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1 INTRODUCTION

SUMMARY

The mechanical damage characteristics of sandstone subjected to cyclic loading is very sig-
nificant to evaluate the stability and safety of deep excavation damage zones. However to date,
there are very few triaxial experimental studies of sandstone under cyclic loading. Moreover,
few X-ray micro-computed tomography (micro-CT) observations have been adopted to reveal
the damage mechanism of sandstone under triaxial cyclic loading. Therefore, in this research,
a series of triaxial cyclic loading tests and X-ray micro-CT observations were conducted to
analyse the mechanical damage characteristics of sandstone with respect to different confining
pressures. The results indicated that at lower confining pressures, the triaxial strength of sand-
stone specimens under cyclic loading is higher than that under monotonic loading; whereas
at confining pressures above 20 MPa, the triaxial strength of sandstone under cyclic loading
is approximately equal to that under monotonic loading. With the increase of cycle number,
the crack damage threshold of sandstone first increases, and then significantly decreases and
finally remains constant. Based on the damage evolution of irreversible deformation, it appears
that the axial damage value of sandstone is all higher than the radial damage value before the
peak strength; whereas the radial damage value is higher than the axial damage value after
the peak strength. The evolution of Young’s modulus and Poisson’s ratio of sandstone can be
characterized as having four stages: (i) Stage I: material strengthening; (ii) Stage //: material
degradation; (iii) Stage I1I: material failure and (iv) Stage IV: structure slippage. X-ray micro-
CT observations demonstrated that the CT scanning surface images of sandstone specimens
are consistent with actual surface crack photographs. The analysis of the cross-sections of
sandstone supports that the system of crack planes under triaxial cyclic loading is much more
complicated than that under triaxial monotonic loading. More axial and lateral tensile cracks
were observed in the specimens under cyclic loading than under monotonic loading.

Key words: Rock and mineral magnetism; Geomechanics; Fractures and faults; Asia.

important to investigate the mechanical damage characteristics of
rock subjected to cyclic loading to better understand the unstable

In all kinds of rock engineering, such as deep underground engi-
neering, high slope engineering, dam base engineering and nuclear
waste disposition projects, due to the influence of strong blasting
and excavation disturbance, the rock mass often experiences cyclic
loading, which leads to the continuous damage failure of tunnel
(Zhu et al. 2010; Xu et al. 2012). Previous experimental studies
have demonstrated that the mechanical behaviour of rocks under
cyclic loading is significantly different from those under monotonic
loading (Rao & Ramana 1992; Bagde & Petros 2005; Heap et al.
2009a,b; Ma et al. 2013; Wang et al. 2013). Therefore, it is very

failure mechanism of rock engineering.

Uniaxial compression and tension testing are conventionally used
to investigate the strength, deformation behaviour and failure char-
acteristics of rock material subjected to cyclic loading. Using ul-
trasonic and acoustic emission (AE) monitoring techniques, Rao &
Ramana (1992) investigated the progressive failure characteristics
of granite under uniaxial cyclic loading. Akesson et al. (2004) in-
vestigated the crack initiation and propagation characteristics of an
isotropic granite during uniaxial cyclic loading. Xiao et al. (2010)
studied the fatigue damage characteristics of granite under uniaxial
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cyclic loading, and obtained the relation between damage variable
and cycle number. Erarslan & Williams (2012) presented the ex-
perimental results of strength and deformation behaviours of Bris-
bane tuff disk specimens under indirect cyclic tension. Their results
showed that a macroscale splitting crack with a sharp and rough
surface was found along the diametric compressive direction under
monotonic loading, whereas an excessive amount of small particles
and dust was produced under cyclic loading. Wang et al. (2013) ex-
amined the fatigue behaviour of granite under triaxial cyclic loading
by performing a series of laboratory tests. The results showed that
the axial residual strain decreased with cycle number when the
peak deviatoric stress was less than the threshold for fatigue failure,
whereas the axial residual strain increased with cycle number when
the maximum stress was higher than the threshold. Liu ez al. (2014)
carried out uniaxial cyclic tests to investigate the damage evolution
of rock salt. The results showed that the stress levels leading to the
initiation and accelerated accumulation of fatigue damage under
cyclic loading process were between 20 and 40 per cent of the uni-
axial compressive strength (UCS) of the tested rock salt. In addition,
shear testing is used to investigate the mechanical behaviour of rock
under cyclic shear loading. In accordance with the shear test results
of rock joints under cyclic loading, Jafari et al. (2003) found that
the shear strength of joints depended on not only shearing velocity,
but also the number of loading cycles and stress amplitude.

Sandstone, a type of sedimentary rock, is ubiquitous in under-
ground engineering. In the past, the mechanical behaviour of sand-
stone under cyclic loading has been experimentally studied (Bieni-
awski 1971). Gatelier et al. (2002) carried out an extensive labo-
ratory tests on the mechanical behaviour of an anisotropic porous
sandstone under uniaxial and triaxial cyclic loading, which revealed
two main mechanisms: compaction and microcracking. In the unax-
ial tests, both mechanisms were shown to be strongly influenced by
the inclination of loading with respect to the isotropy planes. How-
ever, with increased confining pressures, the influence of anisotropy
was significantly reduced. On the basis of experimental results for
intact sandstone under static and dynamic uniaxial cyclic loading,
Bagde & Petros (2005) found that Young’s modulus, UCS and stress
energy increased with the loading frequency. Xu et al. (2009) carried
out an experimental study on the damage process of sandstone by
adopting the spatial AE technique. The experimental results showed
that different damage types were located at different cyclic phases
during the entire loading process. From initial damage in the static
state phase to the early core region of cracks, the cracks expanded
stably from the early core region at the beginning of the cycle and
rapidly at the end of the cycle prior to the macroscopic failure of the
rock. By conducting a series of laboratory tests, Liu & He (2012) and
Liu et al. (2011) assessed the effects of frequency on the dynamic
properties of sandstone specimens subjected to cycling loading un-
der different confining pressures. Song et al. (2013) studied the
damage evolution process and the crack development of sandstone
using uniaxial cyclic testing and digital image correlation.

X-ray computed tomography (CT) is the best non-invasive non-
destructive method to characterize complex pore structures, and
has been applied to explore the internal damage behaviour of sand-
stone material under monotonic loading (Feng ef al. 2004; Sufian &
Russell 2013; Zhao et al. 2014). By adopting real-time X-ray CT,
Feng et al. (2004) studied the damage evolution of sandstone un-
der triaxial monotonic compression with chemical corrosion. They
summarized that the CT value was the most important parameter de-
scribing the damage evolution process of rock. Using an X-ray CT
system, Sufian & Russell (2013) investigated the microstructural
pore changes and energy dissipation in Gosford sandstone during
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pre-failure loading, but the stress condition was limited to uniaxial
compression. Based on X-ray CT observations of Gosford sand-
stone under uniaxial compression, Zhao et al. (2014) analysed the
mechanisms causing the strain rate dependency of the uniaxial ten-
sile strength of Gosford sandstone using the distinct lattice spring
model (DLSM). However, there are very few triaxial experimen-
tal studies of sandstone under cyclic loading. Moreover, few X-ray
micro-CT observations have been adopted to reveal the damage
mechanism of sandstone under triaxial cyclic loading. Therefore, in
this paper, we report the results of a series of triaxial cyclic compres-
sion tests on sandstone under different confining pressures. Based
on the experimental results, triaxial monotonic and cyclic mechan-
ical parameters of sandstone specimens under different confining
pressures are first compared. Then, the influence of cycle number
on the crack damage threshold of sandstone is analysed. Next, using
an X-ray micro-CT scanning system, the internal damage charac-
teristics of sandstone material after triaxial monotonic and cyclic
failure are explored. Finally, the influence of cycle number on the
elastic modulus, Poisson’s ratio and strain damage of sandstone
under different confining pressures is discussed in detail.

2 TESTED ROCK MATERIAL AND
TESTING METHOD

2.1 Sandstone material and testing equipment

The material used throughout this study was sandstone (a marine
sedimentary rock) collected from the Shandong province in China.
The sandstone is formed from cemented grains that may either be
fragments of a pre-existing rock or monominerallic crystals. The
cements binding these grains together are typically calcite, clays,
and silica. According to the results of X-ray diffraction (XRD), the
minerals in the sandstone material are feldspar, quartz, smectite,
calcite and volcanic rock fragments (Fig. 1). A detailed composi-
tion of this rock is described as follows: the content (weight%) of
feldspar is 50 per cent, quartz is 20 per cent, smectite is 15 per cent,
calcite is 10 per cent and volcanic rock fragments is 5 per cent. The
sandstone in this research is a fine- to medium-grained, feldspathic
rock material with a connected porosity of 5.3 per cent and a bulk
density of 2450 kg m=. All specimens were cored from the same
block of material to an actual diameter of 49.3 mm and approx-
imate 100 mm in length. All the experiments were performed on
dry specimens at room temperature. The UCS of the sandstone was
83.14 MPa, and the elastic modulus (Es) and Poisson’s ratio (v)
of the sandstone under uniaxial compression were 13.95 GPa and
0.180, respectively. However, the peak axial strain (¢,.) and peak
radial strain (¢3.) of the sandstone under uniaxial compression were
8.462 x 1073 and —4.813 x 1073, respectively.

In the present research, a TAW-1000 servo-controlled rock me-
chanics experimental system was used to complete all experiments.
The maximum loading capacity of the servo-controlled system is
1000 kN, and the maximum confining pressure is 60 MPa. Dur-
ing the experimentation, the axial force and the axial deformation
were measured using an axial linear variable differential transducer
(LVDT) with a range of 8 mm. The circumferential deformation was
measured using an LVDT attached to a chain wrapped tightly around
the specimen, for which the maximum displacement capacity was
4 mm. To eliminate the influence of end friction effects (Hawkes
& Mellor 1970; Mogi 1996), the axial and circumferential LVDTs
were located in the central part of the specimen.
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Figure 1. Thin section images of sandstone used in this research. (a) Crossed polarization photograph of microstructure. (b) Plane polarization photograph of

microstructure.
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Figure 2. Monotonic loading path applied in the present research. (a) Variation of confining pressure and axial strain with time. (b) Variation of axial deviatoric

stress with time.

2.2 Two types of triaxial tests

To investigate the evolution of the mechanical damage of the sand-
stone material, we performed two types of triaxial tests: (1) mono-
tonic and (2) cyclic.

The triaxial monotonic experiments (Fig. 2; i.e. the conventional
triaxial experiment) were carried out under different confining pres-
sures (03) of 5, 10, 20 and 30 MPa and consisted of the following
two steps. First, the confining pressure was increased to the desired
value at a constant rate of 0.5 MPas™' to ensure that the specimen
was under uniform hydrostatic stresses. The deviatoric stress (o ,—
o3) was then applied to the surface of the specimen at a constant
axial displacement rate of 0.08 mm min™! until failure. In Fig. 2, &,
means the axial strain.

The triaxial cyclic experiments (Fig. 3) were conducted using the
following three steps. First, the hydrostatic pressure was applied to
the specimen at a rate of 0.5 MPas™' until the desired value was
reached. Second, the specimens were loaded to the first displace-
ment value (corresponding to the first deviatoric stress level) at a
controlled axial displacement rate of 0.08 mm min™', and then the
first deviatoric stress level was unloaded to zero at a controlled axial
force of 0.5 KN s7!. In each subsequent cycle the second deviatoric
stress level was increased and specimens again unloaded to zero.
Finally, stress-cycling was continued in this way until specimens
eventually failed. It should be noted that in our study, after the peak
strength, two or three cyclic loading were still continued in order to
analyse the mechanical behaviours of fractured rock material, which

is a different procedure to that used in previous studies (Heap et al.
2009b; Trippetta et al. 2013). Fig. 4 shows a typical experimental
result of the triaxial cyclic loading path for a sandstone specimen
that failed on the 15th loading cycle.

3 ANALYSIS OF TRIAXIAL CYCLIC
EXPERIMENTAL RESULTS

3.1 Comparison between monotonic and
cyclic experimental results

Fig. 5 shows typical triaxial cyclic experimental results of sandstone
at o3 = 5 and 20 MPa. In Fig. 5, the triaxial monotonic experimen-
tal curves of sandstone are also given for comparison purposes.
It should be noted that even after the peak stress, the specimens
still continued to perform cyclic loading until the residual strength,
which was usually difficult to carry out due to the sudden brittle
failure of rock material after the peak strength.

Based on the triaxial experimental results of sandstone under
monotonic and cyclic loading (Fig. 5), Fig. 6 presents the compari-
son of peak strength between monotonic and cyclic loading. From
Fig. 6, we can see an obvious difference between monotonic and
cyclic triaxial strength, and the difference changes with different
confining pressures. Table 1 lists the comparison between mono-
tonic and cyclic triaxial strength of sandstone. It should be noted
that in Table 1, the monotonic triaxial strength of sandstone is the
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Figure 3. Cyclic loading path applied in the present research. (a) Variation of confining pressure and axial strain with time. (b) Variation of axial deviatoric

stress with time.
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Figure 4. A typical experimental result of cyclic loading path from increasing amplitude, cyclic stressing triaxial experiment on sandstone specimen that
failed during the 15th loading cycle. The numbers in this figure represent the cycle number. The red line represents the axial strain, the blue line represents the

confining pressure and the black line represents the axial deviatoric stress.

average value of the tested specimens. From Table 1, it can be seen at
o3 = 5 and 10 MPa, the cyclic triaxial strength of sandstone is
higher than the monotonic triaxial strength. For o3 = 5MPa, the
difference between the cyclic and monotonic triaxial strength of
sandstone is 12.75 MPa. As the confining pressure increases from 5
to 10 MPa, the difference between the cyclic and monotonic triaxial
strength of sandstone decreases from 12.75 to 5.99 MPa. However,
at o3 = 20 and 30 MPa, the cyclic triaxial strength of sandstone
is approximately equal to the monotonic triaxial strength, which
indicates that at higher confining pressure, cyclic loading does not
affect the triaxial strength of sandstone compared with monotonic
loading.

In order to analyse the difference of elastic modulus obtained
by monotonic and cyclic loading testing, the deviatoric stress—axial
strain of sandstone under cyclic unloading is compared with the
monotonic loading curve of sandstone, and the results are shown in
Fig.7. Under cyclic loading condition, the elastic modulus of sand-
stone can be confirmed by the average slope at the stage of elastic
deformation, and the dotted line shown in Fig. 7. Table 2 lists the
comparison between the monotonic and cyclic triaxial elastic mod-
ulus of sandstone. From Table 2, it can be seen that at o3 = 5 and

10 MPa, the cyclic triaxial elastic modulus of sandstone is higher
than the monotonic triaxial elastic modulus. For 3 = 5 MPa, the dif-
ference between the cyclic and monotonic triaxial elastic modulus
of sandstone is 1.51 GPa As the confining pressure increases from
5to 10 MPa, the difference between the cyclic and monotonic triax-
ial elastic modulus of sandstone decreases from 1.51 to 0.60 GPa.
However, at 03 = 20 and 30 MPa, the cyclic triaxial elastic modulus
of sandstone is approximately equal to the monotonic triaxial elastic
modulus, which indicates that at higher confining pressure, cyclic
loading does not influence the triaxial elastic modulus of sandstone.

The influence of confining pressure on the difference between
monotonic and cyclic triaxial strength and elastic modulus of sand-
stone results from the following reason. Under the lower confining
pressures, with the increase of axial deformation, the rock speci-
men allows local yield to occur (Yang et al. 2011). Therefore, after
local yield, extruded and fractured material in the rock can fill in the
internal voids of specimens and strengthens the supporting struc-
ture in the rock material, as shown in Figs 7(a) and (b). Therefore,
the cyclic triaxial strength and elastic modulus of sandstone are
higher than the monotonic triaxial strength and elastic modulus at
lower confining pressures. However, with the increase of confining
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Figure 5. Comparison of monotonic and cyclic stress—strain curves of sandstone. (a) o3 = 5 MPa. (b) 03 = 20 MPa.

pressure, even though local yield still occurs with increasing defor-
mation, extruded and fractured materials in the rock find it more
and more difficult to fill in the internal voids due to the obvious
decrease of porosity as the confining pressure increases. After the
confining pressure is increased to 20 MPa, the porosity of sandstone
will decrease less easily with increasing confining pressure and the
supporting structure in the rock material cannot be strengthened any
more (Figs 7c¢ and d), which results in approximate equality between
the cyclic and monotonic triaxial strength and elastic modulus.

3.2 Evolution of crack damage threshold

The crack damage threshold of rock specimens (Wong ef al. 1997;
Fairhurst & Hudson 1999; Heap et al. 2009a) can be confirmed

by the corresponding axial deviatoric stress where the volumetric
deformation of the specimen switches from compaction-dominated
to dilatancy-dominated (Yang et al. 2012; Yang & Jing 2013). Fig. 8
shows the typical evolution of the crack damage threshold of a
sandstone specimen under triaxial cyclic loading.

In accordance with the relation between deviatoric stress-
volumetric strains as shown in Fig. 8, the values of the crack damage
threshold (o) of sandstone specimen under cyclic loading were
confirmed, and the results are listed in Table 3. The o4 of sand-
stone specimen under monotonic loading is also listed in Table 3 to
enable a comparison. Based on the data listed in Table 3, the relation
between crack damage threshold of sandstone specimen and cycle
number is shown in Fig. 9.

Fig. 9 indicates that when cycle number is less than 3, the sand-
stone specimen does not switch from compaction-dominated to
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Figure 6. Comparison of monotonic and cyclic triaxial strength of sandstone
specimen under different confining pressures. The denoted values mean the
difference between monotonic and cyclic triaxial strength.

Table 1. Comparison of monotonic and cyclic triaxial strength (unit: MPa)
of sandstone.

o3 =5MPa o3 =10MPa o3 =20MPa o3 =30MPa

137.24 181.97 238.30 284.25
149.99 187.96 239.55 283.31

Loading path

Monotonic loading
Cyclic loading

dilatancy-dominated, that is the o .4 of the specimen cannot be ob-
tained. At the same confining pressure, the first o 4 of the sandstone
specimen under cyclic loading is approximately equal to that un-
der monotonic loading, which indicates that the discreteness of the
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Table 2. Comparison of monotonic and cyclic triaxial elastic modulus (unit:
GPa) of sandstone.

Loading path o3 =5MPa o3 =10MPa o3 =20MPa o3 =30MPa
Monotonic loading 17.89 20.32 21.87 22.64
Cyclic loading 19.40 20.92 21.63 22.71

tested sandstone specimens is very small in the present research.
With the increase of cycle number, the crack damage threshold of
sandstone specimens first increases. For example at o; = 20 MPa,
the o4 value of sandstone increases from 131.14 to 154.58 MPa,
because the closed cracks after unloading are more difficult to re-
open with the increase of cycle number in the early cycles. Then,
the o4 value decreases from 154.58 to 60.05 MPa, which can be
explained as follows. On one hand, the closed cracks after unloading
are easier to re-open with the increase of cycle number; on the other
hand, some new cracks in the specimen are initiated, and propagate
and coalesce with the increase of cycle number. Finally, when the
specimen enters the stage of residual strength, the o .4 value remains
unaffected by cycle number.

Fig. 10 depicts the influence of confining pressure on the evo-
lution of the crack damage threshold of sandstone. In general, the
oq value of sandstone specimen under higher confining pressure
is greater than that under lower confining pressure. Moreover, the
confining pressure does not affect the evolution characteristics of the
crack damage threshold. Fig. 11 illustrates the relation between cy-
cle number and the corresponding volumetric strain (g4 v) reaching
the crack damage threshold of sandstone specimen under different
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Figure 7. Comparison of monotonic and cyclic triaxial elastic modulus of sandstone specimen under different confining pressures. E represents Young’s
modulus and Eg represents the elastic modulus. (a) 03 = 5 MPa. (b) 03 = 10 MPa. (¢) 03 = 20 MPa. (d) 03 = 30 MPa.
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Figure 8. Typical evolution of crack damage threshold of sandstone specimen under triaxial cyclic loading (o3 = 20 MPa). (a) Relation between axial deviatoric
stress and volumetric strain. (b) Local magnification.

Table 3. Values of crack damage threshold (o ¢q) of sandstone specimen under mono-
tonic and cyclic loading (Unit: MPa).

Cycle number o03=5MPa o03=10MPa o03=20MPa o3 =30MPa
Monotonic loading 74.88 102.50 138.35 167.11
3 78.98 98.47 131.14 -
4 87.17 105.29 139.79 163.78
5 86.62 114.34 151.93 174.81
6 85.64 98.76 154.58 179.40
7 75.79 89.23 136.15 171.48
8 64.17 81.25 118.77 140.64
9 55.01 64.84 110.44 126.10
10 42.53 61.54 92.95 117.55
11 36.36 54.23 86.99 111.76
12 27.95 49.51 81.23 106.38
13 22.03 38.35 72.42 99.29
14 - 38.52 60.05 94.05
15 - 45.44 63.42 68.12
16 - - 56.28 72.02
17 - - - 66.24

Note: The crack damage threshold of sandstone specimen under monotonic loading is
the average value.
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Figure 9. Relationship between crack damage threshold of sandstone specimen and cycle number. (a) 03 = 5MPa. (b) 03 = 10 MPa. (¢) 03 = 20 MPa.
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Figure 10. Influence of confining pressure on the evolution of crack damage
threshold of sandstone specimen.

confining pressures. Fig. 11 shows that in the early cycles, the con-
fining pressure has no great influence on the relation between &4 v
and cycle number; whereas in later cycles, the confining pressure
has a significant effect on the relation between &4 , and cycle num-
ber, especially after the peak strength. At the same cycle number, if
the confining pressure is higher, the volumetric strain reaching the
crack damage threshold will be lower due to the limitation of high
confining pressure.

5 0
0 L e : L
4 8 12 16
5t Cycle number
=
~ 0t
& € o;=3MPa
@ O o3=10MPa
15 L
W o;=20MPa
A a3 =30MPa
20 L
25 L

Figure 11. Relation between cycle number and the corresponding volumet-
ric strain reaching crack damage threshold of sandstone specimen under
different confining pressures.

4 MECHANISM OF MECHANICAL
DAMAGE

4.1 X-ray micro-CT equipment and scanning procedure

X-ray CT scanning of the sandstone specimen was carried out using
a Nanotom 160 high-resolution micro-CT at a spatial resolution of
30 um. The X-ray beam penetrating the specimen is measured by
an array of detectors. The X-ray is produced by electrons striking
a Mo—W alloy target in an X-ray tube. The electron current was
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Figure 12. The principle of X-ray micro-CT observations and illustrations of the directions in which X-ray CT scanning was carried out and scanned

cross-sections.

80 pA, the accelerating voltage was 140 kV, and the scanning time
was 4 s. The degree of X-ray attenuation depends on the density
and the atomic number of the materials in the specimens. Material
with higher density and higher atomic number generally causes
higher attenuation of the X-rays. X-ray projection data from various
directions are obtained by the 360° rotation of the X-ray source
(Fig. 12a). We collected a 2-D image at intervals of 0.18°, and
thus 2000 slice images could be obtained for one specimen. A 2-D
image representing the linear distribution of X-ray attenuation was
reconstructed using Fourier transformation of the projection data. A
3-D data set of the specimen was obtained by stacking consecutive
2-D images.

It should be noted that only a cylinder 50 mm diameter and 68 mm
length can be regarded as the scanning region, as shown in Figs 12(b)
and (c). For the front vertical cross-section shown in Fig. 12(d), the
slice images were captured at 0.5 mm intervals and the scanning
sequence was from front to back. For the horizontal cross-section
shown in Fig. 12(e), the slice images were captured at 0.03 mm

intervals, and each image was 0.03 mm thick. Therefore, a total
of 2266 slice images were obtained in the X-ray micro-CT testing
of each sandstone specimen. These slice images can be used to
explore the internal damage of sandstone material under monotonic
and cyclic loading.

4.2 Internal damage of sandstone under triaxial
monotonic and cyclic loading

Figs 13 and 14 depict the comparison of X-ray micro-CT scanning
surface images and actual surface crack photographs of sandstone
specimen after triaxial monotonic and cyclic loading (o3 = SMPa),
respectively. In Figs 13 and 14, black regions with lower CT numbers
mean cracks, and other regions with higher CT numbers indicate
no surface failure. From Figs 13 and 14, it can be seen that X-ray
CT scanning surface images approximate the actual surface crack
images, which demonstrates that X-ray micro-CT scanning can be
well used to explore internal damage in sandstone material.
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(b) X-ray CT scanning surface images

Figure 13. Comparison of X-ray CT scanning surface images and actual surface crack photographs of sandstone specimen after triaxial monotonic loading
(03 = 5MPa). (a) Actual surface crack photographs. (b) X-ray CT scanning surface images.

Figs 15 and 16, respectively show horizontal cross-sections
with different heights and front vertical cross-sections with dif-
ferent depths of sandstone specimen after triaxial monotonic failure
(03 = 5MPa). From Fig. 15, we can analyse the effect of height (z)
on the extent of internal damage to sandstone after triaxial mono-
tonic failure. Atz = 5-15 mm, the horizontal cross-section is located
in the bottom region of the specimen, only one main crack across
the diameter direction is observed and the system of cracks is very
simple, which can also be demonstrated in the bottom region shown
in Fig. 13. Atz = 15-45 mm, the horizontal cross-section is located
in the middle region of the specimen. Two bigger cracks are ob-
served, resulting from the crack propagation and coalescence inside
the specimen with the increase of deformation. The left crack in
the specimen does not almost take place moving, whereas the right
crack in the specimen moves gradually towards the right boundary
at an angle of about 30° with the horizontal direction. However, at
z = 45-60 mm, when the horizontal cross-section is located in the
top region of the specimen, even though no new cracks are observed,
the width of the two cracks begins to increase compared with those
at z = 15-45mm. Fig. 16 depicts the effect of depth (x) on the
extent of internal damage to the sandstone material after triaxial
monotonic loading. From Fig. 16, it is clear that two large cracks
with Y’ type are observed and the system of cracks is very simple.

For the two large cracks shown in Figs 13, 15 and 16, it is very
difficult to distinguish which crack is shear failure or axial splitting
tensile failure, only in accordance with the angle of the 2-D crack
with the direction of major principal stress. For example, in Fig. 16,
from CT images atx = 5, 25 and 45 mm, we can draw contradictory

conclusions on shear or tensile fracture. Therefore, we reconstructed
3-D images of the sandstone specimens before and after triaxial
monotonic failure (o3 = 5 MPa). In the 3-D images, fracture regions
with lower CT numbers are black, and other regions with relatively
higher CT numbers are transparent, as shown in Fig. 17. From
Fig. 17, we are able to confirm that 3-D crack 1 is axial splitting
tensile fracture, and 3-D crack 2 is shear fracture.

Figs 18 and 19, respectively, show horizontal cross-sections
with different heights and front vertical cross-sections with dif-
ferent depths for sandstone specimens after triaxial cyclic loading
(03 = 5MPa). In general, in accordance with Figs 18 and 19, it
can be seen that under triaxial cyclic loading, the system of cracks
is more complicated than that under triaxial monotonic loading for
the same confining pressure (Figs 15 and 16), which is also demon-
strated from the comparison of surface cracks shown in Figs 13 and
14, respectively. Under triaxial cyclic loading, the specimen takes on
a typical single shear fracture, and at the same time, axial and lateral
tensile cracks are also observed, whereas under triaxial monotonic
loading, no lateral cracks are observed. These shear fracture, axial
and lateral tensile cracks under triaxial cyclic loading can be all fur-
ther inferred from microscopic observations on the fracture surface
of the failed specimen shown in Fig. 20.

In order to make a quantitative evaluation of the fracture ex-
tent of internal damage of sandstone specimen after triaxial mono-
tonic and cyclic compression failure, each horizontal CT image
shown in Figs 15 and 18 was processed using Matlab software (Gui,
et al. 2012) and changed to binarized images (Fig. 21). In Fig. 21,
the white regions represent the cracks, whereas the black regions
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(b) X-ray CT scanning surface images

Figure 14. Comparison of X-ray CT scanning surface images and actual surface crack photographs of sandstone specimens after triaxial cyclic loading
(03 = 5MPa). (a) Actual surface crack photographs. (b) X-ray CT scanning surface images.

represent intact rocks without any failure. Generally, the crack sys-
tem in Fig. 21 approximates to the experimental results in Figs 15
and 18. On the basis of binarized images of all horizontal cross-
sections of sandstone specimens after triaxial monotonic and cyclic
compression failure, we obtained the crack area and aperture extent
(i.e. the percentage ratio of crack area to entire area) for each hori-
zontal cross-section. As a result, we were able to investigate quan-
titatively the effect of height (z) on the extent of internal damage of
sandstone material after triaxial monotonic and cyclic compression
failure.

Fig. 22 shows the evolution of crack area and aperture extent
along different heights (z) of sandstone specimen after triaxial
monotonic and cyclic compression failure. From Fig. 22(a), it can
be seen that after triaxial monotonic compression failure, the crack
area of sandstone specimens increases from 12.50 mm? at z = S mm
to 27.80 mm? at z = 65 mm. In contrast, after triaxial cyclic com-
pression failure, the crack area of sandstone specimens varies in
a smaller range from 34.51 mm? at z = 5mm to 39.01 mm? at
z=40mm, and then decreases rapidly from 39.01 mm? atz =40 mm
to 7.21 mm? at z = 65 mm. From Fig. 22(b), we can see that the evo-
lution of aperture extent approximates to that of the crack area. With
the increase of height, the aperture extent of sandstone specimens
after triaxial monotonic compression failure increases from 0.47
per cent at z = 5 mm to 1.05 per cent at z = 65 mm. However, after

triaxial cyclic compression failure, the aperture extent of sandstone
specimens varies in a smaller range from 1.29 per cent at z = 5 mm
to 1.46 per cent at z = 40 mm, and then decreases rapidly from 1.46
per cent at z = 40 mm to 0.27 per cent at z = 65 mm. Furthermore,
at z = 5-40 mm, the crack area and aperture extent of sandstone
after cyclic failure are higher than those after monotonic failure.
At z = 40-50 mm, the crack area and aperture extent of sandstone
after cyclic failure approximate to those after monotonic failure.
However, at z = 50—-65 mm, the crack area and aperture extent of
sandstone after cyclic failure are lower than those after monotonic
failure.

5 DISCUSSION ON EVOLUTION OF
DEFORMATION DAMAGE

In the past, many investigations have been conducted on the effect
of cyclic loading on the elastic modulus and Poisson’s ratio of rock
material. However, and it has been found that the effect is depen-
dent not only on the confining pressure but also on the softness and
hardness. By carrying out uniaxial cyclic tests for hard basalt and
granite, Heap et al. (2009b), and Heap & Faulkner (2008) demon-
strated that cyclic stressing changes significantly the deformation
parameters of basalt and granite. The Young’s modulus decreases
but the Poisson’s ratio increases with the increase of cycle number.
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Figure 15. Horizontal cross-sections with different heights of sandstone specimens after triaxial monotonic loading (63 = 5 MPa).

Moreover the variance of basalt in both £ and v did not depend
on the action of high temperature treatment (Heap et al. 2009b).
Fuenkajorn & Phueakphum (2010) performed a series of uniaxial
cyclic tests on salt. They found that the elastic modulus of salt de-
creased slightly during the first few cycles, and tended to remain

constant until failure. Trippetta et al. (2013) reported laboratory
measurements of Young’s modulus and Poisson’s ratio of soft gyp-
sum and hard dolostones under uniaxial cyclic loading. A complex
variation in £ and v was found as follows. In the early cycles, large
increases in £ and v were observed, followed by essentially constant
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x =5 mm x =10 mm x=15mm

x =20 mm x =30 mm

X =35mm x =40 mm X =45 mm

Figure 16. Front vertical cross-sections with different depths of sandstone specimens after triaxial monotonic loading (o3 = 5 MPa).

values, before £ decreased and v increased approaching failure. The It should be noted that our research on sandstone specimen under
above analysis shows that under uniaxial compression, the elastic triaxial cyclic loading differs from that reported in previous studies
modulus and Poisson’s ratio of rocks with different softness and (Heap & Faulkner 2008; Heap et al. 2009b; Trippetta et al. 2013).

hardness have various evolution characteristics. Fig. 23 presents the evolution of elastic modulus and Poisson’s ratio
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Axial splitting
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Figure 17. 3-D images of sandstone specimens before and after triaxial monotonic failure (63 = 5 MPa). The numbers in the figure correspond to those shown

in Fig. 16.

with increasing cycle number for sandstone specimens (derived
from Fig. 5). The relationship between elastic modulus and axial
strain of sandstone specimen for each cycle is also presented in Fig. 7
to demonstrate the influence of stress level on the evolution of elastic
modulus. In accordance with Figs 7 and 23, the evolution can be
characterized as having four stages (Fig. 24): (i) Stage I: material
strengthening; (ii) Stage II: material degradation; (iii) Stage III:
material failure and (iv) Stage IV: structure slippage.

During Stage I, the elastic modulus (£) increases obviously,
whereas the Poisson’s ratio (v) first decreases and then increases
slightly. The increase in E indicates that the specimens become
stiffer and more difficult to deform. In previous studies of rocks
under uniaxial cyclic loading (Heap et al. 2009b; Trippetta et al.
2013), the increase in elastic modulus usually contributes to the clo-
sure of pre-existing pores and fissures in the rock material. However,
it should be noted that in our research, the unloading stress level of
the sandstone specimen for the first cycle is located at the stage of
elastic deformation in the monotonic loading curve (Fig. 7). There-
fore, the closure of pre-existing pores and fissures cannot indicate
clearly the evolution characteristics of the £ and v of sandstone
material. New insights on the evolution can be presented as follows.
On one hand, with the increase of cycling stress, some mesoscopic
elements with lower strength and stiffness reach first their maximum
supporting capacity, yield softening, and produce plastic deforma-
tion during the yielding of specimens (Yang et al. 2008). Some
extruded and fractured elements can then fill in the internal voids of
sandstone specimens. On the other hand, some pre-existing pores
and fissures can also cause the closure (see Figs 24a and b). The
above two factors strengthen the supporting structure of sandstone
material, which results in the increase of £ and the decrease of v. Af-
terwards, with further increase of cycling stress, the rate of increase
of elastic modulus becomes slower, and the Poisson’s ratio begins to
increase, which indicates that each increment of axial strain results
in a larger increment of radial strain.

During Stage II, we observe a significant increase in v, but a
decrease in E, which is different from previously reported results of
cyclic stressing experiments on softer rocks (Trippetta ef al. 2013).
However, our results are in good agreement with those on hard

rocks including sandstone, basalt and granite (Heap & Faulkner
2008; Heap et al. 2009b, 2010). At 03 = 5 MPa, the elastic mod-
ulus decreased slightly from 22.92 to 21.25 GPa, but the Poisson’s
ratio increased significantly from 0.237 to 0.462 during increasing
amplitude cycling stressing to failure. However, at 03 =20 MPa, the
elastic modulus decreased greatly from 27.01 to 22.73 GPa, and the
Poisson’s ratio also increased obviously from 0.154 to 0.401. The
decrease in £ can be attributed to a progressive degradation in the
stiffness of the rock due to the increase of crack damage with in-
creasing cycle number. At higher stress level, each cycle applied to
the specimen will produce an additional increment of crack damage,
resulting in an increasing amount of irreversible deformation. The
increase of v during material degradation can be explained as fol-
lows. Due to the higher deviatoric stress level, in early cycles, some
new cracks are initiated, propagated and coalesced (see Figs 24c and
d). When the deviatoric stress is re-applied in subsequent loading
cycles, these cracks can be re-opened more easily, which results in
a high radial strain and a high Poisson’s ratio.

During Stage III, it is very clear that the elastic modulus of
sandstone specimen decreases and the Poisson’s ratio increases. At
o3 = 5 MPa, the elastic modulus decreases significantly from 21.25
to 12.71 GPa, but the Poisson’s ratio increases sharply from 0.462
to 1.455 during this stage. However, at o3 = 20 MPa, the elastic
modulus decreases from 22.73 to 18.69 GPa, and the Poisson’s
ratio also increases obviously from 0.401 to 0.904. The variance
of E and v of the sandstone specimen during this stage can be
explained as follows. It should be noted that Stage III is entered
after the peak strength, as shown in Fig. 8. Larger macroscopic
cracks have formed at this stage, which results in the failure of the
structure of the rock material (Fig. 24e). Therefore, the increase
in the number of macroscopic cracks reduces the axial stiffness
and simultaneously allows higher radial strain for the same level of
applied deviatoric stress.

During Stage IV, the elastic modulus decreases slightly from
12.71 to 10.81 GPa, but the Poisson’s ratio varies only slightly from
1.455t0 1.443 at o3 = 5 MPa. In contrast, at o3 = 20 MPa, the elastic
modulus changes from 18.69 to 18.09 GPa, and the Poisson’s ratio
varies from 0.904 to 0.927. This indicates that neither the elastic
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Figure 18. Horizontal cross-sections with different heights of sandstone specimens after triaxial cyclic loading (03 = 5 MPa).

modulus nor the Poisson’s ratio of sandstone are dependent on
cycle number during this stage, for the following reason. Due to
the constriction of confining pressure, the specimen has entered the
stage of residual strength, and mainly supports the axial capacity by
the friction slippage in the macroscopic failure plane (see Fig. 24f),

which results in no obvious variance in both the £ and v of sandstone
specimens.

It should be noted that for the same cycle number, the elastic
modulus of sandstone specimen before peak strength increases non-
linearly with the increase of confining pressure (Yang et al. 2012;
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x=5mm x =10 mm x=15mm

x=35mm x =40 mm x=45mm

Figure 19. Front vertical cross-sections with different depths of sandstone specimens after triaxial cyclic loading (63 = 5 MPa).

Yang & Jing 2013), whereas at higher confining pressures of 20 and
30 MPa, the elastic modulus is unaffected by confining pressure. In
contrast, after the peak strength, with the increase of cycle number,
the elastic modulus of sandstone specimen decreases more slowly
for higher confining pressures, which indicates that the confining

pressure can also increase the axial stiffness of fractured rock ma-
terial. However, in early cycles, the confining pressure has almost
no effect on the relation between the Poisson’s ratio of sandstone
specimen and cycle number; but in later cycles, the Poisson’s ratio
of sandstone specimens is significantly dependent on the confining
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Figure 20. Microscopic observations on the fracture surface of sandstone specimens under triaxial cyclic loading (o3 = 5 MPa). The letters in this figure are
corresponding to those shown in Fig. 14(a). Shear slippage indicates the shear crack, and tensile fracture surface means the tensile crack.

pressure. The Poisson’s ratio of sandstone specimen under higher
confining pressures is lower than that under lower confining pres-
sures, which results from lower radial strains due to the constriction
of higher confining pressures.

In order to quantitatively evaluate the damage extent of sandstone
specimen under triaxial cyclic loading, the axial and radial damage
variable are defined in accordance with the irreversible deformation
(plastic deformation) for each cycle, which are expressed in eqs (1)
and (2), respectively.

(Elp)N

Daxial = " (1)
> (e1)y
N=1
P
Diagial = m(SS—)N’ (2)
> (&)
N=1

where D,y and D,,gi, represent the axial and radial damage variable
of rock, respectively. £/ and &}, means the irreversible deformation
of rock and N indicates cycle number. The letter m represents the
maximum cycle number.

Using eqs (1) and (2), the axial and radial damage value of sand-
stone specimen for each loading-unloading cycle can be confirmed
in accordance with the deviatoric stress—strain curves shown in
Fig. 5. Fig. 25 depicts the comparison between the axial and radial
damage evolution of sandstone specimen under confining pressure.
From Fig. 25, it can be seen that at the same confining pressure, the
axial damage value is higher than the radial damage value before
the peak strength; whereas the radial damage value is higher than

the axial damage value after the peak strength. Furthermore, in the
early cycles, the evolving rate of the radial damage is lower than that
of the axial damage, but in the later cycles, the evolving rate of the
radial damage is significantly higher than that of the axial damage,
which indicates that the evolution of the mechanical parameters
of sandstone specimen results mainly from the radial deformation
damage.

It should be noted that the confining pressure has also a great
effect on the axial and radial damage evolution of sandstone speci-
men. With the increase of cycle number, the axial and radial dam-
age value of sandstone specimens all first increase slightly before
the peak strength and then increase dramatically after the peak
strength. From Fig. 25(a), we can see that the sandstone spec-
imen with higher confining pressure has smaller damage value,
which indicates that the confining pressure can reduce the ex-
tent of axial damage to rock. From Fig. 25(b), it can be seen
that the evolving rate of the radial damage under lower confin-
ing pressure is significantly higher than that under higher confining
pressure.

6 CONCLUSIONS

This paper explores the mechanical damage characteristics of sand-
stone using a series of triaxial cyclic experiments and X-ray micro-
CT observations. Based on the experimental results, the following
conclusions can be drawn:

(1) Atlower confining pressures, the triaxial strength and elastic
modulus of sandstone specimen under cyclic loading are all higher
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z=35 mm

(b) After triaxial cyclic compression failure

Figure 21. Typical binarized pictures of horizontal cross-sections of sandstone specimens after triaxial monotonic and cyclic compression failure (o3 = 5 MPa).
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Figure 22. Evolution of crack area and aperture extent along different heights (z) of sandstone specimens after triaxial monotonic and cyclic compression

failure (03 = 5 MPa).

than those under monotonic loading. However, after confining pres-
sure is increased to 20 MPa, the triaxial strength and elastic modulus
of sandstone under cyclic loading are approximately equal to those
under monotonic loading. The evolution of Young’s modulus and
Poisson’s ratio of sandstone specimen with cycle number can be
characterized as having four stages: (i) Stage I (material strengthen-

ing): the elastic modulus increases obviously, whereas the Poisson’s
ratio firstly decreases and then increases slightly; (ii) Stage II (mate-
rial degradation): significant increase in Poisson’s ratio and decrease
in the elastic modulus are observed; (iii) Stage I1I (material failure):
the elastic modulus of sandstone specimens decreases and the Pois-
son’s ratio increases and (iv) Stage IV (structure slippage): there is

220z 1snBny |z uo 1senb Aq ££6695/299/2/10Z/2101e/B/WOoo"dno-ojwapese//:sdny Wwoly papeojumoq



680  S.-Q. Yang et al.

30 - 1 186
P
& 24 |
\C_'_]f, 412
w1
= 18}
= 08
s A Young's modulus 1+
E 12 A Poisson's ratio
on
= 4 04
3 6}
& (a)

0 L L n L DO

0 3 6 9 12 16
Cycle number

30 1 10
\C-?J 24 b i
wl
.i:,j 18 } A Young's modulus b 0.6
Z 2 Poisson's ratio
£ 12} {04
@
&
= &5k 402
S (c)

0 L L L 00

0 4 8 12 16

Cycle number

Figure 23. Evolution of elastic modulus and Poisson’s ratio of sandstone specimens with the increase of cycle number. The arrows show the evolution direction
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Figure 24. A sketch on four stages characterizing the evolution of elastic modulus and Poisson’s ratio of sandstone specimens with the increase of cycle
number under confining pressure.
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Figure 25. Influence of confining pressure on axial and radial damage evolution of sandstone. (a) Relation between axial damage value and cycle number;

(b) relation between radial damage value and cycle number.

no obvious variance in both the elastic modulus and Poisson’s ratio
of sandstone specimens.

(2) With the increase of cycle number, the crack damage thresh-
old of sandstone specimen firstly increases, and then significantly
decreases, and finally remains constant. Furthermore, the above
variance does not depend on the confining pressure. At the same
cycle number, the sandstone specimen with higher confining pres-
sure has a larger crack damage threshold, which indicates that the
sandstone is more difficult to switch from compaction-dominated
to dilatancy-dominated under higher confining pressure. The axial
damage value of sandstone is higher than the radial damage value
before the peak strength; whereas the radial damage value is higher
than the axial damage value after the peak strength. Furthermore,
in the early cycles, the evolving rate of the radial damage is lower
than that of axial damage, but in the later cycles, the evolving
rate of the radial damage is significantly higher than that of axial
damage, which indicates that the evolution of mechanical parame-
ters of sandstone specimens results mainly from radial deformation
damage.

(3) After triaxial monotonic and cyclic compression failure
(03 = 5MPa), the sandstone specimens were analysed using an
X-ray micro-CT scanning system. Firstly, the surface X-ray CT
scanning surface images of sandstone specimens were in good
agreement with actual surface crack photographs, which demon-
strates that X-ray micro-CT scanning can be used to explore internal
damage to rock material. Based on the horizontal and vertical cross-
sections of sandstone specimens, the internal damage in sandstone
specimen after triaxial monotonic and cyclic compression failure
was evaluated quantitatively by analysing the crack area and aper-
ture extent for each horizontal cross-section. Generally, the system
of crack planes under triaxial cyclic loading is much more compli-
cated than that under triaxial monotonic loading. More axial and
lateral tensile cracks in the specimens under cyclic loading were
observed than under monotonic loading. The system of cracks is
also in good agreement with the evolution of crack area and aperture
extent with the height.
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