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Abstract Cyclic stress variation induced by mining activities has a significant effect on
the stability of surrounding rock and mining pillar in deep underground engineering. The
influence of alternating cyclic loading and unloading tests on creep behavior of sandstone
was investigated to explore the mechanism of the effect of the cyclic stress variation on the
stability of rock. Firstly, a series of uniaxial constant strain rate and multi-step monotonic
creep tests of sandstone were carried out to determine the maximum high loading stress and
the minimum low loading stress in the alternating cyclic creep tests. Then the alternating
cyclic loading and unloading creep tests were conducted to investigate the effects of loading
paths and loading histories of cyclic high stress creep and low stress creep on the creep
behavior of sandstone. Acoustic emission events, axial strain rate and lateral strain rate were
also analyzed. The experimental results show that loading paths and loading histories of high
stress creep and low stress creep have a significant influence on the alternating cyclic creep
behavior of sandstone. The loading paths could accelerate the damage in the rock sample,
which can be demonstrated by much larger plastic strain occurring in the damaged sample
and larger viscous strain in the creep behavior of less damaged sample. The loading histories
could increase viscous strain and plastic strain in the damaged sample. The maximum and
the minimum loading stresses determined by the unstable crack threshold provide the basis
of the unstable cracks growth in rock sample. The work presented in the present paper
is helpful to understand the mechanical behaviors of rock mass under cyclic underground
mining activities.
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1 Introduction

Brittle rocks can deform and fail under constant applied stresses that are well below their
short-term failure strength over extended periods of time. Such time-dependent deformation
of brittle rock at constant stress is termed as brittle creep, a process leading to delayed failure
(Brantut et al. 2013; Challamel et al. 2006; Kranz et al. 1982; Liu et al. 2017; Xu et al.
2012; Zhou et al. 2013). A detailed knowledge of brittle creep of rock is a vital prerequisite
for understanding the long-term behavior of the rocks within the upper crust of the Earth.
The comprehension of rock creep behavior is not only crucial for assessing geophysical
hazards such as earthquake ruptures and volcanic eruptions (Bell et al. 2011; Lyakhovsky
and Ben-Zion 2008), but also for the construction and long-term stability of engineering
structures such as underground mines and excavations (Brouard et al. 2013; Zhang et al.
2016b), nuclear waste storage facilities (Yang and Edwards 2000), and tunnels (Jeng et al.
2002).

Underground engineering accidents induced by mining or excavation, such as rockburst,
roof falling, and even mine collapse, have frequently caused a great loss to the community
(Chen et al. 2012). Most of the accidents are closely related to the change of in situ stress,
especially alternating cyclic loading and unloading on the surrounding rock or mining pillar
(Fairhurst 2003; Szwedzicki 2003). The stress variation induced by the mining activities,
such as coal cutting, tunnel excavation and support, destress blasting, and longwall mining
plays a significant role in the stability of the surrounding rock or the mining pillar (Brady
and Brown 2013; Kaiser and Cai 2012; Konicek 2018; Konicek et al. 2013; Li et al. 2017;
Petr et al. 2011). Furthermore, rock mass at great depths experiences creep deformation all
the time (Armand et al. 2013; Atsushi and Mitri 2017). Once the rock mass is disturbed by
mining activities in the deep underground, it may easily fail during underground mining or
excavation activities (Li et al. 2012; Mazaira and Konicek 2015).

At present, extensive experimental work devoted to different aspects of creep has been
undertaken. Most of creep tests focus on the influence of environmental conditions such as
differential stress (Wang et al. 2015; Zhang et al. 2016b), confining pressure (Wang et al.
2014; Xu et al. 2018), fluid pressure (Heap et al. 2009b; Jeong et al. 2007), temperature
(Heap et al. 2009a; Niemeijer et al. 2002; Xu et al. 2017) and microstructural state (Bran-
tut et al. 2013; Eslami et al. 2012) on the time-to-failure and/or the creep strain rate. For
example, Heap has made great efforts in performing tri-axial creep tests on Darley Dale
sandstone and basalt in order to observe the initiation or precursors of accelerating creep
and to clarify the rock damage and failure mechanism associated with accelerating creep
(Heap et al. 2009b, 2011). Although an extensive effort has been made to investigate the
influence of environmental conditions on creep mechanical properties of rock, little work on
the effect of complex loading stress paths on creep behavior of rock has been performed to
date.

Based on the understanding of fatigue tests (Cerfontaine and Collin 2018), some re-
searchers have paid attention to the influence of unloading and loading cycles on the creep
behavior of rock. Fabre and Pellet (2006) focused on the creep tests coupling with unloading
and loading cycles, and found that a cyclic load can accelerate the development of visco-
plastic deformation and, therefore, reduce the test duration. Sone and Zoback conducted
multi-step creep experiments coupling with unloading and reloading cycle in the applied
axial differential load to study the ductile creep properties and the brittle strengths prop-
erties of shale-gas reservoir rocks (Sone and Zoback 2013a, 2013b, 2014). They found
that the time-dependent deformation exhibits hysteretic behavior when samples undergo
unloading/reloading stresses, and the strain recovery upon unloading of stress appears to
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Fig. 1 Photomicrograph of sandstone (Chen et al. 2018b)

be slower compared to the creep strain rate upon loading. Recently, Yanlin Zhao ana-
lyzed the instantaneous elastic strain, visco-elastic strain, instantaneous plastic strain and
visco-plastic strain in the creep tests conducted on the soft rock under multi-level load-
ing and unloading cycles, and finally proposed a nonlinear elasto-visco-plastic rheologi-
cal model (Zhao et al. 2009, 2017a, 2017b). Shengqi Yang also used the same method
as Zhao et al. (2017a) on red sandstones to analyze the elastic, visco and plastic strain
and established a nonlinear elastic-visco-plastic rheological damage model (Hu et al. 2018;
Yang and Hu 2018). Furthermore, Chen et al. (2018a) carried out some uniaxial experiments
to reveal the influence of unloading and loading stress cycles on the creep behavior, and they
found that the procedure of unloading and loading the stress during a constant stress creep
test transiently increases the strain and AE hit rate. Though there are already a lot of work
about creep tests coupling with unloading and loading cycles, the work about the effect of
cyclic unloading and loading stresses on the creep behavior and considering the influence
of loading paths, alternating maximum loading stress and minimum loading stress, is still
lacking.

In the present study, we first perform uniaxial compressive strength tests to get uniaxial
strength parameters of sandstone. Based on the result of constant strain rate tests, uniax-
ial multi-step creep tests are performed to determine the appropriate high and low loading
stresses used in cyclic creep and alternating cyclic testing. Finally, some multistage cyclic
creep experiments, coupling creep and alternating cyclic tests, are performed on sandstone
to investigate the effects of stress histories of high stress creep and low stress creep on multi-
step cyclic creep, and we attempt to uncover the underlying mechanisms for the transition
from fatigue to creep in rock under multistage cyclic creep experiments. Our hope is that
some results of this paper could provide help in understanding mechanical mechanisms in
rock engineering problems.

2 Materials and methods

2.1 Sample material and preparation

The sandstone used throughout this study was collected from a quarry in the city of Neijiang,
Sichuan Province, China (Chen et al. 2018b). The sandstone is a well-indurated, feldspathic
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Fig. 2 Rock specimens used in
the study; No distinct layering or
lamination is shown

sandstone whose composition is 60% quartz, 20% feldspar, 15% cement and 5% mica, and
whose porosity is 4.5±0.5% (Wang et al. 2016). Optical microscopy analyses demonstrated
that the grains are sub-angular, varying in size from 200–500 µm (Fig. 1). All samples were
cored from the same sandstone block to a diameter of 50 ± 0.02 mm. They were precision-
ground to 100±0.02 mm in length, resulting in a length: diameter ratio of 2:1. The sandstone
sample produced from the blocks is shown in Fig. 2. No distinct layering or lamination could
be observed in samples by naked-eye. The P-wave velocity is about 1.77 km s−1 for natural
samples of sandstone, and the variation of P-wave velocity for all samples used in the present
research is within ±0.05 km s−1 to decrease the sample difference.

2.2 Experimental methodology

All specimens were tested at room temperature on a servo-controlled TOP INDUSTRIE
tri-axial testing machine as shown in Fig. 3a. The maximum load capacity of axial compres-
sion is 720 KN and the cell is designed to resist a confining pressure of 60 MPa. The sample
can be mounted with both axial and lateral measurement devices simultaneously. Four lin-
ear variable differential transformer (LVDT) axial displacement transducers measure axial
deformation; and four LVDT lateral displacement transducers measure lateral deformation
(Fig. 3b). Volumetric strain was calculated by the summation of both axial and double lateral
strains (or circumferential strain) (Li et al. 2018). Samples were mounted between two steel
end-caps, and some petrolatum was imbedded between samples and steel end-caps to reduce
the end effect. Acoustic emission (AE) output was recorded continuously by eight acoustic
emission (AE) transducers mounted on the sample using elastic rubber ring (as shown in
Fig. 3b).

Considering the variation of mechanical behaviors of samples even from the same rock
block, multi-step creep tests on one sample were adopted to avoid the sample variation. In
the present study, two types of alternating cyclic unloading and loading creep tests, i.e., low-
high-low (simplified by LHL in the following) stress sequence and high-low-high (HLH)
stress sequence, were conducted to study the effect of loading history on creep behaviors of
sandstone. Prior to performing creep tests, a series of uniaxial compressive tests at a constant
strain rate of 1.0×10−5 s−1 were firstly conducted on sandstone to obtain the short-term de-
formation and failure characteristics of sandstone. Uniaxial compressive strength, Young’s
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Fig. 3 Servo-controlled rock rheology testing machine

Table 1 Stress loading
sequences for multi-step
monotonic creep tests

Stages Stress (MPa) Ratio of UCS (%)

1 17.88 60

2 19.37 65

3 20.86 70

4 22.35 75

5 23.84 80

6 25.33 85

modulus, and Poisson’s ratio of sandstone obtained from the short-term experiments were
29.8 MPa, 8.4 GPa and 0.29, on average, respectively (Wang et al. 2016). The stress levels
of multi-step monotonic creep tests were determined by the constant strain rate tests, set at
60%, 65%, 70%, 75%, 80% and 85% of UCS. The stress loading sequences for multi-step
monotonic creep tests are listed in Table 1. Two main stress levels (high stress level, 75.6%
of USC; and low stress level, 60% of USC) in the alternating creep tests were confirmed by
the multi-step monotonic creep tests to ensure the non-failure of the sample within the test.
Besides, the time held at each stage for multi-step monotonic and alternating creep tests was
12 hours. Stress loading sequences for multi-step monotonic creep tests are listed in Table 1
and a schematic diagram of the alternating cyclic creep tests is shown in Fig. 4. Alternating
cyclic creep tests were carried out under alternating high and low stress levels. The loading
stress is completely removed at the end of stage 6 and kept for 12 hours, and the applied
stress level at stage 1 is the same as that at stage 8. Correspondingly, all loading stages are
divided into two periods (period I and period II here) by the stage of complete unloading
stress, as shown in Fig. 4. Purpose of the stress loading path during period I is to study the
influence of alternating high and low stresses on the creep properties of sandstone by com-
parisons between these two alternating cyclic creep tests. Period II aims to investigate the
effects of the stress loading history on the creep property by comparing the creep strain of
pre-unloading with that of post-unloading.
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Fig. 4 Schematic diagram of the alternating cyclic creep tests

Fig. 5 Strain-time curves under multi-step monotonic creep tests; note that the volumetric strain was calcu-
lated by the axial strain and the lateral strain

3 Results

3.1 Uniaxial multi-step monotonic creep tests

To confirm the maximum loading stress and the minimum loading stress in the alternating
cyclic creep tests, uniaxial multi-step monotonic creep tests were performed on the sand-
stone. From the strain-time curve obtained in the multi-step monotonic creep tests (Fig. 5a),
the volumetric strain is plotted by loading stress levels as shown in Fig. 5b. Figure 5b shows
that the volumetric strain gradually increases with time at the first two stages, at loading
stresses of 60% UCS and 65% UCS. But when the loading stress is up to 70% UCS, the
volumetric strain starts to decrease. In order to obtain the remarkable creep behavior of rock
and meanwhile make sure that the sample wouldn’t fail within the alternating cyclic creep
tests, the maximum stress was set to 75.6% UCS and the minimum stress to 60% UCS.
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Fig. 6 Stress, strain and AE hits versus time curves

3.2 Alternating cyclic creep tests

As stated above, stresses of 18 MPa (60% stress level) and 22.4 MPa (75.6% stress level)
were chosen to perform alternating cyclic loading and unloading creep tests on sandstone
to study the effect of alternating cyclic creep tests on the creep properties of sandstone and
the influence of loading history on the creep behavior of sandstone. The axial strain, lateral
strain and AE hits (or events) curves of sandstone specimens in the alternating cyclic creep
tests are shown in Fig. 6. Figure 6a and Fig. 6b show that the clusters of AE hits mainly
occur at the high stress stage. The detailed analysis about the AE hits at different stages will
be discussed in the next section. From Fig. 6c and Fig. 6d, it can be seen that different high
and low stress histories have a great influence on the axial strain and lateral strain, especially
the lateral strain.

Figure 6c and Fig. 6d show axial strain and lateral strain at different cyclic loading paths.
There are some important points labeled with the letters A, B, C, D, etc., in axial strain-time
curves. As shown in Fig. 6c, a large deformation occurs from point B to point C. It can be
calculated from Fig. 6c that there is a larger increase (0.144%) in the axial strain from point
B to C compared with that from point H to I. As indicated from the axial strain-time curve
of the LHL stress sequence, when the loading stress is removed at the end of period I, shown
in Fig. 4a, part of axial strain recovers and a residual strain of 0.133% remains at the end of
this stage. The axial strain switches immediately up to 0.513%, point G, in Fig. 6c, when the
axial stress is reloaded to the stress of 18 MPa at the eighth stage within period II in Fig. 4a.
If the strain value at the point G minuses the residual strain and the point F in Fig. 6c, the
increment strain under loading stress of 18 MPa could be obtained, 0.38%.
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Fig. 7 AE hits plotted against time at different stages under high loading stress

The strain-time curve of the HLH stress sequence shows that the primary creep strain
value (also the end of elastic strain; we assume that the total strain contains elastic strain
and creep strain) at the high stress stage within period I starts from the final strain value
of the previous high stress stage. For example, the primary creep strain at stage 3, point C,
starts from the strain value at point B. When the loading stress is removed, the recovered
strain of the HLH stress sequence is much larger than that in H6.

As for the lateral strain-time curves shown in Fig. 6c and Fig. 6d, the lateral strain varia-
tion along axial stress is not so much as the corresponding axial strain. But the lateral strain
at the first stage for both of loading paths increase sharply, no matter that the loading stress
is low or high. In contrast to the variation of axial strain along loading stresses, the lateral
strain changes slightly, especially for the stress unloaded from high stress level to low level.
Furthermore, when the loading stress is removed, the residual strain in lateral direction is
still kept much in the percent of total lateral strain under the maximum loading stress.

3.3 Evolution of acoustic emission events at different stages

Compaction, propagation and coalescence of pre-existing cracks, and initiation of new
cracks are all companied with the release of deformation energy. Normally, the number of
AE hits is used to describe the evolution of cracks inside the sample (Eberhardt et al. 1999;
Nicksiar and Martin 2012; Shah and Labuz 1995; Xue et al. 2014). In this study, we monitor
the compaction of pre-existing cracks and the initiation of new damage cracks by the num-
ber of AE hits. The numbers of AE hits (or events) are plotted with time in Fig. 7, separated
by the loading stages under high loading stress from the curves of AE hits in Fig. 6.

As shown in Fig. 6a, AE hits were captured mainly at all high stress loading stages of
the LHL stress sequence. For all stages having lots of AE hits, we find that the number
decreases gradually within every stage. The decrease of AE hits within the stage shows
that the specimen gradually stabilizes. It has a common characteristic for both stress se-
quences that the number of AE hits appearing at the first high stress stage is much higher
than that at the others. Therefore, the number of damage appearing at second stage in the
LHL sequence is higher than that at first stage in the HLH sequence. As for the HLH stress
sequence, the number of AE hits at third stage is higher than that at fifth stage, while it is
quite interesting that the number of AE hits at sixth stage for the LHL sequence is higher
than that at fourth stage. Besides, the number of AE hits at the stage of stress removed for
the HLH stress sequence is higher than that at the corresponding stage for the LHL stress
sequence.
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Fig. 8 Axial strain against time curves divided by loading stages at high loading stress level

Fig. 9 Lateral strain-time curves divided by loading stages at high loading stress level

3.4 Axial strain under high stress levels

Axial strain curves under high loading stresses were extracted from the loading stages within
the same loading paths and plotted in Fig. 8. Figure 8 shows that the axial strain increases
with the loading stages even though the loading stress are all same. It should be noted that
the primary creep strain of each loading stage within the same period increases almost based
on the end of previous creep strain, while the primary creep strain of period II is not based
on the end of previous creep strain (at the last high stress stage in the period I). For the LHL
stress sequence, the axial strain of fourth high stress stage is affected by the previous low
stress stage within period II. As a result, the primary creep strain is higher than the end of
creep strain at third stress stage in Fig. 8a.

3.5 Lateral strain under the same stress levels

As mentioned before, the lateral strain is more sensitive to the loading stress. Therefore,
the lateral strain curves under different loading stages within the same loading paths were
also plotted in Fig. 9. Compared with the lateral strain at first loading stages in Fig. 9, it
can be found that the strain rate in the LHL sequence should be less than that in the HLH
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sequence could be got. However, when the loading stress switches to the fourth loading
stage, the creep strain is much larger than that at third loading stage. It is a little strange that
the difference of lateral strain in the HLH sequence from second to fifth stage is not so much
as that in the LHL sequence, especially for the difference between third and fourth stage.

4 Discussion

4.1 Determination of stress levels in alternating cyclic creep

Heap et al. (2009b) describes that there is a point of the transition of volume from com-
pression to dilation in the differential stress-volumetric strain curve and points out this
transition point from the curve of differential stress against volumetric strain in the con-
ventional constant strain rate tests. Zhang et al. (2016a) also recognizes these two phases
(a volumetric compaction phase, followed by a dilatancy phase) in the multi-step tri-axial
creep tests and the point from the compression to the dilation in the volumetric strain-
time curve. Furthermore, some researchers hold the idea that the crack interation (or un-
stable crack propagation) threshold is coincident with the point of volumetric strain re-
versal in uniaxial conditions (Fig. 10) (Diederichs et al. 2004; Eberhardt et al. 1999;
Eberhardt et al. 1998). Based on these considerations, we determine the maximum load-
ing stress and the minimum loading stress around this transition point of volume in the
alternating cyclic creep tests. And we divided the crack evolution mainly into two parts: the
compaction of pre-existing cracks and the initiation of new damage cracks in the crack evo-
lution of this study. The compaction of pre-existing cracks are mainly induced by the loading
stress lower than the crack damage threshold (in Fig. 10, or the stress level of volumetric
transition), and the initiation of new cracks are principally caused by the applied stress over
the damage threshold (Kobayashi 2017). It needs to be pointed out, as per the data published
in Ref. (Zhang et al. 2016a), the stress level at the volumetric transition point obtained from
conventional uniaxial compressive strength tests is larger than that from multi-step creep
tests since the time-dependent evolution of cracks in the sample could accelerate the failure

Fig. 10 Stress-strain diagram
showing the stages of crack
development (Eberhardt et al.
1998)
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of samples. As a result, the applied stress inducing the crack initiation in the rock sample
becomes smaller.

4.2 Analysis of crack evolution

4.2.1 Analysis of the number of AE hits

Figure 7 shows that the number of AE hits (or events) at the first stage is higher than that at
the other stages. It should be noted that the number of AE hits at the fourth stage has a little
increase after the loading stress is removed at the previous stage. Some AE hits were cap-
tured during the loading, which means that there are some pre-existing cracks compaction,
propagation or some new cracks initiation within the stage (Nicksiar and Martin 2012;
Xue et al. 2014). Considering the maximum loading stress over the stress point of damage
cracks initiation, we could hold the idea that the compaction of pre-existing cracks and the
initiation of new cracks occur at the first stage, and the same things happen at fourth stage.
However, we could not confirm which one dominates the whole evolution of cracks in the
sample under both loading paths, just considering the number of AE hits. Associated with
the variation of strain at the corresponding stages, it could be concluded that the compaction
of pre-existing cracks dominates the evolution of cracks at the first stage in the LHL stress
sequence, and the initiation of new damage cracks dominates at the fourth stage. As for
the HLH stress sequence, at both stages the compaction of pre-existing cracks dominates.
Finally, the sample in the HLH sequence behaves more like elasticity with less residual
strain when the loading stress is removed, but the sample in the LHL sequence shows more
plasticity due to the generation of some new cracks.

Compared the number of AE hits in first high loading stress level in the LHL sequence
with that in the HLH sequence, it could be noted that the low loading stress at first stage in
the LHL sequence does have some influence on the mechanical behavior of the sample. It
accelerates the damage occurring inside the specimen. The mechanical behaviors show that
the axial strain at first stage under high loading stress in the LHL sequence is larger and the
number of AE hits is much higher than that in the HLH sequence. The low loading stress
before the high loading stage induces the subsequent variation of axial strain or the number
of AE hits under these two loading paths. The curve of AE hits at the subsequent stages of
low loading stress are more stable in the LHL sequence than those in the LHL sequence
shown in Fig. 6a and Fig. 6b. And the number of AE hits at the subsequent high loading
stages is less in the LHL sequence than that in the HLH sequence.

4.2.2 Analysis of axial strain

According to the analysis of viscous and plastic behavior of samples (Yang and Hu 2018;
Yang et al. 2015; Zhao et al. 2017a, 2017b), two types of strain, viscous strain and plastic
strain can be noted in Fig. 6. Special attention should be paid to the viscous behavior of
samples when the loading stress is removed. The larger viscous strain in the HLH sequence
illustrates that the inner-structure is more stable in the HLH sequence than that in the LHL
sequence. In other words, less new cracks appear in the sample of the HLH sequence com-
pared with that in the LHL sequence. The main reason for different mechanical behaviors
under different loading paths is the first low stress stage in the LHL sequence. A lot of cracks
have been compacted before the high stress stage initiates. Once the high stress is applied
on the sample, it is much easier to induce the damage cracks in the inner-structures. In con-
trast, all of loading stresses are less than that at the first loading stress stage for the HLH
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stress sequence in Fig. 6d. Considering the loading stress kept for 12 hours during the first
stress stage, the inner-structure of sample H7 experiences a process of stress balance. Most
cracks were compacted during this balanced-inter time, and few new cracks initiate. How-
ever, there is no higher loading stress applied on the sample, few new cracks would generate
under current the maximum loading stress. As a result, the inner-structure of sample in the
HLH sequence behaves more stable than that in the LHL sequence.

Figure 6c shows that there is a plastic strain, 0.133% at the point F, after the loading stress
is removed, while Fig. 6d illustrates that less plastic strain was generated under the loading
path of the HLH sequence. Normally, the initiation of some damage cracks or unstable
cracks growth could result in the plastic strain (Nicksiar and Martin 2012). Therefore, there
must be some cracks initiation during the previous loading stages in the sample. Besides, the
axial strain increases more from point B to C compared with the increasing value from point
H to I. The main reason should be that more cracks start to cluster or be connected (damage
cracks), or some new cracks initiate at high loading stress after the stage of low loading
stress even though the pre-existing cracks may not be compacted completely at the previous
stage of low loading stress. Some pre-existing cracks were compacted during the previous
stage of low loading stress, and the inner-structure of the sample becomes stable after the
loading stress kept for 12 hours. Once the loading stress increased up to a higher level and
the high loading stress is over the stress point of volumetric transition from contraction
to dilation, the cracks started to initiate under this high stress level. As a result, the axial
strain increased sharply and more AE hits occurred at the first high stress stage for the LHL
sequence. However, at the subsequent stages, the increment strain from low loading stages
to high loading stages is almost the same, which is almost equal to the decrease strain from
high loading stages to low loading stages. Therefore, we could conclude that the variation of
strain during this transition of stresses is mainly elastic strain. The elastic characteristics of
the sample during the subsequent loadings illustrate that there are still some cracks closed
and reopened, even when some new cracks generate.

As shown in Figs. 6c and 6d, the influence of loading history on the mechanical behavior
of sandstone can be obviously seen by comparison between the increment strain from point F
to point G and the strain at point A, 0.36%. It could be explained that the previous alternating
cyclic loadings result in the weakness of the inner-structure of the sample. The stress is
reloaded to the same level from F to G, more viscous strain and plastic strain are added into
the total strain.

4.2.3 Analysis of lateral strain

Compared with that in the HLH sequence, the inner-structure of sample is not so stable
after the stress loadings in period I of the LHL sequence due to the initiation of some new
cracks. We should hold the idea that the inner-structure of the sample in the HLH sequence
is still very stable and few cracks occurs after the preceding stress loadings. Consequently,
the creep strain returns back to the previous stress level and keep stable when the loading
stress is reloaded back, after the loading stress is removed.

Compared with the percentage of the axial residual strain in total axial strain, much more
proportion of lateral residual strain in the total lateral strain has proved that the lateral strain
is more sensitive to the loading stress (Nicksiar and Martin 2012). The maximum stress
level was set over the transition point of volume from compaction to dilation. Therefore, the
lateral volumetric dilation is much higher than that in axial direction under the maximum
loading stress (Brantut et al. 2013; Heap et al. 2009b; Xue et al. 2014). The number of
new cracks in lateral direction is much higher than that in axial direction, which means that
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Fig. 11 Axial strain rate against time at different loading stages under high loading stress

there is no or less of the constraint in the lateral direction all the time during the uniaxial
compression tests while the applied stress in the axial direction limited the initiation or the
propagation of damaged cracks before the loading stress reaching the point of volumetric
transition.

4.3 Analysis of crack evolution based on strain rates of separated stages

4.3.1 Axial strain rate

Instant axial creep strain rate against time at different loading stages under high loading
stress calculated from Fig. 8 is shown in Fig. 11 to quantify the change trend of strain rates
at different loading stages. All of axial strain rate curves firstly decrease sharply and then
tend to be stable. And the axial strain rates decrease with the loading stages within the
same period, for example the axial strain rate decreases with the stages from the first to the
third. However, it should be noted that the curve of strain rate at fourth stage in Fig. 11a
lies between the curves at first stage and second stage, which is the result of the loading
stress removed before the fourth stage and the inner-structure of the sample partly recovers
in elastic and viscous strain.

It should be pointed out that the axial strain rates have some difference under the influ-
ence of different loading paths on the mechanical behavior of samples. For instance, the
strain rates decrease more sharply at the first stage and the fourth stage for the HLH stress
sequence, which means that there are few pre-existing cracks extension and few new cracks
initiation. As stated above, there are a few pre-existing cracks extension and lots of new
cracks initiation in the LHL stress sequence under high loading stress, so the axial strain
rate decreases more slowly, and it needs more time to get into the new stress balance inside
the sample experiencing the LHL sequence.

4.3.2 Lateral strain rate

Instant lateral strain rate against time curves at different loading stages under high loading
stress were calculated from lateral strain-time curves in Fig. 9 and plotted in Fig. 12. Fig-
ure 12 shows that the lateral strain rate has a similar decrease trend with the axial strain
rate, decreasing sharply firstly and then leveling off. However, there are still some variation
differences between the lateral strain rate and the axial strain rate.
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Fig. 12 Lateral strain rate against time curves at different loading stages under high loading stress

One difference is that the lateral strain rate in the initial time at fourth stage seems higher
than that in the other three stages for LHL stress sequence. It can be seen from Fig. 6a that
the number of AE hits in fourth stage under high loading stress is not much higher than that
in the other three stages, and even less than that in the first high stress stage. The reason is
that there are some pre-existing cracks compaction and some new cracks initiation during
the first high stress stage. However, the compaction of cracks dominates the increase of AE
hits. When the loading stress turns to the fourth stage, the initiation of new cracks dominates
the increase of AE hits. Consequently, the lateral strain (in Fig. 8a) and the lateral strain rate
at fourth stage is higher than those at the other stages.

Another difference is that the lateral strain rate at first stage in the HLH stress sequence is
higher than that at the other stages, and it decreases slowly within the current loading stage.
For the loading path of the HLH stress sequence, the compaction and the initiation of most
cracks completed within first high stage. As stated above, the lateral strain is more sensitive
to the loading stress. It can be concluded that the performance of lateral strain and lateral
strain rate is much more pronounced than that of axial strain and lateral strain rate. Then the
“strange” behavior of the lateral strain at first stage in Fig. 9b and the lateral strain rate at
first stage in Fig. 12b could be understood easily.

4.3.3 Mean strain rate

As mentioned in Heap et al. (2009b), in the creep tests the creep strain rate, firstly decrease
sharply and then fluctuate within a small range, finally increase till the rock fails (shown
in Fig. 13). Our creep strain rate curves at every stage of high loading stress in Fig. 9 have
approved the first half of this curve. In order to explore the evolution of creep strain rate
under high loading stress, mean creep strain rate was obtained by the average of steady
strain rates within the same loading stage in Fig. 11 and Fig. 12, and the curves of mean
creep strain rates versus stages are plotted in Fig. 14.

Figure 14 shows that the curve of mean strain rate versus stages behaves a similar trend
with the strain rate against time curve in Fig. 11 and Fig. 12. But the decrease trend is not so
obvious especially from the first stage to the second since the interior of samples gradually
stabilizes after the firstly stage. It should be noted that the dropping trend of lateral strain rate
from the first stage to the second for the HLH stress sequence is very evident. As explained
before, compared with the variation inside the sample in the LHL sequence, the compaction
of pre-existing cracks dominates the process of stress balance inside the sample in the HLH
sequence when high loading stress is loaded on it. And the effect of compaction of pre-
existing cracks is mainly in the axial direction, which is in agreement with the idea (Chen
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Fig. 13 Strain rate plotted
against time curve (Heap et al.
2009b)

Fig. 14 Mean creep strain rate
versus stages under high loading
stress

et al. 2018b) that the loading direction plays a role on the crack evolution in the uniaxial
condition.

5 Applications in underground engineering

As stated above, the loading path plays a significant role in the creep behavior of rock
even though the loading stress is less than the peak strength of rock. Clusters of cracks
will initiate in the rock if a proper loading path is adopted. In the underground engineering,
especially for the mining engineering, sometimes we need to change the condition of field
stress by transferring the high loading stress on the surrounding rock to release the stress
concentration. There are a lot of engineering applications using this method, such as destress
blasting (Konicek 2018; Konicek et al. 2013; Petr et al. 2011), the non-explosive continuous
mining technology (Li et al. 2017), and longwall mining method for coal seams (Hamrin and
Hustrulid 2001; Islam et al. 2009). Here, we just analyze the method of destress blasting in
detail as an example. The main goals of destress blasting are the softening of competent rock
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layers, the reduction of strain energy storage, and the release of stress in rock mass, which
together contribute to minimizing rockburst occurrence and risk (Konicek 2018). However,
the method of destress blasting is still not popular in the mining engineering after almost a
century from the first application (Petr et al. 2011). It may due to the complicated process
during the stress transfer, especially for the appearance of damage cracks during mining. Our
study provides the evidence that the loading path, even though the maximum loading stress
does not reach the peak strength, could affect the mechanical behavior of surrounding rock,
which could help to understand the initiation of new damage cracks during the variation of
field stress.

6 Conclusions

In the present paper we mainly discuss the influence of loading paths and loading histories
on the creep characteristics of sandstone under alternating cyclic loading and unloading
creep tests to investigate the influence of stress variation induced by mining activities on
the creep behavior. The experimental results indicate that the loading paths, low-high-low
and high-low-high stress sequences, have great effect on the creep behavior of sandstone.
The most obvious characteristics in the strain are the difference of viscous strain and plastic
strain during these two loading paths, which is attributed to the difference of new cracks
initiation in the sample. It should be noted that the high loading stress and the low loading
stress in the alternating cyclic creep tests are set based on the unstable crack threshold, i.e.,
the volumetric transition from the compaction to the dilation. Based on this unstable crack
threshold, it could get more plastic strain on the loading path of low-high-low sequence,
compared with that at the high-low-high sequence. It is indicated that more new damage
cracks occur in the sample at the low-high-low stress sequence. Besides, the loading history
will have a remarkable influence on the viscous strain and the plastic strain in the sample if
more damage cracks occur in the samples. While the loading history has a little effect on the
inner-structure of the sample on the loading path of high-low-high sequence. It is anticipated
that the work could provide some basic understanding about the influence of stress variation
on the creep behavior of rock in the undergrounding engineering.
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