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Abstract: The stability of rock masses in large-scale hydropower projects and high-slope excavation engineering is
significantly influenced by the unloading of confining pressure. This study investigates the triaxial creep behaviour
of limestone under varying conditions of confining pressure unloading through systematic experimental research.
Using a ZYSS2000C triaxial shear rheometer, limestone samples from the Qinling region were subjected to a series of
triaxial creep tests with controlled unloading conditions. Experimental setups included varying single-step unloading
magnitudes of confining pressure (2 MPa, 4 MPa, and 6 MPa) under constant axial stress. The results demonstrated
that the magnitude of confining pressure unloading had a pronounced impact on creep behaviour. Larger unloading
magnitudes led to shorter total creep durations and reduced cumulative deformation, highlighting the pivotal role
of unloading intensity in governing creep characteristics. During the unloading creep process, the deviatoric stress
of the rock decreased, and the deformation predominantly manifested as radial dilation. These findings provide
new insights into the rock deformation mechanisms induced by confining pressure unloading and offer valuable
theoretical and practical guidance for slope excavation and stability management.
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1 Introduction

Rock masses on high slopes are typically in a relatively stable tri-axial stress state under natural conditions.
However, excavation-induced disturbances can lead to stress redistribution in the region, resulting in unloading
deformation of the rock masses [1–5]. Although slope structures under the newly adjusted stress state may not
experience immediate instability, long-term creep deformation can eventually cause slope failure [6–8]. Such
failures, including slope collapses, can lead to catastrophic consequences when they occur [9]. To mitigate the risks
posed by these hazards to dam structures, it is crucial to conduct in-depth investigations into the creep deformation
patterns and mechanical characteristics of hard rock under varying axial stresses and confining pressure unloading
magnitudes. Examining the triaxial unloading creep behaviour of rocks using stress paths that closely mimic
real-world excavation scenarios holds significant scientific and engineering value.

The mechanical properties of hard rock under unloading conditions differ markedly from those observed during
loading. Unloading not only significantly reduces the strength of rock masses and induces unloading softening
but also results in fewer fractures and lower deformation magnitudes in brittle hard rocks compared to soft rocks.
Furthermore, unloading creep exhibits more pronounced lateral dilation when compared to loading creep [10, 11].
Unloading also causes greater disturbance to intact rock, leading to notable reductions in mechanical parameters of
rocks due to variations in yield conditions, long-term strength, and loading conditions [12–14].

Despite ongoing research, the impact of confining pressure unloading on rock creep under triaxial stress conditions
remains insufficiently explored. Zhao and Jiang [15] conducted triaxial unloading creep experiments on deep
sandstone under varying initial stress and hydraulic pressure conditions, revealing the mechanical behaviour and
time-dependent deformation characteristics of rock masses under high stress and high water pressure. Yan et al. [16]
investigated the basalt foundation of the Baihetan Hydropower Station through triaxial unloading creep tests and
established an exponential relationship between confining pressure and steady-state creep rates. Yan et al. [17]
conducted triaxial compression gradient unloading creep experiments on the flint limestone from the underground
cavern of the Shuibuya Hydropower Station, following the stress paths encountered in real engineering projects.
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It was observed that higher unloading magnitudes resulted in reduced ultimate creep failure strength and induced
varying failure modes. Zhang et al. [18] studied the creep failure mechanisms of granite under true triaxial unloading
conditions. The findings indicated that unloading of σ3 caused the dilation of εv; ε2 was not sensitive to the unloading
of σ3, but ε3 was very sensitive to the unloading of σ3. Existing studies predominantly focus on the influence of
unloading behaviour on rock creep patterns. However, investigations simulating excavation-induced stress changes
and in-depth exploring the effects of varying unloading magnitudes on rock creep remain rare [19–21].

Building on previous research, this study employed the ZYSS2000C triaxial shear rheometer to conduct triaxial
unloading creep experiments on limestone from the Qinling region under varying axial stress conditions. The creep
deformation and failure patterns of rock samples were determined under different unloading magnitudes.

2 Sample Preparation and Experimental Methodology
2.1 Sample Preparation

The limestone samples used in this study were sourced from an engineering site in the Qinling Mountains, China.
The limestone exhibited a uniform grey-white appearance, with calcite as the predominant mineral composition. The
density of the material ranged between 2.62 g/cm3 2.76 g/cm3. Cylindrical specimens with a diameter of 50 mm
and a height of 100 mm were prepared in accordance with standard protocols. The P-wave velocity of the specimens
was measured, with values ranging from 5,012 m/s to 5,635 m/s. Figure 1 shows the photograph of the prepared
specimens. Figure 2 shows the photograph of the ultrasonic testing equipment.

Figure 1. Prepared specimens

Figure 2. Ultrasonic testing equipment
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Figure 3. Triaxial shear rheometer

2.2 Experimental Scheme

To minimise errors arising from the inherent variability of natural rock samples and to obtain more comprehensive
mechanical parameters from individual specimens, a graded unloading approach was adopted. Considering practical
engineering conditions, the stress path employed in this study involved constant axial stress combined with graded
unloading of the confining pressure. For each stress path, three experiments were conducted to ensure reliability.
Prior to the formal tests, essential mechanical parameters were determined through uniaxial compression and triaxial
compression experiments. Based on the in-situ stress conditions at the sampling location, an initial confining pressure
of 24 MPa was selected for the triaxial unloading creep tests. To simulate actual excavation scenarios, three confining
pressure unloading increments (∆σ3) were defined: 2 MPa, 4 MPa, and 6 MPa. Results from triaxial compression
experiments indicated that the peak stress (σf ) of the samples at a confining pressure of 24 MPa was 246.155 MPa,
with crack initiation stress (σci) at 124.17 MPa and dilation stress (σcd) at 177.94 MPa. Axial stress levels were
determined as 60% σf (148 MPa), 70% σf (172 MPa), and 80% σf (196 MPa) of the peak stress. Figure 3 shows the
photograph of the triaxial shear rheometer.

The experiments were conducted using a ZYSS2000C triaxial shear rheometer developed by China Machine Test
Equipment Co., Ltd.

The confining pressure and axial stress were initially applied at a loading rate of 0.05 MPa/s until both reached
24 MPa. Once stress and deformation stabilisation were achieved, the axial stress (σ1) was further increased at a
rate of 0.2 MPa/s to predetermined levels of 148 MPa, 172 MPa, and 196 MPa. These axial stress levels were then
maintained constant throughout the unloading process. With 24 MPa as the initial confining pressure (σ3), graded
unloading increments (∆σ3) were 2 MPa, 4 MPa, and 6 MPa. At each unloading step, deformation stabilisation
was ensured (dε/dt≤5×10−5h−1), before proceeding to the next unloading step. The process continued until the
specimen reached failure.

3 Results and Analysis
3.1 Time-Strain Relationship Analysis

The overall creep deformation behaviour of the specimens exhibited generality, characterised by instantaneous
deformation during initial unloading stages, followed by primary decelerating creep, secondary steady-state creep,
and a pronounced accelerated creep stage during failure. It was observed that the strain rate of the creep increased
significantly and rapidly as failure approached.

A comparison of axial and radial deformation curves revealed distinct differences from loading experiments.
After confining pressure unloading, the radial creep deformation showed a considerably larger increase, highlighting
a pronounced radial dilation effect. Furthermore, during each unloading step, the incremental radial instantaneous
strain was greater than the corresponding axial instantaneous strain increment. Figure 4 shows the time-strain curves
under an axial stress of 148 MPa.

3.2 Deviatoric Stress-Strain Relationship Analysis

Figure 5 shows the deviatoric stress-strain curves for triaxial unloading creep. During the compression stage of
axial stress loading, the radial strain of the specimen was found to be only 14.6% to 36.8% of the axial strain. At
this stage, the specimen was subjected to triaxial compression, where axial stress (σ1) primarily contributed to the
overall deformation of the specimen, mainly manifested as axial compression deformation. In the subsequent stage,
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with axial stress held constant and confining pressure gradually unloaded, the specimen experienced a reduction
in σ3. This reduction was equivalent to the application of tensile stress in the lateral direction of the specimen,
and the radial expansion deformation caused by confining pressure unloading played a dominant role in the overall
deformation of the specimen. By the time of specimen failure, the radial strain had increased to 69.7%–103.1% of
the axial strain.

The influence of single-step unloading magnitudes on specimen strain during confining pressure unloading and
creep was significant. Under identical axial stress levels, larger unloading magnitudes resulted in lower total strain
and reduced deviatoric stress at the point of failure. The reduction in confining pressure decreased the lateral restraint
on the specimen, leading to increased strain with the rise in deviatoric stress.

Figure 4. Time-strain curves under an axial stress of 148 MPa
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(a) (b)

(c) (d)

(e) (f)

Figure 5. Deviatoric stress-strain curves for triaxial unloading creep: (a) Deviatoric stress vs. axial and radial
strain under an axial stress of 148 MPa; (b) Deviatoric stress vs. volumetric strain under a deviatoric stress of 148

MPa; (c) Deviatoric stress vs. axial and radial strain under an axial stress of 172 MPa; (d) Deviatoric stress vs.
volumetric strain under a deviatoric stress of 172 MPa; (e) Deviatoric stress vs. axial and radial strain under an

axial stress of 196 MPa; (f) Deviatoric stress vs. volumetric strain under a deviatoric stress of 196 MPa
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3.3 Deformation Patterns of Unloading Creep

The creep deformation of rock under triaxial unloading conditions is influenced by both axial stress and the
magnitude of single-step unloading of confining pressure, and this influence follows distinct patterns. Figure 6 shows
the comparison of unloading creep strain under different axial stresses with a single-step unloading magnitude of 2
MPa.

When the magnitude of single-step unloading of confining pressure remains constant, the creep deformation
increases with rising axial stress. As shown in Figure 6, under identical conditions, greater axial stress leads to
larger creep deformation. Additionally, the increment in creep deformation per unloading step under 60% σf axial
stress was noticeably smaller compared to that observed under the other two axial stress levels. This phenomenon
can be attributed to the transition of axial stress from 60% σf to 70% σf , corresponding to the transition from crack
initiation stress to dilation stress. Within this range, the internal cracks of the specimen become more developed,
leading to more pronounced strain changes.

Figure 7 shows the comparison of unloading creep strain under different single-step unloading magnitudes at an
axial stress of 172 MPa. When axial stress is held constant, the number of unloading steps required to reach the
same reduction in confining pressure increases as the magnitude of single-step unloading decreases. Under such
conditions, the cumulative creep deformation of the specimen becomes greater. Conversely, for each individual
unloading step, larger unloading magnitudes result in greater creep deformation.

(a) (b)

Figure 6. Comparison of unloading creep strain under different axial stresses with a single-step unloading
magnitude of 2 MPa: (a) Confining pressure vs. axial strain; (b) Confining pressure vs. volumetric strain

(a) (b)

Figure 7. Comparison of unloading creep strain under different single-step unloading magnitudes at an axial stress
of 172 MPa: (a) Confining pressure vs. axial strain; (b) Confining pressure vs. volumetric strain
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Table 1. Fracture angles under different experimental conditions

σ1(MPa) 148 172 196
∆σ3(MPa) 2 4 6 2 4 6 2 4 6

Fracture angle
θ (◦)

55 68 74 48 58 62 69 75 81

3.4 Failure Characteristics of Unloading Creep

The specimens subjected to triaxial unloading creep tests exhibited failure modes characteristic of tensile-shear
failure. The fracture angles under various experimental conditions are presented in Table 1. It was observed that
variations in single-step unloading magnitude significantly influenced the fracture angle. As the unloading magnitude
increased, the fracture angle also increased noticeably.

When the axial stress was 148 MPa (60% σf ), the fracture surfaces displayed distinct inclined dislocation.
Numerous microcracks were observed around the fracture surfaces, and the specimen exhibited significant volumetric
dilation. At an axial stress of 172 MPa (70% σf ), the fractures were less penetrative, and overall volumetric dilation
was not prominent, though localised dilation was evident in certain regions. Under an axial stress of 196 MPa (80%
σf ), the failure mode transitioned to apparent brittle failure, accompanied by chipping at the specimen’s ends.

4 Conclusion

The triaxial creep experiments involving confining pressure unloading on limestone from the Qinling region
revealed the significant influence of unloading on the creep behaviour of limestone. The experimental results
demonstrated that as the magnitude of single-step unloading increased, total creep deformation decreased, and creep
duration was shortened. These findings provide critical insights into the deformation behaviour of rock masses
under practical engineering conditions. The study further identified that shear failure was the predominant failure
mode during unloading, and larger single-step unloading magnitudes were associated with greater impacts on the
long-term stability of rock masses. These conclusions offer valuable guidance for the design of safe and effective
slope excavation strategies. It is recommended that future research explore the behavioural differences of various
rock types under similar unloading conditions and examine the influence of unloading rates on creep characteristics.
Additionally, the adoption of moderate unloading measures in engineering practice is advised to mitigate the risk of
rock mass failure caused by rapid unloading and to ensure the long-term stability of engineering projects.
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