of 4.5 m, and an overall roadway width of 5 m. Most of the roadways
adopt combined shotcrete-bolt-mesh support. The roadway is buried at a depth of over
1100 m, with well-developed joints and fissures in the rock mass. Under the compression of
high in situ stress, the surrounding rock is severely broken, and the mechanical conditions
are complex, leading to poor overall stability of the surrounding rock in the deep roadway.

Grout a chor Support
R=2.5m

i s Ramp Section

2m

onciete

Sm

Figure 1. Support parameters of development roadways.

As shown in Figure 2, the development system of Jinchuan II Mining Area adopts a
combined development mode of a main ramp and a vertical shaft. In situ stress testing is
carried out using the hollow inclusion stress relief method. The in situ stress measurement is
conducted in other areas of Jinchuan II Mine. Fitting analysis of the statistical results reveals
that the in situ stress is dominated by horizontal stress, with the maximum horizontal
in situ stress exceeding 50 MPa and the lateral pressure coefficients being 1.15 and 1.80,
respectively. The Rock Quality Designation (RQD) value of the roadway surrounding rock
is 29. As shown in Figure 3, Poisson’s ratio, elastic modulus, and unconfined compressive
strength (UCS) are obtained through uniaxial compression tests; tensile strength is obtained
through Brazilian splitting tests; and cohesion and internal friction angle are obtained
through variable-angle shear tests. The basic physical and mechanical properties of the
rock mass are shown in Table 1. Due to the strong rheological properties of deep rock
masses, the surrounding rock of the roadway undergoes various forms of structural damage,
mainly including roof crushing failure, shear dislocation of the sidewall surrounding rock,
and tensile floor heave failure. The surrounding rock of deep roadways generally exhibits
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a full-section convergence and deformation mode, which not only increases the number of

roadway repairs but also severely restricts the driving efficiency and raises the roadway
repair cost.
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Figure 2. Roadway development engineering and in situ stress distribution in Jinchuan II Mining
Area: (a) roadway development engineering; (b) in situ stress distribution.
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Figure 3. Testing of rocks mechanical parameters: (a) uniaxial compression tests; (b) Brazilian
splitting tests; (c) variable-angle shear tests.

Table 1. Basic mechanical parameters of rocks in deep roadways.

Litholo . ot Cohesion Friction Elastic Poisson’s  Density
8y (MPa) (MPa) (MPa) Angle (°) Modulus (GPa) Ratio (g/cm3)
Diorite 67.22 6.19 19.74 35.7 26.3 0.36 2.84

2.2. Construction and Reliability Verification of Numerical Model

As shown in Figure 4, in order to study the evolution laws of the magnitude and direc-
tion of the maximum, intermediate, and minimum principal stresses during the excavation
and unloading process of the surrounding rock in deep roadways, this paper constructs a

C3P numerical simulation software.

three-dimensional numerical model based on the FLA
The numerical model is a cube with a side length of 40 m, and the roadway cross-section is
a standard straight-wall semicircular arch commonly used in the Jinchuan mining area. The
nodes at the bottom and surrounding sides of the numerical model adopt sliding displace-
ment boundary conditions, where the boundaries are only fixed in displacement in their
normal direction, while sliding is allowed in the direction parallel to the normal direction.
Stress boundary conditions are applied to the nodes at the top of the numerical model to
simulate the self-weight stress of the unmodeled rock strata. The maximum principal stress
o1 (58.85 MPa) of the initial stress field in the numerical model is set to be perpendicular
to the roadway advance direction (along the X-axis), the intermediate principal stress o,
(37.47 MPa) parallel to the roadway advance direction (along the Y-axis), and the minimum
principal stress o3 (32.58 MPa) distributed along the vertical direction (along the Z-axis). As
shown in Figure 5, the geological strength index GSI values for deep roadway surrounding
rock are firstly determined. Secondly, the grading parameters and strength parameters of
the generalized Hoek—Brown strength criterion are calculated. Finally, the Hoek—-Brown
strength criterion grading parameters and strength parameters of different lithological
surrounding rock are imported into RockData 3.0 software to establish the Hoek-Brown
strength criterion and Mohr—Coulomb strength relationship. The surrounding rock of
the deep roadway is altered diorite. The specific mechanical parameters are shown in
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Table 2. The constitutive model assigned to the numerical simulation elements is the ideal
elastoplastic model (Mohr—Coulomb constitutive model).

o a
o =03+ Uci(mbai, +s) @
C1
GSI —100
my = mj eXp(m) 2
GSI —100
§= eXP(W) ®)

1  exp(—GSI/15) —exp(—20/3

1, exp(~GS1/15) — exp(-20/3) w
2 6

where o; is the uniaxial compressive strength of the rock, MPa; 1, s, a are semi-empirical
parameters for rock mass properties; m; is the rock material constant; and D is the weaken-

ing factor of the rock mass disturbed by anthropogenic or natural factors, taking the value
of 0.5.
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Figure 4. Construction of numerical model.
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Figure 5. Determination of deep roadway surrounding rock parameters based on RockData 3.0 software.

Table 2. Basic mechanical parameters of surrounding rock in deep roadways.

. . .. . . Tension
. Cohesion  Friction Elastic Poisson’s
Lithology (MPa) Angle (°) Modulus (GPa) Ratio Strength
(MPa)
Diorite 2.3 31.8 2.63 0.32 1.17
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As shown in Figure 6, due to the fact that the traditional drilling and blasting tech-
nology is adopted for roadway excavation in the Jinchuan mining area, with an advance
footage of approximately 2 m, the roadway excavation is carried out in a step-by-step
manner, with a step distance of 2 m. Stress monitoring points are arranged on the roof, two
sidewalls, and floor of the deep roadway, respectively, with 15 monitoring points at each
location, and the distance between each monitoring point is 1 m. The mining distance of
the deep roadway along the Y-axis is 40 m, and the stress monitoring points are arranged
at the middle position of the Y-axis, with an advancing distance L = 0.

™\

Roof Monitoring points

1m
Monitoring section
® -0 2
l&<————>|
15m

Sidewall

Floor

Figure 6. Layout of monitoring points for surrounding rock of deep roadways.

As shown in Figure 7, to verify the reliability of the numerical model, displacement
monitoring points are arranged on the roof, floor, and sidewall surrounding rocks of
the 1150 m sublevel ramp in Jinchuan II Mining Area. The deformation of the roadway
surrounding rocks is monitored in real time by a multi-point displacement meter, with an
overall monitoring period of 30 d. Since installing multi-point displacement meter on the
roadway floor for displacement monitoring would interfere with vehicle traffic, no on-site
monitoring of the floor surrounding rock is conducted. The multi-point displacement
meter is 8 m, contains 5 monitoring points, and can cover deformation monitoring in the
depth range of 0-6 m. It is mainly arranged on the roof and sidewalls of deep roadways.
The displacement vectors of the monitoring points in the surrounding rock of the deep
roadway all point to the free surface. The deformation of the floor surrounding rock is the
largest, followed by that of the two sidewalls, with the maximum deformation reaching
310 mm. The deformation magnitude of the surrounding rock in the deep roadways of
the Jinchuan mining area shows a variation trend of first increasing and then decreasing
as the monitoring time increases. Due to the three stages of rapid accumulation, sudden
release, and slow adjustment of elastic energy in the surrounding rock after the excavation
and unloading of deep roadways, the convergent deformation of the surrounding rock also
undergoes three stages: slow initiation, rapid development, and stable growth. Since the
deformation of the roadway surrounding rock extracted from the numerical simulation is
close to the on-site monitoring results and the variation trends are consistent, the subsequent
research on the rotation characteristics of mining-induced stress can be carried out.
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3. Evolution Characteristics of Mining-Induced Stress in Surrounding
Rock During Excavation and Unloading of Deep Roadways

3.1. Mechanism of Principal Stress Rotation in Surrounding Rock

As shown in Figure 8, before being disturbed by mining activities, the surrounding
rock of the deep roadway is in a state of triaxial stress. When the surrounding rock of
the roadway is disturbed by excavation, the initial stress state of the rock mass is broken,
and the stress field begins to redistribute, which is mainly manifested in two aspects: the
change in the magnitude of the principal stress and the rotation of its direction. Obvious
shear dislocation phenomena begin to occur between deep rock layers, and shear stress
emerges inside the surrounding rock. The new principal stress plane of the surrounding
rock can be determined by the Mohr stress circle, and the angle between the new principal
stress plane and the initial principal stress plane is the principal stress rotation angle 6.

af‘

03 o, Excavatio &, Principal stress

Unloading

T Rotation

gy

Figure 8. Schematic diagram of principal stress rotation in surrounding rock of deep roadways.

In the FLAC®P numerical simulation software, the six stress components, namely, o,
0y, 0z, Txy, Tyz, and Tzy, of each monitoring point can be extracted through the Zone.stress()
function. According to the theory of generalized plastic mechanics [31], the three principal

142



Appl. Sci. 2025, 15, 9950

stress directions acting on a rock mass element are orthogonal to each other. Therefore,
the rotation angle 0 of the principal stress is calculated by solving the cosine values of the
angles between the three principal stress directions and their respective plane axes (X, Y, Z),
to describe the variation process of principal stress directions. Reference [12] provides the
calculation formulas for the cosine values L;, M;, N; corresponding to the principal stress c;
(i=1,2,3)and the X, Y, Z axes. The angles «;, §;, v; between the principal stress ¢; and the
X, Y, Z axes can be solved by Equations (5)—(9).

Oi + Ty Tyz — Oy

L= @)

\/{(Ux - ‘Ti)(‘fy —0;) — T%yr + [Txysz — (o — 0’1')}2 + [TxyTyz - (‘Ty - Ui)]2

M; = Oi + TayTax — Ox ©)

\/[(Ux - Ui)(gy - ‘Ti) - T%y]z + [Txysz - (Ux - Ui)]z + [TxyTyz - (Uy - Ui)]

N = (0% — i) (0y — 07) — T3 )

L2 + M? + N? =1 (8)

«; = arccosL;
Bi = arccosM,; )
v; = arccosN;

As shown in Figure 9, after the surrounding rock of the deep roadway is disturbed by
excavation, the directions of the maximum, intermediate, and minimum principal stresses
change, and their variation process can be described by the dip angle and azimuth angle.
Define the rotation dip angle 6; of the initial principal stress and secondary principal stress
as the angle between the direction of the principal stress and the XOY plane; define the
rotation azimuth angle ¢; of the principal stress as the angle through which the projection
of the principal stress direction onto the XOY plane rotates clockwise to the reference point.

Figure 9. Schematic diagram of rotation dip angle and azimuth angle of principal stress in surround-
ing rock of deep roadways.

It can be known from Equation (9) that the rotation dip angle 8; and rotation azimuth
angle ¢; of the principal stress can be calculated through the angles «;, 3;, v; between the
principal stress ¢; and the X, Y, Z axes.
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0; = 90° —1; (10)

P; = 180° — arctan(%) (11)

i
3.2. Variation Process of the Principal Stress Magnitude in the Surrounding Rock

As shown in Figure 10, this is the variation process of the principal stress magnitude at
different monitoring points in the surrounding rock of the deep roadway. When the driving
face is in front of the monitoring section, with the increase in the roadway advance distance,
the maximum, intermediate, and minimum principal stresses of the surrounding rock begin
to increase slowly, which is mainly due to the small disturbance of the monitoring section in
the early stage of roadway excavation. When the disturbance range of roadway excavation
is 4 m away from the monitor section, the stress magnitude of the surrounding rock begins
to adjust drastically. At this time, the maximum and intermediate principal stresses of the
surrounding rock around the roadway increase rapidly, while the minimum principal stress
starts to decrease, indicating that the excavation disturbance has a severe impact on the
principal stress magnitude of the monitoring section. When the disturbance from roadway
excavation advances to the monitor section, the principal stress of the surrounding rock
reaches its peak value. The peak stress of the surrounding rock at the roadway floor is
the largest (78.71 MPa) with a stress concentration factor of approximately 1.34; the peak
stress of the surrounding rock at the two sides is the smallest (66.15 MPa) with a stress
concentration factor of about 1.12, which indicates that the surrounding rock at the roadway
floor is failing more severely. During the stage of severe adjustment of the principal stress
in the roadway surrounding rock, the magnitude of the maximum principal stress changes
most drastically, while the magnitude of the minimum principal stress changes relatively
slowly. When the roadway driving face is located behind the monitoring section, the
maximum and minimum principal stresses begin to decrease rapidly, and when reaching
the position 2 m away from the monitoring section, the principal stresses gradually tend
to stabilize. The intermediate principal stress shows a trend of first decreasing and then
increasing, and gradually stabilizes at a position 10 m away from the monitoring section.
Moreover, after the principal stress of the surrounding rock stabilizes, it is significantly
lower than the initial stress value.

£ 2 o 2
S & & 2
T

w
S
T

Principal stress(MPa)

L L L L L T n
=200 -15 =10 =5 0 5 10 15 20

Roadway advance distance(m)

@

E L
=20 =15 =10 =5 0 5 10 15 20
Roadway advance distance(m)

(b)

Figure 10. Cont.

144



Appl. Sci. 2025, 15, 9950

[ Y - N
s 8 & & 3
T T T

D

Principal stress(MPa)

T

L L L L L
=20 -15 -10 -5 0 5 10 15 20
Roadway advance distance(m)

(©)

Figure 10. Variation process of principal stress magnitude at different monitoring points in sur-
rounding rock of deep roadways: (a) roof surrounding rock; (b) floor surrounding rock; (c) sidewall
surrounding rock.

3.3. Evolution Law of Principal Stress Direction in Surrounding Rock

As shown in Figure 11, this is the process of changes in the principal stress direction of
the rock mass at different monitoring points in the deep roadways of the Jinchuan mining
area. When the roadway driving face is far from the monitoring section, the degree of
change in the principal stress dip angles of the rock mass in the roadway roof, floor, and
both sidewalls is relatively slow. The rotation dip angle 0; of the maximum principal
stress in the surrounding rock of the deep roadway increases slowly from the initial 0°,
while the rotation dip angles 6, and 63 of the intermediate and minimum principal stresses
decrease slowly from the initial 90°. When the disturbance range of roadway excavation is
6 m away from the monitor section, the principal stress direction of the surrounding rock
begins to adjust drastically. The principal stress direction of the surrounding rock at the
sidewalls undergoes the most significant change, while that of the surrounding rock at the
floor changes the least. When the disturbance from roadway excavation advances to the
monitor section, the rotation of the directions of the maximum and intermediate principal
stresses in the surrounding rock reaches their peak values. The rotation dip angles of the
maximum principal stress (01) in the surrounding rock of the roof, floor, and sidewalls
increase from 0° to their maximum values, which are 40.91°, 33.22°, and 88.94°, respectively;
while the rotation dip angles of the intermediate principal stress (62) decrease from 90° to
their minimum values, which are 38.74°, 35.39°, and 1.13°, respectively. When the driving
face is behind the monitor section, the rotation dip angle of the maximum principal stress
in the roadway surrounding rock gradually decreases and tends to stabilize, while the
rotation dip angle of the intermediate principal stress shows a trend of first increasing,
then decreasing, and finally stabilizing. When the roadway driving face is approximately
2 m away from the monitoring section, the rotation dip angle 03 of the minimum principal
stress in the rock mass decreases from 90° to its minimum values, which are 32.73°, 38.81°,
and 3.05° respectively. As the roadway driving face moves away from the monitoring
section, the rotation dip angle 63 of the minimum principal stress in the roadway rock mass
gradually tends to stabilize.

It can be known from the variation process of the magnitude and direction of the
principal stress in the rock mass of the deep roadways in the Jinchuan mining area that the
variation trends of the magnitude and direction of the principal stress in the surrounding
rock are similar. Given that the drastic changes in the direction of the principal stress in the
roadway surrounding rock occur earlier than those in the magnitude of the principal stress,
while the stabilization of the principal stress direction lags behind that of the principal stress
magnitude, it can be inferred that after the excavation and unloading of the surrounding
rock in the deep roadways of the Jinchuan mining area, and before the rock mass reaches
the peak stress, the propagation path of the failure fractures in the rock mass undergoes
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corresponding adjustments due to the change in the principal stress direction. Hence, the
impact of principal stress rotation on the deformation and failure of the surrounding rock
should be taken into account.
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Figure 11. Evolution law of principal stress direction at different monitoring points in the surround-
ing rock of deep roadways: (a) roof surrounding rock; (b) floor surrounding rock; (c) sidewall
surrounding rock.

As shown in Figure 12, these are the mining-induced stress rotation trajectories of the
surrounding rock in the roof, floor, and sidewalls of the deep roadway. The mining-induced
stress rotation trajectory of the surrounding rock in deep roadways refers to the path that
mining-induced stress undergoes from its initial state to the mining-induced state. The
stereographic projection enables the effective representation of spatial three-dimensional
information on a two-dimensional plane, and the principal stress direction of the rock
mass can be described by points in the stereographic projection. In the stereographic
projection, the center position indicates that the principal stress direction is horizontal,
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while the peripheral positions indicate that the principal stress direction is vertical. The
circumferential scale of the stereographic projection represents the azimuth angle ; of the
principal stress direction inside the roadway rock mass, and the radial scale represents the
dip angle 0; of the principal stress direction inside the surrounding rock. Therefore, the
rotation trajectory of mining-induced stress can be described by the change in the position
of the points representing the principal stress in the stereographic projection.

Given that the dip angle range of each principal stress in the rock mass of deep
roadways is from 0° to 90° and the azimuth angle ranges from 0° to 360°, under the initial
state, the dip angle and azimuth angle of the maximum principal stress are 0° and 90°,
respectively; the dip angle and azimuth angle of the intermediate principal stress are 90°
and 0°, respectively; and the dip angle and azimuth angle of the minimum principal stress
are 90° and 90°, respectively. When the roadway driving face is located 10 m in front of the
monitoring section, the direction of the principal stress in the rock mass begins to change
significantly; furthermore, as the distance from the roadway contour surface increases,
the rotation angles of the maximum, intermediate, and minimum principal stresses all
start to decrease. The direction of the maximum principal stress in the rock mass of the
roof and two sidewalls of the deep roadway begins to rotate downward, while that in the
surrounding rock of the floor begins to deflect upward, indicating that both the dip angle
and azimuth angle of the maximum principal stress direction in the roadway surrounding
rock are gradually increasing. The dip angle and azimuth angle of the maximum principal
stress in the floor surrounding rock exhibit the largest rotation amplitude, with the dip
angle ranging from 0° to 4.7° and the azimuth angle ranging from 90° to 180°. Along
the survey line, the rotation amplitudes of both the intermediate and minimum principal
stresses in the floor surrounding rock remain the largest, followed by those in the roof
surrounding rock, with the smallest observed in the sidewall surrounding rock. When
the roadway driving face advances to the monitoring section, the variation degree of the
maximum, intermediate, and minimum principal stresses in the rock mass becomes more
significant. Furthermore, the variation degree of the maximum principal stress in the
surrounding rock of the roadway roof and floor increases slowly as the distance from the
contour surface increases, while the variation degree of the maximum principal stress in the
surrounding rock of the two sidewalls shows a trend of first increasing and then decreasing
with the increase in distance from the contour surface.
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The rotation directions

roadway roof and floor are 32.5°/143° and 40.9° /317°, respectively. The rotation direction
of the maximum principal stress in the sidewall surrounding rock reaches a peak at 12 m
along the survey line, approximately 82.9°/43.7°. This indicates that the direction of the

principal stress direction in the roadway roof surrounding rock shows a trend of first
increasing and then decreasing as the distance from the contour surface increases. The
angle of the intermediate principal stress direction in the floor surrounding rock exhibits a
trend of slowly increasing with the increasing distance from the contour surface, while the
intermediate principal stress
g perpendicular to the Y-axis. The minimum principal stress in

parallel to the Y-axis to bein,

the roadway roof surrounding rock exhibits the highest rotational sensitivity, followed by
that in the floor surrounding rock, with the lowest in the sidewall surrounding rock. When
the driving face is 20 m behind the monitor section, the rotation degree of the principal
stress in the roadway surrounding rock gradually tends to stabilize compared with the
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of the maximum principal stress in the surrounding rock of the
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previous stage. As the distance from the monitoring surface increases, the rotation angle of
the maximum principal stress direction in the rock mass of the roof and floor gradually
increases, while the angle of the maximum principal stress direction in the rock mass of
the two sidewalls gradually decreases. At this time, the intermediate principal stress in
the rock mass of the roof and floor of the deep roadway gradually returns to its initial
state. Meanwhile, the minimum principal stress in the rock mass of the two sidewalls of
the roadway changes from its initial state of being parallel to the Z-axis to a state of being
perpendicular to the Z-axis. The angles of the minimum principal stress direction in the
surrounding rock of the roadway roof and floor show an increasing trend as the distance
from the contour surface increases.

As shown in Figure 13, by integrating the principal stress rotation characteristics of the
three survey lines on the monitor section of deep roadway surrounding rock, the schematic
diagram of the principal stress direction rotation in the surrounding rock after excavation
disturbance can be drawn. After the excavation and unloading of deep roadways, the
secondary stress causes different forms of structural failure to the surrounding rock. The
failure range is approximately 4 m near the roof and floor surrounding rock, and about
2 m near the sidewall surrounding rock. The rotation dip angles and azimuth angles of
the maximum principal stress in the surrounding rock of the roadway roof and floor show
a trend of first increasing and then decreasing as the excavation step increases. As the
roadway excavation step increases, the rotation dip angle of the maximum principal stress
in the rock mass of the two roadway sidewalls first increases and then decreases, while
the variation trend of the rotation azimuth angle of the maximum principal stress is the
opposite. Ultimately, the direction of the principal stress in the rock mass located in the
original rock stress area gradually returns to its initial state. Therefore, after the excavation
and unloading of deep roadway surrounding rock, the rotation of principal stress leads to
the generation of a large number of macroscopic fractures inside the rock mass, resulting in
the rapid development and expansion of the surrounding rock plastic zone. The key areas
for support should focus on the range where the principal stress rotation is intense.
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Figure 13. Schematic diagram of principal stress direction rotation in deep roadway surrounding rock.
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4. Mining-Induced Stress Rotation Guiding Roadway Surrounding
Rock Control

4.1. Determination of Dominant Rotation Trajectory of Mining-Induced Stress

Due to the fact that the development depth of the underground engineering in
Jinchuan II Mine Area exceeds 1100 m, the surrounding rock of the deep roadway has un-
dergone long-term geological tectonic movements, resulting in a large number of joints and
fissures in the rock mass. Dominant joint and fissure groups in the surrounding rock of deep
roadways can be obtained through on-site surveys. According to rock mechanics theory, the
bearing capacity of roadway surrounding rock is affected by the spatial positional relation-
ship between the loading direction and the direction of joints and fissures [32]. Therefore,
during the development of large main ramps, the mining-induced stress rotation trajectory
of the surrounding rock can be controlled by adjusting the roadway advancement direction,
the principal stress direction, and the dip angle direction of the dominant joint and fissure
groups can satisfy a certain relationship. An advantageous stress rotation trajectory can
effectively enhance the self-stabilization capacity of the surrounding rock and reduce the
number of roadway repair operations. Reference [33] provides the determination formulas
for the uniaxial compressive strength of intact rock and fractured rock masses. When the
calculation result of Equation (13) is smaller than that of Equation (12), it indicates that the
stability of roadway surrounding rock is severely affected by the direction of joints and
fissures, and the rock masses exhibit obvious damage and deterioration. At this time, the
angle @ between the direction of the maximum principal stress and the external normal
direction of the joints and fissures surface satisfies Equation (14).

~ 2Ccos ¢

Re = 1—sing (12)
R 2Cy 1
™ sin2¢(1 — cot¢ tan ¢f) 13
Crcotgr(l —si
f(9) = reot gyl ~sing) + cos” ¢ — cot s singcos p < 0 (14)

2Ccos ¢

where R¢ and Rcr are the uniaxial compressive strengths of intact rock and fractured rock
masses, in MPa; C, ¢ and Cf, ¢fare the cohesion and internal friction angles of intact rock
and fractured rock masses, respectively, in MPa and °.

As shown in Figure 14, this is the curve shape distribution of the function f(®). When
the angle @ between the direction of the maximum principal stress and the external normal
direction of the joints and fissures surface is equal to @1 or ®;, the function f(P) is equal to 0
at this point. When the angle @ is within the interval [@7, ®;], the mechanical properties of
the deep roadway rock mass are greatly affected by the occurrence of joints and fissures, and
the excavation unloading of the surrounding rock reduces its overall stability. Therefore,
the interval [@1, ®;] can be defined as the sensitive area of the principal stress direction
in the roadway surrounding rock. Since the occurrence distribution of joints and fissures
in the deep roadway surrounding rock is mainly determined by early geological tectonic
movements and is less affected by mining disturbances. The angle @ between the direction
of the maximum principal stress and the external normal direction of the joint and fissure
surfaces can be kept away from the principal stress sensitive interval of the surrounding
rock by changing the mining-induced stress rotation trajectory, to achieve the goal of
improving the self-stabilization capacity of the roadway surrounding rock.
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Figure 14. Determination of the sensitive area for principal stress direction in deep roadway sur-
rounding rock.

As shown in Figure 15, the angles ¢ and @, between the direction of the maximum
principal stress and the external normal direction of the dominant joint-fissure groups
are represented as boundary lines in the stereographic projection diagram. The red area
indicates that the overall strength of the deep roadway rock mass is greatly affected
by mining-induced stress, and this area is defined as the sensitive area for the rotation
direction of the principal stress. The green area indicates that the bearing capacity of the
deep roadway surrounding rock is less affected by mining-induced stress, and it is defined
as the principal stress direction retardation area. When the occurrence of the dominant
joint-fissure groups in the deep roadway surrounding rock is determined, the sensitive
area of the principal stress direction partially covers the stereographic projection diagram.
To prevent the rock mass from increasing damage and deterioration due to mining-induced
stress rotation, the rotation trajectory of the maximum principal stress in the surrounding
rock can be made to deviate from the principal stress sensitive area or the range where the
rotation trajectory falls into the principal stress sensitive area can be shortened by changing
the roadway advancement direction. This turns the rotation trajectory of the principal
stress into a dominant rotation trajectory, thereby improving the self-stabilization capacity
of the roadway surrounding rock. When the occurrence of joints and fissures in the deep
roadway surrounding rock is randomly distributed, the sensitive area of the principal
stress direction fully covers the stereographic projection diagram. At this time, the rotation
trajectory of mining-induced stress after excavation disturbance in deep roadways will
drive the surrounding rock to undergo damage and deterioration, leading to instability of
the roadway structure. To reduce the degree of damage and deterioration of deep roadway
surrounding rock, the amplitude of the maximum principal stress rotation trajectory can be
reduced by changing the roadway advancement direction, thereby shortening the extension
length of the rotation trajectory in the stereographic projection diagram.

4.2. Asymmetric Coupling Support Scheme

After the excavation and unloading of deep roadways, the direction and magnitude
of the principal stress in the rock mass change significantly, leading to varying degrees of
non-uniform structural failure in the surrounding rock. Therefore, based on the influence
of mining-induced stress rotation in deep roadways on the failure of the surrounding
rock, the conventional support methods in Jinchuan II mining area are optimized, with
enhanced support applied to the surrounding rock of the roof and floor where the principal
stress rotates violently. The parameters of the anchor structural elements are shown in
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Table 3. As shown in Figure 16, the conventional support scheme fails to effectively
control the long-term rheological failure of the surrounding rock in the roadway roof,
and the surrounding rock in the floor is not effectively supported. Under unsupported
conditions, the maximum plastic zone depth of the surrounding rock in deep roadways
is approximately 4.16 m. Therefore, for the surrounding rock of the two sides of the deep
roadway, the conventional 2.25 m-long mortar bolts are still used for support, while the
surrounding rock of the roof and floor is supported by 4.3 m-long anchor cables with a
spacing and row spacing of 1 x 1 m. Under the original support conditions, the maximum
plastic zone depth of the surrounding rock is approximately 3.94 m. The plastic zones in
the floor and roof surrounding rock have not been effectively restrained, and they still
belong to risk areas. Under the condition of asymmetric coupling support, the maximum
plastic zone depth of the surrounding rock is approximately 2.31 m. The designed anchor
length exceeds the plastic zone range of the surrounding rock in the entire cross-section of
the roadway, allowing the anchors to fully exert their suspension effect. Compared with
the unsupported condition, both the original support and the new support can reduce the
plastic zone volume of the roadway surrounding rock by approximately 29.5% and 63.4%
respectively, indicating that the asymmetric coupling support can significantly improve the
stability of rock masses.

Outward
normal unit

(b)

0195 180 165 —
()
Figure 15. Influence of mining-induced stress rotation trajectory on the stability of deep roadway

surrounding rock: (a) determination of the angle @; (b) determination of the dominant joints—fissures
group; (c¢) random distribution of joints and fissures.

Table 3. The parameters of the anchor structural elements.

Structural Yong Modulus Poisson’s Cross-Sectional Yield Tension C(Ei::slﬂ) n
Type (GPa) Ratio Area (m?) (GPa) (GPa)
Anchor 73.9 0.21 6% 1073 5.12 1.75
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Figure 16. Distribution of plastic zones in deep roadway surrounding rock under different
support methods.

5. Conclusions

(1) For the straight-wall semicircular arch-shaped diorite roadway, after the excavation
and unloading of the surrounding rock, the variation processes of the magnitude and
direction of the maximum, intermediate, and minimum principal stresses in the rock mass
are similar, all following a trend of slow change at first, then drastic change, and finally
stabilization. When the driving face is 4 m away from the monitor section, the adjustment
of the principal stress magnitude in the surrounding rock is the most drastic, and the
principal stress decreases rapidly after reaching its peak value. As the roadway driving face
moves away from the monitoring section, the variation degree of the rock mass’s principal
stress magnitude gradually stabilizes and becomes significantly lower than the initial in
situ stress value.

(2) For the straight-wall semicircular arch diorite roadway, the maximum principal
stress rotation angle of the surrounding rock shows a trend of first increasing and then
decreasing with the increase in excavation step distance, while the rotation angles of the
intermediate and minimum principal stresses show a trend of first decreasing and then
increasing with the increase in excavation step distance. Moreover, both the direction and
magnitude of the principal stress in the rock mass located in the original rock stress area
gradually return to their initial state.

(3) The characteristics of mining-induced stress rotation affect the bearing capacity and
failure mode of the surrounding rock in deep roadways. Based on the spatial distribution
characteristics of joints and fissures in the surrounding rock, the mining-induced stress
rotation sensitive area can be characterized by stereographic projection diagrams. When the
occurrence of joints and fissures is stable, the mining-induced stress rotation sensitive area
partially covers the stereographic projection diagram, and the dominant mining-induced
stress rotation trajectory should deviate from the sensitive area. When the occurrence of
joints and fissures is randomly distributed, the mining-induced stress rotation sensitive area
fully covers the stereographic projection diagram, and the dominant mining-induced stress
rotation trajectory should reduce the rotation amplitude and shorten the extension length.

(4) Based on the variation process of the magnitude and direction of the principal
stress in the surrounding rock of deep roadways, an asymmetric coupling support is
proposed to strengthen the positions where the principal stress rotation in the rock mass
around the anchorage is intense. The maximum plastic zone depth of the new support
is reduced to 2.31 m, and the plastic zone volume is decreased by 63.4%. Asymmetric
strong anchoring can control the degree of damage and deterioration of surrounding rock
caused by mining-induced stress rotation, and significantly improve the overall stability of
rock masses.
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