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This laboratory study investigated the damage evolution of sandstone specimens under two types of cyclic loading by monitoring
and analyzing changes in the elastic moduli and the ultrasonic velocities during loading. During low-level cyclic loading, the
stiffness degradation method was unable to describe the damage accumulations but the ultrasonic velocity measurements clearly
reflected the damage development. A crack density parameter is introduced in order to interpret the changes in the tangential
modulus and the ultrasonic velocities. The results show the following. (1) Low-level cyclic loading enhanced the anisotropy of the
cracks. This results from the compression of intergranular clay minerals and fatigue failure. (2) Irreversible damage accumulations
during cyclic loading with an increasing upper stress limit are the consequence of brittle failure in the sandstone’s microstructure.

1. Introduction
The accumulated damage from dynamic (cyclic) loading is
highly detrimental in many engineered structures like mine
openings [1–4], petroleum and natural gas boreholes [5],
tunnels [6, 7], foundations [8], and underground chambers
[9, 10]. The sources of cyclic or repetitive loading can
be roughly divided into two types: (1) periodic operations
including drilling, blasting, and mining; (2) sporadic vibrations including earthquakes and traffic loads. Repetitive
loading-unloading opens and closes the micropores and
microcracks within the rock and induces the growth of
cracks. Consequently, the accumulated damage can become
a potential trigger for the rapid and violent failures of largescale engineered structures.
Because this kind of damage is the cumulative destruction
of bonds in the rock’s microstructure, it cannot be directly
measured by macroscopic scale tests [11]. The most common

techniques and analytical methods used to investigate rock
damage are acoustic emissions (AE), the damage energy
dissipation method, and the stiffness variation method [12–
18]. Acoustic emissions can be used as a highly sensitive
detector for the microseismic events and energy release that
accompany the initiation and growth of cracks in geomaterials. However, the AE technique has an inherent limitation
in that it cannot quantify the damage to the material because
the seismic events and energy do not directly reflect the ratio
of structurally damaged portion to integrity portion. For this
reason, AE studies mainly focus on qualitative analyses such
as where the damage is taking place.
Xie et al. [19] originally attempted to use the rock energy
dissipation theory under cyclic loading conditions to quantify
damage. They proposed the damage variable 𝐷 defined as
1/𝑛

𝑌 − 𝑌0 
(1)
],
𝐷 = 1 − exp [−𝐵 
𝑌∗

2
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where 𝑌 is the dissipated damage strain energy during the
loading-unloading cycle; 𝑌∗ represents an energy dissipation
per unit volume. The two parameters 𝐵 and 𝑛 are related to
the mechanical properties of the rock. According to the data
presented by Xie et al. [19] and Liu et al. [16], the damage
variables estimated by (1) agreed with their experimental
results. Nevertheless, it should be pointed out that the values
of the two key parameters, 𝐵 and 𝑛, are highly dependent on
the numbers returned by the stiffness variation calculation.
The stiffness variation method is quite useful for describing dynamic damage in rocks. It is based on the strain equivalence hypothesis proposed by Lemaitre [20]; the damage
variable 𝐷 is expressed as
𝐸
(2)
,
𝐸
where 𝐸 is the elastic modulus of the undamaged material;
𝐸 is the elastic modulus of damaged material. This method
quantifies the changes in degree of damage by measuring
variations in the properties that are the consequence of
temporal changes in the rock’s microstructure. Therefore,
to reveal the underlying mechanisms of damage initiation
and development, an appropriate monitoring technique is
required. One technique, ultrasonic velocity testing, is an
attractive technique because it can provide spatial and temporal information on the inner structure of the rock. The
stiffness variation method is superior compared to AE and
damage energy dissipation for two notable reasons: (1) the
damage variable (𝐷) can be directly quantified by the two
elastic moduli and (2) the moduli are directly measurable.
This study investigates the evolution of damage in sandstone under two types of cyclic loading by monitoring
both the variations in the elastic modulus and ultrasonic
responses. We adopted the stiffness variation method for
damage assessment and compared it with the results from
dynamic ultrasonic velocity measurements. Finally, the influences from two different types of cyclic loading on the
microstructure of the rock and the subsequent damage are
discussed.
𝐷=1−

2. Previous Studies
2.1. Mechanical Behavior of Rock Subjected to Cyclic Loading.
Rock is a type of natural material characterized by heterogeneity. The intrinsic physical and mechanical properties can
be determined indirectly by performing cyclic loading tests.
The stress-strain behavior of rock under cyclic loading can
provide useful information for theoretical analysis and for
numerical calculations for rock engineering purposes such as
estimating long-term stability, creep behavior, and response
to fatigue [21, 22].
As an effective way to quantify rock deformation, uniaxial
and triaxial cyclic loading tests on laboratory-scale rock
samples have been used extensively by numerous researchers.
Costin and Holcomb [23] suggested that stress corrosion is
a time-dependent mechanism that is most sensitive to the
mean stress level, whereas cyclic fatigue is most sensitive to
the amplitude of the stress cycles. Tao and Mo [24] proposed
that the total deformation from cyclic loading consists of

initial deformation (induced by static loading), creep deformation, and damage deformation (produced by the cyclic
loading itself). Martin and Chandler [25] used a repetitive
loading-unloading test to investigate the progressive failure
of Lac du Bonnet granite and their results describe the
influence of crack damage on crack damage stress and crackinitiation stress. Ray et al. [26] found that failure strength
increased with an increase in strain rate and, furthermore,
they observed an abrupt increase in strength at a strain rate of
2.5/s. Jafari et al. [27] evaluated the effects of cyclic shearing
on the strength of rock joints and found that the increase in
shear strength results from an increase in confining pressure.
By combining the plasticity theory and the self-organization
theory of cellular automata, Feng et al. [28] developed
an elastoplastic cellular automaton model to numerically
investigate the influence of cyclic loading on the complete
stress-strain curve and on AE emission from a rock specimen
under uniaxial compression. The results indicated that their
numerical simulation reproduced some of the well-known
phenomena observed by other researchers. Liu and He [9]
performed a series of laboratory tests to assess the effects of
confining pressure on the mechanical properties and fatigue
damage evolution of sandstone samples subjected to cyclic
loading. They found that, with an increase in the number
of cycles, the samples gradually became plastic and irreversible deformation occurred along both the axial and lateral
directions. Khaledi et al. [29] proposed an elastoviscoplasticcreep model to predict the stress-strain relationships around
a rock salt cavern during cyclic loading. The constitutive
model Khaledi et al. developed in that paper combined three
existing models, with some modifications, to combine the
positive features of the three models for the specific purpose
of their investigation. This allowed their new model to be
applied in different simulations with different types of loading
conditions as well as different time scales.
A pronounced feature of rocks subjected to cyclic loading
is fatigue. It is known that fatigue in rocks is influenced by
a number of factors, for example, the confining stress, the
loading rate, the loading amplitude (the maximum stress),
the type and frequency of the loading cycle, and the number
of cycles [10, 30]. Bagde and Petroš [31] demonstrated that
the quartz content, texture, and microstructure of a rock
had a huge influence on its fatigue strength. Xiao et al.
[32] conducted a laboratory-scale investigation on the fatigue
behaviors of granite under cyclic loading. They found that
determining initial fatigue damage was vital in order to
establish a unified critical damage parameter. Furthermore,
their result also indicated that, in most cases, the loading
induced damage was continuously amplified. By comparing
the results from conventional fatigue tests with those from
interval fatigue tests, Fan et al. [33] demonstrated that combined cyclic stresses can significantly influence the fatigue
response of rock salt.
2.2. Ultrasonic Wave Velocities in Rock. Extensive laboratory
measurements of ultrasonic wave velocities in rock samples
have demonstrated that elastic wave velocities can provide
valuable information about the rock’s internal structure.
Ultrasonic velocity in a rock sample is largely dependent
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on the water content, density, composition, and boundary
conditions [34]. Gupta [35] measured the P- and S-wave
velocities along three mutually perpendicular directions in a
limestone cube under uniaxial compression and found that
prior to failure, both P- and S-wave velocities decrease in all
three directions but by different amounts. The P- to S-wave
velocity ratio remained nearly constant along the loading
direction, decreased slightly along the direction parallel to the
shear plane, and dropped considerably along the direction
perpendicular to the shear plane. By performing uniaxial
cyclic loading tests on granite specimens, Rao and Ramana
[12] monitored the variations in the compressional wave
velocity in the direction perpendicular to the applied stress.
They observed a steady rise in the compressional wave
velocity with an increase in the load of up to 30% of the
compressive strength. However, when the rock was loaded
again to 80% of its compressive strength, the compressional
wave velocity fell rapidly, indicating the development of
microcracks. Stanchits et al. [36] found that P-wave velocity
in basalt was about 3 km/s at atmospheric pressure but
increases by more than 50% when the hydrostatic pressure
was increased to 120 MPa. In his granite samples, initial Pwave velocity was 5 km/s but increased by less than 20%
under increased pressure. Stanchits et al. proposed that the
pressure-induced changes of elastic wave speed indicated
dominantly compliant low-aspect ratio pores in both the
basalt and the granite. Xiao et al. [32] proposed a mathematical model to quantify damage evolution in granite under
cyclic loading and observed an obvious three-stage behavior
reflecting the evolution of fatigue damage.
Given its high sensitivity to the inner defects in rock
materials, the ultrasonic velocity technique can be used to
accurately and quantitatively monitor the changes in rock
fractures. This makes it possible to observe the mechanical
changes in the rock. Cyclic loading tests typically produce
continuous initiation and closing of cracks and these cracks
cannot be adequately monitored by conventional methods
and, so far, very few results from the application of the
ultrasonic velocity technique to cyclic loading tests have been
reported. Therefore, this work employed the ultrasonic velocity technique to investigate changes in the inner structure of
rock specimens during cyclic loading.

3. Experimental Work
The sandstone blocks from which cores were drilled for
this study were collected from an open-pit mine located
in Kittanning, Pennsylvania. Dry cylindrical cores were
drilled from the same large sandstone block and prepared
as 50 mm diameter by 100 mm long specimens. Both ends
of the specimens were ground and polished according to
the ISRM standards [37] before the tests were run; prepared
specimens are shown in Figure 1. In order to eliminate the
influence of water, the specimens were oven-dried until their
weight remained constant. Uniaxial compressive strength
(UCS) and cyclic loading tests were conducted using a
hydraulic servo-testing machine with a single loading rate
of 50 N/s for all the experiments. The machine had a load
frame of stiffness 6000 kN/mm and a compression load
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Figure 1: Sandstone specimen prepared for testing.

capacity of 1000 kN with a resolution of 0.5%. Its stroke was
±50 mm with a resolution of 1 𝜇m. Commercially available
piezoelectric transducers with a 200 kHz main frequency
were used for both transmitting and receiving the ultrasonic
signals. As illustrated in Figure 2, one piezoelectric transducer was placed between the top face of specimen and
the upper, fixed platen of the hydraulic testing machine;
the receiver was inserted between the bottom face of the
specimen and the lower (loading) platen. The acquisition
rate was set to 20 MHz and honey was used as a couplant.
Before each test, the transducers were placed against each
other to determine the face-to-face arrival time so that the
ultrasonic velocity could be properly determined by subtracting the face-to-face arrival time from the arrival times
measured during the test. During the cyclic loading tests, the
ultrasonic signals were transmitted and recorded at 4 MPa
intervals.
In order to obtain the mechanical properties of the
sandstone specimens, three preliminary UCS tests were
conducted. Based on those UCS data, the elastic limit and
compressive strength for these specimens were determined.
Then two types of cyclic loading tests were carried out, Type
1 and Type 2. In Type 1 tests, the loading was cycled between
zero and a prescribed stress. This type of test was designed
to investigate the effect of low-level cyclic stress on specimen
damage. Because the elastic limit is widely recognized as a
threshold beyond which the mechanical damage increases
rapidly [16, 38–40], the prescribed stress was 16 MPa lower
than the elastic limit. With this 16 MPa margin, the possibility of rapid damage resulting from specimen-to-specimen
variations in the elastic limit could be avoided. The loading
rate was 50 N/s; the slow rate made each experiment fairly
time-consuming, so only four cycles were conducted. For
Type 2 tests, the prescribed stress was progressively increased
from one cycle to the next until the specimen ruptured. This
test focused on damage in a high-rate damage environment;
therefore the initial prescribed stress for cyclic loading was set
4 MPa higher than the elastic limit and increased by 4 MPa
per cycle. Three replicate tests were conducted for each test
type.
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Table 1: Mechanical properties of sandstone specimens 𝑁1, 𝑁2, and 𝑁3.

Number
𝑁1
𝑁2
𝑁3

Peak strength/MPa
63.22
53.07
50.24

Average/MPa

Young’s modulus/GPa
8.03
6.96
7.24

55.51

Average/GPa
7.41

Elastic limit/MPa
54.82
42.79
43.82

Average/MPa
47.14

Pulse generator &
digital storage
(a)

(b)

Figure 2: Illustrations showing the ultrasonic measurement testing system. (a) Schematic diagram. (b) Photograph of the hydraulic testing
machine.

the stress-strain curves can be divided into four stages: consolidation/compaction, elastic deformation, plastic deformation, and failure/postfailure. The overall mechanical behavior
of the sandstone specimen follows that of classic brittle
materials. The mechanical properties for the three specimens
are listed in Table 1; the average peak strength, elastic modulus, and elastic limit are 55.51 MPa, 7.41 GPa, and 47.14 MPa,
respectively.
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Figure 3: Stress-strain curves for sandstone specimens 𝑁1, 𝑁2, and
𝑁3 tested under uniaxial loading.

4. Experimental Results and Discussion
The stress-strain curves for three sandstone specimens tested
under uniaxial loading are shown in Figure 3. As expected,

4.1. Cyclic Stress-Strain Curves and Stiffness. Based on the
specimen’s mechanical properties, we conducted the Type 1
and Type 2 cyclic loading experiments. Typical stress-strain
curves for the two types of cyclic loading tests are shown
in Figure 4. The figure shows that the hysteresis loops of
tests become narrower as the number of cycles increases. The
essence of the loading-unloading cycle is energy conversion
in the rock specimen tested. Specifically, the area under the
loading curve represents the external work absorbed by the
rock and the area under the unloading curve represents
the elastic strain energy released [19]. Therefore, the area of
the hysteresis loop is the dissipated energy due to damage
development and plastic deformation. In Figure 5, the first
cycle of Figure 4(a) is shown alone to illustrate how dissipated
energy and released strain energy are calculated. In Figure 5,
the grey portion represents the released strain energy during
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Figure 4: Typical stress-strain curves for cyclic loading tests. (a) Type 1; (b) Type 2.
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Table 2: Dissipated energy for sandstone specimens under Type 1
cyclic loading tests in J/m3 .
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Number of cycles
Released strain energy

1
2
3
4

16
Dissipated energy
8

0
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the unloading phase and the white portion represents the
dissipated energy. Tables 2 and 3 list the dissipated energy for
the tested specimens under Type 1 and Type 2 conditions. It
is clear that dissipated energy decreases as the cyclic number
increases for the Type 1 test but it remains relatively constant
for Type 2 test. The decrease in energy for Type 1 test can
be attributed to the plastic closure of preexisting pores and
cracks under cyclic loading below the specimen’s elastic limit,
which results in a continuous reduction of open pores and
cracks. The closure of pores and cracks is also reflected by an
increase in the specimens’ stiffness, as shown in Table 4 where
the average increase in Young’s modulus for the three samples
is 37.5%. As for Type 2 tests, the relatively stable dissipated
energy is the result of the irreversible damage produced after
the elastic limit is exceeded. In Table 5, the 11.4% average
decrease in Young’s modulus also reflects the irreversible
damage.

Number of specimens
#2
#3
4
6.26 × 10
5.70 × 104
4
2.86 × 10
3.35 × 104
4
2.77 × 10
2.62 × 104
4
2.21 × 10
2.02 × 104

Table 3: Dissipated energy for sandstone specimens under Type 2
cyclic loading tests in J/m3 .
Number of cycles

Figure 5: Stress-strain curve for the first cycle of Figure 4(a)
illustrating the areas under the curve that represent dissipated
energy and released strain energy.

#1
6.12 × 104
3.02 × 104
2.21 × 104
1.98 × 104

1
2

#1
6.49 × 104
6.33 × 104

Number of specimens
#2
#3
8.69 × 104
9.30 × 104
7.55 × 104
7.93 × 104

Table 4: Young’s modulus for sandstone specimens under Type 1
cyclic loading tests in GPa.
Number of cycles
1
2
3
4

Number of specimens
#1
#2
5.01
5.87
6.49
7.25

5.03
5.36
6.16
6.73

#3
5.30
5.89
6.48
7.10

The tangential moduli calculated from Figure 4 are plotted versus axial stress in Figure 6. It is clear that the tangential
moduli generally increase with increasing stress but as the
cycle number increases, the moduli for Type 1 and Type 2
tests show opposite trends. For Type 1 tests, as the cycle
number increases, the tangential modulus for each loading
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Figure 6: Graphs of tangential moduli versus axial stress for (a) Type 1 loading stages; (b) Type 1 unloading stages; (c) Type 2 loading stages;
(d) Type 2 unloading stages.

Table 5: Young’s modulus for sandstone specimens under Type 2
cyclic loading tests in GPa.
Number of cycles
1
2
3

#1

Number of specimens
#2

8.41
7.78
7.47

7.67
7.58
6.68

#3
7.54
7.21
6.77

cycle also increases and an obvious reduction can be seen in
the tangential modulus for each unloading cycle. In contrast,

both the loading and unloading tangential moduli for Type
2 tests decrease at higher cycle numbers. In addition, the
loading cycle tangential moduli for specimens tested under
Type 2 tests show a dramatic decline when the sample is near
failure. This is caused by the rapid development of irreversible
damage.
In order to further investigate the damage caused by
cyclic loading, (2) is used to calculate the damage variable
for each loading cycle for Type 1 and Type 2 tests. For these
calculations, the maximum loading tangential modulus from
the cyclic loading tests is selected as the elastic modulus for
intact sandstone. This is 9.92 GPa, the maximum stress point
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Figure 7: Graphs showing damage variables versus axial stress for the loading cycles of (a) Type 1 tests; (b) Type 2 tests.

for Cycle 1 of a Type 2 cyclic loading test. As illustrated
in Figure 7, the preexisting defects (the pores and cracks
formed during geological events and specimen preparation)
in specimens are deemed the initial damage. Increasing stress
gradually closes preexisting defects resulting in a general
descending trend for the damage variable, but at higher
stresses during Type 2 tests, the damage variable increases,
implying that the high stresses have caused cracks to be initiated and propagate. Figure 7 also shows that, with increasing
cycle number, the progression of the damage variable for
Type 1 and Type 2 tests is different. For Type 1 tests, the
damage variable consistently decreases as the number of
cycles increases, implying that compaction is taking place. On
the other hand, the damage variable for Type 2 tests clearly
increases at higher cycle numbers indicating continuous
damage accumulation.
4.2. Responses of Ultrasonic Wave Velocities to Cyclic Loading.
During each cyclic loading test, the P- and S-wave signals
at an ultrasonic frequency of hundreds of thousands of Hz
were acquired using the ultrasonic transducers shown in
Figure 2(b). Figures 8 and 9 show graphs of the ultrasonic
velocities for Types 1 and Type 2 tests plotted against stress.
Similar to the tangential moduli shown in Figure 6, both
the P- and S-wave velocities generally raise with increasing
axial stress; however the wave signals do show some different
responses to the number of test cycles.
Figure 8 demonstrates that as the cycle number increases,
the P-wave velocity gradually decreases but the S-wave
velocity remains relatively constant. This implies that cyclic
loading below the elastic limit does cause damage but the
form of the damage leads to differences in the velocities. The
elastic modulus 𝐸0 and the shear modulus 𝜇 can be expressed
as [41]

𝐸0 =

𝜌𝑉s2 (3𝑉P2 − 4𝑉S2 )
𝑉P2 − 𝑉S2

,

(3)

𝜇 = 𝜌𝑉s2 ,
where 𝜌 is the density, 𝑉p is the P-wave velocity, and 𝑉s is
the S-wave velocity. Therefore, the decreasing P-wave velocity
and the steady S-wave velocity indicate that the damage in
the specimen reduced the dynamic Young’s modulus but
had only a slight influence on the dynamic shear modulus.
The decrease in dynamic Young’s modulus is contrary to the
stiffening trend from loading shown by Figure 6(a) but consistent with the softening trend of unloading in Figure 6(b).
It is well known that the P-wave velocity is more sensitive
to the development of cracks oriented perpendicular to the
direction of wave travel (in this case, wave travel is parallel
to vertically applied load), whereas the S-wave velocity is
more sensitive to the cracks oriented parallel to the direction
of wave travel [42–44]. Therefore, the decrease in P-wave
velocities indicates that low-level cyclic stress induces the
initiation and development of cracks oriented horizontally or
subhorizontally, and the more stable S-wave velocity means
that few irreversible microstructural changes are oriented in
a vertical direction. Considering the stiffening trend during
loading and the softening trend during unloading suggested
by Figures 6(a) and 6(b), it is reasonable to attribute the
development of horizontal cracks to the collapses of pores.
The collapses would cause the relocation of sandstone grains
and result in a densification of the rock. The denser structure
means the specimen would stiffen during loading, but the
rebound during unloading would be limited. Furthermore,
the gradual decrease in P-wave velocity in Figures 8(a) and
8(b) indicates a progressive development of horizontal cracks.
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Figure 8: Graphs showing P- and S-wave velocities versus axial stress for Type 1 tests. (a) Loading stage P-wave velocities; (b) unloading stage
P-wave velocities; (c) loading stage S-wave velocities; (d) unloading stage S-wave velocities.

This progressive crack formation is a clear indication of
fatigue damage.
Similar to the trends of the tangential moduli with
increasing axial stress in Figures 6(c) and 6(d), Figures
9(a) and 9(c) both show obvious velocity declines at high
stress values. The decline indicates that, at these stress levels,
damage develops rapidly in the rock’s microstructure and
this clearly indicates brittle behavior. During Cycle 3 loading,
the sudden failure of the specimen at 58.3 MPa resulted in
no data being collected at higher stresses; otherwise there
would be a similar velocity decline at the right end of the

Cycle 3 curves in Figure 9. This ultrasonic velocity behavior
conforms to the Kaiser Effect [45] and reveals that the
rate of damage accumulation during Type 2 loading rapidly
accelerates when the former maximum applied stress is
exceeded. This rapid accumulation of damage can also be
demonstrated by the change in P-wave velocities during the
whole loading-unloading test. As shown in Figure 10 for Type
2 tests, the P-wave velocity for any single stress value is higher
during loading than it is for unloading, but just the opposite
is true for Type 1 tests. The decrease in velocity shows that the
rock’s microstructure had suffered considerable damage at
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Figure 9: P- and S-wave velocities versus axial stress for Type 2 tests. (a) Loading stage P-wave velocities, (b) unloading stage P-wave velocities,
(c) loading stage S-wave velocities, (d) and unloading stage S-wave velocities.

the higher stress levels. Nevertheless, the increase in velocities
during Type 1 testing is still the result of the densification
described above.
In order to quantify the deformation of the microstructure, a crack density parameter (developed by Ayling [46];
Ayling et al. [47]) is introduced that uses three dimensionless
parameters (q1 , q2 , q3 ) to describe cracking anisotropy.
Cracking anisotropy can be expresses as

q3 = 4.28 (1 − (

𝑉S 2
𝑉 2
) ) − 1.77 (1 − ( P ) ) ,
𝑉S0
𝑉P0

𝑉 2
𝑉 2
q1 = 0.92 (1 − ( P ) ) − 0.57 (1 − ( S ) ) .
𝑉P0
𝑉S0

(4)

In (4), q3 (equal to q2 for uniaxial compression) denotes
the crack density for cracks aligned parallel to the loading
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Figure 10: P-wave velocity evolution during loading and unloading. (a) Cycles 1 and 3 from Type 1 testing; (b) Cycles 1 and 2 from Type 2
testing.

direction, q1 denotes the crack density for cracks aligned
perpendicularly to loading direction, and 𝑉P0 and 𝑉S0 are,
respectively, the P- and S-wave velocities of the noncracked
solid. In this case, 𝑉P0 and 𝑉S0 are the maximum velocities
measured under Type 1 loading (meaning that the pores and
cracks in the rock are supposed to be closed). Because Type
1 loading did not exceed the elastic limit, the highest stress
condition under Type 1 loading (where the maximum velocity
values were recorded) was expected to close the vast majority
of cracks and not initiate any new cracks.
The changes in the crack density parameter during cyclic
loading have been determined using (4) and are shown in
Figure 11. The general trends in crack density are shown
by the density parameter at three stress values, values that
represent low, medium, and high stresses. From Figures 11(a)
and 11(b) it can be seen that the microstructural evolution
during Type 1 cyclic loading exhibits different tendencies in
the directions parallel with and perpendicular to the loading
axis. The reduction in q3 as the number of loading steps
increases indicates that the applied stress tends to close the
cracks that are aligned parallel to the loading axis. This
is counterintuitive. We attribute this to the compaction of
clay minerals in the sandstone; specifically, the compression
squeezes the quartz grains against the intergranular clay minerals forcefully closing the microcracks. This compression
stiffens the sandstone but lessens its capacity for rebound.
This is confirmed by the increase in tangential moduli from
cycle to cycle shown in Figure 6(a) and their reduction
in Figure 6(b). In contrast, the step-wise escalation of q1
in Figure 11(b) suggests that the loading stage gradually
increases the number of cracks oriented perpendicular to
the loading axis. As described previously, a continuously
applied stress would close the horizontal cracks, but the cyclic

loading-unloading causes the cracks to repeatedly close and
open, leading to fatigue failure and elongation of the existing
cracks. This is reflected by the decrease in P-wave velocities as
the number of cycles increases, as shown in Figure 8(a). Crack
densities during Type 2 loading, illustrated in Figures 11(c)
and 11(d), show an increase of both q3 and q1 , implying that,
for this style of loading, crack density and damage increase
continuously.

5. Conclusions
The influence of the two types of cyclic loading on the
damage evolution of sandstone was investigated. Based on the
differences in elastic moduli and ultrasonic wave velocities,
attributes of microstructural deformation were identified.
The main findings are as follows:
(1) Low-level cyclic loading caused the specimens to
stiffen during loading but soften during unloading.
The stiffness degradation method does not describe
the accumulated damage satisfactorily, but P-wave
velocities clearly reflect the damage development.
(2) The energy dissipated by damage and plastic deformation decreases as the number of loading cycles
increases for Type 1 loading, but energy dissipation
remains relatively constant for Type 2 loading. The
decrease during Type 1 tests can be attributed to the
plastic closure of preexisting pores and cracks caused
by the low-level cyclic loading. This loading results in
a continuous reduction of the number of open pores
and cracks. The relatively stable dissipated energy
from Type 2 loading results from the accumulation of
irreversible damage.
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Figure 11: Graphs showing changes in the crack density parameter at three selected stresses representing low, medium, and high stress values
during loading and unloading. Crack density parameter q3 denotes cracks parallel to the load direction, parameter q1 denotes perpendicular
cracks. (a) q3 for Type 1 tests, (b) q1 for Type 1 tests, (c) q3 for Type 2 tests, and (d) q1 for Type 2 tests. The units on the 𝑥-axis are the
loading-unloading stages (e.g., C2U stands for Cycle 2 unloading).

(3) Low-level cyclic loading enhances the anisotropy
of cracking. This anisotropy results from the compression of intergranular clay minerals and cracks
developed by fatigue failure.
(4) The irreversible damage accumulated during cyclic
loading with an increasing upper stress limit is
the consequence of brittle failure in the sandstone’s
microstructure.
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