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Abstract

When subjected to significant loading, damage occurs in rock, leading to degradation of mechanical properties and increased
wave attenuation. Although wave propagation in porous and jointed rocks has been extensively studied, influences of dam-
age evolution on wave propagation are not fully understood. In this study, damage evolution and its influence on ultrasonic
wave propagation in unconfined uniaxially loaded granite specimens were experimentally investigated. Granite specimen
was firstly compressed to a certain load to generate damage and then unloaded immediately. The stress-driven damages in
granite specimens during and after loading were quantified by acoustic emission and micro-CT scanning, respectively. Mean-
while, ultrasonic wave propagation in granite specimen along the loading direction was measured during and after loading,
respectively. Results showed that the stress-driven damage in granite specimen is highly nonlinear, it increases drastically to
the peak when the axial stress approaches the peak point. The stress-driven damage during loading is higher than that after
loading. Wave propagation in granite is stress-dependent during compression. Both wave amplitude and velocity increase
first and then decrease before the axial stress increasing to approximately 60 and 90% of the uniaxial compressive strength
of the granite, respectively. However, compared with wave velocity, wave amplitude is more sensitive to stress and the
stress-driven damage. The findings of this study could facilitate a better understanding of the relationship between damage
evolution and wave propagation and attenuation in rocks.

Highlights

e The acoustic emission and micro-CT scanning can be e Wave propagation is affected by the competition between
adopted to quantify stress-driven damage in granite spec- the enhancing effect due to closure of initial cracks and
imens. the weakening effect due to generation of new cracks.

e  Wave amplitude is much more sensitive to stress and the
stress-driven damage than wave velocity.

Keywords Damage evolution - Wave propagation - Acoustic emission - Micro-CT scanning - Damage characterization

1 Introduction

There exist numerous pre-existing defects, such as micro-
cracks and voids, in rock. Activation and development of
pre-existing defects under external loading are character-
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on wave propagation are not fully understood. Therefore, it is
essential to generate and quantitatively characterize damage
and to study the effect of damage evolution on wave propa-
gation in rocks (Xie et al. 2020; Zhou et al. 2019).

To date, wave propagation and attenuation in fractured
and damaged rocks have received considerable attentions
over the years (Ahrens and Rubin 1993; Kaneko et al.
1979; Han et al. 2020; Huang et al. 2014; Li et al. 2015;
Meredith et al. 1991; Modiriasari et al. 2018; Pyrak-Nolte
et al. 1990; Shirole et al. 2020; Wu et al. 2022; Yang et al.
2020a, b; Zhu et al. 2011). Through studying wave propa-
gation in porous rocks, Shatilo et al. (1998) and Xi et al.
(1997) concluded that seismic attenuation grows with
increasing porosity. Ai and Ahrens (2007) investigated the
effects of shock-induced damage on ultrasonic velocity
and attenuation in granite. Their results showed that wave
velocity decays exponentially with the normalized distance
from the impact source. Recently, Martinez-Martinez
et al. (2016) studied the effects of progressive fracture
of rocks on wave attenuation. Their results revealed that
wave velocity increases until the unstable crack propa-
gation begins and decreases only when rock damage is
very high. Zhu et al. (2020) investigated the effects of
damage, heterogeneity and waveforms on low-amplitude
stress wave propagation and attenuation in damaged rocks.
However, understanding of the influence of damage evolu-
tion in intact rock specimens on wave propagation is still
at its infancy.

To study damage evolution in rocks, the keys are to create
rock damage in a controllable manner and to quantitatively
characterize it. Currently, there are mainly two methods
to create damage in rocks in laboratory. One is to apply a
certain load to the specimen to create stress-driven damage
(Ahrens and Rubin 1993; David et al 1999; Tapponnier and
Brace 1976; Zhu et al. 2008). Liu and Ahrens (1997) inves-
tigated shock-induced damage in San Marcos gabbro via
impacting a lead projectile at a velocity of 1.2 km/s. Eber-
hardt et al. (1999) quantitatively studied stress-driven brittle
fracture damage in Lac du Bonnet granite using uniaxial
compression tests. The other is to heat rock specimen at a
high temperature for a certain time to produce thermally
induced damage (Chaki et al. 2008; Yang et al. 2017). Yang
et al. (2017) produced thermal damage in granite by expos-
ing the specimens to different high temperatures. However,
high-temperature treatment can also change the mineral
composition of rocks (Chen et al. 2017). As mineral com-
position can also affect mechanical properties and seismic
response of rocks, the stress-driven damage in rock speci-
mens is preferred.

To quantify damage evolution in rocks, an appropriate
damage variable is needed. To date, many damage vari-
ables, e.g., elastic modulus, ultrasonic velocity, acoustic
emission (AE) and computed tomography (CT) value, have
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been proposed to quantitatively assess damage evolution of
brittle materials such as rock and concrete. Attributed to the
availability and nondestructive characteristics, AE detec-
tion and micro-CT scanning are two promising methods
that have been used to either qualitatively or quantitatively
determine and analyze damage evolution in rocks during and
after loading (Kim et al. 2015; Stanchits et al. 2006; Yang
et al. 2020a, b).

As AE in rock is mostly produced by microcrack growth,
frictional slip and pore collapse (Eberhardt et al. 1999), AE
signals detected during rock fracturing can thus be applied
to reflect damage during loading. Given this, some schol-
ars adopted AE information to quantify damage evolution
in concrete (Iturrioz et al. 2013; Abouhussien and Hassan
2016) and rock (Kim et al. 2015; Liu et al. 2009; Zhang et al.
2015) under compression. For instance, the accumulative
AE counts and energy during uniaxial loading were adopted
to quantify damage evolution in rocks (Kim et al. 2015; Luo
et al. 2020; Zhang et al. 2015).

Besides AE, the X-ray CT technique is a unique and
nondestructive method to visualize the defects in opaque
materials such as concrete and rock (Renard et al. 2009).
In recent years, this technique has been widely adopted to
investigate physical properties, failure mechanisms and
damage of geomaterials (Feng et al. 2004; Kawakata et al.
1999; Ju et al. 2014, 2018; Zhu et al. 2018). The applica-
tion of CT has two major advantages. First, through scan-
ning the damaged rock specimen, the three-dimensional
crack networks can be obtained from the reconstructed
CT images, which provide detailed information for spatial
evolution of the micro- and macro-cracks (Kawakata et al.
1999; Renard et al. 2009; Huang et al. 2013). Second, the
information conveyed by the CT images, e.g., CT value
and gray value, can be applied to quantify damage degree
of the specimens (Yang et al. 1998; Feng et al. 2004; Ma
etal. 2016).

In this study, unconfined uniaxial loading and unload-
ing test was conducted on granite specimens to generate
stress-driven damage. AE activities were monitored and
recorded to characterize damage evolution during com-
pression. Then, the unloaded specimens were scanned by
an X-ray micro-CT scanner to determine the stress-driven
damage after loading and unloading processes. Ultra-
sonic wave propagation (i.e., wave velocity and ampli-
tude) in granite specimens along the loading direction was
measured during and after compression. The influence of
stress-driven damage on wave propagation during and
after loading was analyzed with the obtained laboratory
measurements. Finally, the relationship between damage
evolution and wave propagation was discussed. The find-
ings of this study could facilitate a better understanding
of the relationship between damage evolution and wave
propagation in rocks.
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Table 1 .Physical ar}d Rock type Density (kg/m®) \%4 E Porosity v o, (MPa) [
mechanical properties of the (m/s) (GPa) (MPa)
granite

Granite 2642 4355 64 0.7% 0.25 168 8.2

V is the average longitudinal wave velocity, E and v are the Young’s modulus and the Poisson’s ratio, 6. and
o, are static compressive strength and tensile strength, respectively

2 Experimental Setup
2.1 Specimen Preparation

Granite from a quarry in Hunan, China was tested in this
study. The granite consists of 39.3% quartz, 21.4% micro-
cline, 19% biotite, 17.9% plagioclase and 2.4% chlorite. The
grain size ranges from 0.1 mm to 2.0 mm with an average
of about 0.8 mm. The physical and mechanical properties
of the granite are listed in Table 1. The diameter and length
of the specimens are approximately 49 mm and 100 mm,
respectively. A total of 23 specimens without obvious sur-
face microcracks were tested in this study. All specimens
were ground and polished to ensure a surface roughness
smaller than 0.02 mm.

240

Load (kN)

160 |

2.2 Testing Apparatuses and Method

The experimental setup is shown in Fig. 1. Uniaxial com-
pression tests were conducted on an MTS 647 hydraulic
wedge grip machine with a displacement control mode. The
uniaxial force was applied at a constant displacement rate of
0.075 mm/s. An AE detection sensor and a PCI-2 AE data-
collecting system were used to detect and record AE events
during the entire loading process. AE signals were amplified
by 40 dB using preamplifiers from Physical Acoustic Corpo-
ration. The AE signal acquisition rate was 1.0 MHz with a
threshold trigger value of 40 dB. Ultrasonic wave propaga-
tion in the granite specimen was measured with an assembly
device that consists of an Olympus 5077PR square wave
pulser, a Tektronix digital phosphor oscilloscope 2012B
and a pair of wave transducers with central frequency of
1.0 MHz. During loading, AE activities and ultrasonic wave
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Fig. 1 Experimental setup of wave propagation measurement and AE detection during unconfined uniaxial compression: a The MTS 647
hydraulic wedge grip loading machine; b Ultrasonic system; ¢ acoustic activities monitoring system; d uniaxial force and strain measurement
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propagation in granite specimens along the loading direction
were monitored and recorded.

To evaluate the influence of the stress-driven damage on
wave propagation, the granite specimens were firstly loaded
to different stress levels, as shown in Table 2. The stress
level was specified as a percentage of the uniaxial com-
pressive strength (UCS) of the granite. The specimen was
immediately unloaded after loading to the targeted stress
level. During loading, AE activities were monitored and
recorded for characterizing stress-driven damage evolution.
After unloading, micro-CT scanning was performed on the
unloaded specimen to determine stress-driven damage after
loading and unloading processes. In addition, to examine
the effect of the stress-driven damage on wave propagation,
ultrasonic wave propagation through the specimen along the
loading direction was measured at different stress levels dur-
ing and after loading processes.

3 Results

3.1 Wave Propagation in Granite During
Compression

3.1.1 Waveform

Figure 2 shows the transmitted waveforms through a typical
specimen at different stress levels. Notably, the waveforms in
Fig. 2 are actual amplitudes of the initial arrival waveforms
obtained from the superimposed transmitted waves using
the tapering method (Pyrak-Nolte et al. 1990; Zhao et al.
2006). With increasing axial stress, the wave travel time
first decreased before increasing at a critical axial stress of
approximately 120 MPa, i.e., about 70% of the UCS. In con-
trast, as the axial stress increased, the peak-to-peak ampli-
tude of the initial arrival wave gradually increased before
decreasing. The critical axial stress for this transition is
approximately 90 MPa, i.e., 55% of the UCS. The duration
of the initial arrival wave was continuously shortened with
the increase in axial stress.

Table 2 Change of wave

. . Sample UCS% Wave velocity (m/s) Wave amplitude (V)
velocity and wave amplitude
after uniaxial compression Vo |4 AV (%) Ay A’ AA (%)
G-1 19.9 4603 4812 4.54 3.24 34 4.94
G-2 20.1 4697 4922 4.79 3.08 3.18 3.25
G-3 21.5 4487 4621 2.98 3.26 3.44 5.52
G-4 40.2 4414 4553 3.14 2.68 2.92 8.96
G-5 39.9 4342 4504 3.73 3.24 3.64 12.35
G-6 43.7 4406 4689 6.43 3.01 3.26 8.30
G-7 57.9 4394 4686 6.64 2.88 3.29 14.24
G-8 57.8 4460 4698 5.33 2.92 3.25 11.30
G-9 59.2 4496 4767 6.02 3.18 3.70 16.35
G-10 73.6 4220 4562 8.12 3.06 3.53 15.36
G-11 73.5 4295 4640 8.02 2.68 3.15 17.54
G-12 75.5 4439 4740 6.80 1.48 1.69 14.21
G-13 76.4 4376 4749 8.52 2.28 2.71 18.86
G-14 78.3 4515 4916 8.87 3.16 3.80 20.25
G-15 82.0 4338 4766 9.86 3.08 3.68 19.48
G-16 81.3 4373 4727 8.10 1.96 2.44 24.49
G-17 87.1 4242 4705 1091 2.88 3.12 8.33
G-18 91.5 4376 4661 6.52 2.56 2.62 2.34
G-19 93.0 4373 4732 8.22 2.66 2.74 3.01
G-20 97.1 4385 4497 2.57 3.48 1.8 —48.28
G-21 100 4423 3990 -9.79 2.76 0.0126 —-99.54
G-22 100 4416 4055 —8.18 2.92 0.0004 -99.99
G-23 100 4410 4011 -9.05 3.28 0.028 -99.15

V, and V' represent wave velocity before and after loading, respectively; A, and A’ refer to the peak ampli-
tude of the initial arrival wave before and after loading, respectively; AV and AA are changes of wave
velocity and amplitude after loading, respectively
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Fig.2 Transmitted initial arrival

waveforms through a typical 156 MPa

rock specimen under differ-

ent loading stresses. The black 152 MPa
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Fig.3 Change of wave velocity with compressive loading percentage
during compression

3.1.2 Wave Velocity

Figure 3 summarizes the relationship between wave veloc-
ity of the granite specimen and axial stress during loading
process. The results show that the axial stress significantly
affects wave velocity, and the relationship between wave

12 16 20 24 | 28
Time (us) Duration of the initial arrival wave

N
o
T

o
[ee]
T

I
(o]
T

o
~
T

o
N
T

A=0.2962 +0.02118w- 1.787E-4 0" 8

Normalized wave amplitude

0 25 50 75 100
Loading percentage of UCS (w)

°
o

Fig.4 Change of normalized wave amplitude with compressive load-
ing percentage during compression

velocity (V) and the stress level as a percentage (@) of UCS
can be appropriately characterized by a piecewise function:
4902.7 + 175 - LN(w) 0<w<6l

Vv
d —0.8510” + 12.408w + 5181.86 61 < < 100
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Wave velocity increased dramatically when the axial
stress increased from 0 MPa to approximately 25% of
UCS and continued to increase slightly until the axial
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stress reached approximately 60% of UCS. Thereafter,
wave velocity remained almost constant and then slightly
declined as the axial stress exceeded approximately 90%
of UCS. However, wave velocity prior to the peak stress
was still much higher than that at the initial loading stage.
During loading, the peak wave velocity increased by
approximately 20% in average with respect to the initial
one without applying loading.

3.1.3 Wave Amplitude

Figure 4 shows the changes of the normalized amplitude
of the initial arrival wave under different axial stress lev-
els. Due to the inhomogeneous feature of the granite, the
wave amplitude was different from specimen-to-specimen
even under the same axial stress level. Therefore, to examine
the relationship between wave amplitude and the applied
compressive stress, the normalized amplitude was adopted,
which is defined as the ratio of individual wave amplitude
of a granite specimen under a certain axial stress to the
maximum wave amplitude of the specimen measured during
loading process. The normalized wave amplitude increased
remarkably when the axial stress increased from 0 MPa to
approximately 60% of UCS and then decreased with further
increase of the axial stress. During the entire loading pro-
cess, the maximum normalized wave amplitude was nearly
tripled with respect to the average initial one without apply-
ing stress. The change of the normalized wave amplitude
with respect to axial stress can be fitted by a polynomial
function:

3.1.4 Acoustic Emission

Figure 5 illustrates the axial stress-time curves and AE activ-
ities of a typical granite specimen (G-23) during the entire
loading process. AE activity was quiet and inactive before
the specimen was loaded to 20% of UCS. At this stage, few
AE counts were generated which is due to the closure and
compaction of pre-existing microcracks or voids in the spec-
imen at the initial loading stage (Yang and Jing 2011). AE
remained inactive during the linear elastic deformation stage
when the compressive stress was less than 60% of UCS,
implying that few microcracks were created in the specimen
at this stage. When the axial stress was greater than 60% of
UCS, AE became active and an increasingly more AE events
were generated. When the compressive stress exceeded 80%
of UCS, AE was continuously generated, and a great number
of AE events occurred abruptly with the compressive stress
approaching the peak point. This phenomenon suggests that
the granite specimen may reach the unstable cracking stage
when the compressive stress surpassed 80% of UCS, dur-
ing which microcracks increased both in number and size,
propagated and interacted with each other, eventually coa-
lesced into macro-cracks, and finally leading to brittle failure
of the specimens (Eberhardt et al. 1998, 1999; Martin and
Chandler 1994).

3.2 Wave Propagation in Granite After Loading
When the axial stress reached the targeted level, the speci-

mens were immediately unloaded. Wave velocity and ampli-
tude through the recovered specimen after unloading were

_ _ 42
A =0.2962 +0.02118w — 1.787E — 4w @ measured afterward to assess the influence of stress-driven
damage on wave propagation and attenuation. The changes
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in wave velocity (AV) and amplitude (AA) are, respectively,
determined as follows:

vV -V,
AV = — % 100% 3)
VO

!

A=A,
AA = x 100% @)
AO

where V|, and V' represent the wave velocity before and after
loading, respectively; A, and A’ refer to the peak ampli-
tude of the initial arrival wave before and after loading,
respectively.

Table 2 lists the changes of wave velocity and wave
amplitude of the granite specimens before and after loading,
where a positive change means an increase of wave veloc-
ity or wave amplitude with respect to that of the specimen
without loading. Compared with wave velocity before load-
ing, wave velocity of the specimens after loading increased
with axial stress and approached the maximum increment of
approximately 11% at 87% of UCS. The increment of wave
velocity declined to approximately 2.6% when the specimen
was loaded to 97% of UCS. Wave velocity of the specimen
at failure decreased by approximately 9%. Note that herein
the failure specimen refers to the one that is failed into two
major blocks and can be approximately spliced together.

When the axial stress increased to 80% of UCS, wave
amplitude after loading increased by approximately 21%.
Similar to wave velocity, the increment of wave amplitude
also declined with further increase in axial stress. However,
when the specimens were loaded to 97% of UCS, wave
amplitude of the unloaded specimens decreased by approxi-
mately 50% with respect to the initial value without loading.
Moreover, wave amplitude of the spliced specimens after
failure was close to zero, which significantly differs from
wave velocity.

4 Analysis
4.1 Damage Evolution During Compression

AE is a process of a sudden release of the stored elastic
strain energy resulting from dislocations, microcrack growth,
frictional slips, pore collapses, etc. (Eberhardt et al. 1999).
Thus, AE signals detected during compressive loading can
be applied to characterize damage in rock specimens (Yang
et al. 2020a, b; Zhang and Zhou 2020a, b). In this study, AE
counts were utilized to quantify damage during the loading
process. The damage coefficient is calculated as follows (Liu
et al. 2009; Luo et al. 2020; Ohtsu and Watanabe 2001):

1.0+ —— Damage coefficient (G-21)
Damage coefficient (G-22)
Damage coefficient (G-23) p
08k ~——- Fitting curve [
g = Average damage coefficient :I
<) 1
o)
© 06
o .
2 y=1E-05exp(0.1147w) ,
2_
E oal R’=0.8114 /
o
0.2
0.0 iz ! : T : ! " . 1
0 20 40 60 80 100

Loading percentage of UCS (w)

Fig.6 Relationship between damage coefficient and loading percent-
age with respect to the UCS

Table 3 Damage coefficients of the failed specimens characterized by
AE counts during compression

UCS% D_G-21 D_G-22 D_G-23 Ave Std

20 0.0019 0.0018 0.0094 0.0044 0.0044
40 0.0023 0.0024 0.0142 0.0063 0.0068
60 0.0031 0.0047 0.0176 0.0085 0.0080
65 0.0038 0.0077 0.0275 0.0130 0.0127
70 0.0065 0.0260 0.0321 0.0215 0.0134
75 0.0094 0.0720 0.0656 0.0490 0.0344
80 0.0237 0.1110 0.1270 0.0872 0.0556
85 0.0505 0.1450 0.2230 0.1395 0.0864
90 0.1380 0.2070 0.2820 0.2090 0.0720
95 0.3230 0.5840 0.3680 0.4250 0.1395
100 1 1 1 1 0

Ave average value of damage coefficient, Std standard deviation

_ N

D=
NT

&)
where D is the damage coefficient during compressive
loading, N, is the accumulated AE counts of the specimen
loaded to a certain stress level, N, is the total accumulated
AE counts during the entire loading period.

The damage coefficient determined by AE counts of the
specimen G-23 during the entire loading process is also
shown in Fig. 5. It indicates that AE was inactive before the
axial stress reaching 60% of UCS and the damage coefficient
was nearly zero. Beyond 60% of UCS, AE became active
and the damage coefficient increased. When the axial stress
exceeded 80% of UCS and especially approached the peak
point, a large number of AE events were detected, and the
damage coefficient increased sharply to 1.
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Figure 6 presents change of damage coefficient of the
failed specimens characterized by AE counts during load-
ing process. It shows that for the completely failed speci-
mens, damage coefficient at any stress level during com-
pression can be determined using the statistical AE counts.
Meanwhile, the evolution law of damage coefficient of the
failed specimens is consistent, despite a slight deviation
prior to the UCS. Therefore, to characterize damage evo-
lution law of granite specimens during uniaxial compres-
sion, some damage coefficient values of the failed speci-
mens under different loading stresses were selected for
analysis (see Table 3). From Fig. 6, it can be seen that the
average damage coefficient was negligible when the com-
pressive stress was below approximately 60% of UCS, and
the average damage coefficient of the granite specimen is
highly nonlinear under compression and can be fitted by
an exponential function:

D = 1E — 05exp(0.1147) (6)

4.2 Effect of Damage Evolution on Wave
Propagation During Compression

4.2.1 Wave Velocity vs Damage

Figure 7 shows the relationship between wave velocity and
damage coefficient during compression. Testing results

Fig. 7 Relationship between

6000 -

show that the dependence of wave velocity on damage dur-
ing compression can be divided into three stages. At the
first stage, when D was less than approximately 0.0025 (the
axil stress was approximately 55% of UCS), wave velocity
increased sharply. Wave velocity remained nearly constant
with D increasing from 0.0025 to approximately 0.315 (the
axial stress was approximately 90% of UCS). In the third
stage, wave velocity decreased gradually with increasing D.
It is seen from Fig. 7 that the results estimated by Eqs. (1 and
6) agree with the testing results, particularly at the first stage.
Although there is no second stage reflected by the estima-
tions, the discrepancy is within 3%. Therefore, Egs. (1 and
6) obtained from the testing results can be used to determine
the dependence of wave velocity on damage evolution in the
granite specimens during unconfined uniaxial compression.

4.2.2 Wave Amplitude vs Damage

Figure 8 shows the effect of damage on wave amplitude.
The results showed that when D was less than 0.0066 (the
axial stress was approximately 65% of UCS), wave ampli-
tude increased sharply from approximately 0.3 to 1.0.
Subsequently, wave amplitude decreased from the peak to
approximately 0.4. The decreasing rate of wave amplitude
was accelerated when D was greater than 0.8, i.e., the axial
stress was higher than approximately 95% of UCS. Similar
to wave velocity, the estimated results by Eqgs. (2 and 6)
coincide with the testing results, except for the relatively
large discrepancy near D=1. Thus, Eqs. (2 and 6) can be
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Fig.8 Relationship between 1.0 i
wave amplitude and damage . | V'S Experimental result
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Fig.9 Micro-CT images and the corresponding cracks of two typical granite specimens subjected to different axial stresses: a 97% of UCS; and
b 100% of UCS. The red and blue colors in the images beside the micro-CT images indicate solid materials and cracks, respectively

used to evaluate the dependence of transmitted wave ampli- 4.3 Damage After Compression and its Effect
tude on damage in the granite specimens during unconfined on Wave Propagation
uniaxial compression.
4.3.1 Characterization of Stress-Driven Damage Using
Micro-CT

To quantify the stress-driven damage after loading, a Nano-
Voxel 2000 micro-CT scanner was used to scan the damaged
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specimens at a resolution of 61 x61x61 um?. After scan-
ning, a series of micro-CT images were obtained. By set-
ting a proper grayscale threshold in the Avizo software, the
micro- and macro-cracks can be appropriately determined
by micro-CT images, as shown in Fig. 9. The crack area
in each micro-CT image can be statistically calculated by
the Avizo software. Based on the continuous damage theory
(Kachanov 1986), the stress-driven damage coefficient (D")
after loading can be determined (Ma et al. 2016):

!

, lnqi
D__Z_ 100% 7
iliXOOo @)

where A, is the area of the i-th micro-CT image of a dam-
aged specimen, A;'is the total crack area in the i-th micro-CT
image, and 7 is the total number of micro-CT images of the
damaged specimen.

To appropriately calculate D', the crack areas of the dam-
aged specimen, in particular the failed one, must be precisely
counted. Fault was observed in the failed specimen, which
is formed by large, open cracks and voids rather than dense
microcracks, as shown in Fig. 9. The largest aperture of
the fault is nearly 2 mm. Therefore, the crack area counted

from the failed specimen will be undoubtedly much greater
than the real one. To avoid this problem, the crack areas
were counted from some representative regions, which are
termed as the characteristic rock elements. This is similar to
the treatment in quantifying crack density using representa-
tive thin sections obtained from scanning electron micros-
copy or optical microscopy (Wu et al. 2000). The criteria
to select the characteristic rock element are as follows: (1)
the element should be near but excluding the fault in the
failed specimen; (2) the element should contain sufficient
microcracks with at least one or two coalesced cracks that
have extended to the element boundary. The first criterion
is to avoid the interference of faults, and the second guaran-
tees that the characteristic rock element can be failed by the
cracks inside its volume.

Figure 10 illustrates two typical characteristic rock ele-
ments extracted from the failed specimen G-23. Two charac-
teristic rock elements were selected in two orthogonal direc-
tions parallel and perpendicular to the loading direction.
The dimensions of the two elements are 24.4 X 12.2x 12.2
mm? and 12.2x 12.2 x 24.4 mm?®, respectively. Based on the
method described above, the crack areas of these two char-
acteristic rock elements can be obtained, which are further

Fig. 10 Determination of cracks from two characteristic rock ele-
ments extracted from the failed granite specimen G-23: a Exhibition
of the locations of the two characteristic rock elements; b and d the
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characteristic rock elements that are parallel and perpendicular to the
loading directions, respectively; ¢ and e cracks (marked by red color)
within the characteristic rock elements shown in b and d, respectively
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Table4 Crack areas and Sample UCS% Crack area (mm?) Scanning area (mm?) D' Dy
damage coefficient of the
damaged rocks G-4 40 59.17 1,557,009.0 0.0038% 0.002
G-9 60 91.47 1,524,556.7 0.006% 0.0032
G-16 80 730.34 1,587,702.3 0.046% 0.024
G-17 87 2218.13 1,584,381.4 0.14% 0.072
G-20 97 8069.17 1,551,763.5 0.52% 0.268
G-23 100 30,033.96 1,548,142.2 1.94% 1.0
Loading percentage (UCS%)
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Fig. 11 Normalized damage of the granite after loading vs UCS%

used to determine D’ with Eq. (7). D' of the elements along
the horizontal and vertical directions are 2.05% and 1.83%,
respectively. The average value 1.94% is then used to repre-
sent D' of the failed specimen G-23.

Table 4 summarizes the crack areas of damaged rock
specimens and D' determined by Eq. (7). In general, the
crack areas are small compared to the scanning areas of the
entire damaged specimen. When the compressive stress was
lower than 60% of UCS, the crack areas generated in the
specimen were very small, resulting in a low D'. Similar to
the damage coefficient during the loading process character-
ized by AE counts (see Fig. 6), D' increased with increasing
compressive stress and grew sharply to the peak, i.e., 1.94%,
when the compressive stress reached the UCS.

For the failed specimen G-23, D'is 1.94%, which is far
less than the theoretical predication where damage should
be 100% when a material is completely failed (Kachanov
1986). To make D' comparable to damage coefficient during
loading process, the normalized damage coefficient D), is
adopted to characterize the stress-driven damage of the gran-
ite specimen after loading and unloading processes. D), is
defined as the ratio of D' of the unloaded specimen that has
been compacted to a certain load to the peak D' of the failed
granite specimen. The change of Dy with respect to the
loading percentages after loading and unloading processes

|
0.002 0.0032 0.024 0.072 0.268 1.0
Normalized damage coefficient

Fig. 12 Relationship between the change of wave velocity and nor-
malized damage coefficient after loading and unloading processes
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Fig. 13 Relationship between the change of wave amplitude and nor-
malized damage coefficient after loading and unloading processes
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is shown in Fig. 11. The result indicates that evolution of
D), is highly nonlinear and can be fitted by an exponential
function.

4.3.2 DN vs Wave Velocity

Figure 12 demonstrates the effect of D, on the average
change of wave velocity after loading and unloading pro-
cesses, where a positive change means an increase in wave
velocity compared with that before loading. Wave velocity
of the unloaded specimens is higher than that before load-
ing when the damage coefficient was less than 0.268. Wave
velocity of the failed specimen was approximately 9% lower
than that before loading. This feature shows that although
the stress-driven damage was generated in the specimen,
the wave velocity was still higher than the initial velocity
before loading if the specimen did not fail. It indicates that
the enhancing effect of compaction and closure of cracks
on wave velocity of the unloaded specimens was partially
retained.

4.3.3 DN vs Wave Amplitude

The effect of Dy on the average wave amplitude change after
loading and unloading processes is presented in Fig. 13.
Similar to wave velocity, the compaction and closure of
pre-existing cracks and pores in the specimen was not
fully recovered after unloading. When D), is smaller than
approximately 0.1, wave amplitude of the unloaded speci-
mens gradually increased with increasing Dy. The maxi-
mum increment of wave amplitude was approximately 21%
when D, =0.024. However, when Dy, is sufficiently large
(e.g., 0.268), wave amplitude of the unloaded specimen
was lower than that before loading. For the failed speci-
men with Dy =1.0, the wave amplitude change was nearly
-100%, indicating that the energy of the transmitted wave
was almost completely attenuated by the fractures and failed
plane within the spliced specimens after failure.

5 Discussion

Testing results showed that wave velocity and the amplitude
of the initial arrival wave during compression first increased
and then decreased with increasing compressive stress, as
shown in Figs. 3 and 4. This is attributed to the combina-
tion of two effects on wave propagation, i.e., the enhancing
effect due to compaction and closure of initial cracks and the
weakening effect resulting from generation of new cracks.
When the compressive stress is lower than 60% of UCS,
the stress-driven damage is very small, indicating that the
weakening effect on wave propagation is negligible. Mean-
while, the application of compressive stress results in the

@ Springer

compaction and closure of pre-existing defects, which leads
to the consolidation of contact conditions between individual
minerals and change in friction conditions, thereby increas-
ing wave velocity and wave amplitude (Goodfellow et al.
2015; Kaneko et al. 1979; Meredith et al. 1991; Svitek et al.
2017). Because the enhancing effect of compaction and clo-
sure of cracks on wave propagation is much stronger than the
weakening effect of newly induced damage on wave propa-
gation, the wave velocity and amplitude therefore increase
with increasing stress when the compressive stress is lower
than 60% of UCS. When the compressive stress is beyond
60% of UCS, dilatancy occurs due to the reopening, gen-
eration, propagation and coalescence of microcracks, which
induces damage accumulation in the granite specimens, as
shown in Fig. 6 (Brace et al. 1966; Goodfellow et al. 2015;
Kaneko et al. 1979; Meredith et al. 1991). Consequently,
the newly induced damage results in drop of wave velocity
and amplitude. In this stage, the weakening effect of newly
induced damage played a dominant role on wave propaga-
tion. As a result, with increasing compressive stress, wave
amplitude and velocity decrease when the compressive
stress is higher than approximately 60% and 90% of UCS,
respectively.

The variation of wave amplitude with damage is approxi-
mately 3 ~ 10 times higher than that of wave velocity, sug-
gesting that wave amplitude is much more sensitive to dam-
age than wave velocity. This is because ultrasonic wave can
bypass the obstacles such as holes and cracks, and therefore
wave velocity is not significantly affected. However, the
defects, even the tiny holes and microcracks, in the speci-
men can significantly dissipate wave energy, thereby causing
great attenuation of wave amplitude (Hudson 1981; Johnston
etal. 1979). Besides, the particle vibration is also affected by
internal friction, which will convert part of wave energy into

1.0 u Damage after loading and unloading process 2
A Damage during loading process
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Fig. 14 Comparison of normalized damage coefficients between after
loading and unloading processes and during loading process
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Fig. 15 Comparison of damage coefficients characterized by AE
counts in this study with the previous results by Kim et al. (2015)

heat, thus leading to additional wave amplitude attenuation
(Tompkins and Christensen 2001; Walsh 1966).

Figure 14 shows the comparison of damage coefficients
quantified by AE counts during loading and micro-CT scan-
ning data after loading. In general, the change of damage
coefficient characterized by micro-CT scanning data after
loading with respect to the loading percentage is similar
to that quantified by AE counts during compression. How-
ever, when the compressive stress applied to the specimen
exceeds 60% of UCS, the damage coefficient of the unloaded
specimen was smaller than that during loading process.
The damage recovery during unloading is responsible for
this phenomenon (Browning et al. 2017; Han 2016; Rao
and Ramana 1992). In addition, it should be noted that the
damage coefficients during loading and after unloading are
determined by different methods, which may also cause
this discrepancy. For instance, the resolution of the micro-
CT applied for scanning the damaged specimens is 61 pm,
which cannot distinguish and detect the microcracks with
scales smaller than 61 pm.

Figure 15 gives the comparison of the damage coefficient
determined by AE counts in this study with that reported by
Kim et al. (2015). The damage coefficients determined by
AE counts coincides with those obtained from the moment
tensor inversion and AE energy. In particular, the transitions
of the normalized stress, i.e., 70%-80% of UCS, for dam-
age evolution during loading are comparable. Therefore, the
application of AE counts to quantitatively determine damage
during loading is feasible.

Damage evolution may be anisotropic because the stress-
driven micro- and macro-cracks tend to propagate along the
loading direction under unconfined uniaxial compression
(Barnhoorn et al. 2018; Zhou et al. 2018). Therefore, fur-
ther studies considering anisotropy of damage evolution and
its influence on ultrasonic wave propagation along different

directions are needed. In addition, underground rock is often
subjected to confining pressures (Ju et al. 2018). Hence, the
effect of confining pressure on damage evolution and its
influence on wave propagation needs to be studied in the
future.

6 Conclusions
The main conclusions are summarized as follows:

1) Wave propagation in granite is stress-dependent during
compression. However, compared with wave velocity,
wave amplitude attenuation is more sensitive to both
axial stress and the stress-driven damage.

2) The evolution of compressive stress-driven damage in
granite specimen is highly nonlinear, it increases drasti-
cally to 1.0 with axial stress approaching the peak.

3) The increase and decrease of both wave velocity and
amplitude during compression are attributed to the com-
bination of two effects on wave propagation, i.e., the
enhancing effect due to compaction and closure of ini-
tial cracks and the weakening effect resulting from the
generation of new cracks.

4) The acoustic emission and micro-CT scanning can be
adopted to quantify stress-driven damage in granite
specimens during and after loading, respectively. The
stress-driven damage after unloading is smaller than that
during loading.
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