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Abstract: Phyllite is affected by its own bedding, stress environment and water-saturated condi-
tions. There are great differences in its deformation and failure in engineering, and its creep charac-
teristics are an important basis for evaluating the long-term stability of phyllite engineering. There-
fore, this study carried out creep tests of water-saturated phyllite under different bedding angles
and confining pressures, studied the coupling effect of factors that affect the creep characteristics of
phyllite, and investigated and analyzed the deformation characteristics of a phyllite roadway sup-
port on site to provide basic support for phyllite roadway mine disaster control and collaborative
mining research. The results showed the following: (1) When the bedding dip angle was 30~60°,
under the control of the bedding, the sliding deformation along the bedding suddenly increased
under the low-stress condition and the specimen did not undergo structural damage. It could con-
tinuously bear multi-level stress and generated creep deformation. In this case, a phyllite roadway
should adopt the support method of combining flexibility and rigidity. (2) In the process of multi-
stage stress loading, the creep instantaneous stress was directly proportional to the initial stress.
When the stress was loaded to 50% of the failure strength, the instantaneous stress tended to be
stable and maintained a linear, slightly increasing relationship with the stress. When the bedding
angle was 30~60°, the creep deformation accounted for more than 50% of the total deformation. The
bedding angles of 0° and 90° were dominated by the instantaneous strain during the stress loading
process. For the flexible support of the roadway, the deformation caused by disturbance stress
should be fully considered. (3) The uniaxial creep specimen mainly displayed compression shear
tensile failure, with a small number of parallel cracks along the main fracture surface. The triaxial
creep fracture mode changed to single shear failure. The confining pressure showed greater inhibi-
tion of the creep of the specimen with a bedding inclination of 0° and 90°. The strength design of
the rigid support should refer to the original rock stress value of the roadway. The creep defor-
mation and failure of the specimen with a bedding inclination of 30~60° were mainly controlled by
the bedding. The included angle between the bedding dip angle and the maximum principal stress
should be kept within 30~60° as far as possible in the roadway layout.

Keywords: phyllite; rock mechanics; roadway support; stress environment; creep characteristics

1. Introduction

Phyllite is a common rock type in engineering, and its large deformation character-
istics make it the main factor that affects the safety and stability of tunnels, shafts and side
slopes containing phyllite [1]. Because phyllite generally contains clay minerals with
strong water absorption, it is easy to reach the water-saturated state in a water-containing
environment [2]. At this time, the mechanical properties are greatly reduced. At the same
time, the layered structure makes the anisotropy of phyllite prominent [3], and different
stress sizes and directions have a serious impact on the mechanical behavior of phyllite.
Therefore, it is important to study the coupling creep characteristics of water-saturated
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phyllite bedding and the associated stress conditions to guide the stability analysis of
phyllite engineering design and construction safety [4].

In view of the above problems, scholars at home and abroad have carried out a lot of
research. T. Ramamurthy [5] carried out compression tests on quartz phyllite, carbona-
ceous phyllite and mica phyllite; obtained the relationship between the strength and dip
angle of different phyllites; and quantitatively analyzed the anisotropy according to the
measurement parameters. The results showed that the anisotropy curves of the three
phyllites were U-shaped. Ziquan Chen et al. [6] carried out uniaxial and triaxial compres-
sion tests on sericite phyllite and found that under uniaxial compression, the peak
strength, elastic modulus and bedding dip angle showed a U-shaped relationship, and
each parameter showed a linear increasing trend under triaxial compression. Through a
uniaxial compression acoustic emission test of phyllite, Xuefeng Si et al. [7] found that
peak stress, peak strain, cumulative acoustic emission count and elastic strain potential
energy all showed a U-shaped change trend with the bedding dip angle. Jianjun Zhao et al.
[8] studied the conventional triaxial compression test of phyllite with different water satura-
tion times and found that the relationship between mechanical parameters and water satura-
tion time of phyllite decreased nearly linearly within 60 days of water saturation. After 60
days, the parameter value did not change, the deformation was transformed from elasticity to
plasticity, and the aging property of parameter degradation first increased and then de-
creased. X Chang [9] undertook triaxial compression tests of phyllite under different confining
pressures. The results showed that under the condition of low confining pressure, phyllite
mainly demonstrated tensile shear failure, while high confining pressure changed this into
shear failure. The relationship between maximum principal stress and confining pressure was
established, and the general angle of a phyllite shear failure surface was proposed. In terms of
research on the creep characteristics of phyllite, Guowen Xu [10] carried out uniaxial compres-
sion creep tests of carbonaceous phyllite at different bedding angles in a water-containing
state, analyzed the influence of bedding inclination on its creep characteristics and established
a layered rock mass creep model; however, the model could not reflect the changes of me-
chanical parameters of phyllite under different stress conditions. Cheng Lyu [11] studied the
creep parameters of phyllite under triaxial variable confining pressure step loading with dif-
ferent bedding dip angles, described the test results with Burger’s creep model, and estab-
lished the function of phyllite bedding dip angle, confining pressure and creep parameters,
but did not consider the influence of water saturation on phyllite. Discenza, Marco Emanuele
[12] studied the graded loading creep characteristics of carbon phyllite under different confin-
ing pressure conditions, established the creep constitutive model of carbon phyllite through
the improved Masao Nishihara model and applied the model to the development of new sup-
port structures for controlling the stability of anti-coupled rheological surrounding rocks,
mainly considering the creep characteristics of phyllite under the influence of different stress
environments. Linjian Ma [13] studied the creep characteristics of Sericite phyllite under dif-
ferent confining pressures under graded loading, found that the lateral rheological defor-
mation and rate were greater than for the axial axis, and expounded the rheological dilatancy
mechanism. Through a phyllite rheological test, Guowen Xu [14] found that a failure mode
dominated by shear under long-term action can creep under the condition of small stress; a
phyllite creep model was developed based on Burger’s model without considering the influ-
ence of the water state on the mechanical properties of the phyllite.

The above research results were mainly from the experimental study of instantane-
ous and creep mechanical properties. Among them, the influence of instantaneous me-
chanical properties on the mechanical properties of phyllite under bedding, water content
conditions and a stress environment is clear. However, the study of long-term mechanical
behavior characteristics under bedding, water saturation and stress conditions using
phyllite creep tests is insufficient, and the coupling of influencing factors should be com-
prehensively considered to study the creep properties of phyllite. Therefore, in view of
the long-term creep characteristics of water-saturated phyllite, it is necessary to study the
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creep characteristics of the bedding, confining pressure and water-saturated conditions to
provide theoretical support for the long-term stability of a phyllite roadway support.

2. Materials and Methods
2.1. Sample Preparation

Phyllite samples were taken from large phyllite regions with clear and uniform bed-
ding in the engineering rock mass, and the rock samples were processed into ® 50 mm x
100 mm cylinders; the error of the two end faces was controlled to within +0.05 mm and
the perpendicularity of the two end faces was controlled to within +0.25°. At the same
time, the phyllite block was processed into test rock samples with different bedding dip
angles, where the bedding dip angle f is the angle between the horizontal plane and the
bedding plane. In order to make the study representative and typical, the bedding dip
angle 3 was set to five angles: 0°, 30°, 45°, 60° and 90°. Samples are shown in Figure 1.

Figure 1. Different bedding dip angles of phyllite rock samples.

2.2. Testing System

An MTS815 rock mechanics test system was used to carry out uniaxial and triaxial
creep tests of the saturated phyllite. The MTS815 loading test and recording system are
shown in Figure 2. The axial stress mode of step loading was adopted, and the axial stress
was loaded step by step according to the set stress series until the specimen was de-
stroyed. The range of axial stress grading was 35-85% of the uniaxial compressive strength
[15]. Through the uniaxial compression test, it was found that the compressive strengths
of samples with different bedding angles were quite different. The compressive strengths
of rock samples with bedding angles of 0° and 90° were close, and those of 30°, 45° and
60° were close. In order to compare the creep characteristics of rock samples with different
bedding angles under the same stress condition, the classification of axial loading stress
should be as unified as possible. Therefore, the experiment was divided into two different
stress loading levels [16]. See Table 1 for the test plan. The loading rate was 0.04 kN/S, and
the creep time of each level of the load was 7200 s. The automatic loading of the program
was set. When the loading time of each level reached this time, the next level of loading
was used. The protection of the test system was set such that the loading could be auto-
matically stopped after the sample was destroyed.

Figure 2. MTS-815 loading test and recording system: (a) test system and (b) recording system.
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Table 1. Test plan.

Confining .
Group Pressure B (°) Loading Stress Level g1 (MPa) Duration of Each Level of
Load (s)
(MPa)
0,90 28, 36, 44, 52, 60, 68, 76, 84
1 0 7200
30, 45, 60 6,9,12,15,18, 21, 24, 27
0,90 65, 80, 95, 110, 125, 140, 155
2 15 7200
30, 45, 60 20, 28, 36, 44, 52, 60, 68, 76

Axial strain (%)
v

0.5 |

0.0

3. Results and Discussion

3.1. Creep Time—Axial Strain Curve

The above creep test was completed and the creep time-axial strain curve of each

sample was obtained, as shown in Figure 3.

M

()

In the process of multi-level stress loading, during the first level loading, due to the
pores in the rock and the expansion of kaolinite after being saturated with water, the
internal space of the sample was compacted under the load and the instantaneous
stress of the sample was significantly greater than that of the later loading process.
The maximum axial stress of the compaction process was displayed by the 0° bed-
ding sample, and the minimum was for the 90° bedding sample. When the initial
load was completed and the axial stress was loaded in the later stages, the creep de-
formation increased rapidly at first. After the loading was completed, the creep rate
decreased rapidly, and the displacement remained unchanged. The creep rate was
close to zero and entered the constant speed creep stage. Under the application of the
last level of stress, there were three obvious stages of slow creep, constant speed creep
and accelerated creep, where the 0° and 30° bedding specimens were more promi-
nently affected, and the accelerated creep stage of the 90° bedding specimen was not
obvious, which reflected its brittleness.

Compared with the failure strength of all the creep samples, the water-saturated
phyllite samples with bedding angles of 0°, 30°, 45°, 60° and 90° were subjected to
uniaxial creep tests at the stress levels of 52 MPa, 12 MPa, 27 MPa, 21 MPa and 87
MPa (when the 84 MPa grade was completed and ready to be loaded into the next
grade), along with the triaxial creep tests at the stress levels of 128 MPa, 45 MPa, 44
MPa, 52 MPa and 142 MPa. Under the same bedding angle, the triaxial creep failure
strength was obviously greater than the uniaxial creep failure strength. Under the
confining pressure, the triaxial creep strength increased by a larger factor than the
uniaxial creep strength for the 30° bedding specimen.
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Figure 3. Time-strain curve of the creep test under different bedding inclinations and confining

pressures.

3.2. Relationship between Strain and Time

The Boltzmann superposition principle was used to process the test data, and the creep

strain versus time curves of different beddings were obtained [17-19], as shown in Figure 4.

o))

2)

The sum of the first three grades of creep stress under stress loading was the largest,
and the creep phenomenon was obvious. The uniaxial compression creep stress of
the 45° bedding specimen was the largest, and its creep deformation mainly occurred
at the first two stress levels. The next creep strain was the 30° bedding specimen,
which also had a large creep deformation at 9 MPa. The maximum stress of the 90°
bedding specimen occurred near the last loading stress level. The main reason for
this was that the 90° bedding specimen had the smallest compressible space, and its
stress variable was the crack before the failure.

Under the low-stress condition, the creep process occurred along the bedding. In the
creep curves of the specimens with 30°, 45° and 60° bedding angles, it can be seen
that the deformation suddenly increased when the stress load was constant, espe-
cially for the specimen with 45° bedding. When the axial stress was a 9 MPa dead
load, the axial deformation suddenly increased in the creep attenuation stage, and
the strain increased by about 0.4%. The specimen with a 30° bedding angle had the
same situation at 9 MPa. Similar situations occurred at 15 MPa and 18 MPa for the
specimen with a bedding inclination of 60°, but the specimen did not undergo struc-
tural damage or the subsequent sustainable bearing capacity creep. The main reason
for this phenomenon was the appearance of bedding control.
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Figure 4. Axial creep strain versus time at each loading level.

3.3. Instantaneous Strain and Creep Strain

The instantaneous stress variable is the stress variable produced in the process of
loading stress, which is closely related to the stress environment. The creep stress variable
is the stress variable that changes with the loading time when the stress is constant, which
can reflect the mechanical behavior of different stress loading times. As for the proportion
of the instantaneous stress variable and creep stress variable in the total strain, it directly
affects the engineering deformation and support design of phyllite. As shown in Figure 5,
the deformation magnitude of the instantaneous strain and creep strain could be sepa-
rated from the identification diagram.
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Figure 5. Identification diagram of the instantaneous strain and creep strain.

According to Figure 5, the strain and bedding dip angle were separated and the rela-
tionship curve was drawn, as shown in Figures 6-8. From the comparison of instantane-
ous stress variables and creep stress variables of different bedding dip angles in Figures 6
and 7, it can be seen that the instantaneous strain was the largest when loading the first
three stress levels, of which the maximum stress variable was found for the 0° bedding
sample, followed by the 90° sample, which was caused by the large instantaneous loading
stress value of the first level. Under the loading stress of the same level for 0° and 90°, the
0° bedding instantaneous strain was greater than that of the bedding angle of 90°. This
shows that the deformation of the 0° laminated specimen was the largest in the compac-
tion stage. Similarly, when the 30°, 45° and 60° laminated samples were loaded with the
first stress level, the instantaneous strain of the 60° laminated sample was the largest, but
when the second level was loaded, the instantaneous deformation of 45° laminated sam-
ple increased rapidly, and the instantaneous strains of the 30° and 60° laminated samples
were close. In general, the instantaneous strain after the three stress levels tended to be
stable, maintaining a small, linearly increasing relationship with the stress level. In the
creep process, the instantaneous stress was directly proportional to the magnitude of the
loading stress. It can be seen from Figure 8 that under the same loading level, the instan-
taneous elastic modulus increased with the increase in loading stress. The elastic modulus
was the largest during creep failure, and the instantaneous elastic modulus was linear
with the magnitude of the loading stress. When the bedding inclination angle was the
same, the larger the confining pressure was, the larger the instantaneous elastic modulus;
the confining pressure had the most obvious effect on the bedding inclination angle of 90°,
followed by the 0° bedding; and the confining pressure had little effect on the change of
the instantaneous elastic modulus of 30°.
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3.4. Failure Strength

Figure 9 shows the uniaxial and triaxial creep stress—strain curves with different bed-
ding dip angles, while Figure 10 gives a comparison of the curves of creep failure strength
and instantaneous failure strength.

From the uniaxial creep results, it can be seen that the bedding dip angle of 0° was
loaded with the same stress level as that of 90°. The bedding dip angle of 0° was destroyed
at the fourth level, and the failure stress level was 52 MPa, which was 74.29% of the in-
stantaneous strength (70 MPa), while the 90° bedding was destroyed at the ninth level
after eight levels of loading, and the stress at the time of failure was 87 Mpa, which was
94.29% of the instantaneous strength (92 MPa). The same stress was applied to the bed-
ding dip angles of 30°, 45° and 60°. The bedding dip angle of 30° showed third-grade
failure, and the failure stress grade was 12 MPa, which was 75% of the instantaneous
strength (16 MPa). The 45° bedding was destroyed during the loading of the eighth grade,
and the failure stress grade was 27 MPa, which was 77% of the instantaneous strength (35
MPa). The 60° bedding was destroyed during the loading of the sixth grade, and the fail-
ure stress grade was 21 MPa, which was 84% of the instantaneous strength (25 MPa).
Therefore, the statistical analysis of the ratio of creep failure strength to instantaneous
strength showed that there were great differences in the influence of creep on the strength
of phyllite with different bedding angles. The influence of creep on the failure strength of
the samples with different bedding angles was ordered according to 0° > 45° > 30° > 60° >
90°. From the perspective of the creep failure strength of the 90° bedding sample, the creep
effect was small, and the creep deformations of the first two grades of creep failure were
the smallest and close. Creep had the least effect on its mechanical properties, which fur-
ther showed that bedding had greater control on the creep strength of phyllite.

From the triaxial creep test results, it can be seen that the bedding dip angles of 0°
and 90° were loaded with the same stress level. The 0° dip angle was destroyed at the
sixth level, and the destruction stress level was 127.5 MPa, which was 96.24% of the in-
stantaneous strength (133 MPa), while the 90° bedding was destroyed at the seventh level,
and the stress at the time of destruction was 142.7 MPa, which was 68.6% of the instanta-
neous strength (208 MPa). The bedding dip angles of 30°, 45° and 60° were loaded with
the same stress. The bedding dip angle of 30° showed eighth-grade failure, and the failure
stress grade was 45 MPa, which was 84.9% of the instantaneous strength (53 MPa). The 45°
bedding was damaged during the loading of the fourth grade, and the failure stress grade
was 44 MPa, which was 67.69% of the instantaneous strength (65 MPa). The 60° bedding
was damaged during the loading of the fifth grade, and the failure stress grade was 52 MPa,
which was 69.33% of the instantaneous strength (75 MPa). Therefore, the influence of creep
on the failure strength of samples with different bedding dip angles was ordered according
to 45° > 90° > 60° > 30° > 0°. Under triaxial creep, the bedding dip angles of 0° and 90° and
uniaxial creep appeared in obvious contrast, and the ratio of the triaxial creep failure
strength to its instantaneous strength decreased. The confining pressure had a greater in-
hibitory effect on the failure of samples with bedding dip angles of 0°~30°.
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Figure 9. Stress—strain curve of the creep test under different bedding inclinations and confining
pressures.
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Figure 10. Comparison between the creep failure strength and instantaneous failure strength.

3.5. Creep Failure Mode

See Table 2 for the failure morphology of the creep test samples. It can be seen from the
table that there were also obvious differences in the creep failure morphologies of the water-
saturated phyllite under uniaxial and triaxial conditions. Under uniaxial compression, the
failure mode of the specimen was compression shear tension failure, with a small number
of parallel cracks along the main fracture surface. When the triaxial confining pressure was
15 MPa, the fracture form of the specimen changed to a single shear failure. Due to the creep
action, the damage accumulation of the bedding plane produced a fracture surface, and the
sliding along the fracture surface formed a shear surface, which led to the destruction of the
specimen, and there were friction cracks on the shear surface [20-22].
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Table 2. Creep failure mode.
Confining Creep Test Failure Mode of Phyllite with Different Dip Angles
P
resste 0° 30° 45° 60° 90°
Level

Shear sl'ip and Shear sl'ip and Shear slip Shear sl.ip and Mainly Parallel

tension tension tension cutting

15 MPa

Maily parallel

Shear failure ~ Shear slip Shearslip  Shear slip cutting

4. Engineering Examples

The main factors that affected the deformation and failure of phyllite were obtained
through the early creep test of saturated phyllite. In order to compare the test results with
the differences in engineering, the deformation process of a phyllite roadway support
structure in a lead—zinc mining area was tracked, monitored and analyzed. The roadway
support methods were a roof-leading small steel pipe + I-shaped steel, roof-leading small
steel pipe + track steel frame, wood support + I-shaped steel, steel frame + concrete shot-
crete layer, etc. During the above support, the excavated face was closed in time to prevent
the surrounding rock from weathering. However, most of the support steel frames expe-
rienced large deformations. The deformation and failure modes included the sinking and
bending of I-steel beams caused by top pressure, as well as the deformation of I-steel and
the extrusion and bulging of the bottom corners caused by side pressure. The service life
of most of the support areas with large deformation was about 1-6 months. The roadway
had a short service life and a high repair rate. The specific deformation and failure char-
acteristics of the roadway support structure were as follows [23-26].

(1) The deformation speed of the deep roadway support steel frame was fast and the
deformation was large.

With the increase in the mining depth of the roadway, the deformation amount and
deformation speed of the surrounding rock of the roadway increased. After the rapid de-
formation of the surrounding rock of the free roadway face after the excavation, it gradu-
ally became stable. It was necessary to support and control the deformation of the sur-
rounding rock as soon as possible, and the steel frame slowly deformed after the support
based on the steel frame. As shown in Figure 11a,b, the roof sunk and the roof steel frame
bent and deformed. When the roadway was mined to the middle section below 500 m, the
stability of the free surface after the roadway excavation became poor and deformed rap-
idly. The deformation speed was significantly higher than that after the excavation of the
upper middle section of the roadway. It was necessary to increase the advanced support
bolts to ensure the safety of the blasting hole construction. The blast hole in the roadway
excavation was seriously deformed, and the deformation occurred about two hours after
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the completion of blast hole construction. The blast hole became oblate, and the defor-
mation speed was significantly higher than that of the shallow surrounding rock.

(2) The creep characteristics of the surrounding rock were obvious, and the horizontal
deformation of the roadway support steel frame was serious.

With the increase in mining depth, the continuous deformation of the roadway sup-
port structure was significant, that is, the rheological property of the surrounding rock
was obvious. It can be seen that the creep characteristic of phyllite was the main reason
for the deformation of the roadway support structure. In the middle section of 500 m, the
roadway support adopted the same support structure and parameters as the upper-mid-
dle section, and the deformation of the roadway side slope was obvious, as shown in Figure
11c,d. The steel frame deformation occurred at the foot of the roadway support steel frame
and the center of the side slope, and the deformation duration of its steel frame support
body increased significantly, which was mainly reflected in the increase in repair times, and
the steel frame deformation occurred every 6 months on average. Under the action of hori-
zontal stress, the roadway bulged out from the two leg supports, and the track steel support
was damaged, which occurred at the connection of the two steel frames.

(3) Serious floor heave in the deep roadway.

In the shallow roadway, there were basically no support measures for the floor and
the floor heave was not obvious. However, in the deep roadwayi, if the floor support was
not added with a floor beam, the floor deformed before the side and roof, which had a
serious impact on ventilation and transportation, and the workload of the floor heave re-
pair was large. The Mengnuo lead-zinc mining area adopts rail transportation, and there
are no support measures for the roadway floor above the 450 m middle section, and its
floor heave damage is shown in Figure 11e. In the 450 m middle section and below, the
roadway floor heave deformation was obvious, which seriously affected transportation
and increased the difficulty of roadway maintenance. When the roadway was repaired,
the floor heave still had a secondary floor heave after being cut out and reinforced.

(4) The deformation of different bedding dip angles of roadway surrounding rocks var-
ied greatly.

In the lead-zinc mining area, rail transportation was adopted and the roadway was
arranged in the footwall of the ore body along the strike of the ore body. Therefore, in a
large number of phyllite roadways, the roadway-surrounding rock had different bedding
dip angles along the strike of the ore body and the roadway support deformation of dif-
ferent bedding dip angles varied greatly, as shown in Figure 11f-h, which were the bed-
ding dip angles of the roadway-surrounding rock of 0°, 45° and 90°. Among them, defor-
mation occurred after the support of the 0°-bedding surrounding rock. The shotcrete layer
fell and weathering occurred. The roadway with 45°- and 90°-bedding surrounding rock
was just tunneling for support. Through a large number of field investigations, it was found
that when the roadway surrounding rock was relatively dry and the bedding was at 90°, the
roadway could be used after shotcrete and supported by a steel frame, and its deformation
is relatively small. When the roadway surrounding rock was at 45°, the roadway defor-
mation was the largest and the deformation speed was the fastest. Therefore, the support
must be quickly followed up during roadway excavation. Especially in the case of the fault
area and water in the roadway, advanced bolt support was required to ensure the safety of
the tunneling construction. From the engineering deformation characteristics of the phyllite
roadway surrounding rock with different bedding dip angles, it was difficult to support
when the bedding dip angle was 30~60°, which was mainly reflected in the fact that the
surrounding rock was easily damaged and deformed by the stress environment itself, and
the creep deformation cycle was long. A large number of on-site investigation conclusions
were basically consistent with the indoor test conclusions.
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Figure 11. Deformation examples of phyllite roadway support engineering: (a) roof settlement, (b)
roof steel frame bending diagram, (c) the feet deformation of a steel frame, (d) deformation of a side
steel frame, (e) large deformation of the floor, (f) $ = 0°, (g) p =45° and (h) = 90°.

Through the above tests and engineering examples, it was fully confirmed that the
deformation and damage of different bedding angles of water-saturated phyllite were dif-
ferent. In the actual support process of the water-saturated phyllite roadway, the engi-
neering layout should try to make the included angle between the maximum principal
stress and bedding form a 0° or 90° angle in the design stage. During construction, drain-
age should be carried out first, and then shotcrete should be sprayed to prevent weather-
ing. For the unavoidable bedding of 30~60°, a vertical bedding bolt should be used for
reinforcement and support to prevent large deformations caused by dislocation and slid-
ing along the bedding. Long-term creep deformation must be considered. When the bed-
ding dip angle and the maximum principal stress were between 0° and 60°, large defor-
mations could occur under the lower stress disturbance. Moreover, the deformation in-
creased with the stress loading time, and the creep effect was obvious, which was unfa-
vorable to the single rigid support. Therefore, support measures should involve flexible
and rigid combination support as much as possible.

5. Conclusions

In this study, the long-term mechanical behavior of phyllite under the coupling effect
of a bedding dip, water-saturation condition and stress environment was investigated
through a creep test of water-saturated phyllite with different bedding dip angles. The
preliminary understanding and conclusions were as follows:

(1) When the bedding dip angle was 30~60°, under the control of the bedding, the phe-
nomenon of sliding along the bedding appeared under the condition of a low-stress
constant load, and the slip instantaneous creep deformation suddenly increased, but
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the sample did not have structural damage and could continuously bear multi-level
stress and produce creep deformation. The sudden increase in instantaneous creep de-
formation had a large destructive effect on the rigid support of the roadway. At this
time, it was more suitable to provide a rigid-flexible combination support method.

(2) In the multi-level stress loading process of the creep test, the initial instantaneous
stress variable was directly proportional to the size of the loading stress. When the
stress was loaded to 50% of the failure strength, the instantaneous stress variable
tended to be stable and maintained a linear, slightly increasing relationship with the
stress level. When the bedding dip angle was 30~60° the creep deformation ac-
counted for more than 50% of the total deformation, while the bedding dip angles of
0° and 90° were dominated by the instantaneous strain in the stress loading process.
The experimental results clearly showed that the main cause of deep large defor-
mation was the stress environment, and the long-term creep deformation of the road-
way was greater when the maximum principal stress and the dip angle of the rock
bedding were at 30~60°.

(3) The confining pressure had an obvious influence on the creep failure mode. The uni-
axial creep specimens mainly displayed compression shear tensile failure, with a
small number of parallel cracks along the main fracture surface. The mode of triaxial
creep rupture changed the failure mode to single shear failure. The confining pres-
sure had a greater inhibitory effect on the creep of samples with bedding dips of 0°
and 90°. The creep deformation and failure of samples with bedding dips of 30~60°
were mainly controlled by the bedding. Therefore, the main method of phyllite road-
way reinforcement is to control the slip of the bedding.
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