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Abstract. The stress environment of deep rock masses is complex. Under the action of earthquakes or blasting, the strength
and stability of anchored rock masses in fracture zones or faults are affected. To explore the variation in anchored rock masses
under creep-fatigue loading, shear creep comparative testing of anchored marble specimens with or without fatigue loading is
performed. Considering the damage variable of rock under fatigue loading, a rheological model is established to characterize the
whole shear creep process of anchored rock masses under creep-fatigue loading. The results show that (1) the owverall
deformation of marble under creep-fatigue loading is larger than that under only shear creep loading, and the average
deformation is increased by 18.3%. (2) By comparing the creep curves with and without fatigue loading, the two curves
basically coincide when the first level stress is applied, and the two curves are stable with the increase in stress level. The results
show that the strain difference among the specimens increases gradually in the steady-state stage and reaches the maximum at
the fourth level. (3) The shear creep is described by considering the creep mechanical properties of anchored rock masses under
fatigue loading. The accuracy of this creep-fatigue model is verified by laboratory tests, and the applicability of the model is
illustrated by the fitting parameter R?. The proposed model provides a theoretical basis for the study of anchored rock masses

under low-frequency earthquakes or blasting and new methods for the stability and reinforcement of rock masses.

Keywords:

anchored rock mass; fatigue load; shear creep; accelerating element; creep-fatigue model

1. Introduction

In recent years, with the rapid economic development of
our country, some large-scale deep rock mass projects
related to improving the national economy and individual’s
livelihood have been implemented. For example, the
Sichuan-Tibet Railway will include dozens of ultra-long
and ultra-deep tunnels with a length of approximately 10
km and a burial depth of more than 1000 m. Earthquakes
occur frequently along this railway, and the corresponding
fault fracture zone is dense (Xue er al. 2020, Kilic et al.
2002). How to ensure the safety and stability of the sections
of deeply buried tunnel crossing the fault fracture zone
under the action of earthquakes needs to be addressed. At
present, deep resource mining, large-scale hydropower
projects in the central and western regions, and the
excavation of underground strategic oil reserves generally
utilize blasting methods. The blasting disturbance is
extremely destructive to the surrounding rock support
structure (Chen et al. 2018, Wang et al. 2019). How to
ensure that the rock will remain stable during blasting
disturbance also needs to be addressed. With the gradual
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extension of geotechnical engineering from shallow to deep,
deep rock masses are facing a complex environment of
“three highs and one disturbance” (Griggs 1939, Song et al.
2020), and surrounding rock and roadway support
maintenance face many challenges. The stress state of deep
surrounding rock is close to the ultimate bearing strength of
the rock mass. Earthquakes and engineering blasting both
induce dynamic and low-cycle cyclic loads, which are
important causes of surrounding rock deformation (Chen et
al. 2016, Wang et al. 2020). Therefore, studying the creep
mechanical properties of anchored jointed rock masses
under low-cycle cyclic loading has not only great
theoretical value but also significant engineering guiding
significance for the support of surrounding rock and
roadways under earthquake and Dblasting factors
(Tadeusiewicz 2015, Jiang et al. 2017).

Studying the deformation and failure of a rock mass
under the action of cyclic loading and unloading is very
important to reveal the failure mechanism of the deep rock
mass. Scholars in China and abroad have carried out a
series of studies for this purpose: Bagde and Petros (2005)
studied how the loading waveform and amplitude
influenced the fatigue performance of intact sandstone
through dynamic uniaxial cyclic loading tests on sandstone;
the relationship between the energy released from the
sandstone samples and loading frequency and amplitude
was obtained, which is useful for revealing the behavior of
rock masses in excavation systems under cyclic loading and
thus has practical meaning. Liu and Li (2018) studied the
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Table 1 Conventional mechanical parameters of marble

Compressive strength/MPa  Elastic modulus/GPa Poisson’s ratio Cohesion/MPa Internal friction angle/(°) Shear strength/MPa Tangential stiffness/GPa-m

120.00 20.20 0.28 2.61

33.50 20.6 3.20

mesoscale damage characteristics of rock samples under
cyclic loading and unloading with the particle flow software
PFC and performed conventional triaxial compression
laboratory tests on marble to obtain data that can truly
reflect the macroscopic mechanical properties of marble
mesoscale parameters. Meng et al. (2016) revealed the
energy evolution of rock deformation and failure by
studying the characteristics of energy accumulation,
evolution and dissipation of uniaxial cyclic loading and
unloading compression under different loading rates (Choi
etal. 2019).

To study the rheological properties of rock masses under
low-cycle cyclic loading, scholars have established
corresponding rheological models to describe the
rheological properties of cyclic loading and unloading rock
masses by introducing nonlinear elements and other
methods. Wang et al. (2019) in order to study the nonlinear
creep characteristics and creep disturbance effects of deep
rock under the action of perturbation load, carried out
uniaxial compression perturbation tests of rock under static
axial pressure, different perturbation amplitudes and
different perturbation frequencies. By combining the results
of these creep tests and nonlinear viscoplastic perturbation
creep components and damage components, a composite
model of nonlinear perturbation creep damage was
established for rock. Tang et al. (2019) established the creep
theory model of granite residual soil based on rheological
theory and the creep characteristics of granite residual soil
under different stress levels and obtained the dynamic
behavior of granite residual soil under cyclic loading by
derivation to propose a theoretical model of stress
accumulation. Yang ef al. (2018) proposed a granite fatigue
constitutive model based on internal variables by
conducting experiments and theoretical analyses on the
cyclic loading of granite under different confining pressures
and different peak deviator stresses. The verification shows
that the model can better reflect rock fatigue mechanics in
nature. Xu and Yang (2015) based on the triaxial cyclic
loading and unloading creep testing of rock, carried out
effective viscoelastic-plastic strain separation of the creep
strain of the sample and obtained a viscoelastic-plastic
creep model of rock. Their study showed that the model can
be very effective and provide a good description of the
elastoplastic loading and elastic unloading creep
characteristics of a sample under a cyclic loading and
unloading path.

The above studies mainly focus on the analysis of
uniaxial compression creep and triaxial compression creep
under cyclic loading and unloading. There are few studies
on the variation in the strength of deep anchored rock
masses under shear creep stress conditions suddenly
subjected to a low-frequency earthquake or blasting load,
that is, a small amount of the research on shear creep
focused on anchored rock masses under creep-fatigue loads.
In this paper, low-cycle cyclic loading is used to simulate

fatigue loading, equivalent to a low-frequency earthquake
or blasting disturbance, and a shear creep test of marble
under creep-fatigue loading is carried out, and the influence
of the creep-fatigue load on shear creep of the anchored
rock mass is studied. By introducing a nonlinear
acceleration element to describe the shear creep of an
anchored rock mass and considering the disturbance effect
of a fatigue load on the anchored rock mass, a constitutive
model describing the whole process of shear creep of an
anchored rock mass under a creep-fatigue load is
established. The accuracy of the model is verified by
comparing the theoretical model with experimental data,
which reflect the effect of low-frequency earthquakes or
blasting loads on deep rock masses. The results of the study
provide some ideas.

2. Introduction to the test
2.1 Test scheme

In this test, marble from a mine roadway in Fuxin,
Liaoning Province, is selected as the test specimen, the
main reason why marble is selected as a typical elastic-
plastic rock lie in the fact that it can better describe the
typical creep characteristics of rock, and its strength is easy
to be processed into the test specimen. The basic
mechanical parameters, such as the compressive strength
and the elastic modulus of marble materials, need to be
determined before the shear test. Through the uniaxial
compression test, the triaxial compression test, and the
direct shear test, the basic mechanical parameters of the
marble are determined, and the average value of the marble
test data is taken as the test result, and its conventional
mechanical parameters are shown in Table 1.

A low-cycle cyclic load is used to simulate the fatigue
load, and shear creep comparative testing is carried out with
or without the fatigue load, that is, whether to increase the
effect of the low-cycle cyclic load is considered in the
process of shear creep loading. The loading path of the low-
cycle cyclic load is shown in Fig. 1.

The test is divided into four comparative test groups: 1,
2, 3 and 4. Each comparative test group includes A and IB
(I =1, 2, 3, 4). The properties of the two specimens are
consistent during the manufacturing process. The control
group 1A-4A corresponds to the anchored rock mass shear
creep testing without the low-cycle cyclic load, the test
group 1B-4B corresponds to the anchored rock mass shear
creep testing with the low-cycle cyclic load, and the control
group does not undergo the shear stress. Apart from the
different loading paths, the other conditions of the
corresponding specimens are kept the same. The specific
test scheme is shown in Table 2.

2.2 Specimen fabrication and test equipment

2.2.1 Specimen fabrication
Marble from the Haizhou open-pit mine was selected for
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Load application value F/kN

\

Loading time t/h

Fig. 1 Loading path diagram Note: time 0-#; in the Fig. 1 represents the stable stage of load application, which corresponds
to 59 h; #1-t, represents the low-cycle cyclic loading stage of the load, i.e., the simulated fatigue load, which is applied for
0.5 h;»-13 represents the reapplication stage of the load, which is applied for 0.005 h

Table 2 Test scheme

Test group

Shear stress/MPa

Control group

Experimental group

24—48—72—96

24—(24.5~23.5)—48(48.5~47.5)—72—(72.5~71.5)—96

Note: the maximum and minimum values of the low-cycle cyclic load are shown in parentheses to indicate the variation
in the low-cycle cyclic load stress. When the low-cycle cyclic load stress fluctuates between the maximum value and the
minimum value, the duration from the original shear stress to the maximum or minimum value and then back to the
original shear stress is 0.005 h, a loading and unloading cycle is 0.01 h, and each cycle loading and unloading has 50

cycles, for a total test duration of 5 h

Bolt
Nut
Anchor plate / Backing plate

(a) Model diagram

(b) Photograph

Fig. 2 A test piece

this test. The test pieces were all 100 mm x 100 mm x 100
mm cubes. The size of the test pieces conformed to the
relevant provisions of the test specifications of the
international society of rock mechanics (Scheuermann
1978). The methods and devices applied in the test meet the
relevant requirements and standards of the international
rock mechanics, the relevant production steps of the test
pieces were as follows:

(1) Rock block processing: The block marble is selected,
and the rock block is processed into dimensions of 100 mm
% 100 mm x 50 mm by a rock cutting machine. A hole with
a diameter of 10 mm and a length of 50 mm is drilled along

the center of the rock mass from one of the 100 mm x 100
mm sides for the anchor rod.

(2) Rock block bonding: Cement mortar is used to bond
the upper and lower plates of a rock block. The cement
mortar is poured into the 100 mm x 100 mm X 5 mm cuboid
to create a joint thickness of 5 mm. The joint cement mortar
mix ratio is cement:river sand:water = 1:1.5:0.8. The test
materials are 42.5 ordinary Portland cement and medium
sand. The joint shape, size and material ratio are ensured
during the test. The indoor curing time is 28 days.

(3) Installation of the anchor rod: HRB335 steel with a
yield strength of 335 MPa is selected as the anchor material.



538 Yang Song and Yong qi Li

Table 3 Technical performance indicators of the equipment

Number Parameter Unit Value
1 Overall. stlffnessl of the GN/m ~10
testing machine

2 Maximum axial load kN 2000

3 Effective force measuring KN 40-2000
range

4 Measuring force resolution N 20

5 Accuracy of force % 41

measurement

6 Maximum conﬁmng pressure MPa 100
applied

7 Accura_cy control of % o

confining pressure

8 Sample size mm ®100x100

9 Maximum shear test value kN 1000

10 Shear displacement to piston mm 100

11 Temperature control range °C -40~200

Fig. 3 Shearing device

A steel bar with a diameter of 6 mm is installed into the
hole previously drilled into the test piece. The overall length
of the reinforcement is 110 mm. One end of the ribbed steel
bar is machined with a length of 10 mm, and the remaining
length is 50 mm deep into the upper and lower walls.
Grouting is used to fill the relevant holes to reinforce the
anchor rod. The material is consistent with the joint
material.

An anchored jointed rock mass produced according to
these steps is shown in Fig. 2.

2.2.2 Test equipment

The test loading system adopts the cutting equipment of
the TAW-2000 triaxial testing servo apparatus of the civil
engineering test center of Liaoning University of
Engineering and Technology. As shown in Fig. 3, the TAW-
2000 testing machine is composed of a loading system,
measuring system, controller and other parts. It adopts
microcomputer-controlled electrohydraulic servo valve
loading and manual hydraulic loading to complete
automatic control. The loading press and control cabinet are
separate, and the testing machine collects stress and
displacement data. Various test curves are collected

automatically by the host computer, and the reliability of
the test results is high. The TAW-2000 electro-hydraulic
servo rock triaxial testing machine have the ability to
automatically complete the rocks’ uniaxial and triaxial
compression tests, uniaxial & triaxial rheological tests, and
shear composite tests. In the test, the electro-hydraulic servo
proportional valve group with wide range of speed
regulation and computer digital control is applied to
automatically and accurately realize the tests of the axial
and radial constant stress, the constant strain, and the
constant displacement. It can dynamically display the whole
process of the test (such as test force, confining pressure,
axial deformation, and radial deformation). Moreover, it can
also collect, store, process, and display test data and test
curve in real time, and print test report. The test machine
parameters are shown in Table 3.

2.3 Test procedure and results

2.3.1 Test procedure

The test is carried out by graded loading (Jorat et al.
2013; Ajamzadeh et al 2019). First, the compressive
strength of the specimen is obtained through the
conventional mechanical test to determine the shear stress
to apply at each level. The test is divided into four levels of
loading, which are 20%, 40%, 60% and 80% of the
compressive strength of the specimen. This test is an
unconfined shear creep test, and the test steps for each test
group are as follows:

(1) Application of shear stress: The anchored rock mass
is put into the shear device, and then the load is controlled
with the control rate of 0.5 MPa/s, and the horizontal shear
stress is incrementally applied. After each stage of loading
is applied, the load is kept constant, and the instantaneous
displacement is measured and recorded.

(2) Application of low-cycle cyclic load: When each
level of shear stress is applied, at approximately 59 h, the
specimen is controlled by displacement and applied with a 1
kN/s loading and unloading rate. The amplitude of the low-
cycle cyclic shear load of each level is 1/10-1/100 of the
compressive strength. The shear stress level is rapidly
increased and maintained for approximately 0.005 h. Then,
the shear stress level is reduced and maintained for
approximately 0.005 h, and this cycle is repeated 50 times.
Before and after the beginning of low-cycle cyclic loading,
the pressure is stabilized for a period of time, and the
internal stress of the specimen is adjusted to make it more
in line with engineering practice. See Fig. 1 and Table 2 for
details.

(3) Read data: The attenuation and steady-state shear
creep values are recorded at 5 min, 10 min, 20 min, 40 min,
1 h,2h,4h, 8h, and 12 h and then again at 12 h intervals
(Nield et al. 2014; Kilic et al. 2003). Additionally, when the
specimens are subjected to low-cycle cyclic loading, the
data are read every 0.5 min, and each level of load is
maintained for approximately 60 h. The stable condition of
shear creep deformation of a rock mass is creep when the
rate increment is < 5 x 10* mm/D. During the accelerated
creep stage, considering the larger creep deformation and
faster creep time, the data are read every 5 min until the
specimen is damaged.
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Table 4 Strain summary table
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Fig. 4 Test curves

Group Specimen  Total strain Incremental strain at all levels Ag;/102 Strain increment coefficient K/%
number €/10? First level Second level Third level Fourthlevel First level Second level Third level Fourth level
1A 3.884 0.551 0.729 0.886 1.423 14.2 18.8 22.8 36.6
Group 1
1B 4.942 0.475 0.730 0.907 2.133 9.6 14.8 18.4 43.2
2A 3.607 0.493 0.571 0.591 1.383 13.7 15.8 16.4 383
Group 2
2B 4.626 0.531 0.571 0.669 2.343 11.5 12.3 14.5 50.6
3A 3.769 0.391 0.625 0.644 1.524 10.4 16.6 17.1 40.4
Group 3
3B 4.550 0412 0.628 0.628 2.157 9.1 13.8 13.8 47.4
4A 4.348 0.669 0.728 0.735 1.434 154 16.7 16.9 33.0
Group 4
4B 4.962 0.647 0.745 0.764 1.882 13.0 15.0 15.4 37.9

steps (1) and (3).

2.3.2 Test results

By analyzing the test data, the test curves of the test

group and the control group were obtained, as shown in Fig.

4.

2.3.3 Analysis of test results
To study the influence of a creep-fatigue load on the
shear mechanical properties of an anchored rock mass, the
shear strain increments of specimens under different grades
are summarized, and the ratio of the incremental strain to
total strain at all levels is defined as the strain increment
coefficient K to quantitatively explain the influence degree

539
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4
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2t —=—Group 1 Iy
—4&—Group 2 w
—e—Group 3 J
Group 4

-
T

New variables at all levels/10

Series

Fig. 5 Creep strain increment at all levels Note: the solid
line corresponds to the control group, and the dotted line
corresponds to the test group

of the creep-fatigue load at all the levels of strain tested, as
shown in Fig. 5 and Table 4.

(1) In terms of total strain, the deformation of specimens
under a creep-fatigue load is larger than that of specimens
without a creep-fatigue load, with an average increase of
18.3%; the largest difference is observed with the first
group, with an increases of 22%, and the smallest difference
is observed with the fourth group, with an increase of
12.4%.

(2) According to the strain increment of each level, the
deformation of group changes slightly among levels 1-3.
The deformation increases rapidly when the stress reaches
the fourth level. The specimen does not undergo large
deformation until the fourth level because under the first
three levels, the original pores in the specimen close while
new pores form and gradually connect. When the fourth
level is reached, the internal pores of the specimen undergo
creep. A comparison of the creep-fatigue load curves show
that the curves of the control and test groups basically
coincide. With the increase in level, the strain difference
among specimens in the steady-state phase increases
gradually, and the curve gap increases gradually. At the
fourth level, the strain difference reaches the maximum.

(3) Fig. 5 indicates that the creep-fatigue load has a
positive effect on the shear deformation of a specimen and
that the deformation is larger than that of the corresponding
specimen tested without creep-fatigue load. This result
arises because the creep-fatigue load disturbs the shear
creep specimen to a certain extent, which accelerates the
development of pores and cracks in the specimen, and the
interlayer dislocation becomes obvious. The results show
that the first three stages of creep-fatigue loading cannot be
fully applied to the specimen, as part of the load the
specimen. Finally, in the accelerated creep stage, the
specimen deformation is no longer restrained, resulting in
an increase in specimen deformation.

3. Creep-fatigue model

The shear creep curve of a rock mass mainly includes

" Analoghorr, Es ]
A NN I

|
0‘—% MK

Fig. 6 Linear model of anchored rock mass

0

the attenuation creep stage, stable creep stage and
accelerated creep stage. The above analysis shows that the
creep-fatigue shear test curve of the anchored rock mass
also includes the abovementioned stages; however, the
shear creep curve of an anchored rock mass rises under
creep-fatigue load, and at the end of the first three stress
levels, the creep-fatigue test curve is applied. The results
show that the shear strain-time curve shows irregular
fluctuation under the load, which results in a large degree of
deformation of the specimen in the failure stage, which
indicates that the influence of creep-fatigue load on the
shear deformation of an anchored rock mass is obvious and
mainly concentrated in the acceleration stage. Therefore, it
is necessary to conduct mechanical analysis on the shear
deformation of anchored rock masses under creep-fatigue
load.

3.1 Linear model of anchored rock mass

The creep curve of the rock mass under shear exhibits
attenuation and steady-state stages. At present, the Burgers
model or generalized Kelvin model are commonly used to
describe these two stages. The Burgers model can reflect
the growth of deformation with time in the steady-state
creep stage, which is suitable for describing the creep
characteristics of soft rock, while the creep rate of the
steady-state stage in the generalized Kelvin model is almost
0, which is suitable for hard rock (Vasarhelyi and Van.
2006). Therefore, in this paper, the generalized Kelvin
model is used to describe the decay and steady-state stages
of marble. Considering the anchoring of the jointed rock
mass with the anchor bolt, the description of the anchor bolt
as an elastic body (Tang et al. 2019), and the coupling effect
and deformation coordination of an anchored rock mass, the
generalized Kelvin model and elastic element are used to
reflect the attenuation and steady-state stages of an
anchored rock mass. The model diagram is shown in Fig. 6,
and its constitutive equation is as follows:

M s, o EBE+EE+EE  n(E+E).

E+E 0 ° E+E E+g D
h k h k h k

where o is the stress, ¢ is the strain, Es, En and Ex are the
elastic moduli of the corresponding element, and 7 is the
viscosity coefficient.

3.2 Acceleration element

The main reason for the nonlinear shear rheology of a
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Exv, m, n

o—/F— 0,
Fig. 7 Acceleration element
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Fig. 9 Axial stress diagram of rock microelement

rock mass is that under the creep-fatigue load, microcracks
existing in the rock mass will undergo a process of
accelerated propagation with the effect of the creep load and
time. Therefore, it is considered that the nonlinear shear
rheological deformation of a rock mass is a function of time
(Choi et al. 2019). Therefore, we modify the original
nonlinear rheological element (NRC element) (Yang et al.
2007)by introducing an acceleration factor M to obtain a
new accelerating element that can reflect the nonlinear
change of an anchored rock mass during the acceleration
stage of shear creep. As shown in Fig. 7, this element is
abbreviated as body F, and its corresponding creep equation
is as follows:

o t—t, .,
c _E—{l— m x exp[—(ﬁ) I 2

H p s

where o is the stress; ¢ is the strain; Ey, m and n are the
rheological parameters of the model, where m is the
acceleration factor and n is the failure factor; rs is the
transition time from the steady-state stage to the
acceleration stage; and #p is the shear failure time of the

rock mass. Notably, Eq. (2) is valid when 7> because it
considers the nonlinear change in the rock mass during the
acceleration stage of shear creep.

3.3 Rheological model of anchored rock mass

According to the above analysis, a rheological model
describing the whole shear creep process of an anchored
rock mass is obtained by connecting the linear model of an
anchored rock mass with the improved NRC acceleration
element in series. As shown in Fig. 8, the constitutive
equation is as follows:

(1) When #<t,, the model is transformed into the linear
model of a bolted rock mass shown in Fig. 6, which is used
to describe the attenuation and steady-state stage of shear
creep of the anchored rock mass, and 6=cp is introduced
into Eq. (1) to obtain:

it EE +EE +EE, oo E +E,

= AN ©))
nk(Es_'-Eh) nk(Es +Eh)
The corresponding creep equation is:
£(t) =exp(—Pt) *[C + %exp(Pt)] 4)
where P= EE +EE+EE 0= E,+E, .
n(E+E,) n(E;+E,)

When t=0, the instantaneous elastic deformation of the

anchor is &, = , and by substituting this into Eq.

h s
o Q

4), we obtain C=—>———<
@ E,+E, P

(2) When £>t;, the model is the rheological model of an
anchored rock mass, which is used to describe the whole
process of shear creep of an anchored jointed rock mass,
including the acceleration stage. The corresponding creep
state equation is:

Q

&(t) =exp(—Pt)*[C + Bexp(Pt)] + Ei{l— mx exp[—(%)”]} (%)
H p s

3.4 Creep-fatigue model

The shear damage of an anchored rock mass under
creep-fatigue load includes the undamaged part, damage
under the shear creep load, damage under the fatigue load,
and damage under the combined action of the creep load
and fatigue load. The force on a rock microelement is
shown in Fig. 9:

In the figure above, 4 is the total area of the rock mass;
Ay is the undamaged area of the rock mass; 4, is the
damaged area of the rock mass; A3 is the damaged area of
the rock mass under the shear creep load; A4 is the damaged
area of the rock mass under the fatigue load; As is the
damaged area of the rock mass under the combined action
of the shear creep load and the fatigue load; o is the nominal
stress borne by the rock mass; o) is the effective stress
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Table 5 Summary of model parameters

Yang Song and Yong qi Li

Specimen number ~ Shear stress/MPa E/GPa E\/GPa EJ GPa nW/MPa-h Eu/GPa m n D R?

24 1.47 241 11.54 0.21 0.11
48 1.22 2.17 10.13 1.42 0.13

1B 0.971
72 0.99 1.52 9.77 0.63 0.22
96 0.86 1.44 8.12 0.77 0.31 -221 053 0.78
24 0.73 1.97 7.46 0.84 0.13
48 231 3.22 16.52 1.09 0.15

2B 0.984
72 2.14 3.56 12.44 1.54 0.24
96 1.98 2.94 10.12 0.13 1.02 -1.82 062 084
24 1.87 2.10 9.81 0.15 0.10
48 1.74 2.13 9.54 3.11 0.19

3B 0.976
72 0.44 4.18 19.46 2.56 0.23
96 1.12 4.69 18.57 1.69 1.42 -2.14 077  0.80
24 2.98 436 18.11 2.31 0.19
48 1.56 0.81 10.64 1.43 0.22

4B 0.982
72 1.31 0.74 11.24 1.22 0.27
96 0.31 3.71 17.14 0.46 1.72 243 084 091

borne by the undamaged part of the rock mass; and o, is the
effective stress borne by the damaged part of the rock mass,
which is defined as residual stress. Then, the damage
variable is:

_A-A
o=y @
Dn:% (b)=> D=D,+D,-D,D, (6)
D:A3+A4_AS (C)
A

where D,, is the damage variable under the shear creep load,
D, is the damage variable under the fatigue load, and D is
the total damage variable of the rock mass.

Assuming that the probability density function of rock
failure obeys the Weibull distribution, the damage variable
D,, under the shear creep load can be expressed as:

Fyn

D, =1-exp[-()"] (7)

FO
where F is the microelement strength of the rock mass, Fj
and m are both Weibull distribution parameters, Fj is the
reflection of the macrostatistical average strain strength of
the rock mass, and m is the reflection of the concentration
of the microelement strain intensity distribution within the
material.

The effect of fatigue loading degrades the macroscopic
mechanical properties of rocks, and rock deformation can
be used as a parameter to measure damage. The process of
transforming from undisturbed dynamics to completely
disturbed dynamics is usually expressed by the disturbance
state equation D,. Considering the damage and destruction
of the specimen caused by fatigue disturbance, the damage

variable D, is defined as (Kaya and Sayin 2017):

D -G8 &

n

1 ®)

& &

where € is the shear strain of the specimen without a
fatigue load and &, is the shear strain of the specimen with a
fatigue load.

Thus, the total damage variable D of the rock mass is
obtained:

£ F
D =1-(-%+2)exp[-(=)"] ©9)
& R

Considering Lemaitre’s strain equivalence assumption
(Lemaitre 1984), the apparent stress needs to be
transformed into effective stress, and the transformation is
completed with the equation of state under the appropriate
fatigue load, and the constitutive relationship of rock mass
damage is obtained:

c=(1-D)o, (10)
where oy is the apparent stress and o is the effective stress.
Then, the rheological constitutive equation of the anchored
rock mass under creep-fatigue loading is as follows:

(1) When <t,;, the model is transformed into the linear
model of the anchored rock mass in Fig. 6. After
considering the effect of the creep-fatigue load, the
attenuation of the shear creep of the anchored rock mass
under the creep-fatigue load is obtained. In the steady state
phase, the corresponding creep state equation is:

Q
- E)]

0y
E, +

e(t):(l—D)*[%+exp(—Pt)*( (1

E

S

(2) When #>t,, the model is a nonlinear rheological
model of the rock mass. After considering the effect of the
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Fig. 10 Comparison of test data and fitting curve

creep-fatigue load, the entire process of shear creep of the
anchored rock mass under the creep-fatigue load is
obtained, including the acceleration phase. The
corresponding creep state equation is:

0 == D) (2 +exp(-PY* (= 2~ ]+ DT -mxexpl ()] (12)

4. Parameter solving and analysis
4.1 Parameter solving and verification

Based on the results of creep tests, accurate and reliable
technical methods are used to identify the parameters in the
creep model (Yang et al. 2007). In this paper, the
mathematical optimization software 1st Opt based on the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm and
the general global optimization method is used to describe
the test group curve in Fig. 4, and the relevant parameters
are shown in Table 5.

Putting the model parameters in Table 5 into Eq. (12),
the shear creep equation of an anchored rock mass under

creep-fatigue loading can be obtained, and the test curve
can be drawn to compare with the theoretical curve, as
illustrated in Fig. 10. Fig. 10 and Table 5 show that the
theoretical curve of the nonlinear rheological model
established in this paper is in good agreement with the
laboratory test curve; the fitting coefficient R? is greater
than 0.97, indicating that the rheological model can reflect
the anchoring effect under creep-fatigue loading conditions.
The whole process of rock mass shear deformation and
failure is accurately captured by the model.

4.2 Model parameter analysis

To study the influence of the acceleration factor m and
the failure factor n of the nonlinear element parameters in
the rheological model on the shear creep curve, the test data
and model parameters with a shear stress of 96 MPa
(numbered 1B in Table 5) are considered.

(1) Acceleration factor m

To study the influence of the acceleration factor m on
the shear creep curve and ensure that the other rheological
model parameters remain unchanged, the strain-time curves
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under different acceleration factors m are drawn, as shown
in Fig. 11.

As shown in the figure above, (1) the strain is negatively
correlated with the acceleration factor m. With the gradual
increase in the acceleration factor m, the peak strain
gradually decreases. (2) The acceleration factor m has not
only a negative effect on the acceleration stage of the creep
curve but also a certain degree of influence on the latter half
of the steady-state stage of the curve. (3) Additionally, when
the acceleration factor m<0, it has no obvious influence on
the shape of the strain-time curve in the acceleration stage,
and the curve shows an overall translation phenomenon in
the acceleration stage, with a limited influence on the peak
strain. When m=0, the model can describe only the
attenuation and steady-state stages, and the constitutive
equation cannot describe the change in the acceleration
stage. When m>0, the strain-time curve exhibits a sharp
decline.

(2) Destruction factor n

To study the influence of the damage factor » on the
curve and ensure that the other rheological model
parameters remain unchanged, the strain-time curves under
different damage factors n are drawn, as shown in Fig. 12:

As shown in the Fig. below, (1) the strain is positively

correlated with the failure factor n. With the increase in the
failure factor n, the peak strain gradually increases, and (2)
the failure factor » has a positive effect on only the
acceleration stage of the creep curve and the steady state.
The failure factor n has no effect on the other stage of the
curve. (3) Additionally, when the damage factor n>0, the
damage factor will change only slightly, and the curve of
the acceleration stage will undergo a larger change, which
exponentially increases the change in strain during the
acceleration stage. When n=0, there is no acceleration stage
in the creep curve, so that the steady-state stage continues.
When n<0, the theoretical curve decreases in the
acceleration stage. Compared with that when >0, this
amplitude of decrease is smaller when n is less than or
equal to 0.

5. Conclusions

In this paper, through the comparison test results of the
shear creep of marble with and without a fatigue load, the
relevant conclusions are as follows:

» The shear creep characteristics of rock under creep-
fatigue loading are obvious, and the peak strain of a rock
mass under a creep-fatigue load is larger than the peak
strain of a corresponding specimen under only a shear creep
load, and the average strain is increased by 18.3%. The
highest increase observed corresponds to the first group of
tests, with an increase of 22%, and the lowest increase
observed corresponds to the fourth group of tests, with an
increase of 12.4%.

e From the shear strain-time test curve, when the first
level of stress is applied, the two curves basically coincide
whether a fatigue load is included. With increasing stress
level, there is a creep-fatigue load test curve in which the
strain increment increases, the strain difference among the
specimens during the steady-state stage gradually increases,
and the curve gap gradually increases. When the fourth
level of stress is applied, the strain difference reaches the
maximum.

* The parameter analysis of the accelerating element in
the rheological model indicates that among the element
parameters, the acceleration factor m and the peak strain
have a negative relationship while the damage factor » has a
positive relationship with the peak strain.

* The acceleration stage of the shear creep of an
anchored rock mass is described by introducing an
acceleration element and considering the damage and
destruction under fatigue loading to obtain the creep that
reflects the whole process of the shear creep of the anchored
rock mass under a fatigue load. The results of the proposed
fatigue model is verified with the results of indoor tests,
providing a reference for rock stability research.

The author holds that the key scientific problem from
the anchoring mechanism of the deep-jointed rock mass
under the complex stress path has the characteristics of
wide range, strong correlation with practical engineering,
long research duration, and great difficulty in carrying out
experiments. For a long time, many scholars at home and
abroad have conducted a lot of research work on this
direction, and have reached a certain consensus in some
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aspects. However, due to the different emphasis of many
researches, the research results are scattered, and lack
representativeness. In this paper, the shear mechanical
characteristics of the anchored rock mass under the creep
fatigue load are analyzed. Furthermore, abundant significant
conclusions are obtained based on the self-study. However,
the following problems still need to be further studied: (1)
the mechanical properties of the deep rock mass under the
complex path are mainly studied, and the reinforcement
mechanism on bolts to structural plane is discussed; (2) the
prestress of the anchored rock mass under the complex
stress path is studied. (3) The interaction and deformation
law among bolt, rock mass, and joint surface is explored.
The solution of the above-mentioned problems is of great
significance for the in-depth study on the anchoring
mechanism of the deep jointed rock mass under the
complex stress paths, and for guiding the construction.
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