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Abstract

Dynamic disturbance such as blasting may significantly affect the creep of rock. Quantification of the influence of dynamic
disturbance on the creep behavior of rock is a prerequisite to the understanding of the long-term behavior of rock around
excavations. In this study, a new creep-impact test machine that is capable of testing the rock failure behavior under combined
creep loading and dynamic disturbance was introduced. We performed creep experiments on sandstone while a dynamic
disturbance was applied. Axial strain, volumetric strain and acoustic emission (AE) events were measured. The results from
the creep-impact experiment show that the rock creep was greatly affected by the dynamic disturbance. Dynamic disturbance
may introduce further damage on rock and shorten the time-to-failure of creeping rock specimens. Combination of creep stress
and dynamic disturbance resulted in two failure conditions: failure along with accelerating creep and failure during dynamic
disturbance. If the dynamic disturbance was not followed by failure, the axial strain consisted of an instantaneous response
as the dynamic disturbance was applied, followed by a primary phase of decelerating creep and a steady-state creep phase.
This pattern was repeated after the next dynamic disturbance until the last dynamic disturbance that led to the failure. The
creep resulted from micro-fracturing in the rock, which can be characterized by the cumulative AE energy if the AE events
were monitored during the creep-impact test of rock. The creep behavior was more sensitive to dynamic disturbance under
higher creep stress. Under the same creep stress, a dynamic disturbance with higher impact energy resulted in a higher axial
strain rate, absolute volumetric strain rate and AE energy rate. Dynamic disturbance not only increased the axial strain rate
but also promoted the dilatancy of the rock specimens. The failure of the rock specimens was mostly in the shear mode, and
this failure pattern was merely affected by the dynamic disturbance, even though the specimens became more fragmented
under the higher creep stress and higher impact energy.
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List of Symbols t  Time (hours)

D Diameter of hammer (mm) o, Uniaxial compressive strength

R Curvature radius of hammer (mm)

L  Length of hammer (mm)

g, Volumetric strains of the rock specimen 1 Introduction

€, Axial strains of the rock specimen measured by strain
gauge The creep properties of rock are not only of fundamental

g, Circumferential strains of the rock specimen meas- importance in the design of pillars (Obert 1965) and min-
ured by strain gauge ing rooms (Dawson and Munson 1983) but also crucial

for predicting the long-term evolution of rock engineer-
ing (Urai et al. 1986; Mortazavi and Molladavoodi 2012).
Rock can deform nonlinearly over extended period of
time and fail under creep stress well below the short-term
failure strength (Heap et al. 2009a). Such time-dependent
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et al. 2012, 2013). In brittle creep, macroscopic failure is
preceded by accelerating deformation.

In early 1939, Griggs (1939) conducted creep studies
on rock and concluded that rock can deform with time
as the constant stress reaches a certain proportion of the
short-term failure strength. Over the past decades, creep
behavior has been extensively investigated in many rock
types, such as rock salt (Hansen 1978), granite (Fujii et al.
1999; Chen et al. 2015; Xu et al. 2017), sandstone (Baud
and Meredith 1997; Heap et al. 2009a; Ngwenya et al.
2001; Brantut et al. 2014a), tuff (Ma and Daemen 2006; Ye
et al. 2015), limestone (Brantut et al. 2014b; Nicolas et al.
2017) and shale (Sone and Zoback 2014). Brittle creep
deformation is an important characteristic of rock (Brantut
et al. 2013; Aydan et al. 2014). Existing data (Main 2000;
Brantut et al. 2013; Nicolas et al. 2017) show that brittle
creep deformation exhibits three stages of behavior: (1)
decelerating creep, (2) steady creep, and (3) accelerating
creep. The cumulative number of acoustic emissions (AE)
and cumulative AE energy were observed to qualitatively
follow the same tri-modal behavior as the strain (Lockner
and Byerlee 1977; Baud and Meredith 1997). The majority
of studies focused on the influence of the differential stress
(Fujii et al. 1999; Heap et al. 2011; Brantut et al. 2012),
effective pressure (Kranz 1980), temperature (Kranz et al.
1982; Niemeijer et al. 2002; Heap et al. 2009b) and initial
porosity (Ngwenya et al. 2001; Brantut et al. 2013) on
brittle creep behavior.

Many theoretical analyses have also been conducted.
Empirical models using a logarithmic function, a power
function and other differential equations (Molladavoodi and
Mortazavi 2011; Zhang et al. 2012; Chen et al. 2014) were
defined to reproduce the brittle creep behavior. Yoshida and
Horii (1992) proposed a micromechanical model for brittle
creep to analyze the creep behavior of underground struc-
tures. Brantut et al. (2012) developed a micromechanical
model to describe time-dependent brittle creep of water-sat-
urated rock under triaxial stress condition, where the brittle
creep was explained by subcritical crack growth that mainly
resulted from stress corrosion (Anderson and Grew 1977,
Atkinson 1984; Atkinson and Meredith 1987; Costin 1987).

However, rock masses are not necessarily under a con-
stant-stress condition (Zhu et al. 2016). During mining, rock
masses are exposed to dynamic disturbance, such as blasting
(Zhu et al. 2010). Thus, most rock masses are under a com-
bined static, creep and dynamic stress condition (Li et al.
2008). The dynamic disturbances may play a crucial role
in triggering rock burst in underground engineering (Wang
and Huang 1998; Mansurov 2001), although the high elas-
tic energy stored in the rock mass is a prerequisite for rock
burst occurrence. For instance, approximately 75% of rock
bursts occur with, or in the hour following a blasting activ-
ity (Whyatt et al. 2002). Detailed knowledge of the effect of
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dynamic disturbance on rock creep is a vital prerequisite for
understanding the long-term response of rock.

A few studies have shed light on the influence of dynamic
disturbance on creep behavior. Malan et al. (1997) and
Malan (1999) monitored the creep deformation in mining
practices during blasting. Their results showed that there
is an instantaneous closure at blasting time, followed by a
primary phase of decelerating closure within hours, then a
steady-state closure phase until the next blast occurs, and
this pattern repeats. In a laboratory-based, real-time com-
puterized tomography (CT) study, Fu et al. (2008) studied
the micro-damage evolution of gray-green mudstone dur-
ing creep disturbed by dynamic impact and concluded that
the response of rock to the dynamic disturbance is gener-
ally controlled by the stress proximity to the rock strength.
Despite these studies, there is still much to learn about the
influence of dynamic disturbance on creep of rock. Our
understanding of the influence of dynamic disturbance on
tertiary creep remains embryonic, although some effort
has been made. Therefore, it is very significant to perform
creep experiments on sandstone while dynamic disturbance
is applied, to clarify the rock failure mechanism under com-
bined creep and dynamic loading.

In this paper, we introduce a creep-impact test machine
to measure the effect of dynamic disturbance on creep.
First, a series of conventional brittle creep experiments
were conducted as the basis of creep-impact experiments of
sandstone. Then, creep-impact experiments, together with
AE monitoring, were performed to investigate the effect of
dynamic disturbance on creep. Finally, the effect of creep
stress and impact energy on the creep deformation and fail-
ure of rock is discussed.

2 The Rock Creep-Impact Test Machine
and Experimental Methodology

2.1 Rock Creep-Impact Test Machine

The rock creep-impact test machine consists of three key
components: constant-stress loading system, dynamic-dis-
turbance loading system, and data acquisition and recording
system (Fig. 1). The long-term constant-stress condition was
maintained using a hydraulic control method. The maximum
creep loading of this equipment is 400 kN. Dynamic distur-
bance was generated by a falling hammer when it impacts
the incident steel bar, as shown in Fig. 2. The hammer is
raised to the specified height, and it is released to fall along
two steel columns and impacts the incident steel bar that is
in contact with the rock specimen; thus, the dynamic distur-
bance is applied on the rock specimen that may be during
creep deformation. The diameter and length of the steel col-
umns are 20 mm and 2000 mm, respectively. In this respect,
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Fig. 1 Photograph of the rock creep-impact test machine

the maximum falling height of the hammer is 2000 mm, and
the dynamic stress generated is controlled by the weight and
the falling height of the hammer.

Based on previous experiences with the design of the ham-
mer (Zhu et al. 2015), a falling hammer with a cambered
impact surface was made (Fig. 2¢). Introducing a cambered
surface as the impactor was expected to produce a gradual
building-up of the incident stress wave, thus increasing the
wave-rise duration (Li et al. 2017, 2018), which was essential
to achieve stress uniformity in the rock specimen (Zhang and

Fig.2 Dynamic disturbance
loading system and design

of hammer. a Photo of the
dynamic disturbance loading
system. b The application of
dynamic disturbance on rock
specimen. ¢ Hammer with
cambered surface, D Diameter
of the hammer, L Length of the
hammer, R Curvature radius
of cambered surface of the
hammer

Zhao 2014). The weight of the hammer was 5.0 kg. As shown
in Fig. 2, the diameter (D) was 80 mm, the curvature radius (R)
was 100 mm and the length (L) was 126.7 mm.

During the creep phase, the axial creep stress was recorded
with a load cell below the specimen, and creep strain was
recorded with strain gauges attached on the surface of the
rock specimen. All signals were recorded by a digital oscillo-
scope (DL750 ScopeCorder, Yokogawa Electric Corp., Tokyo,
Japan), and the data were stored on a PC. To understand the
deformation mechanism of the rock specimen subjected to
creep-impact loading, AE events were monitored continuously
via six Nano30 piezoelectric transducers mounted on the rock
specimens and stored by a PAC PCI-II acoustic emission sys-
tem. The threshold was set at 45 dB to gain a high signal/noise
ratio. The sampling frequency was set at 5 MHz. The positions
of the six AE transducers are shown in Fig. 3. It was noted that
the high-level noises generated by the impact were unavoid-
ably mixed with the actual AE signals during the dynamic
disturbance; therefore, it was difficult to distinguish the real
AE events from the background noise. Additionally, because
the experiment’s focus was to study the influence of dynamic
disturbance on the creep behavior, the AE signals during the
dynamic disturbance were not recorded.

Once the desired creep stress was achieved, dynamic distur-
bance was applied using a falling hammer. The incident stress
wave was recorded by the strain gauges attached on the steel
bar above the rock specimen. Strain gauges in an axial and
circumferential configuration were wired into a full Wheat-
stone bridge circuit with a dummy specimen and were used to
monitor principal strain development. The resistance of strain
gauges used for static strain is 120 €. The volumetric strain €,
can be calculated using the following formula:

£, = g, + 2¢, (1)
where g, is axial strain and ¢, is lateral strain. Once the
dynamic disturbance is applied, an incident stress wave is
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Fig.3 Layout of the transducers
for monitoring acoustic emis-
sion (AE) events of the rock.
Specimens: a three-dimensional
position of the six piezoelectric
transducers on rock specimen;
b angular position of the six
piezoelectric transducers on the
rock specimen

Table 1 Mineral composition and physical-mechanical parameters of
the sandstone

Parameters Values

Mineral composition 60% quartz, 20%

feldspar, 15% kaoline,

5% mica
Grain size (mm) 0.2-0.5
Uniaxial compressive strength (MPa) 33.16
Tensile strength (MPa) 2.27
Elasticity modulus (GPa) 8.4
Poisson’s ratio 0.29
Cohesion (MPa) 5.92
Internal friction angle (°) 27.39
Density (g-cm™3) 2.17
Porosity 45+0.5%
Mean P-wave velocity (m s~ D} 2630

excited on the top of the rock specimen, and it travels back
and forth in the specimen because of wave transmission and
reflection caused by difference between the impedance of
the steel bars and the rock specimen.

2.2 Specimen Material and Preparation

The material used throughout this study was sandstone (Nei-
jiang Municipality, China). To allow the results to be com-
pared, the sandstone specimens used in this study were cored
from a single block without distinct layering or lamination.
The rock consists of 60% quartz, 20% feldspar, 15% kaolin-
ite, and 5% mica. The grain size of the sandstone varies from
200 to 500 pm. The composition and physical properties of
the sandstone are summarized in Table 1. The P-wave veloc-
ity was 2630 m/s for specimens of sandstone. The specimens
were precision ground to a strict tolerance of +0.02 mm, and
the travel time of the stress wave along the rock specimen
axis was ~ 18.2 ps.

We monitored the strain with strain gauges attached on
the rock specimen during the entire loading process. We
calculated the strain of the whole rock specimen by the
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strain value of the small area where the strain gauges were
located. When this strain was used to represent the strain
of the whole rock specimen, the uniformity of the stress
in the rock specimen was the precondition. In this regard,
according to Xia and Yao (2015) and Aben et al. (2016), a
rock specimen with the length to diameter of 1:1 facilitates
meeting the requirement of stress uniformity.

3 Experimental Methodology

Prior to performing creep experiments, quasi-static tests
at a strain rate of 1.0x 107> s~! were conducted to obtain
the stress—strain curves of the sandstone. A representative
stress—strain curve is shown in Fig. 4. The peak strength of
the sandstone was 33.11 MPa. As shown in Fig. 4, point C’
marked the onset of dilatant cracking as the stress becomes
high enough to initiate the growth of primarily axial micro-
cracks (Brace et al. 1966). Beyond point C’, the volumetric
strain reached the maximum at point D', which marked the
transition from compaction-dominated to dilatancy-dom-
inated deformation because of increased dilatant crack-
ing (Heap et al. 2009a). According to Baud and Meredith
(1997), the level of creep stress should be higher than that at
point C’, corresponding to the onset of dilatancy, but lower
than the stress level under which the rock specimen will
fail within a few seconds or a few minutes. In this study,
the constant creep stress was selected to be 19.86 MPa,
23.18 MPa and 26.49 MPa, corresponding to the stress level
at 60%, 70% and 80% of the uniaxial compressive strength
of 33.11 MPa, respectively.

To study the influence of impact energy on the failure of
creeping rock specimens, the falling heights of the falling
hammer were selected as 300 mm, 400 mm and 500 mm,
and the corresponding impact energies were 14.7 J, 19.6 J
and 24.5 J, respectively. During the impact of the dropping
hammer, the overall stress applied on the rock specimen was
not a constant but a variable, as shown in Fig. 5a, until it
returned to the creep stress after approximately 20,000 ps.
In this regard, the overall stress applied on the rock specimen
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Fig.4 Representative stress—strain curve of the rock specimens
under uniaxial compression. C' marks the stress at which the onset
of dilatant cracking microcracks occurs; D’ marks the stress at which
a dilatancy-dominated deformation occurs; o, marks short-term peak
stress. The stress levels for conventional creep experiment and creep-
disturbance experiment are indicated

was the superposition of creep stress and dynamic stress, the
dynamic disturbance may alter the creep stress, but the spec-
imen would restore to the same creep stress after a while.

All of the rising times of the generated stress waves
(Fig. 5b) were more than 150 ps, which was sufficiently long
to achieve stress uniformity in the rock specimen. The cor-
responding peak stresses of the incident dynamic stress were
20.12 MPa, 27.43 MPa and 33.46 MPa. The correspond-
ing loading rates of the incident stress were 0.154 MPa/ps,
0.172 MPa/us and 0.246 MPa/ps.

As shown in Fig. 6, the first dynamic disturbance was per-
formed after 12 h and the remaining dynamic disturbances
were performed at 12-h intervals until the specimen failed.

Figure 7 shows the dynamic forces on the top and bottom
ends of the rock specimen disturbed by the hammer with
impact energy of 14.7 J. The dynamic force on the bottom
end of the rock specimen was ~ 20 ps later than the dynamic
force on the top end, which resulted from the transmission
of the dynamic stress wave across the rock specimen. How-
ever, throughout the process of impact, the dynamic force
on the top end equaled that on the bottom end, which means
that the balance of dynamic forces on both ends of the rock
specimen was achieved.

4 Experimental Results
4.1 Conventional Creep Experiments

In the conventional creep experiments, the sandstone was
first loaded to the predetermined stress level at a constant
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Fig.5 Dynamic disturbance generated by the falling hammer. a
Stress variation with time during impact; b incident stress waves gen-
erated by the hammer falling from heights of 300, 400 and 500 mm.
The peak stress and the loading rate are indicated
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Fig.6 Loading path during the creep-impact experiment of the rock
specimen. The time for applying dynamic disturbances is indicated

@ Springer



1028

45 T T T T T T T T T T
40+ oo o8
354 A -
30- A ‘ §
£ 251 ]
~ 204 3 i
15 1 ( .
10 1 .
0 T T T T T T T T T T T T L -
0 50 100 150 200 250 300 350 400
7 (ps)

—
—/~—top end
bottom end

Fig.7 Dynamic forces on the top and bottom ends of the rock speci-
mens during the dynamic disturbance

stress rate of 5 MPa/min. Then, the loading stress was
maintained constant, and the rock specimen was allowed to
deform for 40 h or until failure. As shown in Fig. 8, under
the stress of 19.86 MPa and 23.17 MPa, both the axial strain
and the volumetric strain were characterized by an initially
high strain rate that decreased to reach a quasi-linear steady
creep. During the steady-state creep, the axial strain rates
were 7.6~ !9 s7! and 2.5¢7'% s7!, and the corresponding
volumetric strain rates were 4.3e™ % s7! and —2.9¢7 105~ 1.
Under the creep stress of 26.48 MPa, both the axial strain
curve and the volumetric curve exhibited three stages of
behavior before the specimen failed at 33.33 h.

4.2 Time-To-Failure during Creep-Impact
Experiments

A summary of the time-to-failure during the creep-impact
experiments is listed in Table 2. Under the combined creep
loading and dynamic disturbance, rock specimens failed
with two possible conditions: failure with accelerating creep
and failure during dynamic disturbance. Figure 9 shows the
total time-to-failure of rock specimens under different creep
stress and impact energy. Comparing the results with those
under conventional creep, the time-to-failure of rocks dur-
ing the creep-impact experiment was shortened significantly
with increasing creep stress. Moreover, the time-to-failure
also shortened with increasing impact energy under the same
creep stress except for the creep stress of 26.48 MPa. When
we zoomed in on the experimental points under the creep
stress of 26.48 MPa, it was found that the times-to-failure of
rock specimens under this creep stress were almost the same.
This indicated that the dynamic disturbance may accelerate
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Fig. 8 Strain—time curves during conventional creep experiment con-
ducted at different creep stresses: a axial strain, b volumetric strain.
The axial strain rate and the volumetric strain rate are indicated in the
figure

the failure of rock creep only when the rock was under suf-
ficiently high creep stress.

4.3 Influence of Dynamic Disturbance on Creep

4.3.1 Typical Strain Curves During Creep-Impact
Experiments

The deformation and failure of specimens under the creep
stress of 19.86 MPa and dynamic disturbance with impact
energy of 14.7 J is described as an example to illustrate the
creep behavior of the rock specimen. As shown in Fig. 10a,
the axial strain was obviously affected by the first and second
dynamic disturbances, as there was a sudden increase in the
axial strain during the dynamic disturbance and a primary
decelerating phase followed by a steady-state phase.
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Table 2 Summary of time-to-failure of rock specimens during creep-impact experiments
Creep stress Impact energy Count of dynamic Total time-to- Time-to-failure after last Failure type
(MPa) @) disturbance failure (h) dynamic disturbance (h)
19.86 14.7 3 37.26 1.26 Accelerating creep
19.86 19.6 2 33.68 9.68 Accelerating creep
19.86 24.5 2 28.2 4.2 Accelerating creep
23.17 14.7 2 24 0 Failure during dynamic disturbance
23.17 19.6 1 20.09 8.09 Accelerating creep
23.17 24.5 1 14.94 2.94 Accelerating creep
26.48 14.7 1 12.42 0.42 Accelerating creep
26.48 19.6 1 12 0 Failure during dynamic disturbance
26.48 24.5 1 12 0 Failure during dynamic disturbance
40 T T T T T T T T T T T T T T T T
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fail instantaneously during the third dynamic disturbance. § 0.10- l74i ;glzoum 400, i
Instead, after the third dynamic disturbance, the rock speci- ; ] 1034pe)
men deformed further and failed at t=37.27 h, characterized = 0.05- ," ' -
as accelerating creep. In comparison with the rock speci- § 1 . . i
. L S 0.00- accelerating creept | |
men under the conventional creep, the dynamic disturbance e Pl
increased the axial strain rate and facilitated the accelerating 0 05_' _
creep, which reflects the failure mechanism triggered by the T . N
dynamic disturbance. o010 \{ollurpeltrlg sltrgm
The volumetric strain curve during the creep-impact 0 5 10 15 20 25 30 35 40 45 50

experiment is shown in Fig. 10b. Affected by the first
dynamic disturbance, the volumetric strain showed a sudden
increase, but the volumetric strain then showed a tendency
to decrease during most of the 12-24-h period. Due to the
second dynamic disturbance, there was a sudden decrease in
the volumetric strain rate; then, a more gradual steady-state
volumetric strain rate followed. Finally, the rock specimen

Time (hours)

Fig. 10 Strain—time curves during the creep-impact experiment under
creep stress of 19.86 MPa and impact energy of 14.7 J: a axial strain;
b volumetric strain. The time for applying dynamic disturbances is
indicated. The axial strain and volumetric strain before and after the
dynamic disturbances and the onset of accelerating creep are indi-
cated
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failed, with a sharper decrease of volumetric strain after
the third dynamic disturbance. The dynamic disturbance
changed the deformation pattern and hastened the dilatancy
rate of the specimen.

This kind of rock creep disturbed by dynamic impact has
a similar characteristic to the creep deformation of an under-
ground opening affected by blasting in mining practices, as
shown in Fig. 11. In this regard, there is an instantaneous
closure at blasting time, followed by a primary phase of
decelerating closure within hours, then a steady-state clo-
sure phase until the next blast occurs, and this pattern repeats
(Malan 1999).

4.3.2 Influence of the First Impact on the Creep Behavior

To further investigate the deformation of the rock speci-
men affected by the first dynamic disturbance, plots of the
axial strain and volumetric strain against time are shown in
Fig. 12. The axial strain (Fig. 12a) showed a sudden increase
during the dynamic disturbance and a gradual increase dur-
ing the creep phase. During the dynamic disturbance phase,
the axial strain showed an initial increase and reached the
peak value (4445 ne) at 221 ps after dynamic disturbance
was applied; then, the axial strain decreased to a residual
strain of 3526 pe. The first dynamic disturbance resulted in
an increase in axial strain from 3181 to 3526 pe. The axial
strain rate measured during the creep deformation phase
increased from 7.6e™ ' s~ (initial creep) to 1.7¢7% s7 ! dur-
ing the steady creep stage.

The volumetric strain (Fig. 12b) showed a sudden
increase during the dynamic disturbance phase, a gradual
increase phase for ~59 min, and a quasi-linear decrease
phase for the rest of the loading duration during the creep

phase. Similar to the axial strain, the volumetric strain
showed a sudden increase (100 pe) resulting from the resid-
ual strain during dynamic disturbance. During the creep
phase afterwards, there was a turning point marking the vol-
umetric strain transition from increase to decrease occurring
at ~59 min after the first dynamic disturbance. This turning
point corresponds to the maximum volumetric strain (Heap
et al. 2009a). After the turning point, the volumetric strain
rate was — 1.82e™° s~ ! during the quasi-linear decreasing
phase. The dynamic disturbance not only increased the rate
of deformation but also changed the volumetric strain of the
rock specimen, which transitioned from an increasing to a
decreasing pattern.

4.3.3 Influence of the Third Impact on the Creep Behavior

As shown in Fig. 13, after the third dynamic disturbance,
the axial strain increased to 4922 pe, correspondingly, the
volumetric strain decreased to 1879 pe. The rock specimen
failed at 76 min after the third dynamic disturbance. Moreo-
ver, both the axial strain and the volumetric strain exhibited
obvious tri-modal behavior that has been observed in other
studies (Lockner 1993; Boukharov et al. 1995; Main 2000;
Heap et al. 2011). In the first~9 min, the axial strain and
the volumetric strain were characterized by an initially high
strain rate that decreased with loading duration to reach a
quasi-linear phase. In the quasi-linear phase, an apparent
constant-strain rate state lasted for ~ 18 min. Resulting from
the third dynamic disturbance, the axial strain rate increased
to 4.4e~% s~ The accelerating creep phase was then entered,
characterized by a substantial acceleration in strain rate. This
eventually led to the macroscopic failure after ~49 min.

Fig. 11 Creep deformation of 30
underground opening affected PRIMARY
by blasting in mining practices CLOSURE
(Malan 1999) 25 1 f
STEADY-STATE CLOSURE
20 1 INSTANTANEOUS
£ CLOSURE
E
o 151 BLAST
2 9/4/97 : 19h30
© 0l SEISMIC EVENT
Magnitude 0.7
9/4/97 : 6h47
54
BLAST
&— B8/4197 : 16h41
0 ; . ; : t t
0 500 1000 1500 2000 2500 3000 3500
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Fig. 12 Strain—time curves affected by the first impact during the
creep-disturbance experiment under creep stress of 19.86 MPa and
impact energy of 14.7 J: a the complete axial strain curve; b the
complete volumetric strain curve; ¢ the axial strain curve during
the dynamic disturbance; d the volumetric strain curve during the
dynamic disturbance. The time for the dynamic disturbance phase,

4.3.4 The Influence of Dynamic Disturbance on AE
Characteristics

The AE cumulative energy and AE hit rate during the
creep-impact experiment are plotted against time (Fig. 14).
The cumulative AE energy exhibited qualitatively similar
behavior to the axial strain. Affected by the first dynamic
disturbance, the cumulative AE energy consisted of a pri-
mary phase and a steady-state phase. The primary phase
was characterized by an initially high increase rate that
decreased with time to reach the steady-state phase. The
AE hit rate showed a high value during the primary phase
and remained almost constant during the steady-state phase,
although some abrupt high AE hit rates can be observed.
This pattern was repeated following the second dynamic
disturbance. In comparison with the cumulative AE energy
following the first dynamic disturbance, both the AE cumu-
lative energy and AE hit rate following the second dynamic
disturbance showed much higher values. Finally, affected
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the turning point (transitioning from compaction-dominated deforma-
tion to dilatancy-dominated deformation), the axial strain rate and the
volumetric strain rate are indicated in a, b. The maximum strain and
the residual strain during the dynamic disturbance are indicated in c,
d

by the third dynamic disturbance, both the cumulative AE
energy and AE hit rate increased substantially. The AE
cumulative energy exhibited tri-modal behavior until fail-
ure, which is consistent with the result of conventional creep
(Heap et al. 2009a, 2011). As shown in the zoomed-in view
of the AE events after the third dynamic disturbance, most
of the cumulative AE energy was released after the onset
of accelerated creep. The AE hit rate decreased within the
first 0.3 h and then remained at a low level within the next
0.5 h. Finally, the AE hit rate increased rapidly as the failure
approached.

4.4 Effect of Creep Stress

The strain curves during the creep-impact experiments
under different creep stresses are shown in Fig. 15. Affected
by the first dynamic disturbance, under the creep stress of
19.86 MPa and 23.17 MPa, the axial strain curves showed
a sudden increase, a primary decelerating phase and a
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Fig. 13 Strain—time curves affected by the third impact during the
creep-impact experiment under creep stress of 19.86 MPa and impact
energy of 14.7 J: a axial strain curve; b volumetric strain curve

steady-state phase. However, the axial strain curve at the
creep stress of 26.48 MPa showed a sudden increase and a
tri-modal behavior until failure. The volumetric strain curves
at creep stresses of 23.17 MPa and 26.48 MPa showed an
initial sudden decrease, which is different from the result at
19.86 MPa. Affected by the second dynamic disturbance, the
specimen under the creep stress of 23.17 MPa failed imme-
diately. Under the same dynamic disturbance, the specimen
failed faster with increasing creep stress.

The relation between the strain rate and the count of
dynamic disturbances is shown in Fig. 16. Because the
strain rate during the dilatancy state is negative, we chose
the absolute value of volumetric strain to aid comparison.
Both the axial strain rate and the absolute volumetric strain
rate increased obviously with increasing dynamic distur-
bances. Meanwhile, under the same count of dynamic dis-
turbances, the axial strain rate and the absolute volumetric

@ Springer

Fig. 14 AE behavior during the creep-disturbance experiment under
creep stress of 19.86 MPa and impact energy of 14.7 J. A zoomed-
in view of the AE behavior after the third impact is shown. a Creep
stress =23.17 MPa. b Creep stress =26.48 MPa

strain rate showed higher values under the higher creep
stress. It means that the rock creep deformation is more
sensitive to dynamic disturbance under the higher creep
stress.

The AE behaviors under different creep stresses are
shown in Fig. 17. Affected by the first dynamic distur-
bance, both the AE cumulative energy curves and the
AE hit rates obtained in the test with the creep stress of
19.86 MPa and 23.17 MPa showed a primary decelerating
phase and a steady-state phase. However, under the creep
stress of 26.48 MPa, both the AE cumulative energy curve
and the AE hit rate showed tri-modal behavior, because the
strain energy and damage accumulated in the rock speci-
men are sufficient to induce the accelerating creep of rock
specimens under the triggering by dynamic disturbance.
As shown in Fig. 17c, in response to the first dynamic
disturbance, the AE energy rate showed a higher value
with the increase of creep stress, which resulted from more
microcracks having been generated under higher creep
stress.
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Fig. 15 Strain—time curves during the creep-impact experiment with different creep stresses. The time for applying dynamic disturbances is indi-

cated

4.5 Effect of Impact Energy

The strain and strain rate during the creep-impact experi-
ments of rock specimens with different impact energies
are shown in Fig. 18. The time-to-failure shortened from
37.26 h to 33.68 h and to 28.20 h as the impact energy
increased from 14.7 J to 19.6 J and to 24.5 J, respectively.
Affected by the first dynamic disturbance, all of the axial
strain curves showed a sudden increase, a primary decel-
erating phase and a steady-state phase. Under the influ-
ence of the second dynamic disturbances with impact ener-
gies of 19.6 J and 24.5 J, rock specimens failed within

12 h along with accelerating creep. It is noted that higher
impact energy resulted in faster failure of rock specimens.

The curves between the strain rate and the count of
dynamic disturbances are shown in Fig. 18c. The axial
strain rate increased obviously with the increasing count of
dynamic disturbances. Under the same count of dynamic
disturbances, the axial strain rate increased with the input
impact energy. Following the first dynamic disturbance,
as the impact energy increased from 14.7 J to 19.6 J and
to 24.5 J, the axial strain rate increased from 1.7¢= s~ ! to
2.1e7? s 'and to 3e™?s™ !, respectively. It means that the
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higher impact energy resulted in a higher axial deforma-
tion rate.

The AE behaviors during the creep-impact experiments
with different impact energies are shown in Fig. 19. Affected
by the first dynamic disturbance, both the cumulative AE
energy and AE hit rate consisted of a primary phase and a
steady-state phase. Unlike the result with the impact energy
of 14.7 J, both the cumulative AE energy under the impact
energies of 19.6 J and 24.5 J showed tri-modal behavior
affected by the second dynamic disturbance, which is con-
sistent with the behavior of the strain curve. As shown in
Fig. 19c, all of the AE energy rates exhibited an increase
with the increasing count of dynamic disturbances. Fol-
lowing the first dynamic disturbance, as the impact energy
increased from 14.7 J to 19.6 J and to 24.5 J, the AE energy
rate increased from 15¢2° J s™! to 20e™%° J s™! and to
28.5¢72° J 57!, respectively. Under the same count of
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dynamic disturbance, the AE energy rate increased with the
increasing impact energy, which means that more microc-
racks were generated under the higher impact energy.

4.6 The Failure Pattern

The failure patterns of rock specimens during creep-impact
experiments with different creep stresses and impact ener-
gies are shown in Fig. 20. The failed specimens included
two main parts and some small spalling debris. All of the
final failure patterns looked similar to a shear dominant
mode. Under different creep stresses, the angles of the shear
plane were approximately 60°, which indicated that the
creep stress had little effect on the final failure pattern. The
larger the impact energy was, the smaller the residual parts
were. Obvious cones were generated as the impact energy
increased to 19.6 J and 24.5 J. The angles of the shear plane
to the horizon were 61°, 50° and 42° under impact energies
of 14.7J,19.6 J and 24.5 J, respectively, which indicated that
the impact energy did not substantially alter the final failure
pattern. In general, the specimen is more fragmented under
the higher creep stress and the larger impact energy.

5 Discussion

Affected by dynamic disturbances, the original microcracks
may propagate and new microcracks may initiate (Aben et al.
2016), which led to the sudden change of strain. This kind
of initiation and propagation of microcracks can be gener-
ally characterized as damage in the framework of continuum
mechanics, which can also be quantified by the AE data. In
this regard, the increase in axial strain rate is at least partially
expected, since the rate of rock damage would increase fol-
lowing the dynamic disturbances, although the creep stress
level was kept constant after an interval of 20,000 ps. This
has been supported by the results of AE activity. Under the
same creep stress, more damage was achieved by dynamic
disturbance with higher impact energy. Then, there is a
higher initial damage level for the next phase of creep. Bran-
tut et al. (2013) reported that a material with a higher level
of initial defects will creep faster. They attributed this to the
increase of number and growth rate of cracks subjected to
subcritical crack growth. Thus, faster creep is expected as
the result of the dynamic disturbance with higher impact
energy.

There are two different kinds of failure conditions:
failure along with accelerating creep and failure during
dynamic disturbance. If the accumulated damage reaches
a high level before dynamic disturbance, the rock speci-
men will fail during the dynamic disturbance although
the impact energy is low, such as the experiment under
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the creep stress of 23.17 MPa and the impact energy of
14.7 J. It has been accepted that a critical level of damage
is required to initiate the onset of acceleration to failure
(Griggs 1939; Heap et al. 2009a, b, 2011). Likewise, a
critical volumetric strain was required for the commence-
ment of tertiary creep (Kranz and Scholz 1977; Baud and
Meredith 1997). Because of the damage induced by the
dynamic disturbance, the rock creep during the next 12 h
will exhibit a higher deformation rate. Accelerating creep
will initiate as the critical level of damage is achieved and
the rock specimen fails along with the accelerating creep
after a dynamic disturbance. This may explain why rock
failure instability does not always occur at blasting time,
but occurs when there is no external influence that could
account for changes in the stress distribution. Thus, the
two kinds of failure types are attributed to the accumula-
tion of strain energy and damage in rock specimens under
the combined contribution of creep stress and dynamic
disturbance.

6 Conclusion

The effects of creep stress and impact energy on the creep
behavior of sandstone during creep-impact experiments were
investigated. The following conclusions can be drawn:

1. Dynamic disturbance hastened the failure of rock speci-
mens under creep stress. The combination of creep stress
and dynamic disturbance resulted in two failure condi-
tions: failure along with accelerating creep and failure
during dynamic disturbance. The failures of the rock
specimens were mostly in the shear mode. The failed
specimen included two main parts and some small
spalling debris.

2. Dynamic disturbance not only increased the axial
strain rate but also promoted the dilatancy of the rock
specimen. For the dynamic disturbance not followed by
instantaneous failure, the axial strain curve consisted of
an instantaneous response at the dynamic disturbance
time, followed by a primary phase of decelerating creep
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and a steady-state phase. This pattern was repeated after
the next dynamic disturbance until the last dynamic dis-
turbance that led to the final failure. AE accumulative
energy exhibited a similar behavior to the axial strain,
which indicates that dynamic disturbance induced fur-
ther damage in the rock specimen. This kind of effect of
dynamic disturbance on the rock creep is consistent with
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the observation of creep deformation in mining practices
monitored during and after blasting (Malan et al. 1997;
Malan 1999).

The creep behavior of sandstone is sensitive to dynamic
disturbance under the higher creep stress. Under a
dynamic disturbance with impact energy of 14.7 J,
creep stresses of 19.86 MPa, 23.17 MPa and 26.48 MPa

Fig.20 Summary of the failure pattern of the rock specimens during creep-impact experiments

resulted in times-to-failure of 37.26 h, 24 hand 12.42 h,
respectively, indicating the faster failure of rock under
higher creep stress. Under the same dynamic distur-
bance, the specimen failed faster and axial strain rate,
absolute volumetric strain rate and AE energy rate
increased under increasing creep stress. It means that
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the sensitivity of creep behavior to dynamic disturbance
increased with increasing creep stress.

4. Under the same creep stress, a dynamic disturbance with
a higher impact energy resulted in shorter failure time
and larger axial strain rate, high absolute volumetric
strain rate and high AE energy rate. For example, under
a creep stress of 19.86 MPa, dynamic disturbances with
impact energies of 14.7 J, 19.6 J and 24.5 J resulted in
times-to-failure of 37.26 h, 33.68 h and 28.20 h, respec-
tively. Following the first dynamic disturbance, the axial
strain rate increased from 1.7¢™? s~ to 2.1e™” s™! and
to 3e~” s~ ! as the impact energy increased from 14.7 J
to 19.6 J and to 24.5 J, respectively. Both the absolute
volumetric strain rate and AE energy rate showed the
same tendency, increasing with the impact energy.

5. In general, the specimen is considerably more frag-
mented under the higher creep stress and the larger
impact energy. All of the final failure patterns looked
similar to a shear dominant mode, and the creep stress
and impact energy had little effect on the final failure
pattern.
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