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Abstract

To study the creep mechanical behavior of surrounding rock under the coupled effect
of confining pressure unloading and deviatoric stress increase during the excavation of
deep underground engineering, triaxial creep tests under stepwise unloading of confining
pressure and loading of deviatoric stress were conducted using marble as the research
object. The influences of different initial confining pressures, unloading amounts, and
stress levels on the axial and circumferential creep deformation, creep rate, and failure
characteristics of marble were systematically analyzed. The results indicate the following:
(1) As the amount of confining pressure unloading increases, the creep failure stress of
marble decreases significantly, and the test duration is markedly shortened. (2) Under
conditions of small unloading amounts, the creep rate initially decreases and then in-
creases with increasing stress levels, while under large unloading amounts, the creep rate
monotonically increases with stress levels, indicating that confining pressure unloading sig-
nificantly weakens the stability of the rock mass during creep. (3) Based on the test results,
a three-dimensional non-stationary Nishihara creep model suitable for the stress path of
stepwise confining pressure unloading and deviatoric stress loading was established. The
model calculations agree well with the experimental data, effectively describing the entire
creep process of marble under unloading conditions. The research findings can provide a
reference for the long-term stability analysis of the surrounding rock after excavation in
deep underground engineering.
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1. Introduction

As the shallow resources become increasingly depleted and the scope of human ac-
tivities expands, more and more underground projects are moving towards the deeper
layers [1-3]. During the excavation of underground projects that are deeply buried, the
original stress balance of the surrounding rock is disrupted. The surrounding pressure
continues to decrease, and the deviatoric stress gradually accumulates. The stress state of
the surrounding rock evolves continuously in time and space as the excavation progresses,
which is highly likely to trigger significant time-dependent deformations and long-term
stability issues [4-6]. Therefore, conducting systematic research on the mechanical behav-
ior of the surrounding rock caused by excavation of underground projects buried deep
underground is of great significance for revealing the long-term deformation mechanism
of the surrounding rock and ensuring the safety of the projects.
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Regarding the instantaneous and time-dependent mechanical properties of rocks, a
large number of experimental studies have been conducted by scholars both at home and
abroad [7-9]. In terms of uniaxial creep tests, Zhao Yue et al. [10] conducted uniaxial
compression and creep tests on marble in different chemical environments and freeze-thaw
cycles, and systematically evaluated the influence of environmental factors on the long-term
strength of marble; Mishra et al. [11] and Zhao Na et al. [12] revealed the evolution process
of rock creep failure from the perspectives of time deformation and macro-microscopic
evolution; and Li Ziyi et al. [13] and Guo Yongcheng et al. [14], starting from dry-wet
cycling and water pressure conditions respectively, analyzed the influence patterns of
environmental factors and stress levels on the long-term mechanical properties of rocks.

Regarding the aspect of triaxial creep tests, Hu Minyun et al. [15] studied the triaxial
shear creep characteristics of over-consolidated saturated clay and established a correspond-
ing model; Shi Weizheng et al. [16] and Zhou Ruihete et al. [17] conducted graded unloading
creep tests on soft rocks and siltstones and analyzed the effects of confining pressure un-
loading on creep deformation and long-term strength. Yan Zijian et al. [18] conducted
a constant axial pressure graded unloading of confining pressure creep test on Jinping
dolomite and pointed out that the level of deviatoric stress is an important factor affecting
the creep deformation of the rock. Furthermore, Ni Jing et al. [19], Liu Xinxi et al. [20],
Guo Xiafei et al. [21], and others also conducted systematic studies on the triaxial creep
characteristics of different rock and soil materials from the perspectives of confining pres-
sure levels, loading methods, and freeze-thaw effects.

Overall, existing studies have conducted in-depth analyses of the time-dependent
mechanical behavior of rocks based on aspects such as uniaxial creep, triaxial constant load
creep, and staged unloading of confining pressure creep. However, there are still some
limitations: on the one hand, earlier studies mostly focused on single stress paths such
as constant axial pressure with staged confining pressure removal or constant confining
pressure with axial pressure addition; on the other hand, although staged unloading of
confining pressure or increasing axial pressure have been gradually introduced in recent
years, most studies still have not fully considered the typical and crucial stress path
feature of staged confining pressure removal and synchronous increase in deviatoric stress
during the excavation of deep underground engineering. The above research fails to
comprehensively reflect the dynamic coupling effect of the stress paths of the surrounding
rock under actual excavation conditions, which restricts the in-depth understanding of the
long-term creep deformation and stability issues of the surrounding rock.

In view of this, this paper takes marble as its research object and designs and conducts
triaxial creep tests under the path of graded unloading of confining pressure and loading. It
systematically analyzes the influence laws of confining pressure unloading amount, initial
confining pressure, and time on the creep deformation and deformation rate of marble, and
further establishes a creep constitutive model applicable to this stress path. The research
results contribute to a deeper understanding of the creep behavior of rocks under unloading
conditions and have certain engineering reference value for the long-term stability analysis
of surrounding rocks in deep underground engineering.

2. Materials and Methods
2.1. Sample Preparation and Test Equipment

The marble material used in this test was taken from a certain area in southwest
China. Large blocks of rock with uniform texture and color were selected and made into
standard cylindrical samples of ®50 x 100 mm in accordance with the requirements of
the “Standard Test Methods for Engineering Rock Mass” [22], as shown in Figure 1. To
ensure the reliability of the test results, the samples were initially screened by the weighing
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method to eliminate those with significant density deviations. Then, the longitudinal wave
velocity of the samples was measured using the ZBL-U510 ultrasonic testing instrument to
strictly select samples with similar wave velocities for the subsequent tests. After the initial
screening, the density range of the rock samples was 2.820-2.840 g/cm?, and the shear
wave velocity was 2.950-3.100 km/s. To minimize the influence of thermal fluctuations
on the long-term creep measurements, the ambient temperature in the laboratory was
maintained constant at 20 £ 0.5 °C throughout all tests.

Figure 1. Marble rock sample.

2.2. Experimental Protocol Design

The experiment was conducted using the TOP INDUSTRIE fully automatic rock
triaxial rheometer (as shown in Figure 2), and involved sequential execution of conventional
triaxial loading tests, triaxial unloading tests, and graded unloading of confining pressure,
followed by axial loading creep tests.
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Figure 2. TOP INDUSTRIE Triaxial Rheometer.

(1) Conventional triaxial loading test

To obtain the peak strength of marble under different confining pressures, a stress-
controlled method was employed. The confining pressure was applied at a loading rate of
1.5 MPa/min to 0, 5, 10, 15 and 20 MPa, and then the axial stress was continuously applied
until the specimen broke. The peak strengths under confining pressure were 85.22, 149.99,
188.48, 210.27 and 230.91 MPa, respectively, providing a basis for the selection of confining
stress levels in subsequent unloading tests and creep tests.

(2) Triaxial unloading test

During the excavation process of deep underground engineering, the surrounding
rock can be approximately regarded as having relatively small axial stress changes within a
certain range, while the circumferential stress rapidly decreases as the excavation progresses.
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Based on this engineering characteristic, the test method of removing confining pressure
under constant axial pressure was adopted to study the failure behavior of marble during
the process of confining pressure removal.

In the unloading test, 80% of the peak deviatoric stress corresponding to the specified
confining pressure was selected as the deviatoric stress level during unloading. This stress
level lies between the splitting strength ratio of marble (0.67-0.77) and the damage strength
ratio (0.84-0.96). The interior of the sample has already undergone stable crack propagation
and entered the plastic deformation stage, which is conducive to inducing instability failure
during the unloading of confining pressure, and at the same time ensures the comparability
of the test results under different confining pressure conditions.

The specific steps are as follows: Load the confining pressure at a rate of 1.5 MPa/min
to 5, 10, 15 and 20 MPa, respectively. Then, apply axial pressure to make the deviatoric
stress reach 80% of the corresponding peak strength and keep it constant. Finally, gradually
unload the confining pressure at a rate of 1.5 MPa/min until the specimen fails. The
corresponding unloading failure confining pressures are 0.80, 3.02, 6.07 and 8.01 MPa, and
the unloading amounts are 4.20, 6.98, 8.93 and 11.99 MPa, respectively.

(3) Graded unloading confining pressure and deviatoric stress creep test

To simulate the stress path characteristics of gradually reducing confining pressure
and synchronous increase in deviatoric stress during the excavation of deep underground
projects, a series of creep tests with stepwise reduction in confining pressure and simulta-
neous application of deviatoric stress were conducted. The influence of initial confining
pressure, unloading path, and deviatoric stress level on the creep characteristics of marble
was focused on.

The selection of the confining pressure unloading amount adopts two schemes:

Scheme 1: Based on the unloading amount obtained from the triaxial unloading
test, take 25% of it as the unloading amount for a single stage of confining pressure,
corresponding to 1.05, 1.75, 2.23, and 3.00 MPa, respectively. The aim is to obtain the
same confining pressure unloading ratio of marble creep responses under different initial
confining pressures, and to achieve a normalized comparative analysis [23].

Option 2: Determine different levels of staged unloading directly based on the confin-
ing pressure (as shown in Table 1), to analyze the effects of different unloading amplitudes
on the creep deformation and failure mode under the same initial confining pressure.

Table 1. Confining pressure graded unloading.

Initial Confining Unloading Magnitude .
Pressure/MPa per Step/MPa Incremental Deviator Stress
5 05,2,3
10 1,3,4 10% of the initial peak
15 1,3,5 compressive stress
20 2,4,5

v

The test procedure for the stepwise unloading and loading creep test is as follows:

1. Apply confining pressure (03) to the target initial value (e.g., 15 MPa) at a constant rate.

2. Increase axial stress (01) to achieve an initial deviatoric stress (q = 01—03) equal to
40% of the peak deviatoric stress under the initial confining pressure. Hold this state
constant for 24 h to observe creep.

3. Reduce o3 by a predetermined amount (e.g., 1 MPa) at a constant rate (1.5 MPa/min).
Note that o7 is kept constant during this phase.
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4. After the confining pressure reduction is complete, immediately increase oy to raise
the deviatoric stress by an additional 10% of the initial peak deviatoric stress. Hold
this new state constant for another 24 h.

Repeat steps 3 and 4 until the specimen fails.

3. Analysis of the Creep Characteristics of Marble Under Stepwise Unloading
3.1. Evolutionary Characteristics of Creep Deformation

Figure 3 presents the entire process curves of the creep strain over time for different
graded unloading amounts under an initial confining pressure of 15 MPa. It can be observed
that under the combined effect of graded unloading of confining pressure and applied
deviatoric stress, the creep process of marble generally undergoes three typical stages:
attenuation creep, steady-state creep, and accelerated creep. However, the duration and
evolution characteristics of each stage are significantly influenced by the unloading amount.
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Figure 3. Creep strain-time relationship curves for initial confining pressure of 15 MPa.

When the graded unloading amount is relatively small (1 MPa), the specimen mainly
exhibits attenuated creep and steady-state creep in the first five stress levels. The sixth stress
level reaches the failure stress level, and the specimen gradually enters the accelerated
creep stage after steady-state creep and eventually fails. As the staged unloading pressure
increased to 2.23 MPa and 3 MPa, the stress level at which the specimen failed was advanced
to the fifth level; when the unloading pressure further increased to 5 MPa, the stress level
at failure was advanced to the fourth level, and the duration of the accelerated creep stage
was extremely short. After the loading of the deviatoric stress was completed, the specimen
rapidly underwent instability failure.
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The total test durations of the specimens under different unloading quantities were
124.74 h, 96.08 h, 96.19 h and 72.13 h, respectively, and the corresponding failure stresses
were 173 MPa, 165.62 MPa, 147 MPa and 136 MPa. Figure 4 further demonstrates that
under the same initial confining pressure conditions, as the amount of confining pressure
reduction increases, the creep failure stress significantly decreases, and the total test dura-
tion is significantly shortened. This indicates that a larger amount of confining pressure
reduction significantly weakens the deformation stability of marble during the long-term
loading process.

130 128 5 —=a— Failure stress (MPa) 160 155 .
3 .)N A .W‘ 16 —=u— Failure stress (MPa)
120 120.. 9. 43 —&— Time (h) Time (h)
140 +
110 |

) 120l 120; 06

100 F 98, 09 \ 12 112
o, | e [l
20r 100 | ,09
80 |
52 o
70+ 80T .09
.
66

50 1 1 1 L 1 1 1 1
0.5 1.05 2 3 1 1.75 3 4
Eccentric stress (MPa) Eccentric stress (MPa)
(a) 5 MPa (b) 10 MPa
180 - i
1Z3 65.62 —* Failure stress (MPa) 180F 187 —s— Failure stress (MPa)
\L . —8— e (h) . —*—  Time (h)
160 1601 168. 09 ——
47 16T~
= -
1ol \;;6 140 149
124.. 74
120 + \Q 120 F
o
100 08 96,19 100k 108.\97\.
96.07  96. bs\
80 13 80
® L]
72.57
6() L 1 1 |. 60 1 1 1
1 2.23 3 5 2 3 4 5
Eccentric stress (MPa) Eccentric stress (MPa)
(c) 15 MPa (d) 20 MPa

Figure 4. Creep test: destructive stress test duration under different confining pressures.

3.2. Analysis of Creep Rate Characteristics and Mechanism

Figure 5 shows the evolution laws of the axial and circumferential creep rates of
the specimens under different unloading amounts under the initial confining pressure of
15 MPa. In general, both the axial and circumferential creep rates increase with the increase
in stress level, and a sudden increase occurs when approaching the failure stress level.
The most important trend to observe in Figure 5 is the effect of unloading magnitude on
creep acceleration. As the unloading magnitude increases from 1 MPa (panel a) to 5 MPa
(panel d), the creep rate at equivalent stress levels rises substantially, and the onset of rapid
acceleration (marking the transition to tertiary creep) occurs at progressively lower stress
levels. For example, under 5 MPa unloading, the creep rate at the fourth stress level is an
order of magnitude higher than under 1 MPa unloading, indicating that larger unloading
steps significantly accelerate failure.
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Figure 5. Axial creep rates for various unloading stages under 15 MPa initial confining pressure.

By comparing different unloading amounts, it can be observed that in the samples
subjected to a graded unloading at 3 MPa and 5 MPa, the axial creep rate at the fourth
stress level is 4.51 times and 3.19 times that of the third stress level, respectively, while
the circumferential creep rate increases by 10.39 times and 15.41 times. This indicates
that at the quasi-damage stress level, the circumferential creep rate is more sensitive to
unloading disturbances, and this sensitivity significantly increases with the increase in
unloading amount.

Further analysis of the axial creep rate under different initial confining pressures
(Figure 6) reveals that when the unloading amount is relatively small, the axial creep rate
of the same sample shows a changing pattern of first decreasing and then increasing with
the increase in stress level; while when the unloading amount is large, this trend shifts to
a monotonic increase with the stress level. This phenomenon indicates that under small
unloading conditions, the confining pressure can still provide certain constraints for the
closure of fractures and the stability of the structure. The initial increase in deviatoric
stress mainly causes the compaction of fractures and the adjustment of the structure, with
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a brief decrease in the creep rate; as the stress further increases, the fractures reopen and
expand, and the creep rate subsequently increases. In contrast, under the condition of
large unloading, the rapid attenuation of confining pressure weakens the closure effect of
fractures, causing fracture expansion to take the dominant position from the initial stage,
and the creep rate continues to increase with the stress level.
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Figure 6. Axial creep rates at various initial confining pressures.

3.3. Analysis of Deformation Characteristics Comparison

(1) Comparison of different unloading amounts under the same initial confining pressure

The deformation of the sample is decomposed into the instantaneous strain during
the stress adjustment stage and the creep strain during the constant pressure stabilization
stage. Figure 7 shows the distribution characteristics of the deformation components
under different unloading conditions at an initial confining pressure of 15 MPa. The
results indicate that before the deviatoric stress reaches the damage strength, the axial
instantaneous strain varies little under different stress levels, and it is mainly controlled
by the deviatoric stress increment, while the circumferential instantaneous strain is more
sensitive to the change in confining pressure and shows a significant increasing trend as
the unloading amount increases. In this study, “instantaneous strain” is defined as the
time-independent deformation recorded immediately upon each stress adjustment (within
seconds), which includes both elastic and instantaneous plastic components.
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Figure 7. Instantaneous strain and creep strain for each stress level under 15 MPa confining pressure.

In terms of creep deformation, under conditions of larger unloading, both axial and
circumferential creep strains continuously increase with the stress level. However, under
conditions of smaller unloading, the initial strain shows certain fluctuations, and then
gradually transforms into an increasing trend, indicating that the magnitude of confining
pressure unloading has a significant regulatory effect on the cumulative process of creep.

(2) Comparison under the same unloading ratio condition at different initial confin-
ing pressures

Figures 8 and 9 illustrate the instantaneous deformation and creep deformation pat-
terns of each stress level under different initial confining pressures and the same unloading
ratio. The results show that as the initial confining pressure increases, the overall instanta-
neous axial strain of each level increases, while the instantaneous circumferential strain
shows non-monotonic changes under different stress levels. For creep deformation, under
the third to fourth stress levels, the circumferential creep strain decreases with the increase
in the initial confining pressure. This is mainly attributed to the fact that after multiple un-
loading of the confining pressure, the high initial confining pressure samples still maintain
a relatively high residual confining pressure, which has a stronger inhibitory effect on the
circumferential deformation.

(3) Comparison under the same unloading amount condition under different initial
confining pressures

Under the same unloading load (3 MPa) conditions (Figures 10 and 11), the instanta-
neous strain and creep strain of the samples with different initial confinements generally
showed an increasing trend as the stress level increased. During the low stress level stage,
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the deformation differences among the samples were relatively small; however, near the
failure stress level, the increment in creep strain significantly increased, indicating that the
creep accumulation before failure played a crucial role in promoting the instability process.
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3.4. Long-Term Intensity Characteristics

The long-term strength of marble was determined using the isochronous stress—strain
curve method. For each isochronous curve (plotted at specific time intervals), the turning
point where the curve deviates from linearity was identified. To minimize subjectivity, we
employed a quantitative criterion: the turning point was defined as the stress level at which
the local secant modulus of the isochronous curve decreased to 85% of the initial tangent
modulus (representing a 15% deviation from linearity). This threshold was selected based
on the observation that beyond this point, the curves exhibited progressive nonlinearity
leading to failure. Although this method involves a degree of empirical judgment, it is a
widely accepted approach in rock mechanics for estimating long-term strength [24]. The
determined values are presented in Table 2.

Table 2. Long-term strength of creep specimens with different initial confining pressures.

Initial Confining Long-Term Failure Strength Ratio
Pressure (MPa) Intensity (MPa) (MPa)
0 66.23 77 0.86
87.21 119.43 0.73
5 75.94 99 0.77
63.24 75 0.84
113.84 149.16 0.76
10 96.06 112 0.86
92.89 112 0.83
122.39 165.62 0.74
15 116.23 147 0.79
108.13 136 0.80
141.20 184 0.77
20 135.07 168.09 0.80
116.86 149 0.78

The results show that the ratio of long-term strength to failure strength is the highest
under uniaxial conditions; as the initial confining pressure increases and the unloading
amount increases, this ratio generally shows a decreasing trend. From this, it can be
inferred that the confining pressure has a significant inhibitory effect on time-dependent
failure. Under high confining pressure conditions, the rock’s ductility increases, the slow
expansion process of microcracks is restricted, and the failure mode gradually shifts from
creep dominance to stress-controlled shear failure. In addition, a large unloading amount
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leads to a sudden drop in confining pressure, causing rapid release of elastic strain energy
and accelerated penetration of fractures, weakening the dominant role of creep in the failure
process, and making the long-term strength closer to the instantaneous failure strength.

3.5. The Failure Characteristics of Marble Under Staged Unloading Conditions

The typical failure patterns of the specimens under different initial confining pressures
and unloading amounts are shown in Figure 12. The numbers in the brackets in the figure
names represent the graded unloading amounts, with the unit being MPa.

(b) 5 MPa (2) " ()5 MPa (3)

.}”' f\

(d) 10 MPa (3) (e) 20 MPa (3) (620 MPa (5)

Figure 12. Failure images of creep samples at various initial confining pressures.

Under conditions of low initial confining pressure and small unloading amount,
the specimen mainly exhibits a single oblique shear main crack, accompanied by a
small number of tensile secondary cracks. As the unloading amount increases, the
number of tensile-shear cracks significantly increases, and the crack inclination angle
gradually increases.

Under conditions of high initial confining pressure and small unloading amount, the
specimen mainly undergoes shear failure, and the confining pressure has a stabilizing
constraint effect on the expansion of the shear zone. However, under conditions of high
initial confining pressure and large unloading amount, the specimen exhibits typical “X”
type tensile-shear composite cracks, indicating that the shear failure and tensile failure
jointly play a dominant role in the instability process.

4. Construction and Verification of the Creep Constitutive Model
4.1. Model Construction

During the process of staged unloading of confining pressure and application of addi-
tional lateral pressure, marble exhibits attenuated creep, steady-state creep, and accelerated
creep at different stress stages. The classic Nishihara model can effectively describe the
first two stages, but cannot capture the nonlinear accelerated creep phase. To address
this limitation, the non-stationary Nishihara creep model has been proposed in the lit-
erature by introducing a nonlinear viscoplastic element to replace the ideal viscoplastic
element in the classical framework. In this study, we apply this model framework to the
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specific stress path of stepwise confining pressure unloading with synchronous axial stress
loading and validate its applicability to this path using experimental data. Although the
non-stationary Nishihara model has been reported in the literature, its suitability for this
complex excavation-induced path (progressive reduction in o3 with increasing deviatoric
stress) has remained unexplored. By introducing stress- and time-dependent damage
coefficients (xg—a3), the model accurately captures the accelerated creep characteristics of
marble under this path, providing a validated tool for long-term stability analysis of deep
surrounding rock. The schematic of the adapted mechanical model is shown in Figure 13.
g= T " Tsym (1)
2
where o represents stress; € represents strain; o represents yield stress; and #, represents
the nonlinear viscoplasticity coefficient of the material.

E| & o
S
EO &1
" |

Figure 13. Non-stationary Nishihara mechanical model.

The model is composed of an elastic element, a viscoelastic element (generalized
Kelvin unit) and a viscoplastic element, connected in series, where Ej represents the elastic
modulus of the elastic element; E; represents the elastic modulus in the Kelvin system; and
1 represents the viscosity coefficient in the Kelvin system.

When o < 05, the creep deformation of the Nishihara model is composed of instanta-
neous elastic deformation and viscoelastic deformation, respectively. By using the principle
of superposition of the same instantaneous deformation [25], the creep equation of the
Nishihara model is

o o _5
£:£1+£2=E—0+E—1+Ae n' (2)

When o > o5, the creep deformation of the Nishihara model needs to superimpose the
deformation of the ideal viscoplastic element. At this time, the creep equation is obtained as
o 1o £y o — 0

(1—e m')+ 2 3)

= — + —
Ey E 12

This equation can represent the trend of continuous increase in creep deformation as
time progresses.

From Equations (1)—(3), the improved Nishihara model one-dimensional creep equa-
tion can be obtained as follows:

_Ey
e=++F(1—e m), c<o
E E 7 S
(70 (71 ~hy 70 @
_ —0s 1
8—?0+E(1—3 ’71)“‘,77251%; 0> 0

Suppose there exists a variable D that can describe the aging damage of various
mechanical parameters of rocks, and it is related to long-term strength and time. The
following negative exponential function expression is obtained:

D =1—exp[—a(c — 0x)t] (5)

where & represents the damage influence coefficient; o« represents the long-term strength
of the rock.
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Assuming that the elastic modulus of the two elastic elements during the creep process
is only related to the stress, and that of the two viscous elements is only related to time,
then the damage variable D can be further simplified, and the following expression for the
degradation of mechanical parameters due to damage can be obtained [26]:

Eo(0) = Egexp[—ao(0 — 0w)]

(
Ei(0) = Ejexp[—a1(0 — 0o0)]
11 () = mexp( — axt) (6)
12(t) = 1pexp( — ast)

where ag and a1 are the damage influence coefficients of the elastic elements. They quantify
the degradation rate of the elastic moduli (Eg and E;) when the deviatoric stress (¢) exceeds
the long-term strength (0). A higher ag or a1 indicates a greater sensitivity of the material’s
elasticity to stress damage. a; and a3 are the damage influence coefficients of the viscous
elements. They represent the rate at which the viscous properties of the material deteriorate
over time, reflecting the internal microstructural evolution that leads to accelerated flow.

In conclusion, the one-dimensional non-stationary Nishihara creep model can
be obtained:

[ [
Egexp[—ao(0—0w)] | Erexpl—ato(0—0w)]

Jq - _ EBewp[-ay(0-0w)]
£ = 1-exp niexp(—ast) t}}’ 7<%

(7)

Byl —a0l0—ow)] T Ereplao{o—zw]

Erexp[—aq(0—0)] — 0,
{1 _exp{_ e —oa) t] } + eyt 720

In actual engineering projects, the rocks in underground engineering often undergo
complex three-dimensional stress conditions. To accurately describe the creep defor-
mation characteristics of the surrounding pressure in underground engineering, the
one-dimensional creep model expressed by Formula (7) needs to be converted into a
three-dimensional creep model. This experiment is a creep test under conventional triaxial
conditions, so there is o7 > 0 = 03, and the non-stationary Nishihara creep model in
three-dimensional state can be derived.

The creep model composed of the generalized Kelvin unit and the non-stationary vis-
coplastic element in series can be expressed as the axial total strain ¢;; in three-dimensional
state as follows:

gjj = sﬁj + 8}']? + sz«’]«p 8)

€. eve
U]
tensor, and the viscoplastic deformation tensor, respectively.

where ¢ ,and s?jp represent the elastic deformation tensor, the viscoelastic deformation
The stress tensor 0;; and strain tensor ¢;; of the rock under triaxial loading conditions
can be further decomposed as follows:
Oij = Sl']‘ + 51']'0},1 ©)
gjj = €jj + (5i]-em

where §S;; and 0y, represent the stress deviator tensor and the stress ellipsoid tensor, re-
spectively; ¢;; and &, represent the strain deviator tensor and the strain ellipsoid tensor,
1, (i =)
0, (i #J)

respectively; and 51‘]‘ is the Kronecker tensor, which satisfies (Si]- = {

https:/ /doi.org/10.3390/app16073315


https://doi.org/10.3390/app16073315

Appl. Sci. 2026, 16, 3315

15 of 19

When converting from one-dimensional to three-dimensional states, the volume mod-
ulus and shear modulus have the following relationship:

Eg Eo

S CT s w

where i represents Poisson’s ratio; K represents the volume modulus; and G represents the
shear modulus.

From the generalized Hooke’s law, the tensor form of the three-dimensional constitu-
tive relationship for the elastic element is

Sij = 2Ge,'j (11)
om = 3Key,

Therefore, the formula for elastic strain in a three-dimensional stress state is

e _ Sii | %im

%7 2G, " 3K

(12)

Under the conventional triaxial creep test, 07 > 0 = 03. Without considering the
volume creep of three-dimensional state rocks, the strain formula for the elastic element
can be known as

£ — 0y — 03 01 + 203
W 3Gy exp[ — ag(0 — 00)] 9K exp[ — (0 — 0o)]

(13)

where G represents the shear modulus; Gy represents the volume modulus.

Due to the parallel relationship, the strains of the elastic elements and viscous elements
in Kelvin’s model are equal. Assuming that the material damage influence coefficients
and a, of the two are equal, the three-dimensional viscoelastic strain formula is

ve _ 01— 03 - ~ Grexp[—a;(0 — 0oo)]
5 = sl m e e ) a9

According to the generalized plasticity mechanics theory, the viscoplastic deformation
of rocks cannot be directly replaced by the stress deviator tensor S;; in the three-dimensional
state with the stress ¢ in the one-dimensional state. It is related to the plastic potential
function Q and the yield function F. According to the relevant flow law, the viscoplastic
strain in the three-dimensional state is expressed as [27]

v 1 F\1930
P_ Ol — || = 15
N7 exp] — asf] [ <F0>} 03 (15)

0, F<0
£ — 4 . . . . o ey .
where {CIJ ( o )} { @ ( P% ) F>0 F is the yield function, Fy is the initial value of the yield

function, usually taken as 1, and Q is the plastic function, based on the flow rule F = Q.
Under normal temperature conditions, it is generally believed that the stress tensor
has a relatively small influence on the creep deformation, while the stress components have
a greater impact on the creep deformation. Therefore, the selected rock yield function is
_01—03—0s

Os
F_\/E—%_7\/g (16)

where ], represents the second invariant of the stress tensor.
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In conclusion, the non-stationary axial creep model of rocks in three-dimensional state
can be obtained as follows:

01—03 _|_ 0’1+2(7’3 _|_ 01—03
3Goexp|—ag(0—0w0)] ' 9IKexp|—ag(0—0w0)] = 3Grexp|—a1(0—0w)]

1 —exp(=Gerlaleo)] AL o
e11(t) = { P( mexp(—aat) )} 1—03 )

01—03 011203 + 01—03
3Goexp|—ag(0—0w)] ' 9IKexp[—ag(0—0w0)] = 3Grexp|—a1(0—0w0)]

Grexp[—a1(0—0w)] 01—03—05
{1 N exp(— nexp(—ast) t)} T ’72133517(3*“#) e, o -0 20

In this model, ‘non-stationary’ refers to the incorporation of damage evolution into
key mechanical parameters.

Elastic moduli (Ey, E1) are treated as stress-dependent, degrading exponentially when
the deviatoric stress exceeds the long-term strength (0w), as described by damage coeffi-
cients &y and «; in Equation (6).

Viscosity coefficients (11, 772) are treated as time-dependent, degrading exponentially
with time as described by damage coefficients «; and a3 in Equation (6).

4.2. Model Validation
4.2.1. Parameter Confirmation Method

In the three-dimensional non-stationary Nishihara model (Formula (17)), the two pa-
rameters, the initial volume modulus K and the initial shear modulus Gy, can be determined
by the following method.

Assuming that all instantaneous deformations are elastic deformations, the initial
volume modulus K of the rock is

O Om
K=—=— 1
3em €y (18)
The initial shear modulus Gy is
. 3KS;; 19
0™ 6Keg — 207, (19)

where ¢ represents the instantaneous elastic strain.

The other nine parameters Gy, ag, a1, &2, &3, 1, 2, 0o and n of the three-dimensional
non-stationary Nishihara creep model can be obtained through the curve fitting toolbox of
MATLAB R2017a.

4.2.2. Validation Results and Comparison

Samples with initial confining pressures of 5, 10, 15, and 20 MPa were taken, and the
creep test curves under staged confining pressure reduction and loading were analyzed.
The comparison of the model calculation results with the experimental results is shown
in Figure 14.

The results show that the non-stationary Nishihara creep model can well describe
the entire process of attenuation creep, steady-state creep and accelerated creep of marble
under different stress conditions. The goodness-of-fit R? of the model is all greater than
0.85, indicating high reliability.
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Figure 14. Comparison between test data and model curve.

5. Conclusions

@

@)

®)

4)

Under the path of unloading confining pressure and deviatoric stress, the creep
process of marble can be divided into three stages: attenuation creep, steady creep,
and acceleration creep. As shown in Figures 3 and 4, with increasing confining
pressure unloading magnitude, the creep failure stress decreases significantly, and the
total test duration is markedly shortened. This indicates that unloading of confining
pressure is a key factor controlling the long-term stability of marble.

The creep rate analysis (Figure 5) shows that under small unloading conditions,
the creep rate initially decreases and then increases with stress level; under large
unloading conditions, it increases monotonically. This reflects that confining pressure
unloading significantly weakens the stability of the rock mass during creep, with
larger unloading steps accelerating failure.

The long-term strength of marble was determined using the isochronous stress—strain
curve method (Table 2). As initial confining pressure increases and unloading mag-
nitude increases, the ratio of long-term strength to failure strength generally de-
creases (ranging from 0.86 under uniaxial conditions to 0.73-0.80 under unloading
conditions), reflecting the reduction in the time-dependent strength margin under
unloading conditions.

Based on the graded unloading creep test results, a three-dimensional non-stationary
Nishihara creep model was validated for the specific stress path of stepwise confining
pressure unloading with synchronous axial stress loading. The model effectively cap-
tures the full creep process of marble under this path. From an engineering perspective,
it provides a theoretical basis for predicting long-term convergence deformation in
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deep excavations. By incorporating in situ stress fields and excavation sequences,
the model can help estimate optimal timing for secondary lining installation and
assess long-term tunnel serviceability, offering a quantitative tool for design and safety
assessment in similar rock masses.
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