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Abstract

ABSTRACT

Rock is heterogeneous and contains numerous discontinuities, e.g., cracks, voids, and
joints. The presence of these discontinuities not only governs the mechanical behaviors of
rock masses but also significantly affects the rocks’ seismic responses. In the past, great
efforts have been devoted to studying the effects of discontinuities on the mechanical and
seismic behaviors of rocks. Nevertheless, some scientific problems remain. For instance,
few studies have been conducted to investigate three-dimensional (3D) internal crack
growth and its effects on the mechanical and fracture behaviors of rocks. Thus far, no
studies have been reported considering the combined effects of joint geometry (e.g., joint
matching coefficient (JMC)) and infilling materials (e.g., infilling types and water content)

on wave propagation across joints.

Focusing on the remaining problems, experimental research of cracks, especially 3D
internal micro and macrocracks, crack growth and the effects on the mechanical and

seismic properties of rocks are investigated in this thesis.

To replicate naturally brittle and hard rocks, 3D printing (3DP) is introduced to the study
of rock mechanics. The translucent resin produced via stereolithography (SLA) is
identified as the most suitable 3DP material for replicating brittle and hard rocks based on
currently available 3DP techniques. Three methods, including freezing, incorporation of
internal macrocracks and the addition of microdefects are adopted to enhance the
brittleness of the 3DP resin. To some extent, 3DP application to rock mechanics can solve
the problem of preparing artificial rock-like samples with internal structures identical to

the prototype rocks.

The 3DP technique is adopted to fabricate resin-based artificial rocks containing single
and double, pre-existing, penny-shaped 3D internal flaws. Static and dynamic
compression tests are performed on these samples to investigate the influence of flaw
geometry and loading types on the mechanical and fracturing behaviors of 3DP artificial
rocks. For the first time, high-speed cameras are applied to the study of 3D crack growth
inside the transparent 3DP resin samples in real-time. Distinctions between the
volumetric fracturing of resin-based artificial rocks under static and dynamic loading
conditions are compared, and the physical mechanisms behind these types of fractures are

proposed.



Abstract

In this research, 3DP is adopted to replicate internal defects and study the mechanical and
fracture behaviors of rock in combination with microcomputed tomography (micro-CT).
The validity and efficiency of this method is confirmed by comparing the results with the
physical tests conducted on the natural prototype volcanic rocks. The advantages and
disadvantages as well as potential improvements of the method are compared and
discussed. The proposed method provide a promising means to quantify, replicate and
visualize the pre-existing defects and microstructures and to understand their influences

on the mechanical and fracture behavior of rock under different loading conditions.

In addition to mechanical and fracture properties, the damage evolution effects on
low-amplitude ultrasonic wave propagation in rock samples are also studied. Acoustic
emission activities are employed to quantify damage evolution during uniaxial
compression loading. In addition, micro-CT detection is applied to quantitatively
determine damage inside the rock sample after the loading and unloading processes. Then,
the relationship between damage evolution and ultrasonic wave propagation is

quantitatively analyzed.

Based on the split Hopkinson rock bar system, stress wave propagation is conducted to
study the coupling effects of IMC, loading rate and water contents of the infilling mixture
on the mechanical and seismic properties of a single, rough joint. JMC is found to play a
dominant role in affecting the mechanical and seismic properties of the joint compared

with the infilling mixture and loading rate.
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Chapter 1

CHAPTER 1 INTRODUCTION

1.1 Background

Rock is a heterogeneous material containing numerous, pre-existing discontinuities, e.g.,
voids, cracks and joints, and the scales of these discontinuities generally range from grain
boundaries to regional faults (Sagong and Bobet 2002). The presence of discontinuities in
rock masses has two major effects. On the one hand, discontinuities undermine the
mechanical properties, e.g., strength and elastic modulus, of the rock matrix, thereby
making the rock mass more susceptible to failure and stability loss (Sagong and Bobet
2002; Sinha and Singh 2000). On the other hand, discontinuities act as dampers that
attenuate wave amplitude, filter high-frequency components and delay the group velocity
when a stress wave propagates through the discontinuities (Pyrak-Nolt et al. 1990a; Zhu
and Zhao 2013). Therefore, a comprehensive understanding of flaw (henceforth referring
to the pre-existing discontinuities) growth and its effects on the mechanical and seismic
behaviors of rocks is of great concern for rock engineers and seismologists to evaluate the
safety and stability of underground structures built on or in rock subjected to static and

dynamic loads.

The evolution of flaws and their influence on the mechanical and fracture behaviors of
rocks has been extensively studied over the past decades. Due to the heterogeneity of rock
material, it is difficult to predict and analyze crack initiation, propagation and coalescence
in rocks using theoretical methods (Fang and Harrison 2002; Liang et al. 2012; Liu et al.
2004). In contrast, as a fundamental and effective method, laboratory experiments enable
scholars to directly monitor and study flaw growth in rocks under various circumstances
(Liu et al. 2004). Therefore, experimental studies of flaw evolution have always been
significant. Currently, there are two main research branches for investigating flaw
evolution problems, i.e., throughout two-dimensional (2D) flaw growth, 3D surface and

3D internal flaw growth.

Regarding 2D flaw growth, a large number of experimental investigations have been
performed in rock and rock-like materials under static or dynamic compression
conditions (Bobet and Einstein 1998; Feng et al. 2009; Lajtai 1974; Lee and Jeon 2011; Li
etal. 2005a, 2017a; Shen et al. 1995; Wong et al. 2001; Wong and Einstein 2009a; Yang et
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al. 2009, 2017; Zou and Wong 2014). The academic community has reached a consensus
on the evolutionary mechanism of 2D flaws, which is attributed to these basic and solid
studies. In short, new cracks generated from pre-existing 2D flaws can be characterized
into three main types, i.e., tensile cracks, shear cracks and mixed tensile-shear cracks, and
the failure of rock samples is a mixture of these three major crack types and some other
far-field cracks (Wong and Chau 1998; Wong and Einstein 2009a). Under compression,
the tensile cracks first generate at or around the flaw(s) tips under relatively low stress;
then, tensile cracks continually propagate, accompanied by the initiation and propagation
of secondary shear cracks and mixed tensile-shear cracks; finally, the initial tensile cracks
and secondary cracks coalesce with each other, ultimately leading to the failure of the
specimen (Lee and Jeon 2011; Sagong and Bobet 2002; Wong and Chau 1998; Wong and
Einstein 2009b; Yang 2011).

For 3D flaw cases, these flaws appear either as 3D internal flaws (i.e., fully embedded in
rocks) or as 3D surface flaws (i.e., part of the flaw intersecting the surface of the rocks)
(Yin et al. 2014). Since 3D surface flaws can be conveniently manufactured on rock
surfaces by saw cut, much effort have been devoted to studying the evolution of 3D
surface flaws (Cannon et al. 1990; Liu et al. 2008; Lu et al. 2015; Wong et al. 2004a, b;
Yin et al. 2014). By investigating crack growth in rocks and rock-like materials
containing 3D surface flaws, Wong et al. (2004a, b) and Yin et al. (2014) concluded that
the growth of 3D surface flaws is more complicated than the growth of 2D flaws, the
crack propagation length depends on the penetration and inclination angle of the
pre-existing flaws, and the coalescence mechanism of 3D surface flaws involves both the

linkage by surface fracturing and the linkage inside the specimen.

In terms of the 3D internal flaws, due to the difficulty of accurately fabricating 3D
internal flaws inside rock specimens, few experimental studies have been reported so far.
To date, some researchers have used rock-like samples produced by transparent, rock-like
materials, such as glass (Germanovich et al. 1994; Schmitt and Zoback 1993), polymethyl
methacrylate (PMMA) (Adams and Sines 1978; Zhou et al. 2018a) and epoxy resin
(Dyskin et al. 2003; Fu et al. 2016, 2017) to investigate the mechanical and internal
fracture behaviors of rocks. Nevertheless, in these studies, only some regular flaws, e.g.,
penny-shaped, elliptical and borehole cracks, are considered, which are distinct from the

flaws inside natural rocks. The primary reason is that it is impossible to produce rock-like
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samples with internal flaws identical to those in natural rocks using traditional
manufacturing methods. Therefore, there is a demand for more effective techniques or
methods that can be applied to conveniently prepare rock specimens with internal flaws
identical to those of natural rocks and to study real-time damage and fracture evolution

within rocks subjected to static or dynamic loads.

In addition to flaw growth, the mechanical and seismic properties of discontinuities with
a joint range scale have also been widely investigated. The Bandis-Barton model
(Bandis et al. 1983) has been widely used to predict joint deformation and stiffness
variation under static loads. Based on the split Hopkinson pressure bar (SHPB) device,
many tests were conducted to study the dynamic response of the artificial joints under
compressive impacts (Chen et al. 2015; Li and Ma 2009; Li et al. 2010, 2017b; Wu et al.
2012, 2014). The dynamic normal stiffness and wave transmission coefficient of joints
increased with JMC and loading rates but decreased with joint thickness (Li et al. 2017b;
Li and Ma 2009; Wu et al. 2012, 2014).

However, natural joints are neither always open nor solely filled with sand and clay
mixtures. Instead, the joint surfaces are often partially contacted or even bonded via
asperities, while the remaining part is filled or partially filled with various mixtures of
sand, clay, water and air (Barton 1974; Sinha and Singh 2000; Zhao 1997a). Studies
considering the effects of joint geometry and infilling materials on stress wave
propagation have not been reported thus far. Therefore, investigations focusing on the

above mentioned issue are needed.

1.2 Research objectives

The overall objective of this thesis is to experimentally study crack growth and its
influences on the mechanical and seismic properties of rocks. A series of experiments are
performed using 3DP, micro-CT and acoustic emissions (AE) as well as high-speed

cameras (HSCs) and SHPB techniques. The detailed scope of the study is as follows:

1) Identification of a superior 3DP material for replicating hard and brittle rocks with

reproducible defects and mechanical properties.

2) Preparation of artificial rock samples with pre-existing 3D internal flaws using the
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identified 3DP material and to study 3D flaw growth using these 3D printed rocks,

which are subjected to static and dynamic loading compressions.

3) Replication of internal defects and investigation of the mechanical and fracture

behavior of rocks using 3DP method in combination with micro-CT.

4) Quantification of damage evolution and its effects on low-amplitude ultrasonic P-wave

propagation in rock samples using AE and micro-CT.

5) Study the coupling effects of JIMC, loading rate and water content of the infilling
mixture on the mechanical and seismic properties of a single rough joint with stress

wave propagation in rock bars.

1.3 Organization of the thesis

This thesis is composed of 8 chapters. Chapter 1 provides an overview of the evolution of
pre-existing flaws and their effects on the mechanical and seismic behaviors of rocks, and
the objectives of the thesis are presented. In Chapter 2, a literature review of previous
studies is conducted. The previous experimental studies with respect to the growth of 2D
and 3D surface and internal flaws are reviewed in detail. Previous theoretical and
experimental studies focusing on low-amplitude ultrasonic P-wave and high-amplitude
stress wave propagation in damaged and jointed rocks are summarized. In addition, the
developments and applications of the testing system, i.e., the SHPB, micro-CT, 3DP, AE
and numerical modeling, are also reviewed. In Chapter 3, a superior 3DP material is
identified for replicating rocks with reproducible defects and mechanical properties and
the materials’ brittleness enhancements are presented. The preparation of artificial,
resin-based 3DP rocks with 3D internal flaws and an investigation of 3D flaw growth
and its effect on the mechanical and fracture behaviors of 3DP rocks subjected to static
and dynamic compression are demonstrated in Chapter 4. In Chapter 5, 3DP method is
first proposed to replicate the internal defects of natural rocks in combination with
micro-CT. Then, the validity and accuracy of this method are verified by comparing the
experimental results of the 3DP samples with the physical tests conducted on the natural
prototype rocks. Subsequently, damage evolution characterization in granite rock
samples during static uniaxial compression and an investigation of the influence of

damage evolution on low-amplitude ultrasonic P-wave propagation in rocks are shown
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in Chapter 6. In Chapter 7, stress wave propagation in split Hopkinson rock bars (SHRB)
with a single rough joint is performed. The effects of JMC, loading rate and water
content of the infilling sand-clay mixture on the mechanical and seismic properties of

the single rough joint are analyzed in detail. Finally, the conclusions of the entire study

and some suggestions for future research are presented in Chapter 8.

Identification of the most suitable 3DP material for replicating hard
and brittle rocks with reproducible defects and mechanical properties

L [Grapter3]

Preparation of artificial rock samples with 3D internal
Mechanical flaws using 3DP and investigation of 3D crack growth || Chapter 4
and under static and dynamic loading compressions
fracture An experimental
befhaw:::rs Replication of internal defects of the natural rocks study of crack
Of rocks and investigation of the mechanical and fracture - Chapter 5 growth and the
behavior of rocks using 3DP method and micro-CT effect on the
g?(lstent_ce c;f Affect mechanical and
e;Si?P{(:';EISI seismic properties
Quantification of damage evolution and its effects on of rocks using
low-amplitude ultrasonic P-wave propagation in rock Chapter 6 3DP, micro-CT
Seismic samples using AE and micro-CT and AE
behaviors
of rocks Study the effects of JMC, loading rate and water
content of the infilling mixture on the seismic
behaviors of a single rough joint with stress wave | Chapter 7
propagation in rock bars

Figure 1.1 Organization of the main contents of this thesis
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CHAPTER 2 LITERATURE REVIEW

A literature review of previous research is presented in this chapter. First, the
experimental studies on the growth of 2D and 3D flaws and their effects on the
mechanical and fracture behaviors of rocks are reviewed in detail. Then, a brief review
of the numerical modeling of crack growth is also conducted. Subsequently,
investigations of damage evolution in rocks and its effects on ultrasonic wave
propagation in both intact and damaged rocks are performed. Then, research work with
respect to the mechanical and seismic behaviors of rock joints under static and dynamic
loading conditions is reviewed. Finally, a brief review of the major apparatus, i.e.,

SHPB, and techniques, i.e., micro-CT, 3DP and AE, is also performed.

2.1 Review of crack growth

2.1.1 2D crack growth

It is known that studies of crack evolution began with 2D crack growth and then
gradually extended to 3D surface and internal crack propagation and coalescence
problems. Therefore, studies of 2D crack growth are first reviewed. It is believed that
investigation of 2D crack development could provide a reference for the investigation of

3D crack growth.

The studies on 2D crack growth have lasted for more than half a century and mainly
underwent three main stages. In general, the study of 2D crack growth was mainly
conducted on transparent, brittle rock-like materials, e.g., PMMA, resin and glass,
between the 1960s and 1980s. At this stage, only some intermittent studies were
performed on single flaw propagation and multiple flaw coalescence behaviors (Brace
and Bombolakis 1963; Hoek and Bieniawski 1965; Horii and Nemat-Nasser 1985, 1986;
Nemat-Nasser and Horii 1982). Then, over the next three decades, comprehensive
studies were conducted to systematically reveal the evolutionary laws of 2D flaws using
artificial, rock-like materials such as gypsum and sandstone-like material (Bobet 2000;
Bobet and Einstein 1998; Park and Bobet 2009; Reyes and Einstein 1991; Shen 1995;
Shen et al. 1995; Sagong and Bobet 2002; Wong and Chau 1998; Wong et al. 2001).
Thereafter, studies of 2D crack propagation and coalescence properties were directly

performed on real rock samples with the aid of advanced techniques, such as high-speed
6
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cameras, scanning electron microscopy (SEM) and AEs (Brooks et al. 2013; Lee and
Jeon 2011; Li et al. 2005a, 2017a; Wong and Einstein 2009a, 2009b; Yang et al. 2009,
2015, 2017; Yang and Jing 2011).

In the first stage, Bombolakis (1963), Brace (1964) and Brace and Bombolakis (1963)
were likely the first to experimentally study 2D crack growth using photoelastic
material and glass. Based on their results, these researchers found that under uniaxial
tension conditions, a single 2D flaw grew in the direction of its long axis and could
continuously extend to the free boundary of the sample, whereas under uniaxial
compression, the crack growth that developed at the flaw tips stopped when the cracks
curved into the loading direction. Further growth of these branch cracks required an
increase in the loading pressure (Brace and Bombolakis 1963). Another important
finding reported by Bombolakis (1963) and Brace and Bombolakis (1963) is that the
formation of shear fractures or faults in nature would likely be due to the interaction and
coalescence between adjacent pairs of parallel flaws. Further research conducted by
Hoek and Bieniawski (1965) showed that a single 2D flaw cannot result in the final
failure of a specimen under biaxial compression conditions, and the required stress to
further drive the crack growth that developed at the flaw tips would be as much as
approximately ten times greater than the initiation stress. Later, Nemat-Nasser and Horii
(1982) and Horii and Nemat-Nasser (1985) performed experiments on thin plates of
Columbia Resin CR 39 to investigate the failure mechanism of brittle solids with single
and multiple, appropriately arranged flaws. These researchers concluded that the
relative frictional sliding of the pre-existing flaw faces may result in the formation of
tension cracks at the flaw tips, and these tension cracks initiated at an angle close to 70°
from the long axis of the pre-existing flaw. Moreover, they deduced that the basic
mechanism of axial splitting could be the existence of some lateral tension
accompanying the axial compression that resulted in the unstable propagation of the
tensile cracks developed at the flaw tips. In addition, these researchers also found that
under biaxial compression, the sample would not be split by the propagation of the
isolated, long pre-existing 2D flaws; instead, the sample would fail by the shear
macrocrack that formed by the interaction and coalescence of the tensile cracks

generated at the tips of the suitably oriented short 2D flaws, as shown in Fig. 2.1.
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Figure 2.1 Formation of macro shear crack or fault due to the interactive crack growth at

smaller flaws under biaxial compression (Nemat-Nasser and Horii 1982)

During the second stage, Einstein and his colleagues (Bobet 2000; Bobet and Einstein
1998; Reyes and Einstein 1991; Shen et al. 1995; Sagong and Bobet 2002) conducted
extensive experiments to investigate the evolution of 2D flaws in rock-like gypsum
specimens with single, double and multiple open and closed 2D flaws under uniaxial
compression. Reyes and FEinstein (1991) found that the bridge angle affected the
coalescence type between two pre-existing flaws. When the bridge angle was larger than
90°, the two flaws would be coalesced by tensile cracks, while with a bridge angle
smaller than 90°, the coalescence between the two flaws became more complicated and
could be linked by either tensile cracks, mixed tensile-shear cracks or shear cracks. By
performing experiments on gypsum samples with open and closed flaws, Shen et al.
(1995) demonstrated that two major differences in flaw growth were found between the
open and closed 2D flaws. On the one hand, the tensile wing cracks generated at the
closed flaw tips were straighter than those developed from the open flaws. On the other
hand, the coalescence stress of the closed flaws was higher than that of the open flaws
by approximately 35%. Further investigations conducted by Bobet and Einstein (1998)
revealed that the confining stresses made the growth of 2D flaws more complicated than

that in uniaxial compression tests, as shown in Fig. 2.2.
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Uniaxial Biaxial

Crack pattern Combination of wing (tensile) and secondary (shear) cracks

Stable

They align with the most compressive stress direction

Internal and external wing cracks initiate at the same stress

Stress initiation increases with the flaw angle, ligament length and confining stress
Wing cracks  Closed flaws have higher initiation stresses than open flaws

Initiate from the middle of the flaw for
Initiate from the flaw tips confining stress (oy) < 5 MPa
Large wing cracks No wing cracks for o, =5 MPa

Small wing cracks

Initially stable. Later on they may be unstable

Initiate from the tips of the flaw and initially grow in the plane of the flaw

Internal and external secondary cracks initiate at the same stress.

Initiation stress increases with the flaw angle, ligament length and confining stress.
Closed flaws have higher initiation stresses than open flaws

Secondary
cracks

Initiate at the same stress as wing cracks Initiate before the wing cracks

Coalescence stress increases with the flaw angle, ligament length and confining stress
Coalescence  Closed flaws have higher coalescence stresses than open flaws

Types L, II, TIT* Types I, IT*

Failure Coincides with coalescence After coalescence

* Specific description of these coalescence types can be found in Table 3, 4 in Bobet and Eistein (1998)

Figure 2.2 Comparison of 2D flaw growth under uniaxial and biaxial compressions

(Bobet and Einstein 1998)

During nearly the same period, Wong and Chau (1997, 1998) and Wong et al. (2001)
also conducted a series of experimental studies on 2D flaw growth, particularly the
pattern of flaw coalescence between double and triple 2D flaws using sandstone-like
materials. These researchers found that the coalescence pattern of the closed flaws with
different surface frictions could be characterized into three main modes: shear mode,
mixed shear/tensile mode and wing tensile mode, and the strength of the flawed samples
increased with an increasing frictional coefficient on the pre-existing flaw surfaces
(Wong and Chau 1998). Subsequently, these researchers further revealed that the mixed
and wing tensile modes of coalescence were the dominant modes when the coalescence
stress between the two flaws was very close (within 5%), and the strength of the flawed
specimens was determined by the actual number of cracks that took part in the
coalescence rather than the initial flaw density (Wong and Chau 1997; Wong et al.
2001).

In the past decade, researchers began to conduct experiments on real rock samples
9
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containing well-fabricated, pre-existing 2D flaws. With the aid of a highly pressurized
water-jet system, 2D flaws could be cut throughout rock samples with thicknesses
between 20 and 50 mm (Lee and Jeon 2011; Li et al. 2017a; Wong 2008; Wong and
Einstein 2009a, 2009b; Yang et al. 2009; Yang and Jing 2011). Wong (2008) examined
the quality of the flaws with SEM and confirmed that the damage induced by the
pressurized water around the flaw surfaces was negligible. With the aid of a high-speed
video system and SEM, Wong (2008) and Wong and Einstein (2009a, 2009b) performed
a series of experiments on Carrara marble samples with various geometric parameters,
e.g., flaw angle, length, number and bridge angle and length. These researchers reported
that the cracks generated from the tips of the pre-existing 2D flaw under uniaxial
compression can be mainly characterized into seven typical crack types, as shown in Fig.
2.3, in which three types were tensile cracks, three types were shear cracks and the
remaining crack was a mixed tensile-shear crack (Wong 2008; Wong and Einstein
2009a). The ultimate failure mode of the flawed samples under uniaxial compression

was a mixture of several typical cracks, as demonstrated in Fig. 2.3.
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Figure 2.3 Seven typical crack types initiated from the pre-existing flaws identified by
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Wong and Einstein (2009a). T= tensile cracking opening, S= shearing displacement

With photographic monitoring and AE detection techniques, Yang and his colleagues
performed extensive research on the growth of 2D flaws and their effect on the
mechanical and fracture behaviors of sandstone and marble specimens (Yang 2011;
Yang et al. 2009, 2017; Yang and Jing 2011). Similar to Wong and Einstein (2009a),
Yang and Jing (2011) also identified nine typical crack types to describe the crack
growth from pre-existing 2D flaws under uniaxial compression. However, to some
extent, the characterized cracks determined by these researchers were similar to those
identified by Wong and Einstein (2009a), except for two types of far-field tensile and
shear cracks. In addition, the results also showed that the presence of the pre-existing
2D flaws greatly weakened the strength and elastic modulus of the rock samples.
Specifically, the longer the flaw length, the lower the strength and elastic modulus of the
rocks (Yang 2011; Yang and Jing 2011). One interesting point demonstrated by Yang
and his colleagues was that the AE activities during compression agreed well with the
progressive fracturing of the flawed samples, as shown in Fig. 2.4 (Yang and Jing 2011;
Yang et al. 2009, 2017). This indicates that we may adopt AE to monitor the growth of
the discontinuities inside the rock structures, e.g., rock slopes and underground mining
pillars, and then, we can assess and even produce warnings regarding the stability of

these rock structures.
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Figure 2.4 Relation between axial stress, AE counts and loading time of sandstone
sample containing longer flaw. a and b: flaw angle of 45°, flaw length of 20mm and

25mm, respectively (Yang and Jing 2011)

In addition to static loading conditions, studies on 2D crack growth in rock and gypsum
specimens under dynamic loading were also investigated during this time (Li et al.

2017a; Li and Wong 2012; Zou and Wong 2014). Zou and Wong (2014) extended the
11
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research of cracking processes in rock specimens with pre-existing 2D flaws from
quasistatic compression conditions to dynamic loading conditions. Li et al. (2017a)
performed experiments on prismatic marble samples containing a single, pre-existing
2D flaw using the SHPB device. In these studies, shear cracks were found to always
appear earlier than tensile cracks under dynamic loading, and tensile cracks were often
suppressed by the dominant propagated shear cracks. Additionally, Li et al. (2017a) and
Zou and Wong (2014) reported that the presence of a pre-existing flaw may change the
failure mode of marble from splitting-dominated to shear-dominated under dynamic

loading.

2.1.2 3D crack growth

In addition to 2D flaws, in nature, pre-existing discontinuities are often 3D, i.e., either as
3D surface flaws or as 3D internal flaws, which may result in more complicated
fracturing behaviors in the flawed rocks. Considering this, numerous efforts have been
devoted to investigating the growth of 3D flaws in the past several decades. Because the
preparation of 3D surface flaws in rock or rock-like samples is much easier than
fabricating 3D internal flaws inside the rock samples, most of the studies with respect to
3D crack growth are an aspect of 3D surface flaws thus far. Therefore, the study of 3D
surface flaws is first reviewed in this section, which is followed by a review of 3D

internal flaws.

2.1.2.1 3D surface crack growth

To study the problem of earthquake gestation, for the first time, Teng et al. (1987)
proposed using pre-existing 3D surface flaws to simulate fault rupture in the laboratory.
These researchers believed that the 3D surface flaw was closer to the natural faults than
the 2D surface flaw through thickness flaws. They conducted uniaxial compression tests
on glass, PMMA, marble and gemstone samples containing a single, pre-existing 3D
surface flaw. The effects of the flaw angle with respect to the loading direction and the
friction coefficient of the flaw surfaces were considered. The results of their study
indicated that the crack propagation of the 3D surface flaw was more complicated and
essentially different from that of the penetrating 2D flaws. In the 3D surface flaw, a
series of petal cracks, approximately helix-shaped, were found to first generate at the

front of the flaw, but the cracks only extended a limited length. When the loading stress
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was increased to a higher level, wing cracks generated at the tips of the 3D surface flaw.
Nevertheless, the wing cracks wrapped around the flaw and could extend to the
boundary of the sample in both the axial and lateral directions. In addition, the friction
of the flaw surface had a significant effect on crack formation and propagation. Due to
the self-locking of frictional stress on the flaw surfaces, the petal crack and wing crack
generation positions were shifted and generated into the self-locking zones, and the
crack propagation became unstable. The crack growth in marble and gemstone samples
was similar to the glass samples but slightly different from the crack growth in PMMA.
The research conducted by Teng et al. (1987) was a breakthrough in the investigation of

flaw growth under compression, despite the fact that only a single flaw was considered.

Cannon et al. (1990) performed static uniaxial compression experiments on PMMA
samples containing a half penny shaped 3D surface flaw. These researchers also found
that crack propagation from pre-existing 3D surface flaws was different from that in 2D
flaws. Wing cracks were observed to sprout from the pre-existing semicircular flaw, and
then, the cracks wrapped around the edge of the inclined flaw both through the
thickness and along the loading direction, eventually converging to approximately the
same vertical plane (Cannon et al. 1990). The findings presented by Cannon et al. (1990)
were similar to those reported by Teng et al. (1987).

Recently, after systematically investigating the crack growth mechanism in rock and
rock-like materials containing single and double, saw cut 3D surface flaws, Wong and
her colleagues (Wong et al. 2003, 2004a, 2004b, 2006, 2007) concluded that the length
of crack propagation depended on the penetration and inclination angle of the flaw, and
the coalescence of the 3D surface flaws was significantly affected by the penetration of
flaws and the bridge angle between two pre-existing flaws. For instance, when the
cutting depth of the flaw is greater than 0.3 times the thickness of the PMMA sample,
wing cracks at flaw tips can propagate to the boundary and split the sample, while wing
cracks can only extend by approximately 0.5-1.5 times the length of the 3D surface flaw
for shallower flaws (Wong et al. 2004b). Yin et al. (2014) studied the coalescence
mechanism between two parallel, pre-existing 3D surface flaws in granite specimens
under uniaxial compression using the AE and digital speckle correlation method
(DSCM), also known as digital image correlation. Based on the concept of critical strain

during crack initiation, Yin et al. (2014) applied the DSCM for the first time to
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distinguish whether the initiated crack was a tensile crack, shear crack or mixed
tensile-shear crack. They found that wing cracks were “tensile-dominant mixed mode”
or a mixed mode with tensile dominance, while anti-wing cracks could be considered as
a mixed mode with tensile dominance and a tensile-dominant mixed mode plus shear
slippage modes. In addition, these researchers reported that the coalescence mechanism
of pre-existing 3D surface flaws involves both linkage by cracking on the specimen

surface and linkage between petal cracks inside the specimen.

2.1.2.2 3D internal crack growth

In addition to the 2D throughout flaws and 3D surface flaws, flaws are always fully
embedded inside rocks in 3D. In the laboratory, rock samples often fail due to the
evolution of internal flaws (Eberhardt et al. 1999; Yin et al. 2014). Therefore, it is of

great significance to investigate the growth of 3D internal flaws in rocks.

To study the 3D crack growth mechanism under compression, the foremost task is to
prepare rock samples with suitable internal 3D flaws, and the second task is to visualize
3D crack growth inside rocks. Since rock is opaque, it is very difficult to clearly observe
and analyze 3D crack growth in rock samples in real-time. Therefore, as a compromise,
scientists turned to utilizing transparent rock-like materials, e.g., glass (Germanovich et
al. 1994; Schmitt and Zoback 1993), PMMA (Adams and Sines 1978; Zhou et al. 2018a)
and epoxy resin (Dyskin et al. 1994, 2003; Sahouryeh et al. 2002), to fabricate artificial
rock specimens with 3D internal flaws. To date, there have been three main methods
used to produce 3D internal flaws in transparent rock-like materials. The first method is
cutting a half penny-shaped 3D surface flaw in two identical PMMA blocks and then
gluing them together to form an imbedded penny-shaped flaw (Adams and Sines 1978;
Zhou et al. 2018a). The second method uses a high energy laser pulse focused inside a
glass sample to generate 3D internal flaws (Germanovich et al 1994; Stewart et al.
2012). The third approach is using cotton threads with hanging aluminum foil disk(s)

within the model when curing resin specimens (Dyskin et al. 2003; Fu et al. 2016).

Based on the samples prepared by those three manufacturing methods, some
investigations have been conducted to analyze the growth behavior of 3D internal flaws.
Adams and Sines (1978) first explored the mechanisms of cracks generated from 3D

internal flaws in PMMA. They also claimed that the crack extension from either a 3D
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surface or 3D internal flaws was more complicated than the crack mode predicted by the
2D theory. In their experiments, both the pre-existing 3D flaw type and the loading
types would exert significant effects on the crack initiation stress and the crack
formations. The wing crack initiation stress from a 3D internal flaw was much lower
than that from a 3D surface flaw, and the initiation stress under uniaxial compression
was also lower than that under biaxial compression. In addition, three typical cracks
were observed in samples with a single 3D internal flaw, which was different from the
previous results obtained from studies regarding 2D flaws (Hoek and Bieniawski 1965;
Nemat-Nasser and Horii 1982; Wong and Einstein 2009a; Yang and Jing 2011) and 3D
surface flaws (Cannon et al. 1990; Teng et al. 1987; Wong et al. 2004a, 2004b). Figure
2.5 presents the typical cracks found by Adams and Sines (1978), in which the primary
tensile wing cracks were initiated at the flaw tips and curved around the perimeter of the
pre-existing flaw. Nevertheless, wing cracks could only extend a limited distance along
the loading direction. Petal cracks, similar to those found by Wong et al. (2004a, b),
were generated on the flaw perimeter adjacent to the primary wing cracks, which was
speculated to be induced by the concentrated shear on the crack plane. Fish fin cracks
formed near the center of the flat surface of the pre-existing 3D internal flaw were
believed to be generated by tensile stress normal to the fish fin crack plane. However,

notably, fish fin cracks were not found in other similar studies (Scholz 1990).
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Figure 2.5 Crack growths from a 3D internal flaw in PMMA (Adams and Sines 1978)
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After conducting many static compression tests on glass and resin specimens containing
a single 3D internal flaw, Dyskin et al. (1994, 2003) reported that unlike 2D cracking,
the emerging wing cracks around the pre-existing 3D internal flaw could only propagate
approximately 1-1.5 times the length of the initial flaws without reaching the sample
ends. Dyskin et al. (2003) revealed that the intrinsic reason that impeded the
propagation of the tensile wing cracks was due to the wrapping or curving of the wing
cracks around the perimeter of the 3D flaw, which is possibly attributed to the inability
of the initial crack to extend itself in a lateral direction. In addition to a single 3D flaw,
Dyskin et al. (2003) also investigated the crack growth and interaction between double
and multiple 3D flaws. These researchers found that the spatial distribution or
arrangement would significantly affect the growth of multiple 3D flaws under
compression. For instance, the crack interaction between two parallel, horizontally
aligned, inclined flaws hampered the extension or opening of each crack, thereby
restricting tensile wing crack propagation. However, when the flaws were vertically
aligned or obliquely aligned within a short distance, i.e., less than the diameter of the
flaw, the crack interaction would amplify the growth of wings to form a large tensile
crack (Dyskin et al. 2003). Based on this interaction mechanism, it could therefore be
speculated that the macro failure of rocks could result from the interaction between

many initial flaws inside the heterogeneous rocks.

Recently, Zhou et al. (2018a) studied the crack initiation and coalescence of two sets of
3D cross-embedded flaws in PMMA specimens under uniaxial compression. They
found that both the crack initiation stress and the peak stress of the flawed samples were
dependent on the flaw inclination angle and the nonoverlapping length of the flaws. The
fracturing behaviors would be greatly influenced by the interaction between two sets of
3D cross-embedded flaws if the nonoverlapping length was small, whereas the bridge
zone would not be coalesced for a large nonoverlapping length of pre-existing flaws. In
addition, these researchers revealed that the mechanism of the initiation of wing cracks,
oblique secondary cracks and anti-wing cracks was that the concentrated tensile stress
on the sides of the flaws surpassed the tensile strength of the PMMA material, thereby
causing tensile splitting (Zhou et al. 2018a).

Although those studies facilitate understanding of 3D internal crack growth behaviors

under uniaxial compression, the 3D internal crack evolution mechanism affected by the
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confining pressure, geometry of the 3D flaws and loading types is not fully understood.
In addition, there are also some drawbacks in the above mentioned methods in the
preparation of samples with 3D internal flaws, e.g., the existence of an unavoidable
glued interface for the first method, the requirement of sophisticated skills for the
second method, and the difficulties in fabricating 3D internal flaws in the intended
position in the sample and the remainder of aluminum foil disks for the third method.
Moreover, in previous studies, only some regular cracks, e.g., penny-shaped, elliptical
and borehole cracks are considered, which are distinct from the defects inside the
natural rocks. It is believed that those drawbacks may influence the 3D internal flaw
growth. Furthermore, 3D crack growth under dynamic loading conditions has never
been reported, even though rock masses are often subjected to dynamic loads such as
earthquakes and blast waves. Hence, further studies focusing on developing new
techniques or methods are needed, which can be used to easily fabricate rock or
rock-like samples with internal microstructures similar to those of natural rocks and to
investigate the progressive failure mechanism of rocks subjected to static and dynamic

loads.

2.1.3 Review of damage characterization

To analyze the damage evolution and characterize the damage degree of rocks, a suitable
damage variable must be chosen and a suitable method must be used to quantify this
damage variable. To date, many damage variables, e.g., void space area, elastic modulus,
ultrasonic velocity, AE, and CT value, have been proposed to quantitatively assess the

damage evolution of brittle materials such rock and concrete.

The study on damage mechanics was pioneered by the work of Kachanov (1958) and
Rabotnov (1963). They introduced a damage factor @ = 1- y to represent the relative
reduction of the load-bearing area due to damage. The field variable y is continuity,
which is defined as the ratio of the net or effective load-bearing area over the total or
nominal cross-section area of the specimen. However, this model is mainly for the
damage of a material under uniaxial tension. In addition, the failure cross-section of the
material is difficult to predict, and its surface is not always flat. Recently, Yang and Liu
(2007) and Ma et al. (2016) introduced using sliced CT images to count the void space of

the damaged material. This is because the number of pixels with a gray value of 1 can be
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regarded as the void space area and matrix.

As a straightforward extension of Kachanov-Rabotnov’s damage concept, Lemaitre and
Chaboche (1994) defined an isotropic damage model by @ = 1- £/E. The parameter E is
the Young’s modulus of the undamaged material, and £ is the Young’s modulus after
damage. This method of damage definition has been widely used to evaluate damage in
brittle materials such as concrete, ceramic and rock (Horii and Nemat-Nasser 1985; Ortiz
1985; Peng et al. 2012). However, the Young’s modulus of the undamaged material is
difficult to obtain due to the pre-existing damage of the rock and rock-like materials. In
addition, cyclic loading is needed to compute the damaged Young’s modulus from the

unloading curves.

Since the ultrasonic wave velocity is closely related to rock elastic constants, density and
internal microcracks, it is therefore possible to define rock damage using ultrasonic

velocity (Ahrens and Rubin 1993; Zhao and Xu 2000) by the following formula:
D=1-(V'/V)? (2.1)

where V and V' are the velocity of the ultrasonic wave in rock material with and

without damage.

Using the ultrasonic method, Goodfellow et al. (2015) studied the evolution of
attenuation properties in a sample of Fontainebleau sandstone during a true-triaxial test.
Their results demonstrated that during the initial compaction phase, the energy
attenuation decreases and velocity increases as a result of closer stress-induced cracks.
During the dilation phase, the P-wave velocity decreased, and the energy attenuation
increased mainly along the minimum principle stress direction. In the final phase, severe
high-frequency attenuation was detected due to the generation of remarkably large
vertical macrofractures. However, Chow et al. (1995) noted that wave slowness exhibited
anisotropic features in uniaxial compression tests, which indicates it is difficult to
characterize the spatial distribution of damage in rock materials with the ultrasonic

velocity method.

AE is the phenomenon in which energy is released in the form of elastic waves within a
material that is subjected to some form of external stress. AE in rock is mostly produced
by microcrack growth, frictional slip, and pore collapse (Eberhardt et al. 1999). The AE
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signals detected during rock fracturing can thus be applied to analyze damage evolution
during loading. An example is shown in Fig. 2.6, which demonstrates the progressive
damage characterized by AE detection during deformation experiments (Tuffen et al.
2008). The b-value is defined as the ‘log-linear slope of the frequency-magnitude
distribution’ of AE. This value represents the ‘scaling of magnitude distribution’ of the
AE. A high b-value arises due to a large number of small AE hits (or events) representing
new crack formation and slow crack growth, whereas a low b-value indicates faster or
unstable crack growth accompanied by relatively high-amplitude AE in large numbers

(Rao and Lakshmi 2005).
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Figure 2.6 Experimental results from high-temperature fracture of rhyolitic obsidian. (a)
Axial stress, normalized cumulative AE energy, and AE b-values against time for
uniaxial deformation of rhyolitic obsidian at 645°C and 10 s™!. (b) Waveform (top)
and power spectrum (bottom) of a typical acoustic-emission event, showing the sharp
onset and high frequency content (predominantly 100-300 kHz) that are characteristic of
brittle failure (Tuffen et al. 2008).

Recently, some scholars proposed using AE information to quantitatively characterize
damage evolution in concrete (Abdelrahman et al. 2014, 2015; Iturrioz et al. 2013;
Mangual et al. 2013; Abouhussien and Hassan 2016) and rocks (Liu et al. 2009; Zhang et
al. 2015) during compression tests. For instance, AE intensity analysis was proposed to
classify damage to concrete (Golaski et al. 2002). The cumulative AE counts and energy
during the loading process were also utilized to quantify damage evolution in rock

samples (Kim et al. 2015; Zhang et al. 2015).

In addition, the flourishing development of X-ray computed tomography (CT) provides a
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unique nondestructive method to visualize a sample at high-resolution in 3D (Renard et al.
2009). This technique has been widely adopted to investigate the hydraulic and physical
properties and failure mechanisms of geomaterials. The application of CT has two major
advantages: first, though real-time scanning of the rock sample or scanning of the
recovered damaged sample, the 3D crack network can be extracted from the
3D-reconstructed CT images. The 3D crack network facilitates a better understanding of
the spatial evolution of the micro and macrocracks (Raynaud 1989; Kawakata et al. 1999;
Otani 2004; 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 adopted to quantitatively
characterize the damage evolution of rocks during loading or unloading (Yang et al. 1998;
Ge et al. 1999; Feng et al. 2004; Yang and Liu 2007; Huang and Xia 2015; Ma et al. 2016).
Feng et al. (2004) proposed a novel method to calculate the damage variable of sandstone.
They reported that the CT value could be used as an index to describe the damage

evolution during the test.

_ (H=Ho)(p, ~p.)
mg (Ho—H,,) 0,

(2.2)

where H is the CT value, p, 1s the initial density of rock, p..is the pore water density, Ho 1s
the initial CT value of the rock before testing, Hy is the CT value of pore water, and mo is

the spatial resolution of the CT machine.

This model considers the pore water influence upon the rock damage evolution.
Combining the two abovementioned advantages, an X-ray CT scan can be used to

qualitatively and quantitatively analyze the damage evolution of rocks during tests.

Among the methods, AE and micro-CT appear to be the most promising methods that
can be used to nondestructively quantify damage evolution both during and after

loading processes.
2.1.4  Effect of damage on wave propagation in rocks

In addition to damage characterization in rocks, wave propagation and attenuation in
predamaged or microdefected rock has also received considerable attention in the past
several decades because of its practical importance in reservoir exploration engineering

and seismic engineering. For instance, Gupta (1973) measured P and S-wave velocities
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along three orthogonal directions as a function of the axial load on Indiana limestone
specimens for the first time. He reported that prior to rupture, both P and S velocities
decrease in all three directions but by quite different amounts. Toksoéz et al. (1979)
measured the attenuation of compressional P and shear S-waves in sandstone and
limestone and found that in the frequency range of approximately 0.1-1.0 MHz, the
attenuation coefficient was linearly proportional to the frequency both for P and S-waves,
and the attenuation decreased substantially with increasing differential pressure for both P
and S-waves. Pyrak-Nolte et al. (1990a) studied seismic waves transmitted across rock
samples with a single fracture and revealed that adding normal stress and wetting the
joint with liquid could both increase the transmission coefficient and reduce frequency
attenuation. Through ultrasonic P-wave attenuation in low and high porosity rocks,
Shatilo et al. (1998) and Xi et al. (1997) concluded that seismic attenuation grows with
increasing porosity. Ahrens and Rubin (1993) studied the damage generated by planar
impact using the ultrasonic wave velocity method. These researchers found that
ultrasonic P-wave velocity decreased up to 50-60% in the vicinity of the crater, and the
damage defined by the P-wave velocity variation decreased by ~!° from the crater,
indicating a dependence on the magnitude and duration of the tensile pulse. Ai and
Ahrens (2007) investigated the effects of shock-induced damage on ultrasonic velocity
and attenuation in granite. The experimental results demonstrated that the P-wave
velocity and normalized distance from the impact point followed an exponential decay
relation, while the P-wave attenuation coefficient followed a power law decay with
respect to distance. Recently, Figueiredo et al. (2013) experimentally studied the
influence of source frequency on S-wave propagation in anisotropic media containing
aligned penny-shaped cracks. The results show that the magnitude of S-wave
birefringence in cracked media directly depends on the source frequency as well as crack
size and density. Martinez-Martinez et al. (2016) investigated the effects of progressive
fracture damage in rocks on ultrasonic P-wave attenuation. Their results demonstrated
that the ultrasonic response in the time domain is less sensitive to fracture damage than
the frequency domain. The P-wave velocity increases during the loading test until the
beginning of the unstable crack propagation and decreases only when rock damage is
very high. Barnhoorn et al. (2018) measured P and S-wave velocities and attenuation
during an increase in stress and fracture formation until complete failure of the shale,

limestone, and sandstone samples. They found that wave attenuation is more sensitive to
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crack breakage than wave velocity. These researchers proposed that the minimum
ultrasonic attenuation (corresponding to the maximum wave amplitude) could be used
to identify the transition from recoverable elastic to permanent inelastic deformation of
rocks. In summary, ultrasonic wave attenuation in rocks with predamage is source
frequency- and damage degree-dependent, i.e., higher source frequency and damage

degree results in higher wave attenuation.

Based on the above review, the investigation of damage evolution and ultrasonic wave
propagation in rocks has been separately studied in the past. Few experiments have been
conducted to quantitatively analyze these two scientific problems at the same time.
Since damage evolution in rocks under external loading is a dynamic process, the
influence of damage on ultrasonic propagation will also be a dynamic process. Therefore,
further studies should be performed to quantify damage evolution in rocks and its effect

on ultrasonic wave propagation and attenuation.

2.1.5 Review of mechanical and seismic behaviors of rock joints

To date, extensive studies have been performed to investigate the mechanical and
seismic behaviors of joints. In terms of the mechanical properties of joints, the
Bandis-Barton model (Bandis et al. 1983) is widely used to predict joint deformation and
stiffness variation under static loads. In this model, the normal stiffness of joints is
determined by the effective contact area, joint roughness coefficient (JRC), compressive
strength of the joint asperity/wall, and thickness and properties of the filling material
(Bandis et al. 1983). In addition, Zhao (1997a) noted that the joint matching coefficient
(JMC), which is defined as the percentage of joint surface area in contact relative to the
total joint surface area, has an important and crucial impact on the aperture, normal
closure, stiffness and hydraulic conductivity of the joints. Thus, JIMC was proposed to be
coupled with JRC to estimate and predict the mechanical behavior of joints (Zhao 1997a,
b).

In addition to static loads, rock masses frequently endure dynamic loads such as
earthquakes and blast waves. Under dynamic loading, the normal stiffness of natural
joints was found to be higher than that under static loading (Pyrak-Nolte et al. 1990a;
Pyrak-Nolte and Nolte 1992). Based on the SHPB device, Li and her coauthors (Chen et

al. 2015; Li and Ma 2009; Li et al. 2010; Li et al. 2017b) conducted a series of
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experiments to investigate the mechanical response of the artificial open and filled joints
subjected to dynamic compressive loads. They reported that the dynamic normal stiffness
of joints increases with JMC but decreases with joint thickness (Chen et al. 2015; Li et al.
2017b), and the deformation of the quartz sand filled joint increases with increasing water
content and filling thickness as well as the loading rate/amplitude (Li and Ma 2009; Li et
al. 2010). With SHRB, Wu et al. (2012, 2014) further studied the dynamic behaviors of
filled joints. They noted that the deformation of the filled joints was nonlinear and much
larger than that of the nonfilled joints (Wu et al. 2012), and the addition of a 30% kaolin
clay weight fraction into the quartz sand granular could enhance the stiffness but reduce

the filling joint deformation (Wu et al. 2014).

In addition to the study of joint mechanical properties, numerous efforts have been
devoted to theoretically and experimentally investigating the seismic behaviors of joints.
To theoretically analyze wave propagation across joints, the boundary condition of the
joint must be characterized. The displacement discontinuity method (DDM) developed
by Mindlin (1960) and Schoenberg (1980) has been validated to accurately predict
transmission and reflection coefficients for a given incident wave propagation through
linear or nonlinear joints with or without filling materials (Cai and Zhao 2000; Fan and
Wong 2013; Li et al. 2010; Pyrak-Nolte et al. 1990a, b; Zhao et al. 2006; Zhu et al. 2011a).
In this model, a joint is considered to be a nonwelded plane boundary of zero thickness,
and the stress across the joint is assumed to be continuous, while displacement is
discontinuous and equals the joint closure. According to the theoretical solution of Eq.
(21) in Pyrak-Nolte et al. (1990a), longitudinal wave (P-wave) propagation across joints
will be affected by the following three parameters: the stiffness of the joint, the seismic
impedance of the rock matrix and the frequency of the incident P-wave. Nevertheless, if a
joint is filled with viscous material, e.g., unsaturated sand-clay mixture, and the density
and thickness of the filler cannot be neglected, the DDM model is no longer applicable
(Zhu et al. 2012). To address this problem, Zhu et al. (2011b) extended the DDM to a
displacement and stress discontinuity model (DSDM), which treated the boundary
condition of the viscous, filled joint as both discontinuous displacement and stress. In
accordance with the DSDM method, the joint viscosity and acoustic impedance of the

filled material also affect the magnitude of reflection and transmission coefficients.

Regarding the experimental investigation of wave propagation across joints, there are two
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major techniques: the ultrasonic wave testing system and SHPB system. The former is
used to generate low-amplitude ultrasonic waves in the high-frequency range, e.g., 0.1
MHz and 1.0 MHz, and the latter is applied to produce high-amplitude stress waves in the
low-frequency range (usually below 10 kHz). With ultrasonic transducers, Pyrak-Nolte et
al. (1990a) studied wave propagation through a dry and wet natural nonwelded joint.
They found that adding normal stress and wetting the joint with liquid could both increase
the transmission coefficient and reduce frequency attenuation. Through performing
ultrasonic P-wave propagation across fluid-filled rock joints, Yang et al. (unpublished
manuscript) concluded that an increase in joint thickness could cause more wave
attenuation, while an increase in water content could result in less wave attenuation.
Recently, based on the SHPB and SHRB systems, a great number of experiments were
conducted to study stress wave propagation through filled and nonfilled joints (Chen et al.
2015; Fan and Wong 2013; Huang et al. 2018; Ju et al. 2007; Li and Ma 2009; Li et al.
2010, 2017b; Wu et al. 2012, 2014). For instance, Chen et al. (2015) and Li et al. (2017b)
showed that the wave transmission coefficient grew significantly with the JMC of the
artificial joint with rectangular asperities. Ju et al. (2007) claimed that the rougher the
joint surface, the more the stress wave attenuated. After conducting a series of SHRB
tests on the quartz sand filled joints, Li and Ma (2009) and Wu et al. (2012, 2013, 2014)
revealed that wave transmission increased with loading rate but declined with joint

filling thickness and water content within the granular sands.

2.2 Review of the main apparatus and techniques

2.2.1 SHPB

Among the various experimental methods, the SHPB, also known as the Kolsky bar
system, has been widely used to investigate the dynamic behaviors of different materials
with strain rates between 10! and 10 s'. When it was originally developed by Kolsky
(1949), the SHPB was mainly used to test the dynamic compression stress-strain
behavior of metal materials. In 1968, Kumar (1968) first introduced the SHPB to rock
dynamics and obtained the dynamic stress-strain behaviors of rock samples using this
apparatus for the first time. Afterwards, more researchers started using the SHPB to
perform rock dynamics tests (Chong et al. 1980; Goldsmith et al. 1976; Lindholm et al.
1974; Melosh et al. 1992; Perkins et al. 1970). After entering the 21st century, studies

on the dynamic responses of rock-like materials using SHPB equipment have expanded
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(Dai et al., 2010a; Doan and Gary 2009; Frew et al. 2001, 2002; Li et al. 2000, 2005,
2017; Lok et al. 2002; Song and Chen 2004a, b; Xia et al., 2008; Yuan et al. 2011; Zhang
and Wong 2013; Zhang and Zhao et al. 2013, 2014a, b; Zhou et al. 2010, 2018; Zou and
Wong 2014). In addition to obtaining the dynamic compressive stress-strain behaviors
of rocks, the SHPB device has also been modified to determine the dynamic tensile
strength of rocks via dynamic Brazilian disc tests (Dai et al., 2010a; Saksala et al. 2013;
Zhou et al. 2014; Zhu et al. 2015), to test the dynamic fracture toughness of rocks
through dynamic three-point bending tests (Chen et al. 2009; Dai et al. 2010b; Xu et al.
2016; Yin et al. 2018) and to characterize the dynamic shear strength of rocks by
dynamic punch shear tests (Huang et al. 2011; Luki¢ and Forquin 2016; Yao et al. 2017).
Due to more than half a century of continuous SHPB improvement, the SHPB has
recently been recommended by the International Society of Rock Mechanics (Zhou et al.
2012) as a standard experimental technique for testing the dynamic properties of rock

materials.

The SHPB compressive tests are based on two fundamental assumptions: (1) 1D elastic
wave propagation in the bars and (2) homogeneous deformation of the sample (Kolsky
1953). The assumption of 1D stress wave propagation is ensured by using long bars, and
the elasticity of the bar deformation is guaranteed throughout the test by limiting the
impacting velocity of the striker. The homogeneous deformation of the sample is mainly
affected by two factors: inertial effects (i.e., the axial inertial effect and the radial inertial
effect) and the interfacial friction effect (Dai et al. 2010a). To minimize the inertial effects
and facilitate dynamic stress equilibrium between the sample ends, a slowly rising
incident pulse is needed (Frantz et al. 1984). Considering this, Frew et al. (2001, 2002)
proposed placing a small and thin disc material, e.g., copper and rub, on the front end of
the incident bar, and then, the striker impacts the shaper before directly contacting the
front end of the incident bar. In this manner, the shaper aids in shaping the traditional
rectangular wave into a triangular wave or half-sine wave with a slowly rising wave
front. Li et al. (2000, 2005) found that changing the conventional cylindrical striker into
a cone-shaped striker could well shape the rectangular wave into a half-sine wave,
thereby minimizing the effects of dispersion and inertia and realizing stress equilibrium

between the ends of the rock sample.

In general, the SHPB consists of a striker bar, an incident bar, a transmitted bar and an
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absorption bar, with a specimen sandwiched between the incident and transmitted bars, as
shown in Fig. 2.7. When the striker bar impacts the incident bar, a compressive pulse
(incident stress wave) is generated and propagates toward the specimen. Upon reaching
the interface between the incident bar and the specimen, a portion of the stress pulse
travels through the specimen and then spreads into the transmitted bar as a transmitted
stress wave, while the remaining portion is reflected back into the incident bar as a
tension pulse (reflected stress wave). Strain gauges are usually mounted at midpoints

along the length of the incident and transmitted bars to record all three stress waves.
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Figure 2.7 Schematic of a conventional SHPB (Dai 2010a). i, & and & refer to incident,
reflected and transmitted strain signals obtained through the strain gauges pasted on the
incident and transmitted bars, respectively. vi and v, refer to particle vibration velocities
at the end of the incident and transmitted bars, respectively. P1 and P2 indicate the input

force and output force at the end of the incident and transmitted bars, respectively.

Once the dynamic stress equilibrium of the sample is verified, based on the
one-dimensional stress wave propagation, the axial stress o(t), strain ¢(t) and strain rate

£(t) of the specimen can be determined as follows (Zhou et al. 2012):

oft) = /;AES [£, (t) + £x (t) + & (V)] (2.3)

e(t)=% 'l (0 - (0 -2, Ot (2.4)
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a‘(t)=%[s. -0 & (O] 2.5)

where ¢(t) , () and &(t) are incident strain waves, reflected strain waves and

transmitted strain waves, respectively; 4., Ce, and E. are the cross-sectional areas,
P-wave velocity, and Young’s modulus of elastic bars, respectively; and 4s and Ls are the

cross-sectional area and length of the specimen.
2.2.2 Micro-CT

Industrial micro-CT scanning is a computer-aided tomographic process that commonly
uses X-rays to produce 3D representations of the scanned object both externally and
internally. Industrial micro-CT scanning has been used in many areas of industry for

internal inspection of components (Flisch et al. 1999).

Unlike the traditional destructive microscopic observation technique that involves sample
cutting and polishing (Curran et al. 1987), micro-CT scanning is a nondestructive method
that allows for a series of 2D cross-sectional images to be obtained from the damaged
sample (Ho and Hutmacher 2006). In combination with the 3D reconstruction technique,
the damage information, i.e., mainly referring to micro and macrocracks inside the
sample, can be reconstructed and presented in 3D. With the reconstructed 3D micro-CT
image, researchers can conveniently observe and quantitatively analyze the spatial
distribution of the developed micro and macrocracks that are externally invisible without
the aid of micro-CT (Kawakata et al. 1999). Due to these advantages, micro-CT scanning
has been widely applied to investigate the damage evolution and failure mechanics of
geomaterials (Huang et al. 2013a; Kawakata et al. 1997; Nasseri et al. 2011; Otani and
Obara 2004; Raynaud et al. 1989; Renard et al. 2009). In 1989, Raynaud et al. (1989)
introduced X-ray CT to scan cracks inside rock samples that were statically deformed and
fractured in a triaxial cell. Kawakata et al. (1997) observed the faulting process under
triaxial conditions by X-ray CT scanning. Feng et al. (2004) applied micro-CT scans to
detect damage evolution during triaxial compression with chemical corrosion on
sandstones. Since the CT value (unit is Hounsfield) is proportional to the material
density, the distribution of the CT values reflects the spatial distribution of rock damage.
Considering this, Feng et al. (2004) proposed using the CT value of the scanned image

to quantitatively determine the damage variable of the rock sample under static
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compression loading.

However, despite the effective and successful application of micro-CT scan in studying
brittle solids damage evolution in static or quasistatic loading tests, it is difficult to
effectively use this technique to detect dynamic damage evolution during dynamic tests
(Huang et al. 2013a). This is because the current high-resolution micro-CT scanners
cannot be used to scan the tested samples in real-time (Zhu et al. 2018). A common way
to overcome these limitations is to recover the sample at different deformation levels and

conduct a postmortem examination (Curran et al. 1987).

Figure 2.8(a) 3D micro-CT image; (b) and (c) 3D images of microcracks in the rock

sample viewed from two angles. Grey dots represent cracks and the black arrow is the

view direction. (Huang et al. 2013a)

Recently, Huang et al. (2013a) proposed a methodology to observe dynamic damage
accumulation in brittle rocks and verified this by studying the dynamic compressive
damage evolution of a granitic rock loaded with a modified SHPB system. Through
controlling the axial deformation of the specimen using a steel ring that was slightly
shorter than the tested specimen, the researchers recovered the damaged rock samples
and then successfully extracted the spatially distributed microcrack network using the
micro-CT scanning technique. Figure 2.8 shows the 3D micro-CT image and 3D images
of microcracks inside the damaged rock sample. Then, they applied the open source
software Fiji to automatically calculate the crack volume inside the damaged sample.
Their results showed that the crack volume increased with increasing total dynamic

strain of the sample, as shown in Fig. 2.9.
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Figure 2.9 Evolution of cracks in volume under elevated impacts (Huang et al. 2013a)

Based on the above review, the micro-CT provides an ideal way for us to
nondestructively analyze damage evolution inside opaque rock samples. In addition,
although it is impossible to directly scan damage evolution inside relatively large rock
samples (e.g., 38 mm in diameter and length) during the dynamic loading process due to
the scanning power and speed limitations, this method still offers us a valuable tool to
postanalyze dynamic damage development and spatial distribution of micro and
macrocracks inside rock samples, as shown in Figs. 2.8 and 2.9. Moreover, by
combining micro-CT with 3D reconstruction techniques, researchers can obtain digital
rock cores with internal structures that are nearly identical to prototype natural rock
samples (Ishutov et al. 2015; Ju et al. 2014; Zhu et al. 2018). Then, digital rock cores
can be further combined with the 3DP technique to replicate artificial rock samples with
mechanical and fracture properties similar to the corresponding natural rock samples.
An investigation of using micro-CT, 3D reconstruction and 3DP techniques to replicate

natural rocks is presented in detail in Chapter 5.

2.2.3 AE

AE is the phenomenon in which energy is released in the form of elastic waves within a
material that is subjected to some form of external stress. AE sources originate in the
change of the stress field inside the material, which is related to the deformation processes,
crack growth, dislocation movement, inclusion cracks, etc. AE is usually transitory in

nature, occurring during discrete events. Detected events, known as hits, are analyzed in
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their waveform, studying parameters such as energy, duration, rise time, amplitude, etc.

(Filipussi et al. 2015).

AE in the rock is mostly produced by microcrack nucleation and is a local phenomenon
associated with fragile cracking, which provides a great deal of information on the
development of rock damage (Cai et al. 2007; Heap and Faulkner 2008). When the
loading stress on the rock sample reaches a certain critical value, AE is generated at
different spatial and temporal scales (Lockner 1993). If the AE monitoring system was
used during the loading process, the AE signals could be captured and recorded by the AE
piezoelectric sensors. Then, using an appropriate back-analysis method, the AE signals
could provide useful information for characterizing rock sample or rock mass behavior at
all deformation stages. Therefore, the AE can be used as a supplementary tool for rock

damage assessments (Cai et al. 2007).

In view of this, the AE technique has been widely applied to investigate the damage and
fracture behavior within rock materials (Eberhardt et al. 1999; Ghaftari and Young 2013;
Lei et al. 2000; Lei et al. 2004; Lockner 1993; Lockner et al. 1991; Steen et al. 2005;
Wassermann et al. 2009). Eberhardt et al. (1999) analyzed the influence of grain size on
the initiation and propagation thresholds of stress-induced brittle fractures through AE
monitoring. Ganne and Vervoort (2007) studied the effects of the stress path on prepeak
damage in rock material induced by the macrocompressive and tensile stress fields. The
results show that previously induced (by compressive stresses) intragranular cracks
influence the occurrence and growth of intergranular cracks resulting from tensile
stresses, while previously induced (by tensile stresses) intergranular cracks influence the

occurrence and growth of intragranular cracks resulting from compressive stresses.

Recently, some researchers proposed using AE information to quantify damage evolution
in concrete (Abdelrahman et al. 2014, 2015; Iturrioz et al. 2013; Abouhussien and Hassan
2016) and rocks (Liu et al. 2009; Zhang et al. 2015) during compression tests. For
example, Golaski et al (2002) quantitatively analyzed damaged development in concrete
using AE intensity. Kim et al. (2015) and Zhang et al. (2015) quantified damage
evolution in granite rock samples and salt rock specimens utilizing cumulative AE

counts and energy during the compressive loading process.

Based on the above review, AE could be a useful tool for qualitatively and
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quantitatively characterizing damage evolution in rocks during loading process. In view
of this, in Chapter 6, the AE technique will be applied to quantify damage evolution in
granite samples during uniaxial compressive loading, and then the damage coefficient
determined by cumulative AE counts will be further used to analyze the effect of
damage evolution on low-amplitude ultrasonic P-wave propagation and attenuation in

granite rocks during compression.

2.2.4 The 3DP technique

The 3DP technique, which is also termed additive manufacturing or rapid prototyping, is
defined as the process of joining a material one layer at a time to produce an object from a
virtual 3D model (Yan and Gu 1996). Since Charles Hull created the first working 3D
printer in 1983, the 3DP technique has underwent rapid development. Various new 3DP
techniques, such as fused deposition manufacturing (FDM), powder-based 3DP,
stereolithography (SLA) and selective laser sintering (SLS), have been developed.

Because 3DP is a computer-aided design and manufacturing process, the 3DP technique
has many advantages over traditional manufacturing methods, such as machining and
stamping, which fabricate products by removing materials from a larger stock or sheet
metal. The 3DP technique creates the final shape by adding materials, which can make
efficient use of raw materials and produce minimal waste while reaching satisfactory
geometric accuracy. In addition, 3DP is flexible, repeatedly and accurately fabricating
objects with complex geometry and internal structures (Huang et al. 2013). Due to these
benefits, 3DP has recently been widely applied in various aspects, such as biomedicine
(Wu et al. 2011), aerospace (Rochus et al. 2007), construction (Buswell et al. 2007) and
soil science (Otten et al. 2012).

Among these aspects, the investigation and application of 3DP has resulted in
breakthroughs in the aerospace field. Based on the EOS EOSINT P730 nylon laser
sintering machine, engineers have manufactured and flown the world’s first ‘printed’
aircraft - SULSA (Southampton University Laser Sintered Aircraft) (Marks 2011). In
September 2014, the first zero-gravity 3D printer in space was delivered to the
International Space Station by a SpaceX resupply mission (Anthony 2014).
Approximately three months later, this 3D printer completed the first phase of a National

Aeronautics and Space Administration (NASA) technology demonstration by printing a
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ratchet wrench with a design file transmitted from the ground to the printer in space
(NASA 2014). The 3DP technique is predicted to potentially change the way scientific
research is conducted on the Space Station. For instance, the 3DP technique may be able

to prepare objects that could not be sent to space (NASA 2014).

The 3DP technique has also been increasingly utilized in the field of biological medicine.
Although 3DP was initially used as presurgical visualization models and tooling molds, it
has gradually evolved to create one-of-a-kind devices, implants, scaffolds for tissue
engineering, and drug delivery systems (Chia and Wu 2015). For example, 3DP
functional materials such as hydroxyapatite scaffolds (Michna et al. 2005), bioactive
glass (Wu et al. 2011) and calcium silicate ceramics (Wu et al. 2012) with a controllable
pore structure for bone tissue engineering have been increasingly applied in bone
regeneration due to their excellent in vitro apatite-mineralization, bioactivity, degradation

and drug delivery ability.

The 3DP technique has recently been preliminarily applied in geoscience. By combining
X-ray computed tomography (CT) with 3DP technology, Otten et al. (2012) and Dal
Ferro and Morari (2015) fabricated a complicated pore network that exhibited the
physical heterogeneity of undisturbed soils to study soil-water dynamics and fungal
growth, respectively. These researchers anticipated that the application of 3DP would
enhance studies of soil biology and biogeochemistry. Similarly, Ishutov et al. (2015)
incorporated X-ray CT, digital pore network modeling and 3DP techniques to transfer the
digital rock model of the Idaho Gray sandstone with an estimated porosity of 29% and
permeability of 2,200 mD into tangible porosity samples. Although the resolutions of CT
images and 3D printers were insufficient to replicate the microporosity of the sandstone at
the original scale, researchers found that these 3DP samples helped to better understand
the contributions of pore system characteristics and fluid flow at various scales to
petrophysical properties in oil and gas reservoirs. Huang et al. (2016) produced two
physical models with and without penny-shaped inclusions using the 3DP technique.
They reported that the measured P and S- wave velocities from the 3D printed models

agreed well with the theoretical predictions (within 5%).

Although 3DP technology has been available for a number of years and has been
increasingly applied in the foregoing fields, the study and application of 3DP in rock
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mechanics are still in its infancy. Ju et al. (2014, 2017) reported the application of 3DP in
rock mechanics, where physical models were produced to duplicate the prototype coal
and glutenite rock with complicated fractures by combining the CT scan, 3D
reconstruction and 3DP technique. Attributed to the satisfactory photoelastic property
demonstrated by the 3DP physical model, 3D frozen stress and photoelastic techniques
were further used to characterize and visualize the stress distribution within the fractured
rocks under uniaxial compression. Jiang and Zhao (2015) prepared 3DP samples with
polylactic acid (PLA) using the FDM technique. However, they concluded that it is
unsuitable for PLA to simulate rock due to its ductile property (Jiang and Zhao 2015).
Fereshtenejad and Song (2016) enhanced the compressive strength of 3DP gypsum
specimens by increasing binder saturation and heating samples at 150°C for
approximately one hour. Nevertheless, the 3DP samples failed/yielded with low
compressive strength, i.e., between 1 MPa and 30 MPa and exhibited ductile behavior. In
addition, microscopic observation revealed that a layered orthotropic microstructure
existed within the 3DP gypsum specimens, resulting in apparent orthotropic mechanical

behavior (Feng et al. 2015).

Although the application of 3DP to rock mechanics has attracted some attention, and
some encouraging findings have been achieved, the application of 3DP to rock mechanics
is still in the preliminary stages. Because 3DP has advantages in preparing complicated
structures, it may help to solve the difficulty in repeatedly fabricating brittle artificial rock
samples with internal, pre-existing defects that are identical to those of natural rocks.
With these 3DP artificial rocks, systematic experiments could be designed that may
facilitate understanding of the structure and stress distribution inside rocks (Ju et al. 2014,
2017), the mechanical properties of natural rock joints (Jiang et al. 2016), the fracture
behaviors of rocks, particularly layered/bedded rocks (Hart and Wetzel 2017), and the
petrophysical and permeability properties of reservoir rocks (Ishutov et al. 2015).
Therefore, further studies on the identification or development of a more suitable 3DP
technique and its corresponding, supporting material to mimic brittle and hard rocks are
needed. Considering this, the application of 3DP to rock mechanics is the research

premise of this thesis, and the specific contents are presented in Chapters 3-5.
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CHAPTER 3 IDENTIFICATION OF A SUITABLE 3D PRINTING
MATERIAL FOR MIMICKING BRITTLE AND HARD ROCKS
AND ITS BRITTLENESS ENHANCEMENTS

This chapter focuses on identifying the most suitable 3DP material from five targeted,
available 3DP materials, i.e., ceramics, gypsum, PMMA, SR20 (acrylic copolymer) and
resin (Accura® 60), to simulate brittle and hard rocks. The 3DP principle is introduced in
the first part. Then, the preparation of 3D printed rock-like samples is presented in detail.
Subsequently, uniaxial compression tests are performed on the 3D printed sample, with
the aim to identify the most suitable 3DP material for mimicking brittle and hard rocks
based on the currently available 3DP techniques and materials. The results indicate that
the resin produced via SLA is the most suitable 3DP material for mimicking brittle and
hard rocks. Thereafter, three methods including freezing, incorporation of internal
macrocracks and the addition of microdefects are adopted to enhance the brittleness of the
3DP resin. Finally, some prospective improvements that can be used to facilitate the
application of 3DP techniques to rock mechanics are discussed. The research content of

this chapter is the foundation of Chapters 4 and 5.

3.1 Introduction

Rock fracturing and faulting have traditionally been studied in the laboratory using
natural rocks. However, it is difficult to characterize the spatial evolution of cracks
during rock failure because natural rocks are heterogeneous, unrepeatable and opaque.
To solve this problem, many advanced techniques, such as SEM (Baud et al. 2004;
Brooks et al. 2013; Hirth and Tullis 1994), AE detection (Goebel et al. 2013; Lockner et
al. 1991; Townend et al. 2008) and X-ray CT (Benson et al. 2007; Huang et al. 2013b;
Kawakata et al. 1999) have been used to investigate the spatial evolution of cracks in
rocks. These studies show that the growth of dispersed cracks leads to rock failure.
However, currently, the experimental study of rocks is encumbered by three problems:
first, rocks are inhomogeneous, making it difficult to ensure the repeatability of the
experimental results (Kumano and Goldsmith 1982); second, rock cores from deep
underground are difficult and expensive to obtain (Teagle and Ildefonse 2011), and

comprehensive material testing requires many samples (Barton and Choubey 1977); and
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third, artificial rock samples with internal fractures or pores are difficult to produce
(Germanovich et al. 1994). To address these issues, the aim of this chapter is to
investigate 3DP as a cost-effective method of producing artificial brittle and hard rocks
with reproducible microstructures and mechanical properties. The other objective is to

study 3D fracture problems using 3DP artificial rocks with pre-existing internal cracks.

3.2 3DP principle

In this Chapter, laboratory tests on 3DP samples fabricated with three
mainstream-printing techniques, i.e., the FDM, SLA and powder-based 3DP methods, are
carried out to identify the most suitable 3DP technique and its supporting material for
mimicking brittle and hard rocks and replicating their mechanical behavior. Although
each 3DP method has its unique features, all of them share a common principle, i.e.,
sequential-layer material joining throughout a 3D work envelope under automated
control (Mitchell 2016). The general printing process includes the following steps: 1) to
prepare a 3D printable model with a computer aided design package (e.g., Auto CAD); 2)
to transform the 3D printable model into an STL format file which can be read by the 3D
printers; 3) to assign the model with the printing instructions (e.g., layer thickness and
printing path) tailored to a targeted 3D printer; 4) to print the object layer upon layer; 5) to
post-process the 3DP specimens, e.g., to recycle the unused powder, to remove the
trapped and unbound powder on the specimens, to clean and remove the wet resin
remained on the 3DP resin sample, and to further cure the 3DP resin sample in a

ultraviolet (UV) oven.

During printing with the FDM (Jiang and Zhao 2015), the thermoplastic material is
extruded into a molten plastic filament by a heated extrusion nozzle, which is then
deposited on the printing layer by a computer-controlled extrusion head in according with
the printing instructions. The deposited filaments form layers as the molten plastic
hardens immediately after extrusion from the nozzle. When a layer is completed, the
platform descends a layer thickness, and subsequently, a new layer is deposited again.
These steps are repeated till all layers are produced one atop another to complete the

whole model (Jiang and Zhao 2015)

Powder-based 3DP method consists of two steps, i.e., to spread gypsum powder and to

spray binder to consolidate the gypsum powder (Feng et al. 2015; Jiang et al. 2016). At
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the beginning of the 3DP process, a roller spreads gypsum powders to form a foundation
layer with a sufficient thickness at the base of the print chamber. Then, a layer of printing
thickness is spread and smoothed by the roller over the foundation layer. Subsequently,
the printing nozzle sprays the binder solution to specific locations to consolidate the
gypsum powder. The powder chamber is then raised by a layer thickness, whilst the print
chamber lowers by the same height to allow the next layer to be spread. This cycle repeats

until the whole object is completed (Feng et al. 2015; Jiang et al. 2016).

During printing with the SLA, a concentrated light beam such as UV laser, whose motion
is controlled by the computer, traces the cross-section onto a bath of liquid photopolymer
resin which solidifies the cross-section. Then the platform descends a layer thickness into
the bath filled with liquid resin, and a new layer of liquid resin is spread onto the surface
of the solidified object, followed by the next round of laser irradiation. This process is
repeated until the object is ready. Thereafter, the platform will be lifted out of the bath,
and the excess resin will be drained. The printed object is finally collected from the
platform, cleaned in a solvent solution to remove wet resin remaining on the object, and

placed in a UV oven for a final curing (Chen et al. 2017).

3.3 Experimental setup

3.3.1 Specimen preparation

3DP specimens were prepared in the Industrial Centre of the Hong Kong Polytechnic
University. It started to carry out 3DP relevant research in 1994 and currently owns over
twenty 3D printers based on various techniques such as the FDM, SLA, SLS and

powder-based method.

After trying a number of 3DP materials, five targeted available 3DP materials,
specifically ceramics, gypsum and PMMA (polymethyl methacrylate), which are
traditionally regarded as brittle (Seweryn et al. 1997), SR20 (acrylic copolymer) and
resin (accura® 60), which are of high strength, were chosen to produce 3DP samples
using the current prevalent 3DP techniques, i.e., powder-based 3DP, FDM and SLA.
The components for preparing ceramic sample consisted of Xtra-White slip powder
(62.50 % in weight), powder additives (6.25 % of PolyVinyl Alcohol and 31.25 % of

extra-fine sugar in weight) and alcohol-water binder (Ganter et al. 2009). The particle size
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of the ceramic powder is 200 mesh (74 um). The materials used for manufacturing
gypsum sample were calcium sulfate hemihydrate CaSO4 - 2H>O powder, with a
diameter of 70 um, and water-based binder (Zb63) supplied by Z Corporation. The
PMMA particles (55 pm in diameter) were consolidated by the PolyPor B* binder. The
SR20 consisted of 2-propenoic acid, 2-methyl-, polymer with methyl
2-methyl-2-propenoate (weight per cent > 90 for those three), triphenyl phosphate
(weight per cent < 3.6) and phosphate, bis (tert-butylphenyl) phenyl (weight per cent <
1.6). The material of resin is a liquid photosensitive accura® 60 whose specific
component was not available from the manufacturer, i.e., 3D Systems. Table 3.1 shows
the printing details, and Fig. 3.1 presents the 3DP specimens before testing. Each
specimen has a nominal size of 50 mm in diameter and 100 mm in length. Note that as one
of the advantages of 3DP is high repeatability (Hiller and Lipson 2009; Jiang and Zhao

2015; Wang et al. 2017), only one sample was fabricated for each material.

Table 3.1 The printing details of the 3DP samples

Layer Density Printing

Material =~ Transparency Printer Price
thickness  (g/cm?) method (HKD)

Ceramics Opaque ZPrinter 301  0.10 mm 1.37 3DP 2900

Gypsum Opaque ProJet 860 0.10 mm 1.27 3DP 2000

PMMA Opaque VX200 0.15 mm 0.66 3DP 1300

SR20 Opaque Fortus 380 0.25 mm 1.11 FDM 1500

Resin Translucent Viper si’ 0.05 mm 1.21 SLA 2300

FDM-fused deposition manufacturing; 3DP-powder-based 3DP; SLA-stereolithography
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Ceramics Gypsum

Figure 3.1 3DP samples before testing. Nominal sample size: 50 mm in diameter and

100 mm in length
3.3.2 Testing apparatuses

Uniaxial compression tests were carried out to obtain the basic mechanical properties of
the 3DP samples. To ensure accuracy, a VJ Tech machine with a low loading capacity of
100 kN (Fig. 3.2a) was used to test the powder-based 3DP samples, i.e., ceramic sample,
gypsum and PMMA. This is because we found that the uniaxial compressive strength of
powder-based 3DP specimens was very low, although those materials are conventionally
considered as brittle and of high strength (Munz and Fett 1999; Wong 2008). The other
two samples, i.e., SR20 and resin, were tested with a Matest loading machine whose
maximum loading capacity is as high as 3,000 kN as illustrated in Fig. 3.2b. All of the
samples were tested at a loading rate of 2 mm/min at room temperature (approximately 20
°C). Two pairs of BX120-10AA strain gauges with a measuring grid size of 10 x 2 mm
(length x width) were attached on the central part of the sample, among which one pair is
for axial strain measurement and the other for lateral strain measurement. As the glue
stuck on the surface of sample may penetrate into the powder-based 3DP specimens and
form a thin crust, the strength and homogeneity of samples will be affected. Hence,
selecting an appropriate glue is essential. In this work, the CN adhesive with low

permeability was used to attach strain gauges so as to minimize the disturbance.
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Figure 3.2 Testing equipment. (a) VJ Tech tester with a loading capacity of 100 kN; (b)
Matest with a loading capacity of 3,000 kN

3.4 Results and analysis

To well simulate natural rock materials, selecting an appropriate model material is a key
issue. According to the similitude law, the physical parameters (e.g., geometric size, unit
weight, the Young's modulus and Poisson ratio), the mechanical responses (e.g., strength
and strain properties) and the ultimate failure mode of the model material must be the
same as or similar to the corresponding prototype rock material (Karaca and Egger 1993;
Liu et al. 2014). However, different from the traditional analogue material, which is
usually a mixture of several components mixed in a certain proportion, 3DP material is
usually a single material (for example, in the present study). Therefore, it is difficult to
select an appropriate simulation material in strict accordance with the similitude law of
physical parameters. In view of this, in this chapter, the similitude law for identifying the
most suitable 3DP material to simulate hard and brittle rock is mainly focused on the
mechanical properties and the failure mode. That is to say, if there is a similarity between
the sample produced by 3DP material and natural rock specimen in mechanical responses
and macro failure mode under the same condition, the 3DP material will be considered as

the superior one for mimicking hard and brittle rocks.
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3.4.1 Identification of the most suitable 3DP material

The mechanical properties of the 3DP samples determined from uniaxial compression
tests are shown in Table 3.2, where o is the peak stress, ea and ¢r refer to the axial and
lateral strains corresponding to the peak stress, respectively, and £ and v are the Young’s
modulus and the Poisson’s ratio, respectively. Figure 3.3 displays stress-strain curves and
the 3DP samples after tests. It can be seen from Table 3.2 that the samples can be divided
into two types based on the failure/yielding strength. The samples fabricated via
powder-based 3DP method, i.e., ceramic sample, gypsum and PMMA, failed at very low
loading (approximately 3 MPa) and relatively small deformation, while the FDM- and
SLA-produced specimens, i.e., SR20 and resin, respectively, yielded with high stress
(approximately 100 MPa).

In powder-based 3DP samples, i.e., ceramic, gypsum and PMMA specimens, particles
were consolidated by sprayed binder without being compacted by the roller during
printing. Therefore, the strength and the Young’s modulus of the powder-based 3DP
samples are much lower than those of the common natural rocks, which are hard and
brittle. Though the strain at the peak stress of the gypsum sample is comparable to that of
some brittle rocks such as porous sandstone (Wong et al. 1997), it did not fail with
significant stress drop after the peak stress. Instead, the gypsum sample failed with
swelling during the final loading stage, exhibiting high ductile property as shown in Fig.
3.3c. Therefore, in according with the similitude law described above, it is believed that
the powder-based 3DP samples are unsuitable to mimic rocks, particularly brittle and
hard rocks such as marble and granite. Note that the strain at peak stress of the PMMA
sample is significantly larger than that of the other two powder-based 3DP samples, i.e.,
ceramics and gypsum. This is mainly because the glue sprayed on the PMMA sample
strengthened the surface layer of the sample. The sample thus can withstand large

deformation until the stiff layer was peeled off (see PMMA sample in Fig. 3.3c¢).

As the conventional clay-based ceramics have higher yield strength and brittleness after
firing compared with 3DP ceramic sample, firing treatment to the 3DP ceramic sample
thus was performed in the present work, aiming to enhance the compressive strength and
brittleness. Nevertheless, experimental results show that it is difficult to improve its

strength and brittleness, because they swelled and eventually crushed due to the generated

40



Chapter 3

cracks when they were heated. Figure 3.4 demonstrates the statuses of a 3DP ceramic

sample during firing.
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Figure 3.3 Stress-strain curves and the failure patterns of the 3DP samples in uniaxial
compression tests. (a) Stress-strain curves of the powder-based 3DP samples; (b)
Stress-strain curves of samples fabricated using SLA (resin) and FDM techniques (SR20);
(c) Failure patterns of the 3DP samples

Table 3.2 Mechanical properties of the 3DP samples

Sample oc (MPa) en (%) eL (%) E (GPa) v
Ceramics 2.9 1.83 -0.64 0.17 0.20
Gypsum 3.8 3.07 -1.28 0.43 0.29
PMMA 35 5.87 -4.36 0.21 0.33
SR20 105.6 12.23 -10.05 2.74 0.36
Resin 110.3 3.60 -1.75 3.81 0.40

oc IS the peak stress, ea and ¢ refer to the axial and lateral strains
corresponding to the peak stress, respectively, and E and v are the Young’s

modulus and the Poisson’s ratio

41



Chapter 3

Before firing 200°C_30 min 200°C_120 min 600°C_180 min 600°C_240min 600°C_300 min

Figure 3.4 The status of the 3DP ceramic sample during firing. The numbers below the

pictures indicate temperature and duration for the firing treatment

For the SR20 sample, though its yield stress (105.56 MPa) is comparable to the strength
of some hard rocks, e.g., marble (Fredrich et al. 1990) and siltstone (Alber et al. 2009), it
showed typical elastoplastic behavior. As shown in Fig. 3.3b, SR20 exhibited perfect
elasticity in the elastic region, followed by plastic behavior in the post-yield stress region.
Additionally, the SR20 sample swelled by approximately 7.5% when the compressive
pressure exceeded the yield stress (Fig. 3.3c), whereas the natural brittle rock specimens
usually fail with negligible plastic deformation in uniaxial compression tests.
Consequently, the SR20 material fabricated via FDM method is also considered

inappropriate for mimicking brittle rocks.

With regard to the SLA-fabricated resin sample, its uniaxial compressive strength (110
MPa) and stress evolution process agree well with those of some hard rocks, e.g.,
fine-grained sandstone (Alber et al. 2009) and Tennessee marble (Wawersik and Fairhurst
1970), in spite of the relatively large deformation, which is 3.60% and -1.75% for axial
and lateral strain at peak stress, respectively. Unlike SR20 specimen, the 3DP resin
deformed without significant barreling or swelling in the post-peak stress region, and a
layer of resin was peeled off at the final loading stage. In addition, because of the
transparent feature of 3DP resin, it is possible to directly observe and analyze the spatial
evolution of cracks during the fracturing and failure, which could facilitate understanding

rock failure mechanism.

Hence, after comprehensive consideration of all aforementioned factors, it is believed
that among the five targeted 3DP materials based on current 3DP techniques, the
translucent resin fabricated by SLA is the most suitable 3DP material for mimicking
brittle and hard intact rocks where no defect is included at all, although its brittleness,

defined as breaking without significant plastic deformation, needs improvement.
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3.4.2 Brittleness enhancement for 3DP resin material

In nature, brittle and hard rocks always fail in a brittle manner with small deformation
when they are subjected to uniaxial compression (Tang and Kaiser 1998). In order to
effectively replicate natural rocks with the SLA-fabricated resin material, three measures,
1.e., freezing, incorporation of a macro-crack, and addition of micro-defects, are applied

to enhance its brittleness.

3.4.2.1 Freezing

Resin is a temperature dependent material, whose mechanical properties, e.g., strength,
the Young's modulus and fracture toughness vary significantly with the testing
temperature (Wu et al. 2005). To enhance the brittleness of the 3DP resin samples, they
were frozen in a cooler with dry ice (-77°C) for a period of 24 hours prior to the test.
During uniaxial compression tests, the 3DP resin sample was surrounded by dry ice to
prevent temperature rising. Figure 3.6 shows the dry ice treatment device during tests. A
T-type thermocouple was placed on the surface of the resin sample to measure its
temperature during tests. It is found that the temperature almost kept constant during tests
as shown on the thermometer in Fig. 3.5. Note that as the dry ice temperature (-77°C) is
beyond the service temperature of the strain gauge used in this study, strain gauges were
not employed for strain measurement, and only the axial deformation was recorded by the

built-in sensors of the loading machine.
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Figure 3.5 Freezing treatment device for the test at low temperature

Figure 3.6 shows the axial stress-strain curves of 3DP resin samples in uniaxial
compression tests at room temperature and after dry ice treatment. The mechanical
properties of those two samples are shown in Table 3.3. It can be found that the uniaxial
compressive strength and the Young’s modulus of the frozen 3DP resin sample were
higher than those at room temperature. Although the uniaxial compressive strength of the
frozen resin sample increased by 70%, the axial strain only increased by approximately
10%. Meanwhile, as shown in Fig. 3.6, the axial stress dropped rapidly after the peak
stress. In addition, the frozen resin sample failed in an explosive manner with fragments
ejected outward. Figure 3.7 presents the fragments of the frozen 3DP resin sample after
failure. The existence of strip fragments indicates splitting failure. These evidences
demonstrate that the brittleness of the 3DP resin could be greatly enhanced via low

temperature treatment.
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Figure 3.6 Axial stress-strain curves of 3DP resin samples determined from uniaxial

compression tests at room and low temperatures

Table 3.3 Mechanical properties of the 3DP resin samples

Sample oc(MPa) ea(%) e(%) E (GPa) o
Intact resin at room
110.3 3.60 -1.75 3.81 0.40
temperature
Frozen intact resin 191.8 3.97 - 6.36 -
Resin with a macro-crack 51.3 1.37 -0.41 4.23 0.37
Resin with micro-defects 82.1 2.62 -1.33 3.52 0.35

Figure 3.7 Fragments of resin sample after low temperature testing
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3.4.2.2 Incorporation of a macro-crack

The presence of cracks within elastic solid result in stress concentration that could
increase its brittleness (Roylance 2001). When a crack reaches a certain critical length, it
can propagate catastrophically through the solid, even though the gross stress is much
lower than yield or failure strength of the elastic solid. In view of this, a single
pre-existing internal macro-crack was fabricated in the 3DP resin sample, aiming to
enhance the brittleness of the 3DP resin. The side length, opening and inclination (with
respect to the horizontal direction) of the pre-existing square defect are 20 mm, 1 mm and
45°, respectively. Since the macro-crack was produced by non-laser irradiation treatment,
the crack zone was thus filled with unsolidified liquid resin. The fabrication of the resin
sample with a single pre-existing internal macro-crack is the same as that described for
SLA in Section 3.2, except that a macro-crack was included in the 3D printable model in

the first step.

The stress-strain curves of 3DP resin samples with and without a pre-existing internal
marco-crack from uniaxial compression tests are shown in Fig. 3.8. The mechanical
properties of those two samples are shown in Table 3.3. The results indicate that the
existence of the macro-crack exerted significant influence on the compressive strength
and strain at peak stress of the 3DP resin sample. After incorporating a macro-crack, the
uniaxial compressive strength of the resin sample was almost halved, and the strains at
peak stress were decreased to one third. However, the Young’s modulus and the Poisson’s
ratio did not change a lot. The stress-strain curve of the sample with a single macro-crack
is almost linear before the sharp stress drop at the peak stress (Fig. 3.8). Figure 3.9 shows
the failure patterns and newly generated cracks at the upper tip of the pre-existing
macro-crack after uniaxial compression test. It can be seen that the resin sample splits,
attributed to the generation and propagation of the 3D wing cracks and anti-wing cracks.
It needs to be noted that the generation of the wing or anti-wing cracks was accompanied
by a clear snap. These evidences support that the pre-existing internal macro-crack could

significantly enhance the brittleness of the 3DP resin.
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Figure 3.8 Stress-strain curves of the resin samples with and without a macro-crack from

uniaxial compression tests

(b) (c)

Figure 3.9 Failure patterns of resin sample with an internal macro-crack after uniaxial
compression test. (a) Schematic diagram of the 3D printed model containing an internal

square macro-crack; (b) Failure pattern; (c) Cracks generated from the macro-crack

3.4.2.3 Addition of micro-defects

In nature, rock contains numerous pre-existing micro-defects such as fissures, voids and
notches. When the stress reaches a certain critical value, the pre-existing micro-defects
will be activated. The propagation and coalescence of these micro-defects lead to the

brittle failure of rocks. Therefore, to effectively replicate brittle rocks, the pre-existing
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micro-defects should be included in the 3DP resin samples. To fulfill this requirement,
three techniques, i.e., micro-CT scanning, 3D reconstruction and SLA 3DP, were adopted
to replicate natural rocks with identical micro-structures. Hainan volcanic rock was
chosen as the natural rock. Its porosity is 7.2% with numerous micro-defects. The

specific information of this rock will be described in Chapter 5 in detail.

The fabrication of a 3D printed sample with micro-defects contains four steps. First, to
obtain a set of consecutive 2D micro-CT images of the natural volcanic rock sample
through scanning it with an X-ray micro-CT XRM 500 scanner. Second, to reconstruct a
3D digital data of the volcanic rock from the 2D micro-CT images using the Mimics 16.0
software. Third, to convert the 3D digital data into a STL formatted file. Fourth, to
fabricate the 3D printed sample with its micro-defects identical to the prototype volcanic
rock sample using the Viper si” printer. More details of the manufacturing process will be

described in Chapter 5 in detail.

120 ; . . . — : . " .
80 -
o]
o
=
» 60 J
[72]
e
3]
30 + .
—=— Intact resin
—a— Resin with micro-defects
0 L 1 N L 1 L 1 N 1 L
-4 -2 0 2 4 8 8
Lateral strain/ % Axial strain/ %

Figure 3.5 Stress-strain curves of the resin samples with and without pre-existing

micro-defects in uniaxial compression tests
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-riction marks

Figure 3.6 Failure patterns of resin sample with pre-existing micro-defects after uniaxial
compression test. (a) Fracturing status before the final failure of the specimen; (b)

Fragments in uniaxial compression test

Figure 3.10 presents the stress-strain curves of 3DP resin samples with and without
pre-existing micro-defects in uniaxial compression tests. The mechanical properties of
these two samples are shown in Table 3.3. After adding micro-defects, both of the
uniaxial compressive strength and strains at peak stress decreased, while the Young’s
modulus and the Poisson’s ratio did not change much. The general effect of adding
micro-defects is similar to that of incorporating a macro-crack, although the affecting
extent is different. The existence of a macro-crack affects more the mechanical properties
of 3DP resin, compared with micro-defects. Figure 3.11 shows the internal fracturing
pattern and the fragments after failure of the 3DP resin sample with pre-existing
micro-defects. Figure 3.11(a) was taken before the final burst-like failure. It is found that
the failure plane initiated at the pre-existing micro-defects, propagated in the axial
direction, and finally led to the burst-like failure of the sample. Through analyzing the
fragments after compression, it is found that the failure mode was a tensile-shear mixed
one, as some fragment surfaces presented friction marks. Based on the observed stress
evolution characteristics, i.e., a linear stress-strain relationship prior to the rapid stress
drop after the peak stress, and failure mode, it can be claimed that pre-existing
micro-defects could significantly enhance the brittleness of the 3DP resin. In addition, the
transparency of the identified 3DP resin enables researchers to directly observe and

analyze the spatial evolution of internal micro- and macro-cracks.

49



Chapter 3

3.5 Discussion

In this Chapter, the SLA-fabricated resin is identified as the most suitable material among
five targeted 3DP materials, i.e., ceramic, gypsum, PMMA, resin and SR20, for
simulating brittle and hard rocks. Although the brittleness of the 3DP resin is not exactly
the same as natural highly brittle rocks, it is much higher than that of the FDM-fabricated
SR20 and the PLA material previously studied (Jiang and Zhao 2015). The high
compressive strength (110 MPa) enables the SLA-fabricated resin to simulate
moderate/high strength rocks such as sandstone (Alber et al. 2009) and marble (Wawersik
and Fairhurst 1970). In addition, the transparency of 3DP resin enables researchers to
directly observe the fracturing process within the sample using the high-speed cameras,
which is an advantage over opaque 3DP materials and natural rocks. The transparent
nature prevails over other traditional means such as acoustic emission detection (Lockner
et al. 1991; Eberhardt et al. 1999) and X-ray CT scanning (Huang et al. 2013b; Kawakata
et al. 1999) where clearly and accurately monitoring the internal crack growth in

real-time is difficult.

Moreover, as 3DP almost has no restriction in geometrical shape during fabrication
(Huang et al. 2013a; Kokkinis et al. 2015), more complex 3D flaws within the 3DP resin
samples could be produced using the SLA 3DP. For instance, resin-based 3D fault models
could be flexibly and repeatedly produced, providing 3D tomographic data of a natural
fault are available. Therefore, rather than using the simplified 2D fault model (Griffith et
al. 2009; Sammis et al. 2009), 3D laboratory earthquakes could be achieved with the

resin-based artificial 3D fault model.

As the brittleness of the SLA-fabricated resin is lower than that of highly brittle rocks,
three methods including freezing, incorporation of a macro-crack and addition of
micro-defects were applied to enhance its brittleness. After frozen by dry ice, both the
uniaxial compressive strength and brittleness of the 3DP resin significantly increased.
This is mainly because the 3DP resin is an amorphous polymer, whose macromolecular
chains are entangled together. When the environment temperature is far below the glass
transition temperature, the interaction between macromolecular chains increases and the
movement of the chains such as rotation and stretching is strongly constrained to resist

the force applied (Richeton et al. 2006). The glass transition temperature is a temperature
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range where a polymer changes from a ‘““glassy”, rigid or hard state to a more compliant,
pliable or “rubbery” state (Saba et al. 2016). The glass transition temperature of the 3DP
resin is 58°C (Capel et al. 2013). Therefore, the frozen resin failed at a high stress without
significant deformation, indicating high brittleness. When micro- or macro-defects were
included in the 3DP resin, it deformed without barreling or swelling and exhibited almost
linear stress-strain relationship prior to the splitting failure. It is because the 3DP resin
samples changes from isotropic to anisotropic ones after replication of internal micro-
and macro-defects and microstructures from the natural rocks. Under external loading,
the existence of defects results in stress concentration around the tips of defects, and the
pre-existing defects will grow if the stress exceeds the critical value. Therefore, as the
compression increased, cracks propagated, interacted and coalesced, ultimately leading to

the brittle failure.

Although findings in this chapter indicate that the FDM- fabricated samples and the
powder-based 3DP samples are inappropriate for simulating brittle and hard rocks, it does
not mean that the FDM and powder-based 3DP techniques cannot be applied to rock
mechanics. Further improvement and development of these two techniques might

improve their applicability in simulating rocks.

The typical elastoplastic behavior of the FDM-based specimen makes the FDM technique
unsuitable for simulating brittle and hard rocks. To facilitate the application of FDM in
mimicking rocks, appropriate improvement measures are recommended, e.g.,
development of innovative substitutions with more rigid and brittle properties to mimic
rocks, development of additives that can be used to improve the stiffness and brittleness
of the existing FDM-supported 3DP materials, development of techniques to fill the voids
in the printed parts with compositions to enhance the overall strength and stiffness (Belter
and Dollar 2015), and improvement of the printing resolutions and printing structures
(Jiang and Zhao 2015). In addition, as a compromising approach, the FDM technique
may be used to print samples that could simulate some specific physical property of
natural rocks. For example, it has been applied in duplicating the micro- and macro-pore
network of the coarse-grained Idaho Gray Sandstone with an estimated porosity of 29%

(Ishutov et al. 2015).

In terms of the powder-based 3DP materials, the low strength, high ductility and
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inhomogeneity of the fabricated samples constrained their application to mimic brittle
and hard rocks. During printing, powder particles are consolidated by sprayed binder.
However, the roller to spread the particle layers cannot apply sufficiently high pressure to
fully consolidate the particles between layers. Therefore, the bond strength between
particles is mainly provided by the adhesive strength of binder. Consequently, the
powder-based 3DP samples exhibited the features mentioned, i.e., low strength, high
ductility and inhomogeneity. To overcome these drawbacks, three means are suggested.
First, new printers which could apply sufficiently high pressure by the roller to compact
and consolidate particles are needed. This is because high compaction may enhance the
bond strength between particles. Second, new 3DP binders which not solely have high
adhesive strength but also show brittle characteristics when solidified need to be included
in 3D printers. Lastly, some appropriate post-processing methods are suggested to further
enhance the strength and brittleness of the powder-based 3DP samples. For example, high
temperature (150°C) heating was proved to be an effective way to enhance the strength of
the powder-based 3DP samples, although the strength was still not high enough
(Fereshtenejad and Song 2016). In particular, the powder-based 3DP ceramics has the
potential to be an ideal material to study micro-cracks evolution of brittle rocks, provided
that the 3DP ceramics could be effectively fired without shrinking and cracking. Similarly,
freezing may also be effective to enhance the brittleness of the powder-based 3DP

samples since the binder becomes brittle in low temperature (Vaitkus et al. 2014).

Although the merits of 3DP in mimicking intact and defected rocks and investigating
their mechanical and fracture behaviors are promising as discussed in the aforementioned
part, there exist limitations of the present 3DP technique, which may impede its
application in rock mechanics. For instance, the Young's modulus of the present 3D
printed specimens is much lower than that of the natural rocks. Lower Young’s modulus
could result in larger deformation of the 3DP rock sample than natural rock specimen
under the same external load (Jiang and Zhao 2015; Ju et al. 2017). In addition, it is
impossible to reflect the heterogeneity of natural rocks through utilizing a single 3DP
material to prepare 3DP rocks (Feng et al. 2015; Fereshtenejad and Song 2016; Jiang and
Zhao 2015; Zhu et al. 2018). Besides, it is difficult to replicate strongly cemented grain
boundaries of the natural rocks using the currently available 3DP techniques. These
demerits of 3DP in mimicking brittle and hard rocks need to be addressed in the future

with the development of 3DP techniques.
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3.6 Conclusions

This Chapter reports the identification of the most suitable 3DP material to mimic brittle
and hard rocks from ceramics, gypsum, PMMA, SR20 and resin in terms of currently
prevalent 3DP techniques, i.e., powder-based 3DP, FDM and SLA. Main conclusions are

as follows:

(1) The powder-based 3DP specimens, i.e., ceramics, gypsum and PMMA, failed at
very low compressive stress and exhibited highly ductile behavior, which renders
them unsuitable for mimicking common brittle and hard rocks. The FDM-fabricated
SR20 sample showed typical elastoplastic behavior, which is different from most
natural rocks. Despite the relatively large deformation, the strength and stress
evolution process of the 3DP resin sample produced by SLA method are comparable
to those of many rocks, e.g., marble and sandstone. Meanwhile, the 3DP resin
sample deformed with little barreling or swelling during the whole loading period.
Therefore, resin is the most suitable 3DP material for replicating brittle and hard
rocks, although its brittleness needs to be improved.

(2) Three methods including freezing, incorporation of a macro-crack and addition of
micro-defects can effectively enhance the brittleness of the 3DP resin. With freezing
treatment, the compressive strength of the 3DP resin increases by approximately 70%
without changing its maximum axial deformation. The frozen sample failed in an
explosive manner. After incorporating a macro-crack or adding micro-defects, both
the uniaxial compressive strength and the strains at peak stress significantly
decreased. And the existence of a macro-crack affects more the strength and strains
of 3DP resins, compared with micro-defects. In addition, after adding cracks, the
stress-strain curves were almost linear before the sharp stress drop at the peak stress.

(3) The transparent 3DP resin could be adopted to directly observe and analyze internal
crack evolution during rock fracturing, which may help better understand the failure

mechanisms.

In this chapter, the Accura® 60 resin is identified as the most suitable 3DP material for
replicating brittle and hard rocks. Based on this finding, the Accura® 60 resin and the
SLA based 3DP technique will be used to solve the problem of preparing transparent

rock-like samples with 3D internal flaws, and studies on 3D crack growth behaviors
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will be conducted with these artificial rock samples in Chapter 4; Replication of internal
defects and investigation of the mechanical and fracture behavior of rocks using 3DP and

3D numerical methods in combination with micro-CT will be performed in Chapter 5.
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CHAPTER 4 FABRICATION OF 3D INTERNAL FLAWS WITH
3DP AND INVESTIGATION OF THEIR FRACTURING AND
MECHANICAL BEHAVIORS UNDER STATIC AND DYNAMIC
COMPRESSION

Based on the Accura 60 resin material identified in Chapter 3, 3DP is adopted to solve
the difficulty of preparing artificial rock samples with single and double pre-existing 3D
internal flaws. Static and dynamic uniaxial compression tests are subsequently
conducted on these samples to investigate the influence of flaw number, flaw angle (o)
and ligament angle () as well as loading types on the mechanical and fracturing
behaviors of 3DP artificial rocks. The dynamic tests are performed with the SHPB
device. The real-time 3D internal crack growth subject to static and dynamic
compression are monitored and analyzed from two orthogonal directions with two
high-speed cameras. Distinctions between the mechanical and fracturing behaviors of
rock-like samples under dynamic and static loading conditions are compared, and the
physical mechanisms underlying these processes are discussed. The results verify that
the SLA 3DP can rapidly, repeatedly and precisely produce resin-based artificial rock

specimens with 3D internal flaws.

4.1 Introduction

Rock is an inhomogeneous media that contains many pre-existing defects, such as
fissures, joints and weak surfaces. The existence of these defects greatly threatens the
stability and safety of rock engineering. When rocks are subjected to static or dynamic
loads, cracks are often initiated and propagate along these pre-existing flaws, ultimately
leading to the catastrophic failure of rock masses. Therefore, a comprehensive study of
crack growth behaviors in rock under static and dynamic loading conditions is essential

for rock engineering excavation and maintenance.

As reviewed in Chapter 2, extensive investigations have been performed to study crack
growth in brittle rock and rock-like materials. However, the overwhelming majority of
the studies focused on 2D crack propagation and coalescence problems (Bobet and

Einstein 2002; Li et al. 2005a, 2017a; Nemat—Nasser and Horii 1982; Shen et al. 1995;
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Wong et al. 2001; Wong and Chau 1998; Wong and Einstein 2009a, 2009b; Yang et al.
2017; Zhang and Wong 2012). In nature, most of the pre-existing defects are in 3D.
Nevertheless, studies concerning 3D cracks, especially for 3D internal cracks, have
received insufficient attention. To study the mechanism of 3D crack growth under
compression, Adams and Sines (1978), Germanovich et al. (1994) and Dyskin et al.
(2003) developed three methods to generate 3D internal flaws in transparent PMMA,
resin and silica glass samples. As stated in Chapter 2, all three methods have their own
drawbacks, e.g., unavoidable glued interface, difficulties in guaranteeing the precise
position of pre-existing cracks and requiring sophisticated skills to operate the high
energy laser pulse generator, which may affect the 3D internal flaw growth. Therefore, a
new method for preparing samples with pre-existing internal 3D flaws has appeal.

Additional studies on 3D flaw growth are also needed.

In this chapter, SLA 3DP is applied to prepare samples containing single or double 3D
internal flaws using the resin material identified in Chapter 3. Static and dynamic
compressive tests are performed on these 3DP samples to study 3D crack growth
behaviors using two HSCs. The effects of flaw geometry, i.e., flaw angle, flaw number
and bridge angle, and loading types on mechanical and fracturing behaviors of the 3DP
artificial resin rock samples with internal 3D flaws are analyzed. Distinctions among
fracturing under dynamic and static loading conditions are compared, and the

underlying physical mechanisms are analyzed.

4.2 Experimental setup

4.2.1 Sample preparation

The SLA-based 3D printer Viper si? and the corresponding supporting material accura®
60 identified in Chapter 3 are applied to produce resin-based artificial rock samples
containing single and double pre-existing 3D internal penny-shaped flaws. The reason for
preparing penny-shaped flaws is that it is the simplest flaw in brittle materials that
incorporates appropriate flaw variables (Evans 1978). In addition, penny-shaped flaw has
commonly been used to study 3D crack growth behaviors (Adams and Sines 1978;

Dyskin et al. 2003; Germanovich et al. 1994).

Figure 4.1 shows the workflow of fabricating artificial rock sample using 3DP method.
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It mainly consists of the following four steps: (1) to prepare a 3D model of the sample
using a computer-aided design and drafting software such as Auto CAD and save it as an
STL format file (a general file format for 3DP); (2) to digitally slice the model in STL file
into a series of cross-sectional layers and assign them with printing information, e.g.,
layer thickness and printing path, using 3D light year software; (3) to print the artificial
rock sample layer by layer using the SLA-based Viper si’; (4) to post-process the 3DP
rock samples such as transparentizing the sample via grinding and polishing treatments.
Note that other parts of the sample are solidified by ultraviolet irradiation except the

flaws.

[ 30 odo 50 ono)

@) (b)

Figure 4.1 Preparation of artificial rock using 3DP. (a)3D model in STL format; (b)
Digitally sliced 3D model with arranged printing information; (c) 3DP using the
SLA-based Viper si’ printer; (d) Original 3DP artificial rock sample; (¢) 3DP artificial
rock sample with a single pre-existing internal 3D flaw after transparentizing treatment.

The structure in pink color in (b) is a cushion used to support the 3DP sample.
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Figure 4.2 Geometry of the pre-existing flaws in artificial rock samples. (a) A sample
with a single 3D internal flaw; (b) A sample with double 3D internal flaws. a is flaw
inclination angle, 8 is ligament angle, 2a is flaw length, and b is ligament length. The

arrows represent the loading direction during compression.
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Table 4.1 Geometries and experimental results of the flawed samples

Sample*  Flawcenter a(®) BC) &%) oo
(MPa) (MPa) (%)
Intact - - - 113.8 3.81 - -
S-0 (1515300 0 - 1093  3.14 i .
$-30 (151530) 30 - 1073 272 599 558
S-60 (151530) 60 - 999 238 529 530
$-90 (151530) 90 - 1105  3.16 i .
D45 OT15353) 45 45 793 192 419 528

(20.3,15,24.7)
D65 (10215357) 45 g5 878 218 378 431
(19.8,15,24.3)
(11.25,15,36)
(18.75,15,24)
p-105  (2.L153595) 45 105 857 209 492 574
(17.9,15,24.05)
D-S30  (151530) 30 - 1137 166 1038 913
(12.1,15,35.95)

D-D-105 45 105 959 158 849 886
(17.9,15,24.05)

D-85 45 85 80.9 1.98 454 56.1

*S-Single flaw, D-Double flaws; D-S: Dynamic test on single flawed sample, D-D:
Dynamic test on double flawed sample. The upper and lower rows of parentheses

represent the center coordinates of the upper and lower pre-existing flaws, respectively.

The origin of the coordinates is shown in Fig. 4.2.

To clearly and accurately detect 3D crack growth from different angles, specimens were
designed in a prismatic shape rather than a conventional cylindrical one. The length to
width ratio of the specimen is 2:1, and all samples with different flaw arrangements have
a nominal size of 60 x 30 x 30 mm. To investigate the effect of flaw geometry on the
mechanical and fracture behaviors of the artificial rock under uniaxial compression, three
flaw parameters, i.e., flaw number, flaw inclination angle and ligament angle, are
considered in this chapter. The geometry of a single flaw is described by two geometrical
parameters: flaw length 2a (“a” is the radius of the penny-shaped flaw) and flaw
inclination angle a (the angle of the flaw with respect to the horizontal direction) as
shown in Fig. 4.2a. The geometry of double flaws is defined by four geometrical
parameters: flaw length 2a, ligament length 4 (5 mm), flaw inclination angle o and

ligament angle £ as shown in Fig. 4.2b. For specimens with a single flaw, o varies from 0°
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to 90° at an interval of 30°. For specimens with double flaws, f varies from 45° to 105°
with an interval of 20°, where o remains constant and equal to 45°. After conducting some
trial tests, it is found that the aperture of flaw of 2 mm is conducive to the generation of
new cracks at the tips of the pre-existing flaw. Thus, the penny-shaped flaw is a circular
disc with 5 mm in radius and a constant thickness of 2 mm. Geometries of artificial rock
samples used in this chapter are listed in Table 4.1, in which the sample number S-30
indicates an artificial rock sample with a single pre-existing 3D internal flaw of
inclination angle 30°, while D-65 represents an artificial rock sample with double
pre-existing 3D internal flaws of ligament angle 65°. The sample D-S-30 refers to a
dynamic compressive test conducted on a single flawed sample with its inclination

angle of 30°.

4.2.2 Testing apparatus

The static uniaxial compression tests were carried out on a servo controlled testing
system (TAW-2000), at School of Science of the National University of Defense
Technology, with the maximum loading capacity of 2000 KN. The static tests were
performed at a loading rate of 2 mm/min under room temperature (about 20°C). To
clearly monitor the 3D crack growth behaviors, no strain gauges were mounted on the

surfaces of the samples.
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Figure 4.3 Schematic of the SHPB system

Dynamic compression tests were performed using a modified SHPB with a
spindle-shaped striker (Li et al. 2005b) at the Central South University. Figure 4.3
illustrates the schematic of the SHPB system, which mainly consists of two parts, i.e.,

three bars (an incident bar with length of 2m, a transmitted bar with length of 1.5m and
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an absorbing bar with length of 0.5m) and a data acquisition subsystem. The bars are
made of the hardened 40 Cr, with diameter, Young's modulus and P-wave velocity of 50
mm, 240 GPa and 5400 m/s, respectively. Using the spindle-shaped striker, incident
pulse wave with a long and ramped wavefront can be repeatedly generated that can not
only reduce wave oscillation and minimize dispersion effects, but also facilitate
achieving stress equilibrium at the ends of the specimen (Zhang and Zhao 2014a). The
principle of the SHPB system was reviewed in Chapter 2. Once the dynamic stress
equilibrium in the sample is achieved, based on the 1D stress wave theory, the dynamic
compressive stress o(¢) and axial strain &(¢) of the specimen can be determined by Egs.

(2.1) and (2.2) respectively.

During testing, two FASTCAM SA1.1 HSCs were adopted to record 3D crack growth
in real-time from two orthogonal directions. Under static loading, the HSCs were
manually triggered upon the initiation of new cracks at the tip of the pre-existing flaw
under the pre-trigger mode. The HSCs were set at a frame rate of 100,000 frames per
second (fps) with a resolution of 128 x 256 pixels to observe crack growth of specimens
with a single pre-existing flaw. For specimens with double 3D flaws, to accurately
capture the crack initiation and coalescence between the inner tips of the two
pre-existing flaws, the HSC frame rate was 150,000 fps with a resolution of 128 x 160
pixels in the early stage, and once the coalescence process completed, the frame rate
was set to 100,000 fps to monitor the full field of crack propagation within the specimen.
In SHPB tests, the HSCs were automatically triggered by a transistor-transistor logic
(TTL) pulse generated by the oscilloscope synchronously with the incident signal, where

the frame rate and resolutions were 125,000 fps and 256 x 128 pixels, respectively.

4.3 Results
4.3.1 Static uniaxial compression tests

4.3.1.1 Static strength and deformation

The mechanical properties of the resin-based 3DP samples are summarized in Table 4.1,
in which oc, € and o1 represent the uniaxial compressive strength, axial deformation at
peak stress and the initiation stress of the first wing crack. Figure 4.4 shows the axial

stress-strain curves of 3DP resin samples with and without pre-existing flaws. It is evident

60



Chapter 4

that a, # and the flaw number have considerable effects on oc and .. In terms of the single
flawed samples, the sample whose a is 60° has the lowest o (99.9 MPa) and &, (2.38%)),
which are decreased by approximately 12.2% and 37.5% compared with those of the
intact sample. Although the o. of the other single flawed specimens only slightly
decreased, their ¢, decreased by more than 17% compared with that of the intact sample.
Considering the specimens with double pre-existing flaws, the sample with £ equal to 45°
has the lowest ac (79.3 MPa) and . (1.92%), which are 30.3% and 49.6% lower,
respectively than those of the intact sample. oc and . slightly increase by approximately
10% with S changing from 45° to 105°. When the number of flaws increases from one to
two, the average oc and ¢, decrease by 21.8% and 28.3%, respectively. This indicates that
the flaw number affects the mechanical properties of the artificial samples more,
compared with a and . From Fig. 4.4, the stress-strain curves of the specimens nearly
overlap with each other prior to the peak stress, which indicates that the flaw geometry
has almost no influence on the Young’s modulus of the 3DP resin samples. Notably,
single flawed 3DP resin samples with a of 0° and 90° did not generate macrocracks and
failed to break in a burst-like manner after the peak stress, which is different from other

flawed samples.
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Figure 4.4 Axial stress-strain curves of the 3DP resin samples with and without internal
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penny-shaped flaws under static compression

4.3.1.2 Three-dimensional crack growth behaviors

To study 3D fracturing behaviors, especially the fracturing process, two high-speed
cameras (HSCs) were adopted to capture and record the transient crack propagation
process from two orthogonal directions. Because there were no external signals to
automatically trigger the HSCs to monitor and record the 3D crack growth within the
flawed samples under static compression loading, the HSCs were manually triggered
upon the initiation of new cracks at the tips of the pre-existing flaws. However, due to the
limited storage space (8 GB) of the HSC, its recording time is limited to approximately
0.7 seconds under the frame rate of 100,000 fps. Therefore, the camera operator is
required to respond sufficiently quickly upon observing the occurrence of new cracks;
otherwise, it is impossible to capture and record the crack propagation process. In the
present study, the final 3D crack growth behaviors in the single flawed sample with an o

of 60° failed to be recorded.

In addition, because the entire loading time for one sample under static loading lasts for
approximately 2 minutes, it is impossible to monitor and record all the progressive
fracturing behaviors during the entire static loading process at one time. Therefore, in
order to capture all the fracturing process, the compression machine was paused nearly
at the same time that the HSC was triggered, so as to win sufficient time (i.e.,
approximately 20 seconds) to save the video of the crack propagation process, to restore
the storage space of the HSC, and to prepare for the next record cycle. During pausing,
the displacement of the platen remained stable and the axial load was kept relatively
constant. When the HSC was ready for the next record, the sample was reloaded. The

above processes were repeated until the final failure of the specimen.

Three-dimensional crack propagation in single flawed samples

Figure 4.5 illustrates crack growth behaviors and the axial stress-strain curve of the
sample with a of 30° under static compression. Notably, the black speckles in the
high-speed photography images indicate newly generated cracks. In general, the single
flawed resin sample failed in a progressive manner. Under compression, when the

compressive stress was loaded to approximately 56% (60 MPa) of its ac (107.3 MPa),
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tensile wing cracks were first generated at the lower tip of the flaw, as shown in Fig. 4.5al.
The crack propagation was terminated roughly at the length of the pre-existing flaw,
despite increasing axial stress. As the load increased to approximately 68% and 73% of o,

wing and anti-wing cracks initiated at the upper tip of the flaw (Figs. 4.5all and III).
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Figure 4.5 Stress-strain curve and crack propagation of S-30 sample under static

uniaxial compression. (a) Progressive fracturing stages under different loading levels
recorded by HSCs; (b) Stress-strain curve and fracturing stages; (c) Failed fragments.
The Roman characters I-IV in (a) and (b) indicate the fracturing sequential. £'S and S§
represent images shot from the front surface and side surface of the resin sample,
respectively. The time in (a) is the relative time recorded upon the initiation of the
secondary crack. The sketches in (a) are corresponding wing and anti-wing cracks. The

arrows show the propagated direction of the secondary cracks and the dashed rectangle
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shows the initiation place of the secondary crack. WC and AWC indicate wing crack

and anti-wing crack, respectively.

Figure 4.6 shows the anti-wing crack propagation process captured by the HSC from the
front side of the sample. A tensile crack is generated along the opposite direction of the
wing crack, which has rarely been reported in previous studies on 3D crack growth (Fu et
al. 2016). Similar to wing cracks, an anti-wing crack was arrested after propagating
approximately 1.5 times the length of the initial flaw within approximately 60 ps, as
shown in Fig. 4.6. When the compressive load reached the peak stress, secondary cracks
were generated along the left edge of the upper wing crack and then propagated in the
axial and lateral directions, ultimately leading to burst-like failure of the sample, as
shown in Fig. 4.5a. Notably, secondary cracks refer to those generated later than wing and

anti-wing cracks.

O us 20 ys 40 us 60 ys

Figure 4.6 Anti-wing crack propagation processes in static test. The arrows represent the
growing anti-wing cracks. The number in the rightest image refers to the length of the
cracks with regard to the radius of the pre-existing flaw. The time below the images

represent the absolute time recorded upon the initiation of the anti-wing crack.

Three-dimensional crack propagation in double flawed samples

For specimens containing multiple pre-existing flaws, crack coalescence between the
pre-existing flaws usually occurs prior to the final failure of the samples (Fu et al. 2017;
Sagong and Bobet 2002; Wong and Chau 1998; Yin et al. 2014). In the present study, a
similar phenomenon was observed in the 3DP resin samples containing double
pre-existing 3D internal flaws. Figure 4.7 illustrates the fracturing states before the final
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catastrophic failure of the double flawed samples. The results indicate that crack
coalescence patterns depend on ligament angles. When f is less than or equal to 85°, wing
cracks generated at the inner tips of the pre-existing flaws cannot coalesce with each other.
When f equals 105°, wing cracks initiated at the inner tip of the upper flaw grew until the
cracks coalesced with the lower flaw tip. For specimens whose £ equals 45° and 65°,
coplanar cracks generated at the inner tips of the pre-existing flaws. Although the
coplanar cracks gradually propagated in the prolongation of the pre-existing flaw, they
did not coalesce with each other. The formation of coplanar cracks may be more or less
associated with plastic deformation resulting from quasistatic stress concentrations at the
flaw tips when the two pre-existing flaws are coplanar or quasi-coplanar (Petit and
Barquins 1988). In addition, petal cracks were produced in specimens with £ values of
45° and 105°. The petal crack observed in this chapter is similar to that found by Wong et
al. (2004b) in PMMA specimens with 3D surface flaws.

D internal flaw
v

p=85°

Figure 4.7 Crack coalescence patterns in double-flawed 3DP resin samples. The

high-speed images illustrate fracturing states before the final failure of the sample. The
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sketches are corresponding crack patterns of the double-flawed samples. PC and CC
refer to petal crack and coplanar crack, respectively. Other abbreviations have the same

meaning as those in Fig. 4.5.
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Figure 4.8 High-speed images, stress-strain curve and sample after failures of D-105
sample under uniaxial compression. (a) 3D crack propagation and coalescence process
recorded by HSCs; (b) Stress-strain curve and fracturing stages; (c) Top and front views
of the chaotic cracks in the failed sample. The time in () is the relative time recorded
upon the initiation of cracks at each stage. PC refers to petal crack. Other abbreviations,

the arrows and the dashed rectangle have the same meaning as those in Fig. 4.5.

Although the ligament angle has effects on crack coalescence in double flawed samples,
the 3D crack growth behaviors of specimens with different § values are generally similar.

Figure 4.8 shows the typical 3D crack propagation and coalescence in a double flawed
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sample whose £ is 105°. When the compressive stress was loaded to approximately 57%
of the peak stress (86.7 MPa), wing cracks were generated at the inner tip of the upper
pre-existing flaw, then propagated and eventually coalesced with the inner tip of the
lower pre-existing flaw (Fig. 4.8al). Nearly simultaneously, another wing crack sprouted
from the outer tip of the lower flaw, as shown in Fig. 4.8al. As the load increased to
approximately 75% of the peak stress, a new wing crack was generated at the outer tip of
the upper flaw. Similarly, these two wing cracks cannot extend to the boundary of the
sample; the cracks grew by roughly the length of the initial flaw before termination.
Nevertheless, the coalescent wing crack terminated despite the continuous increase in the
compressive load. When the stress approached the peak, a petal crack and an anti-wing
crack (Fig. 4.8alll) were successively generated at the inner and outer tips of the upper
flaw, respectively. The petal crack propagated perpendicular to the flaw surface and
coalesced with the lower flaw. After the peak stress, secondary cracks were generated in
the coalescent region and rapidly propagated in the axial and lateral directions, ultimately
leading to the explosion-like failure of the sample (Fig. 4.8alll). The complicated, chaotic
(disorderly) cracks in the failed sample (Fig. 4.7c) indicated that there was violent

fracturing during the final failure process.
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Figure 4.9 Initiation stress of new crack, peak stress (strength) and the ratio of initiation
stress to peak stress versus flaw angle and ligament angle. (a) Specimens with single flaw;
(b) Specimens with double flaws. The bars with cyan, red and blue colors represent
initiation stress of new crack, peak stress and the ratio of initiation stress to peak stress,
respectively.
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Initiation stress of the first crack

Figure 4.9 illustrates plots of g1, oc and the ratio of g1/ac versus flaw angles a and f in the
artificial rock samples with single flaw and double pre-existing 3D internal flaws. In
general, o1 is affected by both a and f. o1 of the specimen with a equal to 60° (52.9 MPa)
is lower by approximately 12% than that of the sample with a equal to 30° (59.9 MPa).
For double flawed samples, the sample with f of 65° has the lowest o1 (37.8 MPa), which
is approximately 23% lower than that of the sample with  of 105° (49.2 MPa). However,
the ratios of o1/a. of the flawed 3DP resin samples are approximately 55%, which appears
to be unaffected by the flaw geometry, i.e., a, f and flaw number, except for the sample
with £ of 65°. Note that the resin samples with a equal to 0° and 90° are not included here

because these two samples do not generate macrocracks prior to the peak stress.
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Figure 4.10 Crack propagation velocity. (a) Wing crack propagation velocity; (b) Upper
wing crack propagation process in specimen with a of 30°; (c) Secondary crack
propagation velocity; (d) Upper secondary crack propagation process in specimen with
S of 45°. The time in (a) - (d) represents the absolute time recorded upon the initiation of

the cracks. The red arrows in (b) and (d) point to the crack tips.

Three-dimensional crack propagation velocity
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With high-speed photography, 3D wing and secondary crack propagation trajectories can
be detected, and thus, the crack growth length can be obtained utilizing an
image-measuring technique. Therefore, the 3D wing and secondary crack growth
velocities can be calculated, as the shooting interval is fixed at 6.67 or 10 ps. Notably, the
calculation error is within 20% when the crack propagation velocity is greater than 400
m/s. Figure 4.10 demonstrates the 3D wing and secondary crack propagation velocity
histories and the corresponding crack growth images detected by HSCs in resin
specimens containing single flaws and double 3D internal flaws. Regarding the 3D wing
cracks, they suddenly emerged in an unstable/jump-like manner (dynamically), attaining
a finite length, and their propagation velocities quickly slowed down with increasing
propagation time or distance. This phenomenon differs from the stable propagation of
wing cracks initiated at the pre-existing 2D flaw tips under uniaxial compression, where a
stable or quasi-stable wing crack grows gradually as load increases (Germanovich et al.
1994; Hoek and Bieniawski 1965; Nemat-Nasser and Horii 1982; Park and Bobet 2010)
[52,53]. In terms of the secondary cracks, their unstable growth after the peak stress (the
ultimate strength) was immediately followed by the dynamic failure of the entire sample.
This is similar to the final splitting or explosive-like failure of the specimens that were
caused by the unstable growth of 2D wing cracks or 3D secondary tensile cracks after the
peak stress under similar loading conditions (Dyskin et al. 2003; Germanovich et al. 1994;
Horii and Nemat-Nasser 1985; Nemat-Nasser and Horii 1982). Similarly, the secondary
crack propagation velocity sharply dropped as the crack extended to the boundary of the
sample. However, the 3D wing cracks could only propagate a certain distance, which was
much shorter than that of the secondary cracks. The mean values of the maximum 3D
wing crack propagation velocities are approximately 60% of that of the 3D secondary
cracks. Although the flaw geometry shows no remarkable influence on the wing and
secondary crack propagation velocities, the flaw number affects the maximum
propagation velocity of secondary cracks. For instance, the maximum secondary crack
propagation velocity in double flawed samples (831 m/s) is 15% lower than that in single
flawed samples (977 m/s). Two factors may explain this feature. On the one hand, the
parallel-arranged double cracks may reduce each other’s stress intensity factor (SIF),
making the SIF at the secondary crack initiation position lower than the SIF in the
single flawed sample (Dyskin et al. 1999). On the other hand, a larger o.of the single
flawed sample might generate a higher SIF than that in the double flawed samples with
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lower . during the initiation of secondary cracks. While the crack propagation velocity is
found experimentally to be related to the stress intensity according to Charles’ law, i.e., V'
=4 - K", where A4 is a constant, K is SIF and » is known as the stress corrosion index,
ranging from 20 to 60 for earth materials (Atkinson and Meredith 1987a,b; Main et al.
1989). It therefore results in a slower crack propagation velocity for specimens with

smaller SIF (Guo et al. 2001).

4.3.2 Dynamic compression tests

Apart from static loads, rock masses often endure dynamic loads, such as earthquakes
and blast waves. As reviewed in Chapter 2, 2D crack growth under dynamic
compression differs from that under static uniaxial compression. Therefore, it is
reasonable to speculate that 3D crack growth subject to dynamic compression may also
differ from that under static compression. Considering this, the investigation of 3D
crack growth is extended from static loading to dynamic loading for the first time in this
chapter. To highlight the difference between dynamic loading and static loading, the
mechanical and fracturing behaviors of 3D crack growth under dynamic compression

are compared with those under static compression within the corresponding samples.

4.3.2.1 Dynamic strength and deformation

The stress-strain curves of the 3DP samples with single and double pre-existing 3D
internal flaws subjected to dynamic compression are shown in Fig. 4.11, where curves
under static compression are also included. Under dynamic compression, the uniaxial
compressive strength is 113.7 MPa and 95.9 MPa, respectively, for specimens with single
and double pre-existing flaws. The tangent modulus, which is defined as the slope of a
line drawn tangent to the half peak stress point on the stress-strain curve, decreases by
11.8%, when the number of flaws changes from one to two. The maximum axial strain at

failure of the sample changes little (4.8%) with number of flaws.

The mechanical behavior of the flawed specimens is strongly affected by the type of
loading. From static compression to dynamic compression, the maximum axial strain at
failure decreases by 40.1% and 24.4% for 3DP resin specimens with single and double
pre-existing 3D internal flaws, respectively. The uniaxial compressive strength changes

little, i.e., approximately 8%, with loading types. The tangent modulus increases by 52%
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and 38% for 3DP resin specimens with single and double pre-existing 3D internal flaws,
respectively, when the loading type changes from static compression to dynamic
compression. This indicates that the deformational behavior of the 3DP resin is
rate-dependent and that the brittleness of the resin could be enhanced at a high strain rate

(Gilat et al. 2007).
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Figure 4.11 Stress-strain curves of the 3DP samples with single and double flaws in

dynamic and static compression tests
4.3.2.2 The initiation stress of the first crack

Figure 4.12 illustrates o, in 3DP resin specimens with single and double pre-existing 3D
internal flaws under dynamic loading as well as static compression. Under dynamic
compression, the impact of the flaw number on g, is consistent with that on the peak stress
(0c), 1.e., with an increasing number of pre-existing flaws, o, decreases. However, the ratio
of a/oc, which is approximately 90% for the flawed specimens in dynamic tests, appears
to be unaffected by the flaw number. For static compression tests, g/oc also seems to be
unaffected by the flaw number, despite the fact that o, in specimens with double

pre-existing flaws is lower than that in specimens with a single flaw.

Although the high strain rate (approximately 150 s!) shows very few effects on o for the
flawed 3DP specimens, as shown in Fig. 4.11, strong strain rate effect exists on o,. g, in
dynamic tests increased by approximately 73% and 80% for specimens with single and

double flaws, respectively, compared with static tests. This phenomenon is consistent
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with the results found in experimental and numerical studies with a single 2D flaw,

despite the difference in the amount of increase (Zhang and Wong 2013).
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Figure 4.12 The initiation stress of the first crack
4.3.2.3 Three-dimensional crack growth in specimens with single 3D internal flaw

The 3D crack growth of single-flawed specimens subjected to dynamic compression and
its comparison with that under static compression are shown in Fig. 4.13. When the
dynamic load increased to approximately 91% of the peak stress, symmetrical wing
cracks almost simultaneously initiated at the upper and lower tips of the pre-existing flaw
at the loading time of about 112ps (Fig. 4.13a). With increasing load, wing cracks slightly
wrapped around the boundary of the pre-existing flaw and synchronously propagated in a
relatively steady rate toward the sample ends, eventually splitting the 3DP resin sample

into strips, as shown in Fig. 4.13d.

Under static loading, wing cracks intermittently generate at the tips of the pre-existing
flaw with increasing loading, but they could only propagate a distance of approximately
1-1.5 times the length of the pre-existing flaw (Fig. 4.13b-A’~C’). Further loading
resulted in a burst-like failure of the sample by the secondary cracks initiated around the
flaw edge as shown in Fig. 4.13b-D’. Secondary cracks refer to those generated later than

wing and anti-wing cracks.

The major differences between 3D crack growth in dynamic and static compressions are
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the propagation features of wing cracks and the sample failure mode. Under dynamic

compression, wing cracks sharply propagated in an unstable manner which continuously
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Figure 4.13 Fracturing of sample with single 3D flaw under dynamic and static

compression. (a) and (b) Progressive fracturing in dynamic and static tests; (c) Axial
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stress-strain curves; (d) Failure fragments after compression tests. The capital letters A
and A'-D' in (a)-(¢) indicate fracturing activities at different loading stages. Other

abbreviations have the same meaning as those in Fig. 4.5.

grow and extend to the ends of the sample, finally resulting in a splitting failure of the
sample, whereas under static compression, wing cracks are intermittently generated but
cannot propagate a long distance, and the final burst-like failure is caused by secondary
cracks. In addition, under dynamic loading, there are no anti-wing cracks generated at the
tips of the pre-existing flaw, which is the other difference from that under static loading

(Fu et al. 2016).

4.3.2.4 Three-dimensional crack growth in specimens with double 3D internal flaws

Figure 4.14 displays the comparative results of real-time crack coalescence and
propagation in specimens with double pre-existing 3D internal flaws under dynamic
compression with comparison with those under static compression. In dynamic test, wing
cracks initiated at the inner tips of the flaws when the specimen was loaded to
approximately 90% of the peak stress (Fig. 4.14a). The extension and interaction of wing
cracks led to the coalescence of the pre-existing flaws (Fig. 4.14a). Subsequently, two
wing cracks almost simultaneously initiated at the outer tips of the upper and lower
pre-existing flaws when the loading time was increased to about 104 ps, as shown in Fig.
4.14a. Then, the outer-wing cracks propagated along the loading direction toward the
ends of the sample with loading time increasing to approximately 200 ps. However, the
development of the coalescent wing cracks was constrained by the dominant propagation
of the outer-wing cracks and could not expand to a larger region (see Fig. 4.14a). The
continuous propagation of the outer-wing cracks finally resulted in the tensile failure of
the specimen (Fig. 4.14d). Similarly, there were no anti-wing cracks generated at the tips
of the pre-existing flaws in specimens with double 3D internal flaws under dynamic

loading.

In the static test, the coalescence (Fig. 4.14b-A’) between two pre-existing flaws is
attributed to the generation and propagation of wing cracks generated at the inner tips of
the pre-existing flaws at approximately 56.7% of the peak stress (86.7 MPa). Wing and
anti-wing cracks were intermittently initiated from the outer tip of the lower flaws with

increasing load, but they could only propagate by roughly the length of the initial flaw
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(Fig. 4.146b-A’~C’). The failure of the sample was also caused by the secondary cracks

which were generated in the coalescent region after the peak stress (Fig. 4.14b-C’).
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Figure 4.144 3D crack growth of specimen with double 3D flaws under dynamic and
static compression. (a) and (b) Progressive fracturing in dynamic and static tests; (c)
Axial stress strain curves; (d) Failure fragments after compression tests. The capital

letters in (a)-(c) and other abbreviations as well as time marks have the same meaning
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as those in Fig. 4.13.

The major difference between 3D crack growth behaviors in dynamic and static
compressions is that crack growth under dynamic loading is less complex than that in
static test. Only wing cracks are generated in the SHPB test, while anti-wing and petal
cracks are found in the static test. Notably, petal crack is the one that initiates along the
front of the pre-existing internal flaw(s) and propagates perpendicular to the flaw surface
(Wong et al. 2004a; Yin et al. 2014). The splitting failure of the sample in dynamic
loading is induced by the propagation of outer-wing cracks along the direction of axial
stress, as shown in Fig. 4.14a, while the burst-like failure of the specimen under static
compression is caused by the burst growth of secondary cracks. The failure pattern in the

static test is complex and full of chaotic cracks compared with the SHPB test (Fig. 4.14d).
4.3.2.5 Crack propagation velocity

With the aid of the HSC, real-time crack propagation and coalescence during testing can
be clearly monitored and recorded, and hence, the crack propagation velocity can be
roughly determined. Notably, the crack propagation velocity is an average velocity value
during a time interval (i.e., 8 ps), which is defined as the ratio of the propagation length
over the time interval between the adjacent two high-speed images. Figure 4.15 illustrates
crack propagation velocities in specimens with single and double flaws subjected to
dynamic and static compressions. Note that crack propagation velocities under static
loading in Fig. 4.15 refer to those of secondary cracks but not wing cracks, since wing

cracks cannot propagate any significant distance.
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Figure 4.15 Comparison of crack propagation velocities in dynamic and static

compression tests. (a) and (b) Specimens containing single and double pre-existing 3D
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internal flows, respectively

Under dynamic loading, wing crack propagation velocity is relatively stable, i.e., the
terminal speed is slightly lower than the beginning speed, as shown in Fig. 4.15. For
example, the initial and terminal speeds of the upper wing crack in the double flawed
specimen are approximately 350 and 319 m/s, respectively. However, in the static tests,
the propagation velocities of secondary cracks quickly drop with increasing propagation
time or distance (Fig. 4.15). The difference in velocity drop between dynamic and static
tests is probably because o, could be roughly maintained during the entire crack
propagation process, which occurs during the loading and unloading stages of the SHPB
tests, whereas under static loading conditions, ¢, may soon drop to zero as the loading
force sharply decreases after the peak force (Gao et al. 2015; Li et al. 2017a). However,
the maximum crack propagation velocity (625 m/s) under dynamic loading is lower than

that under static loading (977 m/s).

4.4 Discussion

In this chapter, it was found that the wing crack growth and failure pattern of the 3DP
resin with a single flaw of 30° agreed well with the observations of previous studies
performed on other materials, e.g., PMMA (Adams and Sines 1978; Germanovich et al.
1994), silica glass (Germanovich et al. 1994) and polyester resin "Polylite 61-209"
(Dyskin et al. 2003), which had a similar internal flaw of 30° under static compression,
as shown in Fig. 4.16. Wing cracks are generated at the upper and lower tips of the
pre-existing flaw and wrapped around the flaw boundary, yet the length is approximately
the same as that of the pre-existing flaw. In addition, during compression loading, the
single flawed specimen with a of 30° deforms without lateral swelling and shows an
almost linear stress-strain behavior up until the final burst-like failure occurs (see Figs.
4.4 and 4.5b). This indicates that the 3DP artificial rock sample has good brittleness,
which is similar to that of brittle rock materials such as sandstone (Yang and Jing 2011)
and marble (Li et al. 2017c¢). Moreover, the stripped fragments, as shown in Fig. 4c, after
failure indicate that the sample with o of 30° was failed in a splitting dominant mode,
which agrees with the failure mode of some brittle rock and rock-like materials, e.g.,
sandstone (Yang and Jing 2011), marble (Li et al. 2017c; Yang et al. 2009) and cement
mortar (Dyskin et al. 2003). Consequently, the study of 3D crack growth using 3DP resin
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specimens with pre-existing 3D internal flaws is concluded to be feasible.

Front view Side view Front view
(a) 3DP resin (b) Polyester resin ‘Polylite 61-209’

Side view

Growing wings

Pre-existing flaw

Side view Front view
(c) PMMA

Figure 4.16 Patterns of wing cracks generated at the tips of the pre-existing flaw. (a)
Present findings from 3DP resin; (b) Findings from regular resin (Dyskin et al. 2003); (¢)
Findings from PMMA (Germanovich et al. 1994). In (b) and (c) the flaws were produced

by embedding aluminum foil disk and high energy laser pulse, respectively.

Wing crack growth in specimens with 3D internal flaws demonstrates a significant
difference between dynamic and static loading conditions (Figs. 4.12 and 4.13). Under
dynamic compression, wing cracks continuously grow to the sample ends, while they can
only propagate a limited distance under static loading. This is because under dynamic
loading, after crack initiation, the SIF remains equal to the dynamic fracture toughness of
the resin, which drives wing cracks to grow continuously until sample failure (Li et al.
2000), whereas in the static compression test, the wrapping of wing cracks around the
edge of the pre-existing 3D internal flaw restricts the wing cracks from propagating a

long distance (Dyskin et al. 2003).
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Under similar static loading conditions, the crack growth and failure behaviors of resin
specimens containing 3D internal flaws significantly differ from those in specimens
with pre-existing 2D throughout flaws. Under uniaxial compression, wing cracks initiate
at the tips of the 2D flaw, grow with increasing compression stress, and finally split the
rock and rock-like samples approximately along the loading direction, as shown in Figs.
4.17a, b (Horii and Nemat-Nasser 1985; Yang and Jing 2011). Nemat-Nasser and Horii
(1982) believed that the initiation mechanism of wing cracks from 2D flaws is due to the
relative sliding of the pre-existing flaw faces. In contrast to the 2D case, wing cracks
formed at the 3D flaw tips can only propagate a limited distance (Figs. 4.17¢, d). Dyskin
et al. (2003) attributed this limited propagation distance to the wing cracks wrapping

around the flaw edge.

Columbiaresin CR39 Sandstone

() (b) (c) (d)

Figure 4.17 Wing cracks in samples with 2D and 3D flaws under static compression. (a)
and (b) 2D wing cracks initiated in specimen produced by Columbia resin CR39 (Horii
and Nemat-Nasser 1985) and sandstone (Yang and Jing 2011) with single pre-existing 2D
flaw; (c) and (d) 3D wing cracks generated in 3DP resin sample with single and double

pre-existing 3D internal flaws

Under dynamic compression, crack growth behaviors among specimens with single,
pre-existing 2D and 3D internal flaws are distinct. For a specimen with a 2D flaw, the
dominant shear crack results in failure with an X-shaped pattern, as shown in Fig. 4.18a
(Li et al. 2017a; Zou and Wong 2014). Li and Wong (2012) reported that the high
compressive stress around the 2D flaw tips lead to rapid generation and propagation of

shear cracks. In contrast to the 2D case, wing cracks initiate at the 3D internal flaw tips
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and continuously propagate toward the sample ends (Fig. 4.18b). This failure mode may
be due to pre-existing flaw sliding, which is similar to that observed in 2D crack
propagation under static compression (Nemat-Nasser and Horii 1982). However, further
studies are required to reveal the mechanism of differing crack growth behaviors between

2D and 3D flaws under dynamic loading.

Figure 4.18 Crack patterns in samples with 2D and 3D flaws under dynamic loading. (a)
Marble specimen with a single pre-existing 2D flaw (Zou and Wong 2014); (b) 3DP resin

sample with a single pre-existing 3D internal flaw

In addition, different from the static compression tests (Fu et al. 2016; Zhou et al. 2018a),
under dynamic loading, anti-wing cracks did not initiate in both single flawed and
doubled-flawed specimens. This phenomenon may be attributed to stress wave
propagation that could alter the stress field around the 3D flaw tips, where anti-wing
cracks could be generated in static compression tests. This mechanism is similar to the
explanation for why shear cracks rather than tensile cracks always form first around the
2D flaw tips under dynamic loading (Li et al. 2017a; Li and Wong 2012). This is because
under dynamic loading, the arrival of the stress wave generates compressive stress at
points where tensile cracks often initiate under static loading, which constrained the
tensile crack evolution at that moment (Li and Wong 2012). Nevertheless, further studies,

such as numerical simulation, are needed to verify this mechanism.

Apart from flaw shape, the flaw number also exerts a remarkable influence on o1 and ..
Under static compression, the minimum strengths for specimens with single flaws and
double pre-existing flaws are 99.9 MPa and 79.3 MPa, respectively, and the minimum o
decreases by 28.5% when the number of flaws changes from one to two. In SHPB tests,
when the number of 3D flaws increased from single to double, the dynamic strength and
o1 changed from 113.7 MPa to 95.9 MPa and 103.8 MPa to 84.9 MPa, respectively. This

indicates that increasing pre-existing flaws could not only weaken the rock strength but
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also reduce the initial cracking stress. Therefore, more attention should be given to the
initial cracking stress when considering the stability and safety of rock structures
containing multiple pre-existing flaws. Although increasing flaws reduce o) and oc, the
ratio of o1/oc almost keeps constant for specimens with single flaw and double
pre-existing flaws. It is possibly because the crack initiation stress in uniaxial
compression is a stable and robust material property and characteristic of intact rock,
which is independent of the boundary conditions and specimen shapes (Bieniawski 1967;
Diederichs et al. 2004; Xu et al. 2018). In addition, the ratio of oi/oc increases from
approximately 56% to approximately 90% when the loading type changes from static
compression to dynamic compression. This is because the fracture toughness of resin is
rate-dependent, which often presents a higher value under dynamic loading conditions
(Jajam et al. 2013). Moreover, the failure mode of the flawed specimens appears to be
unaffected by the flaw number, because the final failure pattern of the specimen with
single pre-existing flaw is similar to that of the specimen with double pre-existing flaws

under static compression, except the sample with a of 0° and 90 °, as shown in Fig. 4.19.

B=105°

Figure 4.19 Fragments of the specimens after static compression tests

In this chapter, the 3DP resin mechanical behaviors are dependent on the loading
conditions, e.g., the dynamic compressive strength and tangential modulus increase with
increasing strain rate. The effects of the strain rate on the 3DP resin mechanical properties
are believed to be correlated to secondary molecular processes, which means that an
increasing strain rate decreases the molecular mobility of the polymer chains stiffening
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the chains (Richeton et al. 2006). This mechanism is similar to the temperature effect on
the compressive strength of polymers, where the very low environmental temperature
strongly constrains the movement of polymer chains and yielding a higher compressive
strength of polymers with temperatures below the glass transition temperature (Zhou and

Zhu 2018).

In addition to the fast-propagated wing and secondary cracks, a type of slowly generated
crack was also found in this work. During the late loading stage, oblique cracks were
generated at the tips of pre-existing 3D flaws with a of 30°, and the cracks extended
slowly toward the specimen boundary at a speed of approximately 0.7 mm/s (Fig. 4.20a).
These cracks are similar to the en echelon cracks formed at the shear zones developed
from 2D flaw tips in PMMA specimens, as shown in Fig. 4.20b (Petit and Barquins 1988).
The formation of oblique cracks may be more or less associated with plastic deformation
at the flaw tips, as shown in Fig. 4.20c (Petit and Barquins 1988), because the present test
was performed at room temperature, which may induce plastic deformation at the

compressed points, i.e., flaw tips, under high stress/strain levels.

(b) (€)

Figure 4.20 Comparison of oblique cracks generated at the tips of 3D and 2D flaws. (a)
Oblique cracks generated in 3DP resin specimen with a 3D internal flaw; (b) Shear cracks
generated at the tips of the PMMA plate with a 2D throughout flaw (Petit and Barquins
1988); (c) Stress concentration shown by distribution of isochromes (lines of equal value
of maximum shearing stress) from photograph taken after branch fracture generation in
(b). bf and sz refer to branch fracture and shear zone, respectively.
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Although the 3DP resin specimens have been proven to be suitable for investigating 3D
crack growth behaviors, an unexpected result was found in the present study. For samples
with o equal to 0° and 90°, there were no macrocracks (e.g., wing and secondary cracks)
generated at the pre-existing flaw tips during the entire loading process. Instead, oblique
cracks were formed at the flaw tips during the late loading stages. Moreover, these two
samples developed large plastic deformation and tilted toward one side in the postpeak
region (Fig. 4.21). Nemat-Nasser and Horii (1982) theoretically and numerically proved
that the mode I SIF at the flaw tip nearly vanished when the normal direction of the 2D
pre-existing flaw was nearly parallel or perpendicular to the maximum compression. In
addition, to further analyze the stress distributions around the flaw tips under uniaxial
compression, 3D numerical modeling was conducted using the FEM based commercial
software ANSYS. The dimension of the numerical model is identical to the 3DP sample
in laboratory. The mechanical properties of the numerical model are the same as those of
the intact 3DP sample whose uniaxial compressive strength, density, Young’s modulus
and Poisson’s ratio are 113.8 MPa, 1200 kg/m>, 3.5 GPa and 0.4, respectively. A
four-node linear tetrahedral element was utilized for the numerical model and only the
minimal principal stress (maximum tensile stress) was analyzed. The compression was
applied at the top of the model while the bottom of the sample was set as a fix boundary.
3D FEM numerical modeling shows that the minimum principal stresses (maximum
tensile stress) at the flaw tips with a equal to 0° and 90° are much lower than those at the
flaw tips with a equal to 30° and 60°, as shown in Figs. 4.22b and c. Therefore, it is
believed that the low SIFs or tensile stresses at the pre-existing flaw tips with a equal to 0°

and 90° impede the growth of the wing cracks under compression.
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Figure 4.21 Failure patterns of single-flawed specimens with a = (a) 0° and (b) 90°
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Figure 4.22 The minimum principal stresses at flaw tips in 3D FEM modeling. (a) Sketch
of a FEM model with single internal flaw and two key points at the flaw tips where wing
cracks initiate in physical test; (b) and (¢) The minimum principal stress at point 1 (upper
right corner of the flaw) and point 2 (lower left corner of the flaw) of the flawed-samples
with a equal to 0°, 30°, 60° and 90° under different applied stresses. Note that in FEM

modeling compressive stress is positive and tensile stress is negative.
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4.5 Conclusions

In this chapter, static and dynamic compression tests were performed on 3D printed

artificial rock samples containing single and double internal 3D flaws, with the aim to

study the effects of flaw geometry and loading types on mechanical and 3D crack growth

behaviors. The main conclusions of this chapter are summarized as follows.

1)

@)

The SLA 3DP technique can be used to rapidly, repeatedly and precisely produce
resin-based artificial rock samples with 3D internal flaws. These flawed 3DP resin
samples are suitable for studying 3D crack growth problems.

The flaw geometry affects the mechanical properties of the resin samples. The single
flawed sample whose a = 60° has the lowest o and &.. oc and &, of the double flawed
samples generally increase with f. g1, oc and &. of the sample decrease when the

number of flaws changes from one to two.

(3) p affects the crack coalescence between the inner tips of the double pre-existing

(4)

()

flaws. Wing cracks generated at the inner tips of the pre-existing flaws cannot
coalesce with each other, except for f of 105°. Flaw angle, ligament angle and flaw
number have nearly no influence on crack propagation and the final failure mode of
the flawed samples.

The loading type affects the mechanical properties of specimens with 3D internal
flaws. From static loading to dynamic loading, oc increases by approximately 8%,
and the maximum axial strain corresponding to the peak stress decreases by 51.2%
and 27.2% for 3DP resin specimens with single and double pre-existing 3D internal
flaws, respectively. The Young's modulus, o1 and o1/0c increase when the loading
type changes from static compression to dynamic compression.

The major differences between 3D crack growth under dynamic and static
compressions are the propagation features of the wing cracks and the sample failure
mode. Under dynamic compression, wing cracks can continuously extend toward
the sample ends, resulting in a splitting failure of the sample, while under static
compression, wing cracks and anti-wing cracks can only intermittently propagate
approximately 1-1.5 times the initial flaw length, and the final, burst-like failure
results from the secondary cracks. In addition, anti-wing cracks are not observed

under dynamic compression.
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(6) Under static loading, the maximum secondary crack propagation velocity in single
flawed specimens is higher than that in the double flawed specimens. The crack
propagation velocity is more stable under dynamic loading, and the maximum crack
propagation velocity in SHPB tests is lower than the propagation velocity in static

compression tests.

In this chapter, preparation of rock-like sample with regular 3D internal flaws and study
of 3D crack growth behaviors are conducted. However, existence of irregular internal
flaws in rocks is more general but more significant due to the real situation. Therefore,
replication of internal defects and investigation of the mechanical and fracture behavior

of rocks using 3DP are needed and will be conducted in Chapter 5.
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CHAPTER 5 REPLICATION OF INTERNAL DEFECTS AND
INVESTIGATION OF MECHANICAL AND FRACTURE
BEHAVIOR OF ROCK USING 3DP AND MICRO-CT

This Chapter focuses on using 3DP, in combination with X-ray micro-CT, to replicate
internal defects and study the mechanical and fracture behaviors of rock. Natural
volcanic rock specimens are replicated using SLA 3DP (identified in Chapter 3) and
X-ray micro-CT. Comparative compressive and Brazilian disc experiments are
conducted on both 3DP artificial rocks and prototype volcanic rock samples to validate
the applicability and efficiency of the proposed method. The pros and cons of the
proposed method are discussed. Finally, the potential means to facilitate the application

of 3DP in studying rock failure are suggested.

5.1 Introduction

Apart from the regular flaws stated in Chapter 4, there are also numerous irregular
defects ranging from grain boundaries to microcracks inside the rock masses. Previous
studies reveal that rock failure under external loading is greatly affected by these
pre-existing defects and is usually preceded by the development of new microcracks and
the formation, growth, and coalescence of pre-existing cracks (Peng and Johnson 1972;
Sayers and Kachanov 1995; Zhu et al. 2018). Therefore, understanding the mechanical
and fracture behaviors of rocks affected by pre-existing defects, especially microcracks,

is important for the design and stability assessment of structures built on or in rock.

Laboratory experiment, as a fundamental and effective method, has been widely used to
investigate the failure mechanism of rocks under various conditions (Liu et al. 2004).
Till now, many advanced techniques such as scanning electron microscopy (SEM)
(Baud et al. 2004; Brooks et al. 2013), AE detection (Lockner et al. 1991; Townend et al.
2008) and X-ray micro-CT (Kawakata et al. 1999; Yang et al. 2015) have been adopted
to study the progressive failure process of rock. These advanced techniques do offer
means to observe and study rock fracture behavior. However, the failure mechanism of
rock, particularly the spatial evolution of micro-cracks in real time, is still difficult to
clearly reveal with those advances techniques. It is because they could not accurately

and real-timely monitor and capture micro-cracks development inside rocks attributed to
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their inherent drawbacks, e.g., the destruction of rock samples for the SEM, the
relatively low accuracy of AE source location for the AE, and the difficulty in detecting
micro-cracks under dynamic loading for the X-ray CT (Liu et al. 2004; Zhao et al.
2014). Thereby, developing and exploring more effective techniques or methods that
can be utilized to conveniently fabricate rock or rock-like specimens with its internal
defects identical to that of the natural rocks and to investigate damage evolution inside

rock samples in real-time are appealing.

In this chapter, 3DP, in combination with X-ray micro-CT, is proposed to replicate the
internal defects of natural rocks. First, natural volcanic rock specimens are replicated
using the SLA 3DP and X-ray micro-CT techniques. Then, comparative experimental
tests, i.e., uniaxial compression and indirect Brazilian disc tests under static and dynamic
loading conditions, are conducted on both 3DP rock samples and prototype rock
specimens to validate the applicability and efficiency of the proposed 3DP methods.
Subsequently, the pros and cons of this method is compared and discussed. Finally, the

potential means to facilitate the application of 3DP in studying rock failure are suggested.

5.2 Experimental setup

5.2.1 Rock sample preparation

In this Chapter, Hainan volcanic rock (Basalt), collected from the Crater Park in Haikou,
China, is chosen as the prototype natural rock. It is an igneous rock with a porosity of
7.2%, which was measured by the water saturation method in according with the ISRM
suggested method (Franklin 1979). Optical microscopy analysis (Fig. 5.1) shows that the
main mineralogical constituents are plagioclase, pyroxene and opaque mineral, with
volume percentages of 58.5%, 35.4% and 6.2%, respectively. Their grain sizes are

between 0.1-1.3, 0.1-0.9 and 0.1-0.2 mm, respectively.

During fabrication, rock cores with a diameter of approximately 49 mm were firstly
drilled from a large volcanic rock block, which were then cut into standard rock samples.
According to the International Society for Rock Mechanics Suggested Methods
(Fairhurst and Hudson 1999; Zhou et al. 2012), the ratio of length to diameter of
specimen for the indirect Brazilian disc tests is 0.5:1, and the ratios for static and dynamic

compression tests are 2:1 and 1:1, respectively. All the specimens were ground and
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polished to have a surface roughness smaller than 0.02 mm.

P: Plagioclase, P: Pyroxene, Op: Opaque mineral

Figure 5.1 Micrograph of the volcanic rock using optical microscope

5.2.2 X-ray micro-CT scanning of rock samples

In nature, rock contains numerous pre-existing micro-defects such as fissures, voids and
inclusions. The existence of these micro-defects significantly affects the mechanical and
fracture properties of rocks (Peng and Johnson 1972). Thereby, to effectively study the
deformation and failure behaviors of rocks, the pre-existing defects shall be duplicated in
the replicated rock samples and the 3D numerical models. To fulfill this requirement, an
X-ray Micro-CT XRM 500 scanner was used to precisely image and map the surface and
internal defects of the volcanic rock specimens. The scanner has a 160 kV X-ray light
source with an exposure time of 18 s. The maximum scanning range is 100 x 100 mm,

and the corresponding pixel of its charge coupled device is 2000 x 2000.

Figure 5.2a presents the general principle of X-ray micro-CT scanning, in which an X-ray
source generates a cone-shaped X-ray beam. After penetrating rock sample, the X-ray
signal is attenuated and absorbed due to the density and composition variation through the
section. By rotating the specimen incrementally to 360°, the X-ray projection data in
different orientations can be obtained by the detector. They are then used to

back-calculate the attenuation coefficients of the materials, which can be utilized to
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represent the spatial locations of different components of the material (Ketcham et al.
2001; Wang et al. 2003; Yang et al. 2015). Figure 5.2b shows a 2D micro-CT image of a
volcanic rock sample, in which the black color represents cracks and voids while the

white and grey colors represent mineral grains.
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Figure 5.2 (a) Principle of X-ray micro-CT scanning; (b) 2D micro-CT image of a
volcanic rock sample with a spatial resolution of 50 um, where the black color within the
circle represents cracks and voids, while the white and grey colors represent mineral

grains.
5.2.3 Reproduction of natural rocks using 3DP

For replication of natural rocks using 3DP, a key process is to prepare 3D digital rock core
via 3D reconstruction technique. In this chapter, the Materialise Mimics software
program (MM 16.0) is applied to create 3D digital rock core from the 2D X-ray micro-CT
images. During 3D reconstruction, the 2D micro-CT images are first consecutively
stacked to reconstruct the 3D micro-CT data of the rock sample. Then thresholding
segmentation is implemented within the MM 16.0 to automatically distinguish and
extract the defects from the rock matrix. Note that an optimum threshold grey value
should be selected when performing thresholding segmentation, because it guarantees the
quality of the 3D digital rock core. In this Chapter, by trial and error, the threshold grey
value is set as 28,500. Notably, the range of the grey values of the micro-CT image is
between 8600 and 57788.

The 3DP material accura® 60 identified in Chapter 3 is utilized to replicate natural
volcanic rock samples. It is a photosensitive material that can be solidified by ultraviolet

irradiation. The density of the cured 3DP resin is 1.2 g/cm?®. The specific component of
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the accura® 60 is unavailable from the manufacturer.

The SLA-based Viper si® is adopted to fabricate manmade resin-based 3DP rocks through
reproducing the natural rock specimens. The printer has a maximum build envelope of
250 x 250 x 250 mm (XYZ-directions), and its theoretical resolution in vertical can be up
to 2.5 um. Nevertheless, to balance the printing time with the printing resolution, the
vertical resolution (layer thickness) is set at 50 um, which means that the resolution of the
3D printing in vertical direction is exactly the same as that of the micro-CT layer spacing.
The wavelength of the laser is 354.7 nm. During printing, a computer-controlled
ultraviolet laser beam illuminates and solidifies the liquid photopolymer resin layer by
layer according to the printing settings until the object is ready (Zhou and Zhu 2016). The
advantages of the SLA-based Viper si? include smooth surface finishing, excellent optical

clarity, high accuracy and excellent fine feature detail that require minimal finishing.

Micro-CT 3D recon-

Scanning struction

3D reconstructed micro-CT image
ﬁ3D calculation

Volcanic rock sample

2 3 4 5 6cm
Replicated 3DP rock 3D Printer-Viper si? 3DP model (.STL file)

Figure 5.3 Workflow of replicating natural volcanic rock sample. (a) Natural volcanic
rock sample. (b) 2D micro-CT images with resolution of 50 um. (c) 3D reconstructed
micro-CT image. (d) STL formatted 3DP model generated using MM 16.0 software
program. (e) Reproducing volcanic rocks using the Viper si2 system. (f) Post-processing

of the replicated rocks
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Figure 5.3 demonstrates the workflow of preparing resin-based 3DP rock, which mainly
consists of five procedures. First, to obtain a consecutive 2D micro-CT images through
scanning the volcanic rock sample horizontally plane by plane using the X-ray Micro-CT
XRM 500 scanner. Second, to reconstruct 3D CT data of the volcanic rock sample from
the 2D micro-CT images using the MM 16.0 software program. Third, to implement 3D
calculation using the MM 16.0 software program to obtain a STL formatted file that can
be read and executed by the 3D system Viper si’. Fourth, to reproduce the volcanic rock
samples using the Viper si? system. Lastly, to post-process the reproduced samples such
as transparentizing the specimens through grinding and polishing procedures. Note that
the reproduced specimen is solidified by ultraviolet irradiation except the micro- and

macro-defects, in which the liquid resin is not drained.
5.2.4 Testing apparatus

Uniaxial compression tests and the indirect Brazilian disc tests under static loading
conditions are conducted on both the natural volcanic rock samples and resin-based 3DP
rock specimens. The TAW-2000 electro-hydraulic servo controlled testing system
described in Chapter 4 is utilized to perform the unconfined uniaxial compression and the
indirect Brazilian disc tests at a loading rate of 2 mm/min. The extensometers are used to
record the axial and lateral deformation during compression tests, while the strain gauges
attached on specimens are utilized to electronically measure tensile strain during

Brazilian disc tests.

Dynamic compression and Brazilian disc tests are performed using the same SHPB
system that has been described in Chapter 4 in detail. Once the dynamic stress
equilibrium in the sample is achieved, based on the one-dimensional stress wave theory,
the dynamic compressive stress o(t) can be calculated using Eqt. (2.1), and the dynamic

tensile stress or(t) of the specimen can be derived as (Zhou et al. 2012):

2P
o;(t)=—— 5.1
r(0)=—37 (5.1)
where P is the force (kN) of the transmitted wave; D and T are the diameter and thickness

of the Brazilian disc specimen (mm), respectively.

A high-speed camera (HSC) Photron FASTCAM SAL.1 is applied to monitor and record
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the failure evolution process of the specimens in static Brazilian disc tests and dynamic
tests. The frame rate was 100,000 frames per second with resolution of 192 x 192 pixels.
Under dynamic loading, the HSC is triggered by a TTL pulse generated from the
oscilloscope synchronously with the incident signal. In static Brazilian disc tests, the
HSC is manually triggered upon the generation of new cracks immediately after the peak

force.

5.3 Results

5.3.1 Static uniaxial compression tests

Results of static uniaxial compression test on the resin-based 3DP rock and its prototype
volcanic rock are shown in Table 5.1 and Fig. 5.4. It can be seen that the uniaxial
compressive strength (UCS) (82.2 MPa) and the Poisson's ratio (0.33) of the resin-based
3DP rock agreed well with those of the prototype volcanic rock (81.3 MPa for UCS and
0.28 for the Poisson's ratio). The shape of the stress-strain curve, particularly the
significant drop of stress after the peak stress, of the resin-based 3DP rock is
comparable to that of the prototype volcanic rock. The failure pattern of the resin-based
3DP rock before the final burst-like failure is to some extent similar to that of the
prototype volcanic rock (Figs. 5.4b, c). However, the strain at peak stress of the

resin-based 3DP rock is approximately ten times higher than that of the natural one.

Table 5.1 Mechanical properties of the volcanic rock and resin-based 3DP rock in static

compression tests

Sample oc (MPa) &a (%) eL(%) E(GPa) v Vp (m/s)
Volcanic rock 81.32 0.23 -0.11 40.1 0.28  4857.8
Resin-based 3DP rock 82.21 2.63 -1.36 3.5 0.33 2368.5

Mechanical parameters ac, €a, €L, £ and v are static uniaxial compressive strength, axial

strain, lateral strain, the Young’s modulus and Poisson’s ratio. V), is P-wave velocity.
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Figure 5.4 Stress-strain curves and failure patterns in static uniaxial compression tests. (a)
Stress-strain curves of the natural volcanic rock and resin-based 3DP rock. (b-c) Failure

patterns of volcanic rock and resin-based 3DP rock after compression tests
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Figure 5.5 Progressive fracturing process of resin-based 3DP rock in static compression
test. (a) Axial stress-strain curve. (b) Fragments after compression test. (¢) Progressive
fracturing images. The numbers on the stress-strain curve and below the sample images

represent the observed fracturing sequences at different loading levels
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In addition, we detected progressive fracturing within the resin-based 3DP rock during
uniaxial compression test, attributed to the transparency of the 3DP resin (Fig. 5.5). It is
found that new cracks initiated at the pre-existing defects when the resin-based 3DP
sample was loaded to approximately 50% of UCS. With increase of the stress, new cracks
propagated and coalesced into a failure plane approximately parallel to the axial direction,
and finally led to the burst-like failure of the sample. Analysis of the fragments indicates
that the failure mode of the resin-based 3DP sample is a tensile-shear mixed one, as some

fragment surfaces presented friction marks (see Fig. 5.5¢).

5.3.2 Static Brazilian disc tests

Tensile stress-strain behaviors of resin-based 3DP rock and its prototype volcanic rock
derived from static Brazilian disc tests is shown in Fig. 5.6, in which the tensile strain was
measured by the strain gauge attached on the back surface of the sample (see Fig. 5.7). As
shown in Fig. 5.6, the tensile strength of the resin-based 3DP rock (9.6 MPa) is
comparable to that of the prototype rock (7.1 MPa), while its tensile strain at peak stress
(0.38%) is approximately triple of that of the prototype volcanic rock (0.13%). In
Brazilian disc test, the strain discrepancy between the 3DP rock and its prototype natural
one is significantly reduced compared with that in compression test. In addition, the
tensile stress-strain behaviors of the 3DP sample and the prototype volcanic rock are
almost identical. To be specific, both tensile stress-strain curves are concave downward
and nonlinear in the early loading stage, while they exhibit almost linear behavior prior to

the sharp drop of stress.

The high-speed photography images in Fig. 5.7 demonstrate the fracturing process of the
resin-based 3DP rock and its prototype volcanic rock in static Brazilian disc tests. In
general, the fracturing process and failure pattern of the resin-based 3DP sample agreed
well with those of the prototype volcanic rock specimen. For instance, new cracks
generated approximately 5 mm away from the top loading point, then propagated along
the loading plane, and finally split the sample into two halves. However, it is found that
the fracturing velocity of resin-based 3DP rock is slightly slower than that of the

prototype volcanic rock specimen (see crack tips in Fig. 5.7).
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Figure 5.6 Tensile stress-strain curves of volcanic rock and resin-based 3DP rock from

static Brazilian disc tests

Figure 5.7 Fracturing process in static Brazilian disc tests. (a-b) Fracturing process of

natural volcanic rock and resin-based 3DP rock sample, respectively. The time below the

high-speed images indicates the relative time recorded since the onset of new cracks

5.3.3 Dynamic uniaxial compression tests

Achieving dynamic stress equilibrium at both ends of the sample guarantees the
effectiveness of dynamics tests (Zhou et al. 2010). Therefore, examining stress
equilibrium is essential when processing dynamic testing data. Figure 5.8 presents the

dynamic stress equilibrium in the volcanic rock sample and resin-based 3DP rock sample
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in SHPB tests. The results show that stresses applied on the incident and transmitted
interfaces of both manmade 3DP and natural rock specimens are approximately equal in
the vicinity of the peak stress. It indicates that the stress equilibrium in the present tests
can be achieved and the validity of the SHPB tests is thus proved. Note that the natural
rock and 3DP specimens took approximately 50 us before achieving stress equilibrium.
This is because hard samples such as brittle rock and ceramics usually require three to

four round-trips for the stress wave inside the sample to reach dynamic stress equilibrium

(Song and Chen 2004a).
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Figure 5.8 Stress equilibrium in dynamic compression and Brazilian disc tests. (a-b)
Volcanic rock sample and 3DP rock sample in dynamic compression tests. (c-d) Volcanic

rock sample and 3DP rock sample in dynamic Brazilian disc tests

Figure 5.9 shows the results of the volcanic rock and the corresponding resin-based 3DP
rock in dynamic uniaxial compression tests. It can be seen that although the post-peak
dynamic stress evolution in the resin-based 3DP rock is postponed, the dynamic UCS
(165.6 MPa) and the pre-peak stress-time behaviour agreed well with those of the
prototype volcanic rock sample (173.1 MPa for dynamic UCS). The high-speed

photography images in Fig. 5.9b demonstrate that the dynamic fracturing process and
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failure pattern of the resin-based 3DP rock are to some extent similar to those of the
prototype volcanic rock, i.e., new cracks firstly generated at the dispersed pre-existing
micro-defects, then interacted and coalesced as the load increased. Similarly, due to the
transparency of the 3DP resin, progressive fracturing within the resin-based 3DP rock
under dynamic loading was also detected. New cracks initiated and propagated within

resin-based 3DP rock, eventually leading to catastrophic failure of the sample (Fig. 5.9b).
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Figure 5.9 Dynamic compression tests on volcanic rock and resin-based 3DP rock
samples. (a) Compressive stress-time curves. (b) Dynamic fracturing processes. The
upper and lower rows of high-speed photography pictures show the fracturing process of
volcanic rock and 3DP rock, respectively. The time below the high-speed images

indicates the absolute time recorded since the beginning of the dynamic loading
5.3.3.1 Dynamic Brazilian disc tests

Figures 5.8c and d show the stress equilibrium in dynamic Brazilian disc tests. It can be

seen that the tensile stress equilibrium can be well achieved on the two opposite loading
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surfaces of the specimens prior to the peak stress and this state can be maintained for a

certain period in the post-peak region (approximately 50 ps).
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Figure 5.10 Dynamic Brazilian disc tests on volcanic rock and resin-based 3DP rock. (a)

Tensile stress-time curves. (b) Dynamic fracturing processes. The upper and lower rows

of high-speed photography pictures show the fracturing process of volcanic rock and 3DP
rock, respectively. The time below the high-speed images indicates the absolute time

recorded since the beginning of the dynamic loading

The results of the resin-based 3DP rock and its prototype volcanic rock in dynamic
Brazilian disc tests are shown in Fig. 5.10. The dynamic tensile strength (20.3 MPa) and
the pre-peak stress-time curve of the 3DP specimen are coincident with those of the
prototype volcanic rock (18.5 MPa for dynamic tensile strength). In addition, although
the post-peak tensile stress evolution of the 3DP sample is postponed, the magnitude of
the delay is shortened, compared with in dynamic uniaxial compression test. Figure 5.10b
presents the fracturing process of the volcanic rock and its corresponding resin-based
3DP sample in dynamic Brazilian disc tests. Despite the inconsistency of the crack

initiation point (crack initiation point occurred around the center and loading point for the
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prototype rock and 3DP rock, respectively), the fracturing process and failure mode of the
two specimens in dynamic Brazilian disc tests are almost identical. Besides, under
dynamic loading, it is found that the crack initiation time in resin-based 3DP rock is

approximately 20 ps later than that in prototype volcanic rock (Fig. 5.10b).

5.4 Discussion

In this Chapter, studies on laboratory tests indicate that combined with X-ray micro-CT
and 3D reconstruction techniques, SLA 3DP method can effectively replicate natural
volcanic rock samples with defects. Meanwhile, some laboratory testing results of the
resin-based 3DP rocks agreed well with those of the prototype rock samples. The strength
difference between the resin-based 3DP rocks and the natural ones under static and
dynamic loading (except for the static Brazilian disc test) is as small as approximately
10%. The fracturing behaviors of the 3DP rocks are similar to those of the prototype
volcanic rocks, especially in the Brazilian disc tests (Figs. 5.7 and 5.10). In addition, the
brittleness of the resin-based 3DP rock is good, i.¢., the stress-strain curves exhibit nearly
linear behavior prior to a sharp drop of stress (Figs. 5.4-6). The plastic deformation of the
3DP sample after the yield stress is almost negligible (Fig. 5.4).

Moreover, attributed to the transparency of the 3DP resin, progressive fracturing in
resin-based 3DP rocks under static and dynamic loading was successfully detected (Figs.
5.5 and 5.9). Although the quality of the high-speed images of fracturing process is not
good enough and only qualitative analysis of the internal crack propagation has been
made in this chapter, it is believed that the transparent nature of the 3DP resin could
compensate for the difficulty of traditional techniques, e.g., acoustic emission detection
(Lockner et al. 1991) and X-ray CT scanning (Kawakata et al.1999) in clear monitoring

and analysis of the internal crack growth behaviors in real-time.

However, some unsatisfactory results from laboratory tests on resin-based 3DP rock
samples were also found in this chapter. In static uniaxial compression test, the
deformation of the resin-based 3DP rock is approximately ten times higher than that of
the natural one. This is mainly due to the lower Young's modulus of the resin-based 3DP
rock (3.5 GPa) compared with the prototype volcanic rock. It also explains why the onset
of fracturing time of resin-based 3DP rock in SHPB tests is approximately 20 ps later than

that in prototype volcanic rock (Fig. 5.10b). Compared with natural rock, the 3DP rock
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experiences larger elastic deformation (approximately 2%) at the initial stage of loading,

thereby delaying the fracturing process.

In static Brazilian disc test, the tensile strength of the 3DP rock (9.6 MPa) is found higher
by about one-third than that of the prototype rock (7.1 MPa). This discrepancy may be
attributed to three factors. First, the relatively low Young's modulus (3.5 GPa) of the 3DP
resin results in a larger axial deformation which enlarges the contact areas between the
sample and the platens of the compression machine. And a larger contact area causes an
increase in the maximum loading force applied to the resin-based 3DP rock. This
mechanism has been verified by both experimental study (Erarslan and Williams 2012;
Wang et al. 2004) and numerical simulation (Wang et al. 2014). Second, the incomplete
agreement of the diametrical planes in loading direction between the 3DP rock and the
prototype volcanic rock samples may also cause difference in the test results. It is because
a slight twist of the Brazilian disc sample may result in a remarkable change of the
geometry, e.g., crack length, area and inclination angle, of the pre-existing defects within
the diametrical plane in loading direction, which thereby could exert effects on the
mechanical and fracture behaviors of the Brazilian disc samples. Third, the scale of
micro—cracks that is less than 50 um were not retained in the resin-based 3DP rock due to
the limitation of printing resolution, which may also result in a relatively high strength of

the printed specimen.

It should be noted that although the natural volcanic and resin-based 3DP samples contain
many micro and macroscopic voids and fissures, to a large extent they did not undermine
the elasticity assumption and validity of the physical Brazilian disc tests in the present
study. First, the porosity of the volcanic rocks used in this chapter is 7.2% which is far
lower than the threshold porosity of 15% proposed by Ju et al. (2013), where they
reported that the geometrical and statistical characteristics of crack structures will
significantly affect the split behaviors of the Brazilian disc samples with porosity higher
than 15%. Second, most of the cracks and voids are 3D internal ones and none of the
relatively large cracks are located in the diametrical plane, i.e., the loading direction, as
shown in Fig. 5.16. According to Wang et al. (2014) and Van de Steen et al. (2005), when
the pre-existing voids or pores are deviated a certain distance from the loading direction
and their diameter over the disc is less than 8%, the effects of those pre-existing voids and
pores on the mechanical and fracture behaviors of the Brazilian disc samples are
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negligible. Third, the experimental results in the present study indicate that the natural
volcanic rock and resin-based 3DP specimens exhibit good elastic-brittle properties, e.g.,
linear elastic behavior of tensile stress-strain curves prior to the peak stress and a steep
drop of the stress after the peak point, as shown in Figs. 5.4 and 5.6. Fourth, the physical
samples are split along the loading diametrical plane without intersecting the pre-existing

relatively large voids.

Under dynamic loading, the relatively low longitudinal wave speed of the resin-based
3DP rock (2368.5 m/s) slows down propagation of the stress wave within the sample
which results in later onset of fracturing in SHPB tests, compared with natural rocks (Fig.
5.10). The delay of the fracturing time can also interpret why the post-peak dynamic
stress evolution in the resin-based 3DP rocks lasts longer than that in natural rocks in

SHPB tests.

As mentioned above, the internal fracturing under compression is not well monitored and
observed in the present laboratory tests on resin-based 3DP rock samples. This may be
attributed to several factors, among which the curved and imperfect polishing surface as
well as inappropriate lighting condition might be dominant. Therefore, prismatic 3DP
samples with relatively small dimension are recommended in future tests, because the flat
surface can not only improve the grinding and polishing accuracy but also improve the
quality of the HSCs. In addition, other than one, two high-speed cameras are
recommended to monitor the internal crack growth from the adjacent two surfaces, in

order to observe and understand internal fracturing more clearly.

Although the advantages of the 3DP method in replication of internal defects and study of
mechanical and fracture behaviors of natural rocks are evident as discussed in the
aforementioned part, it has some limitations which needs to be solved and improved in

future studies.

For instance, the Young's modulus of the 3DP resin is lower than that of the prototype
natural rock. This results in different deformational behavior between resin-based 3DP
rock samples and the natural ones. Defects in the 3DP artificial rock samples are not
empty but filled with liquid resin material as described in Section 5.2.3, which may affect
their mechanical and failure properties. Besides, the artificial rock was produced by only

one 3DP material which is impossible to reflect the heterogeneity of the rock materials.
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5.5 Conclusions

This Chapter reports replication of internal defects of natural rocks using the SLA 3DP
method with the combination of X-ray micro-CT, and application of this method to
investigate the mechanical and fracture properties of rocks under static and dynamic

loading conditions. Main conclusions are as follows:

(1) Combining with high resolution X-ray micro-CT and 3D reconstruction techniques,
3DP method can effectively replicate the pre-existing defects of natural rock
specimens into resin-based 3DP rock samples, which can be further used to

investigate the mechanical and fracture behaviors of natural rocks.

(2) The compressive strength, dynamic tensile strength, the Poisson’s ratio and the
fracturing properties of the resin-based 3DP rocks agree well with those of the
prototype natural rocks, which verifies the applicability of the resin-based 3DP rocks
to study mechanical and fracture properties of brittle rocks such as volcanic rocks

and porous rocks.

(3) The transparent feature of the resin-based 3DP rocks enables us to compensate for the
difficulty of conventional techniques such as acoustic emission and X-ray CT

scanning in direct observation of the internal crack growth in real-time.

In Chapters 4 and 5, the crack growth behaviors of 3D internal micro- and
macro-defects and its influences on the mechanical and fracture properties of
resin-based artificial rocks are studied. However, in addition to the effects of
pre-existing micro and macrocracks on the mechanical and fracture behavior of rocks,
the presence of those defects will also significantly affect seismic behaviors of rocks
(King et al. 1986). Therefore, it is worthwhile to study the effects of the pre-existing
micro and macrodefects on wave propagation and attenuation in rocks. In Chapter 6,
quantification of damage evolution and its effects on low-amplitude ultrasonic P-wave
propagation in rock samples will be conducted. And study of the coupling effects of
JMC, loading rate and water content of the infilling mixture on the mechanical and
seismic properties of a single rough joint with stress wave propagation in rock bars will

be presented in Chapter 7.
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CHAPTER 6 DAMAGE EVOLUTION IN GRANITE UNDER
UNIAXIAL COMPRESSION AND ITS EFFECT ON ULTRASONIC
P-WAVE PROPAGATION

In this chapter, quantification of damage evolution in granite samples under static
compression and investigation of its effect on ultrasonic P-wave propagation and
attenuation in granite are presented. AE is used to quantitatively characterize damage
evolution during uniaxial compression. Ultrasonic P-wave propagation in the granite
sample along the loading direction is measured during the loading process and after each
compression test. Micro-CT scanning was performed to quantitatively determine the
degree of damage inside the granite sample after uniaxial compression. The damage

effects on P-wave propagation in granite is quantitatively analyzed and discussed.

6.1 Introduction

Apart from the effects of pre-existing micro and macrocracks on the mechanical and
fracture behavior of rocks, as shown in Chapters 4 and 5, the existence of those defects
will also affect seismic wave and ultrasonic wave propagation and attenuation behaviors
(King et al. 1986). Since investigating wave propagation and attenuation in
heterogeneous rocks weakened by pre-existing defects and damages provides
information for Earth crustal characterization, earthquake prognosis, mining, geological
rock mass quality, and oil and gas exploration, it is therefore necessary to further study
the relationship between ultrasonic wave propagation and rock damage to better
understand the propagation and attenuation of stress waves in damaged rocks. Herein, the
pre-existing defects are termed initial damage, which is specifically used to describe the

physical and mechanical property deterioration of rocks.

Although numerous studies have been conducted to investigate ultrasonic wave
propagation across intact rock and rock masses (Barnhoorn et al. 2018; Browning et al.
2017; Han 2016; He and Ahrens 1994; Kaneko et al. 1979; King 2002; Pyrak-Nolte et al.
1990a, b; Stanchits et al. 2006; Svitek et al. 2017; Toksoz et al. 1976; Wang et al. 2016),
the effects of rock damage on wave propagation have not been quantitatively investigated

in detail.
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In this chapter, uniaxial compression tests, ultrasonic P-wave propagation and AE tests
are simultaneously performed on granite samples, with the aim to quantitatively analyze
damage evolution in granite samples under static compression and its effects on
ultrasonic P-wave propagation and attenuation in granite. AE activities during uniaxial
compression are monitored and recorded in real-time and then used to quantitatively
characterize damage evolution in a granite sample and its effect on ultrasonic wave
propagation velocity and amplitude. Micro-CT scanning is used to nondestructively
obtain the stress-induced micro and macrocracks inside the granite samples, which is
then applied to quantitatively characterize the damage coefficient of the granite after the

loading and unloading processes.

6.2 Experimental setup

6.2.1 Sample preparation

Experiments were conducted on granite specimens taken from a quarry in Hunan, China.
Microscopic investigation was conducted to identify the mineralogical composition and
grain sizes using the optical microscope, as shown in Figure 6.1. The optical microscopy
analysis shows that mineral composition of the granite contains 39.3% quartz, 21.4%
microcline, 19% biotite, 17.9% plagioclase and 2.4% chlorite in volume. Statistical
analysis of mineral particle size within thin sections under optical microscopy shows
that the grain size of the minerals ranges from 0.1 mm to 2.0 mm with an average value of
about 0.8 mm. The physical and mechanical properties of the granite are shown in Table
6.1, in which the compressive and tensile strengths are determined under static loading

conditions.

According to the International Society for Rock Mechanics suggested method (Fairhurst
and Hudson 1999), the nominal ratio of length to diameter of the specimens was set as 2:1
with a diameter of about 49 mm. All the specimens were ground and polished to have a
surface roughness smaller than 0.02 mm. Figure 6.2 presents some of the well prepared

granite samples.
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Figure 6.1 Thin section of the tested granite

Table 6.1 Physical and mechanical properties of the granite

Density Vo E ]
Rock type Porosity v o.(MPa)
(Kg/m®) (m/s) (GPa) (MPa)
Granite 2642 4355 64 0.7% 0.25 168 8.2

V', is the longitudinal wave velocity, E and v are the Young’s modulus and the Poisson’s

ratio, o. and oy are static compressive strength and tensile strength, respectively

Figure 6.2 Prepared granite samples
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6.2.2 Testing system

The damage evolution tests were performed at the Advanced Research Center of Central
South University, China. During testing, the real-time stress-strain, AE activities and
ultrasonic P-wave propagation in the granite specimens along the loading direction were
continuously monitored and recorded, as shown in Figure 6.3. Uniaxial compression tests
were conducted on an MTS 647 hydraulic wedge grip machine with a displacement
control mode of 0.075 mm/s. An AE detection sensor and a PCI-2 AE data-collecting
system were used to detect and record the AE activities during the entire loading process.
AE signals were amplified by 40 dB using Physical Acoustic Corporation preamplifiers.
The AE signal acquisition rate was 1.0 MHz with a threshold trigger value of 40 dB. The
ultrasonic P-wave propagation in the rock specimen was measured with an assembly
device consisting of an Olympus 5077PR square wave pulser, a Tektronix digital

phosphor oscilloscope 2012B and a pair of P-wave transducers with a central frequency
of 1.0 MHz.

Lateral strain

Load (kN)

Vertical strain

]
Strain (1000 i)

250 500 750 1000 1250 0 250 500 750 1000 1250
Time (s) Time (s)

Load and deformation measurement

Figure 6.3 Experimental setup for P-wave propagation measurement and AE detection

under uniaxial compression

To evaluate the influence of damage on P-wave propagation and attenuation, the granite
specimens were first compacted to different loading levels with respect to the uniaxial

compression strength (UCS) of the granite. The specimens were immediately unloaded
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when they were compressed to the targeted loading values. During loading, the P-wave
propagation in the specimen along the loading direction was measured under different
loading levels. AE activities were monitored and recorded in real-time during the
loading process. In addition, ultrasonic P-wave propagation in specimens before and
after the loading processes was also measured to examine the effects of loading-induced

damage on wave propagation and attenuation in granite specimens.

Regarding the P-wave velocity measurement, it contains two steps. First, the two anvils
were directly contacted with each other (see Fig. 6.4a), and then the time (#1) of P-wave
propagation through the thickness of the two anvils was measured and recorded under
different axial pressures. Then, the time (#2) of P-wave propagation across the anvils and
granite sample under different axial stresses were measured and recorded, as shown in

Fig. 6.4b. Thus, P-wave velocity (¥p) of the granite sample can be determined as:

Ve=—70F 6.1)

where L is the length of the granite sample (unit: mm). Notably, #1 and # should

correspond to the same axial stress.

Foam
Transducer =
— P-wave
Anvil
[ 13
[ ] [ ] Rock
sy Tl
] Transducer —
0o o

() (b) y

Figure 6.4 P-wave velocity measurement method. (a) P-wave propagation through the

anvils; (b) P-wave propagation through the anvils and the granite sample.
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6.3 Results
6.3.1 P-wave propagation during loading process

6.3.1.1 P-waveforms

156 MPa = 95%UCS '

152 MPa !
150 MPa ;
148 MPa }
121 MPa ;

90 MPa }

60 MPa ' \
40 MPa i
20 MPa

10 MPa

5 MPa

0 MPa

1"

W

Voltage (V)

JRAAAAS

30 35
Time (us)  Duration of the first waveform

5 10 15 20 25

¥
I
I
T
!

Figure 6.5 P-waveforms under different loading stresses. The arrows indicate the arriving

time of the first transmitted waveform with respect to the starting point at 0 ps

Transmitted P-waveforms propagated across the granite specimens during the loading
process were measured in real-time. The results showed that the variation laws of the
P-wave propagation velocity, i.e., length of specimen divided by propagation time, and
the amplitude of the first arriving waveform were similar for all tested samples, except for
the inconsistency of changes in magnitude. Figure 6.5 shows the waveforms of P-wave
propagation in a typical sample during the entire loading process. The arrows in the figure
indicate the arrival time of the first transmitted waveform with respect to the starting
point at 0 ps. The P-wave propagation time first decreased with increasing uniaxial
compression stress from 0 MPa to approximately 120 MPa and then slightly increased as

the stress further increased to the peak stress, i.e., approximately 161 MPa of the
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specimen. In contrast, the amplitude of the first arriving waveform gradually increased as
the axial stress was loaded from 0 to approximately 90 MPa and then decreased with
further increasing axial stress. Moreover, the length/duration of the first transmitted
waveform, as shown in Fig. 6.5, was continuously compacted with the increase in axial

load.

6.3.1.2 P-wave spectra

To examine the frequency spectra variation during the loading process, the transmitted
waveforms must be transformed from the time domain to the frequency domain.
However, the transmitted waveforms consist of the first arriving waveform and
subsequent reflected waveforms, which originate from various microcracks inside the
rock sample and the interfaces between the rock sample and testing device. Since the
first arriving waveform is more interesting for engineering applications, it is therefore
necessary to isolate the first arriving pulse from the transmitted waveforms. Thus, a
suitable window function shall be applied to taper the waveforms. The criterion of
selecting an appropriate taper is that it should exert a negligible effect on the spectra of
the initial pulse and preserve more low-frequency contents without excessive distortion
in the high-frequency range (Pyrak-Nolte et al. 1990a). After trials, a half-cosine taper
with unitary amplitude and a 4.075 us window (see Fig. 6.6) was applied to the received
P-waveforms. Figure 6.6 demonstrates two examples of the selected transmitted
waveforms, the taper and the tapered waveforms received from a typical sample under
axial stresses of 0 MPa and 60 MPa, respectively. The complete waveforms are
presented in Fig. 6.5. After obtaining all the tapered first arriving waveforms, the Fast
Fourier Transform was performed to gain the frequency spectra of the tapered

waveforms.

Figure 6.7 presents the spectra of the first arriving waveforms at different compressive
stresses. The results indicate that the amplitude of the spectra increased by approximately
twice when the stress increased from 0 MPa to 148 MPa. Then, the amplitude sharply
decreased to the initial value at an axial stress of 0 MPa, as the stress further increased to
the peak stress vicinity. In contrast to the amplitude of the spectra, the central frequency
increased from 244.1 kHz to 518.8 kHz when the stress changed from 0 MPa to 148 MPa

and then remained constant, despite the stress increase.
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Initial pulse E

Initial pulse

Half-cosine taper Half-cosine taper

Tapered pulse
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Figure 6.6 Examples of the initial pulse, a half-cosine taper and the tapered pulse. (a)
and (b) Initial pulses obtained under the axial stresses of 0 MPa and 60 MPa,

respectively.
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Figure 6.7 Spectra of the first-arriving waveform as shown in Fig. 6.5
6.3.1.3 P-wave velocity

Figure 6.8 summarizes the relationship between P-wave velocity (Vp) and axial stress
during the loading process. The results show that the axial stress significantly affects the
Vp in the granite sample, and the relationship between V' and the loading percentage (o)

of the axial stress with respect to UCS can be appropriately characterized by a
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polynomial function, as shown in Eq. (6.2). The Vp dramatically increased when the
axial stress increased from 0 MPa to approximately 25% of UCS and continued to
slightly increase until approximately 50% of UCS. Then, Vp remained nearly constant
before gradually declining as the axial stress approached 100% of UCS. However, Vp
prior to the peak stress was still much higher than that at the initial loading point.
During loading, the average maximum Vp increased by approximately 20% compared to

the initial Vp.

Ve = 4756.7+31.42-0-0.248 ©? (6.2)
6000 -
» 5500
£
=
8
E 5000 |
0 V,=4756.7 + 31.42x - 0.248x°
g R =0859
a 4500 -
4000 1 1 L 1 L 1 1
0 25 50 75 100

Loading percentage (UCS%)

Figure 6.8 Variation of P-wave velocity with respect to axial loading percentages

6.3.1.4 P-wave amplitude

Figure 6.9 presents the variation in the normalized amplitude of the first arriving
P-wave with respect to axial stress. Due to the inhomogeneous feature of the granite
material, the increasing magnitude of the P-wave amplitude (4p) for each granite sample
was different even under the same loading pressure. Therefore, to examine the
relationship between Ap and axial stress, the normalized amplitude was applied. The
normalized amplitude is defined as the ratio of an individual Ap of a granite sample
under a certain axial stress to the maximum Ap of the sample during the loading process.
In general, the variation in the normalized 4p with respect to axial stress is similar to
that of Vp and can also be fitted by a polynomial function, as shown in Eq. (6.3). The

normalized Ap steeply increased, with the axial stress changing from 0 MPa to
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approximately 40% of UCS and then remained nearly stable before sharply dropping
with the axial stress surpassing approximately 70% of UCS. During the loading process,
the maximum normalized 4Ap was nearly tripled compared to the initial value. This
phenomenon indicated that the effects of axial stress on normalized Ap were more

significant than the effects on the Vp.

Ap = 0.2962+0.02118--1.787E-4-0* (6.3)

1.0

0.6

Normalized amplitude

02 &

00 ] . ! . ] . ] .
0 25 50 75 100
Loading percentage (UCS%)

Figure 6.9 Variation of normalized P-wave amplitude with respect to axial loading

percentages

6.3.2 AE

Figure 6.10 illustrates the axial stress-time curves and AE activities of typical granite
samples under different loading levels, i.e., 20%, 40%, 60%, 78%, 87%, 92%, 97% and
100% of UCS. Generally, AE behaviors of all the granite samples were similar. AE
behavior was quiet and inactive before loading to 20% of UCS. At this stage, few AE
counts were generated due to closure/compaction of the pre-existing microcracks or
voids inside the specimen at the initial loading stage (see Figs. 6.10a). The AE remained
inactive during the linear elastic deformation stage with an axial stress of less than 60%
of UCS (see Fig. 6.10b and c). This indicated that few microcracks were initiated and
propagated inside the rock sample during the elastic deformation stage. However, when
the axial stress was equal to or over 60% of UCS, AE became active, and increasingly

more AE counts were generated and detected, as shown in Figs. 6.10c and d. This feature
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indicated that 60% of UCS may correspond to the microcrack initiation stress threshold
of the granite sample. Over this threshold stress, microcracks would randomly generate
throughout the sample and for the most part, were isolated from one another (Eberhardt
et al. 1999). When the axial stress exceeded 80% of UCS, AE counts were continuously
generated, and a large number of AE counts abruptly occurred with the axial stress
approaching the peak stress, as shown in Figs. 6.10e-h. This phenomenon suggested that
the granite sample may enter the unstable cracking stage when the axial stress surpasses
80% of UCS, in which microcracks increased both in number and size, propagated and
interacted with one another, eventually coalesced into macrocracks and finally led to the

brittle failure of the sample.

6.4 Analysis

6.4.1 Damage evolution during loading process

As described previously, AE is a process of sudden release of stored elastic strain energy
resulting from dislocations, microcrack growth, frictional slips, pore collapses, etc.
(Eberhardt et al. 1999). Thus, AE signals detected during rock compression can be
applied to characterize damage evolution inside rock samples. In this chapter, AE counts
were utilized to quantitatively analyze damage evolution during the loading process,
which is as follows (Liu et al. 2009; Ohtsu and Watanabe 2001):

D= Il::—: (6.4)
where D is damage coefficient, N4 is accumulated AE counts in the process of loading,

Nr is the total accumulated AE counts during the whole loading period.
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Figure 6.10 Axial stresses and AE activities of the granite samples subjected to different
loading levels. (a)-(h) indicate the samples that were loaded to 20%, 40%, 60%, 78%.,
87%, 92%, 97% and 100% of UCS, respectively.
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Table 6.2 AE counts and damage coefficient of the granite samples compressed to

different loading levels

Sample o (MPa) UCS% AE counts D Note
G-1 335 19.9 14673 0.0014 No failure
G-2 33.7 20.1 9124 0.0009 No failure
G-3 36.1 21.5 1143 0.0001 No failure
G-4 67.5 40.2 44128 0.0043 No failure
G-5 67.1 39.9 41304 0.0040 No failure
G-6 73.4 43.7 39193 0.0038 No failure
G-7 97.3 57.9 56003 0.0054 No failure
G-8 97.1 57.8 35589 0.0034 No failure
G-9 99.5 59.2 92487 0.0089 No failure
G-10 123.7 73.6 2093037 0.2023 Tiny failure
G-11 123.5 73.5 178567 0.0173 Tiny failure
G-12 126.8 75.5 549524 0.0531 Tiny failure
G-13 128.4 76.4 1058200 0.1023 Tiny failure
G-14 131.6 78.3 1232229 0.1191 Slight failure
G-15 137.8 82.0 332279 0.0321 Slight failure
G-16 136.5 81.3 1950804 0.1885 Slight failure
G-17 146.3 87.1 3552765 0.3434 Partially failed
G-18 153.8 91.5 3808225 0.36806  Partially failed
G-19 156.3 93.0 6293751 0.6083 Partially failed
G-20 163.2 97.1 5985595 0.5785 Partially failed
G-21 160.3 100 11158454 1 Failed
G-22 168.8 100 10279496 0.9935 Failed
G-23 174 100 9601502 0.9280 Failed

Figure 6.11 shows a plot of the axial stress-time curve, AE counts and the damage
coefficient determined by AE counts during the loading process. Note that the sample is
the same as that in Fig. 6.10h. The results indicated that AE was inactive before loading
to 60% of UCS, and the damage coefficient was nearly zero. At over 60% of UCS, AE
became active, and the damage coefficient increased. When axial stress surpassed 80%

of UCS, particularly approaching UCS, a large number of AE counts occurred and the
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damage coefficient sharply increased to 1, and then, the sample failed.
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Figure 6.11 AE activity and damage evolution of a typical specimen (G-23) under

uniaxial compression

To obtain the relationship between the damage evolution and loading percentage of the
axial stress with respect to UCS for the granite, the statistical AE counts of the granite
samples compacted to different loading levels were used to quantitatively characterize
the damage coefficient. Thus, the damage coefficient of the granite sample is redefined
as the ratio of the granite sample AE counts that was compressed to a certain load
degree, e.g., 20% or 40% of UCS, to the average granite sample AE counts that were

compressed to the final failure. Therefore, Eq. (6.4) can be modified into the following:

Ny
N

D= (6.5)

where Ns is the statistical granite sample AE counts compressed to a certain loading

degree, and N is the average granite sample AE counts that were compressed to

failure.

Substituting granite sample AE counts into Eq. (6.5), the damage degrees of the granite
samples subjected to the corresponding axial stresses can be obtained (see Table 6.2).
Figure 6.12 demonstrates the relationship between the damage degree and loading

percentage under compression. The damage evolution of the granite is nonlinear under
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compression and can be well fitted by an exponential function:
D =2E-05-¢" 1078 (6.6)

where w is the loading percentage of the axial stress with respect to the UCS, 0<w <

100.

The result shows that very little damage developed when the axial stress was below 60%

of UCS. D drastically increased when the axial stress was greater than 80% of UCS.
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Figure 6.12 Relationship between damage degree and loading percentage

To examine the fitting function effectiveness for analyzing damage evolution during
static uniaxial compression, the damage coefficient calculated by the fitting function is
compared with the damage coefficient determined through an experiment on a typical
granite sample, as shown in Fig. 6.11. From Fig. 6.13, the calculated results agree well
with the experimental results, which indicate that the fitting function is suitable for

analyzing damage evolution inside the granite sample under uniaxial compression.
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Figure 6.13 Comparison of damage coefficient determined by fitting function and AE

counts in experiment of sample G-23

6.4.2 Effect of damage evolution on P-wave propagation

6.4.2.1 Relationship between D and Vp

The testing results showed that the Vp changed with axial stress and that axial stress
could generate D inside the granite sample. Thus, it is believed that a change in Vp is
caused by damage generation. Figure 6.14 demonstrates the principle of how Vp is
correlated with D by the AE counts during the loading process. From Fig. 6.14a, the
relationship between Vp and axial stress during loading can be first obtained, as shown
in Fig. 6.8 and Eq. (6.2). Through Fig. 6.14b, D can be determined using AE counts at
different stresses, as shown in Figs. 6.11 and 12 and Egs. (6.4 and 6.6). Finally, the
relationship between D and Vp during loading could be obtained, as shown in Fig.

6.14c.

Figure 6.15 shows the damage evolution effect on Vpunder the compression process,
where both the experimental results and the results calculated from by fitting functions
are presented. Based on the experimental results, the relationship between D and Vp can
be divided into three stages. In the first stage, when D was less than approximately
0.0025 (corresponding to approximately 50% of UCS), Vp sharply increased. In the

second stage, Vp was nearly constant, with D increasing from 0.0025 to approximately
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0.32 (corresponding to approximately 90% of UCS). In the third stage, Vp gradually
decreased with D. As shown in the figure, the results calculated by the fitting functions
agree well with the experimental results, particularly at the first stage where the results
determined by the two methods nearly coincide with each other. Although there is no
second stage in the calculated results, the discrepancy beyond the first stage between the
two methods is within 5%. The results indicate that the fitting functions, i.e., Eqgs. (6.2
and 6.6), obtained from the experimental results could be used to reveal the effect of

damage evolution on P-wave propagation velocity in the granite samples.
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Figure 6.14 Principle of using D determined by AE to analyze Vp
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Figure 6.15 Relationship between Vp and D
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6.4.2.2 Relationship between D and Ap

Figure 6.16 illustrates the principle of using D to analyze 4p during the loading process.
Similarly, the relationship is first obtained between Ap and axial stress during loading,
as shown in Fig. 6.16a. Then, D could be determined using AE counts at different
stresses, as shown in Fig. 6.16b. Finally, the relationship between D and 4p could be

obtained, as shown in Fig. 6.16c.

Figure 6.17 shows the effect of D on Ap during loading, which is determined by both
experimental results and fitting functions. The calculated results are computed by the
fitting functions, as shown in Egs. (6.3 and 6.6). The results show that when D is less
than 0.0066 (corresponding to approximately 65% of UCS), Ap sharply increased from
approximately 0.3 to 1.0. Subsequently, Ap decreased from the peak value to
approximately 0.4. The decreasing Ap rate accelerated when D was greater than 0.8
(corresponding to approximately 92% of UCS). Similar to the wave velocity, the results
obtained from fitting functions agree well with the experimental results, except for the
relatively large discrepancy near D=1. Thus, the fitting functions obtained from the
experimental results, i.e., Egs. (6.3 and 6.6), are concluded to be suitable for analyzing

the effect of D on Ap in the granite samples.
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Figure 6.16 Principle of using D determined by AE to analyze Ap
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Figure 6.17 Relationship between Ap and D

6.4.3 Damage induced after uniaxial compression

6.4.3.1 P-wave propagation in granite sample after loading and unloading process

When the granite

specimens were compressed to the targeted loading values, the

specimens were immediately unloaded. Then, P-wave propagation in the recovered

specimen without axial loading was measured to assess the loading-induced damage (D")

influence on the P-wave propagation and attenuation. Figure 6.18 illustrates the P-wave

propagation measurement in the granite sample before and after the loading process.

Thus, the P-wave velocity and amplitude before and after compression can be obtained.

The variation in the P-wave velocity (A4Vp) and amplitude (44p) can be determined as

follows:

— VP' _VPO

AV, x100% (6.7)

PO

AA, = %AOO% (6.8)

0

where Vpoand Vp' represent the P-wave velocity before and after loading process, Aro

and Ap' refer to the peak amplitude of the first-arriving waveform before and after

compression.
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Table 6.3 Variation of Vp and Ap after uniaxial compression process

Vp(m/s) Ap (V)
Sample  UCS%
Vo Vp' AVp (%) Apo Ap' AAp (%)
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 10.91 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 -9.79 276  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

Table 6.3 demonstrates the variation in Vp and Ap in the granite specimens after the
loading and unloading processes, where a positive variation means an increasing Vp or
Ap compared with those in the samples without loading. Compared with Vpo, Vp' of the
unloaded specimens gradually increased with increasing pressure level and approached
the maximum value of approximately 11% at 87% of UCS. The increased magnitude of
Vp sharply declined to approximately 2.6% when the specimens were compressed to 97%
of UCS. In contrast, the Vp' of the failed specimen, as shown in Fig. 6.19b, decreased by

approximately 9%. In terms of Ap, with an increasing axial stress to 80% of UCS, 4p'
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increased by approximately 21% with respect to Apo. Similar to the P-wave velocity, the
increment of Ap also declined with a further increase in the loading levels. However,
when the specimens were compacted to 97% of UCS, the Ap' of the unloaded specimens
decreased by approximately 50% compared to the initial value before loading. Moreover,
the Ap' of the recovered failed specimens was close to zero, which is significantly

different from the P-wave velocity.

Vg and 4p, measurement before loading Vp'and Ap’ measurement after loading

(a) (b)

Figure 6.18 Measurement of P-wave propagation in granite sample before and after

loading process

6.4.3.2 Characterization of stress-induced damage using micro-CT

As stated previously, the variation in Vp and Ap after uniaxial compression is also
believed to be caused by stress-induced damage inside the rock samples. Therefore, to
quantitatively determine the loading-induced damage, a NanoVoxel 2000 micro-CT
scanner was used to scan the damaged samples at a resolution of 61 x 61 x 61 um?, as
shown in Fig. 6.19a. Notably, as micro-CT scanning is time consuming and costly, only
some of the damaged samples were scanned in this chapter. After scanning the damaged
samples, a series of 2D micro-CT images were obtained. Figure 6.19b demonstrates one
of the 2D micro-CT images of the failed granite sample G-23. Then, by setting a proper
threshold value in the Mimics software, e.g., -912 in Fig. 6.20a, the micro and
macrocracks can be appropriately extracted from the solid matrix of the granite sample
in each 2D micro-CT image, as shown in Figs. 6.20. Finally, the crack area in each 2D
micro-CT image could be automatically calculated by the Avizo software. Based on the
classical continuous damage theory (Kachanov 2013), the sample damage could be

determined by Eq. (6.9):

124



Chapter 6

'_l N ﬁ‘x 0
D _nZ_llA 100% (6.9)

where A; is the area of the i-th micro-CT image of a damaged sample, A4, is the total
crack area in the i-th micro-CT image of a damaged sample subjected to certain loading

stresses, and 7 is the total number of micro-CT images of a sample.

l
. Scanning

Figure 6.19 (a) NanoVoxel 2000 micro-CT scanner; (b) 2D micro-CT image of a failed
granite sample (G-23)

To appropriately compute D', the crack areas of the damaged samples must be precisely
counted, especially the failed ones, as shown in Fig. 6.20a. Regarding the failed sample,
as shown in Fig. 6.20a, the sample is separated by the fault. The fault is formed by large,
open cracks and voids rather than dense micro and macrocracks, and the openness of the
largest macrocrack is nearly 2 mm. Thus, the crack areas will undoubtedly be much
greater than the real area if we directly count the crack area of the entire failed sample.
To avoid this problem, it is proposed to statistically count the crack areas in some
representative regions, which are termed the characterized rock elements. This
concept/method is similar to the method of quantitatively analyzing the crack density of
the damaged rock sample using SEM or optical microscopy on a small thin section of
the cracked sample (Wu et al. 2000). The selection criteria of the characterized rock
element are as follows: (1) the element should be near but excluding the fault in the
failed sample; (2) the element should contain not only sufficient microcracks but also
include at least one or two coalesced crack(s) that have extended to the element
boundary. The first criterion could help to avoid fault interference, while the second
criterion guarantees that the characterized rock element could fail by the cracks inside

its volume.
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Figure 6.20 2D micro-CT images and the corresponding cracks of the granite samples
subjected to different axial stresses. The loading percentage of the samples from (a) to (f)
are 100%, 97%, 87%, 80%, 60% and 40% of UCS, respectively. The red and blue colors

in the images beside the micro-CT images indicate solid materials and cracks,

respectively.

Figure 6.21 illustrates the elements that have been extracted to properly analyze the
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crack area of failed sample G-23. Two characterized rock elements were selected in two
orthogonal directions parallel and perpendicular to the loading direction. The
dimensions of the two elements are 24.4 x 12.2 x 12.2 mm?® and 12.2 x 12.2 x 24.4 mm?>,
respectively. Based on the method described above, the crack areas of these two
elements can be obtained, which can then be used to determine D' by Eq. (6.9). D’ of the
elements along the horizontal and vertical directions are 2.05% and 1.83%, respectively.
Therefore, the average damage, i.e., 1.94%, of these two elements is used to represent

D' of failed sample G-23.

Figure 6.21 Determination of cracks from two characterized rock elements extracted
from the failed granite sample G-23. (a) Exhibition of the locations of the two
characterized rock elements; (b) and (d) The characterized rock elements that are
parallel and perpendicular to the loading directions, respectively. (c) and (e) Cracks
(marked by red colour) within the characterized rock elements shown in (b) and (d),

respectively.

Table 6.4 summarizes the damaged rock crack areas and their D' determined by Eq.
(6.9). In general, the crack areas are very small compared to the scanning areas of the
entire damaged sample. When the addition of the axial stress to the sample was below

60% of UCS, the crack areas generated in the samples were extremely small, resulting
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in a very low D'. Similar to the damage evolution during the loading process (see Fig.
6.12), D' increased with axial stress above approximately 80% of UCS and sharply grew
to the peak, i.e., 1.94%, with the stress reaching the UCS.

Table 6.4 Crack areas and damage coefficient of the damaged rocks

Sample UCS% Crack area (mm?) Scanning area (mm?) D’ Dy

G-4 40 59.17 1557009.0 0.0038%  0.002
G-9 60 91.47 1524556.7 0.006% 0.0032
G-16 80 730.34 1587702.3 0.046%  0.024
G-17 87 2218.13 1584381.4 0.14%  0.072
G-20 97 8069.17 1551763.5 0.52%  0.268
G-23 100 1155%* 59536%** 1.94% 1.0

* the average crack areas in the characterized rock elements; ** the scanning
areas of the characterized rock element.
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Figure 6.22 Variation of normalized damage of the granite samples after loading to

different UCS%

Regarding failed sample G-23, the D' value equals 1.94%, which is far less than the

theoretical result that the damage should be 100% when the material completely fails
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(Kachanov 2013). To make D' comparable to D during the loading process, the
normalized damage coefficient Dy is adopted to characterize the stress-induced damage
of the granite sample after loading and unloading. Dy is defined as the ratio of D' of the
sample that experienced the loading and unloading processes under a certain load
degree of UCS to the peak D' of the completely damaged granite sample. The variation
in Dy with respect to the loading percentages after the loading and unloading processes
is shown in Fig. 6.22. The result indicates that the evolution of Dy is highly nonlinear

and can be fitted by an exponential function, as shown in Eq. (6.10):
y = 2.564E-9- 651 10,087 -¢°%™ _0,0586 (6.10)
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Figure 6.23 Relationship between Vp and Dy
6.4.3.3 Relationship between Dy and Vp and Ap

Figure 6.23 demonstrates the effect of Dy on the average variation in Vp obtained in the
granite specimens with micro-CT after loading and unloading, where a positive
variation means an increase in wave velocity compared with the value without loading,
and vice versa. Compared with Vp before loading, Vp of the unloaded specimens
increased with increasing Dy when the damage coefficient was less than 0.268. The

failed sample Vp is approximately 9% lower than the value before loading. Based on this
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figure, the effect of stress on the compaction of the pre-existing cracks and pores inside
the rock samples would not completely disappear after axial pressure unloading.
Despite the newly induced damage, the wave velocity remains higher than in samples

before loading if the sample does not fail.
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Figure 6.24 Relationship between 4p and Dy

Figure 6.24 illustrates the effect of Dy on the average Ap variation obtained with
micro-CT after the loading and unloading processes. Similar to wave velocity, the stress
effect on the compaction of pre-existing cracks and pores inside the rock samples would
not completely disappear after axial pressure unloading. That is, when Dy is smaller
than approximately 0.1, the Ap of the unloaded granite samples gradually increased with
increasing Dy. The maximum increment of 4p is approximately 21%, with Dy equal to
0.024. However, when Dy is large, the Ap of the unloaded specimen is lower than the
value without loading. In particular, when the sample failed, or when Dy is 1.0, the
wave amplitude variation is nearly -100%, meaning that the transmitted wave amplitude
is nearly zero. In addition, Figs. 6.23 and 6.24 show that the Dy effect on the wave

amplitude is more significant than the effect on wave velocity.
6.5 Discussion

The experimental results show that the P-wave propagation velocity, the peak amplitude
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of the first arriving-waveform and the spectra amplitude during the loading process first
increased and then decreased with increasing pressure from 0 to peak stress, as shown in
Figs. 6.7-9. This variation is probably due to the compaction and closure of pre-existing
defects during the initial loading stage, which leads to contact conditions consolidation
between individual minerals and a change in the friction conditions and thus results in an
increase in Vp and Ap (Kaneko et al. 1979; Meredith et al. 1991; Svitek et al. 2017). In
contrast, when the stress exceeded a critical value, e.g., approximately 80% of UCS,
dilatancy or volumetric strain is generated due to reopening, generation, propagation and
coalescence of the closed and new microcracks, which thereby leads to a significant
damage increase inside the granite samples, as shown in Figs. 6.12 (Brace et al. 1966;
Kaneko et al. 1979; Meredith et al. 1991). Consequently, the damage increase results in
Vp and Ap attenuation. The Vp and Ap change results, as shown in Figs. 6.8 and 6.9, are
comparable to the previous results presented by Barnhoorn et al. (2018), Gupta (1973),
Martinez-Martinez et al. (2016) and Stanchits et al. (2006). In addition, the V'p and Ap of
the transmitted waveform prior to the UCS are still greater than those values under the
initial conditions, as shown in Figs. 6.8 and 6.9. This behavior is probably the result of
the crack closure effect on wave propagation dominating the competition between
stress-induced horizontal crack closure and vertical cracking prior to failure stress

(Lockner et al. 1977).

From the results shown in Figs. 6.8 and 6.9 and Table 3, the variation in 4p with the
microcracking/damage progress in granite samples is approximately 3~10 times more
sensitive than that of Vp. This phenomenon could be explained by two reasons. On the
one hand, the Vp change is mainly due to the formation of stress-induced microcracks
(Kaneko et al. 1979). The stress-driven crack orientation as observed under the SEM
and micro-CT scanning are more or less parallel to the maximum compressive stress
axis (Barnhoorn et al. 2018; Tapponier and Brace 1976; Zhou et al. 2018). Therefore,
the propagation-parallel cracks contribute less to the P-wave slowness along the loading
direction (Barnhoorn et al. 2018). On the other hand, the Ap change is due to a
combination of multiple factors, such as the ultrasonic wave frequency, wave
propagation velocity and the internal friction coefficient (Kaneko et al. 1979). Similar to
Vp, the internal friction coefficient of the rock material is affected by stress-driven crack
formation (Walsh 1966). Consequently, 4Ap would be more affected by the

microcracking/damage progress than Vp.
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Figure 6.26 Comparison of normalized damages characterized in this chapter with the

previous studies (Kim et al. 2015)

As seen from Fig. 6.25, when the stress applied to the granite sample is over 60% of
UCS, the damage coefficient of the unloaded granite sample is smaller than that for the
corresponding sample subjected to the same axial stress during the loading process. One
possible reason could be the use of different methods in calculating the damage
coefficient during the loading and post-loading processes, which caused the discrepancy.
Another possible reason could be the closure of the stress-driven cracks after unloading,
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which leads to a damage coefficient decrease. This is because the elastic opening and
closure of microcracks is reversible if the stress is relieved, while the inelastic processes
cannot be reversed (Browning et al. 2017; Han 2016; Rao and Ramana 1992). In
addition, the micro-CT resolution applied for scanning the damaged samples is 61 pm,
which cannot distinguish and detect the microcracks with scales smaller than 61 pum.

Therefore, the unloaded sample may have in a relatively lower damage coefficient.

In this chapter, the AE counts are used to quantitatively characterize the damage
evolution of a granite sample during the loading process, as shown in Eq. (6.5). The
experimental result indicates that damage evolution during loading can be well fitted by
an exponential function (see Eq. 6.6). To examine the validity and effectiveness of Eq.
(6.6) and the damage evolution determined by AE counts in this chapter, our results are
compared with previous results reported by Kim et al. (2015), as shown in Fig. 6.26. As
seen in the figure, the damage coefficients determined by AE counts and fitting function
during the loading process coincide with those obtained from the moment tensor
inversion and AE energy (Kim et al. 2015). In particular, the transition normalized stress
for damage evolution during the loading process, which is revealed by the present study
and the previous study, is nearly identical, i.e., between 70%-80% of UCS. Therefore,
the application of AE counts to quantitatively determine damage evolution during the
loading process is concluded to be feasible, and Eq. (6.6) is suitable for analyzing

damage evolution of the present granite sample during the loading process.

6.6 Conclusions

This chapter reports the study of granite damage evolution under static uniaxial
compression using AE and micro-CT and the effects of damage evolution on ultrasonic
P-wave propagation during the loading and post-unloading processes. The main

conclusions are as follows:

(1) P-wave propagation in granite samples is stress dependent. With increasing stress,
the P-wave velocity and amplitude of the transmitted waveform first increased and
then decreased when the axial stress exceeded a critical percentage of the UCS.
The critical values are approximately 90 UCS% and 70 UCS% for P-wave velocity

and amplitude, respectively.
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(2) AE is inactive when the axial stress is less than 60 UCS%, AE activities are
continuously generated and numerous AE counts occur with the axial stress

reaching the peak stress.

(3) AE counts could be used to quantitatively characterize damage evolution during
the loading process. Crack areas determined by X-ray micro-CT scanning could be
adopted to quantitatively characterize stress-induced damage inside rock samples

after the loading and unloading processes.

(4) Damage evolution during the loading and post-unloading process are both highly
nonlinear and can be well fitted with exponential functions. The fitting function is

suitable for analyzing damage evolution during axial compression.

(5) The degree of damage is negligible when the axial stress applied to the rock sample
is below approximately 60 UCS%. Eighty UCS% appears to be a transition point,
above which damage evolution during loading and post-unloading are both
significantly increased. The damage coefficient during the loading process is

greater than the damage coefficient after unloading.

(6) Damage evolution in rock samples influences P-wave velocity, spectra and
amplitude. However, compared with P-wave velocity, wave amplitude attenuation

1s more sensitive to damage/stress.

In this chapter, microcrack evolution and its effect on ultrasonic P-wave propagation in
granite rock sample are studied. However, the existence of pre-existing defects in rocks
on the macroscale is more general but more significant to the seismic behaviors of rocks
due to more remarkable wave attenuation at these defects. Therefore, studies of seismic

behaviors of rocks with macrodefects are needed and will be conducted in Chapter 7.
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CHAPTER 7 INFLUENCE OF JMC, WATER CONTENT AND
LOADING RATE ON THE MECHANICAL AND SEISMIC PROPERTIES
OF A SINGLE ROUGH JOINT IN SHRB TESTS

In this chapter, stress wave propagation across a single rough joint is conducted in a
modified SHRB system, with the aim to explore the influences of JMC and the infilling
mixture water content and loading rate on the rough joint mechanical and seismic
behaviors. Establishment and verification of the modified SHRB are first introduced.
Stress wave propagation across the joint with and without infilling materials is
performed under three elevated loading rates. The influences of JMC, loading rate and
sand-clay mixture water content on deformation, specific stiffness, wave transmission
and reflection coefficients and dissipation energy rate of the rough joint are analyzed in
detail. The results show that JMC plays a dominant role in affecting the mechanical and

seismic properties of the joint compared with the infilling mixture and loading rate.

7.1 Introduction

Apart from the pre-existing defect in grain scale, as studied in Chapter 6, there are
numerous pre-existing defects on the macroscale, such as the flaws presented in
Chapters 4 and 5, joints and joint sets. On the one hand, the presence of joints in rock
masses may undermine the rock matrix strength and stiffness, thereby easily destabilizing
the rock mass (Sagong and Bobet 2002; Sinha and Singh 2000), and on the other hand,
the wave propagation across the joints may be attenuated (Pyrak-Nolt et al. 1990a; Zhu
and Zhao 2013). Therefore, understanding the mechanical and seismic behaviors of joints
i1s of great concern for rock engineers and seismologists to evaluate the safety and

stability of underground structures subjected to static and dynamic loads.

To date, many theoretical and experimental studies have been conducted to investigate
wave propagation across rock joints and joint sets. For instance, the DDM (Mindlin
1960; Pyrak-Nolte et al. 1990a, b; Schoenberg 1980) and the DSDM (Zhu et al. 2011b)
have been applied to accurately predict transmission and reflection coefficients for a
given incident wave propagation through linear or nonlinear joints and viscous joints,
respectively (Cai and Zhao 2000; Fan and Wong 2013; Li et al. 2010; Pyrak-Nolte et al.
1990a, b; Wu et al. 2012, 2014; Zhao et al. 2006; Zhu et al. 2011a, b). Based on the
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ultrasonic testing system and the SHPB device, a number of experiments have been
performed with closed and filled joints. Those previous studies revealed that the normal
stiffness of natural joints subjected to dynamic loading was higher than the normal
stiffness of natural joints under static loading (Pyrak-Nolte et al. 1990a; Pyrak-Nolte and
Nolte 1992). In addition, the dynamic normal stiffness of joints increased with JMC but
decreased with joint thickness (Chen et al. 2015; Li et al. 2017), and the water content and
filling thickness decreased the deformation of the quartz sand filled joint (Li and Ma
2009; Li et al. 2010). Moreover, Pyrak-Nolte et al. (1990a) revealed that adding normal
stress and wetting the joint with liquid could both increase the transmission coefficient

and reduce frequency attenuation.

However, natural joints are neither always open nor solely filled with sand and clay
mixtures. Instead, the joint surfaces are often partially contacted or even bonded via the
joints’ asperities, while the remaining part is filled or partially filled with mixtures of sand,
clay, water and air (Barton 1974; Sinha and Singh 2000; Zhao 1997a). Nevertheless,
studies considering joint geometry coupling effects, e.g., JIMC and notch thickness, and
filling materials such as infilling types and water content, on stress wave propagation
have never been reported thus far. Therefore, investigations focusing on the

abovementioned issue are needed.

This chapter presents an experimental study on stress wave propagation through a single
rough joint in SHRB tests, aiming to explore the influences of JMC and the infilling
mixture water content and loading rate on the rough joint mechanical and seismic
behaviors. The SHRB system preparation and composition is first described in detail.
Then, single rock bar impact tests in combination with ultrasonic wave propagation tests
are conducted to determine the critical incident stress wave amplitude. Subsequently,
verification tests are conducted to confirm the SHRB system feasibility and validity.
Finally, the mechanical properties, i.e., stress-strain curves, deformation and specific
stiffness, and the seismic behaviors such as transmission and reflection coefficients and

energy dissipation rate of the rough joints are investigated and analyzed in detail.
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7.2 Experiment setup

7.2.1 Rock bar preparation

(a)

Rock core
drilling
machine

Drill pipe |l
2m in length

Granite
rock
block

(b) | 1800 mm

Figure 7.1 Rock bar drilling site

To establish the SHRB system, the key task is to successfully prepare high-quality long
rock bars. To achieve this goal, we directly drilled long rock bars in a large granite block
instead of collecting rock bars from the engineering geological drilling site. Figure 7.1a
shows the rock bar drilling site where the granite block was verified to be without obvious
surface macrocracks. The granite block dimensions were approximately 1.85 m in length,
0.8 m in width and 0.2 m in thickness. An electric hand drill with a drill pipe 2 m in length
was used to core the long rock bars. To successfully drill long rock bars and guarantee
their quality, the drilling speed was controlled at approximately 6 mm/min, and tap water
was used to cool the drill and the head of the rock bar during the rock coring process.
Figure 7.1b exhibits granite rock bars with lengths between 1.1 m and 1.8 m and
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diameters of approximately 48 mm. The long granite bars were examined and determined

to be without visible surface cracks and damages during the drilling process.

7.2.2 Split Hopkinson rock bar

Figure 7.2 shows the SHRB system with a spring clamping device and a schematic view
of the rock bar sections at Geotechnical Institution of Tianjin University. The SHRB
system mainly consists of an incident, a transmission and an absorption rock bar with a
diameter of approximately 48 mm, a striker launching device, an incident steel bar with a
diameter of 50 mm, and a data acquisition unit. The incident and transmission rock bar
lengths are 1.77 m and 1.64 m (with length/diameter > 30). The physical and mechanical
properties of the granite bars are the same as those displayed in Table 6.1 in Chapter 6.
The surface of the granite bars was polished by sand paper, and the bar ends were ground

flat and polished to less than 0.05 mm.

A gas gun device was adopted to launch the striker in this chapter, which generated stress
waves in rock bars under relatively higher loading rates (up to approximately 900 GPa/s)
compared to those launched by the compressed spring device (Wu et al. 2012) and
pendulum hammer (Li and Ma 2009). A steel incident bar with a diameter of 50 mm and
length of 2.5 m was placed in front of the rock bars, which could aid the incident rock bar
in avoiding direct impacts from the steel striker. A short cylindrical striker made of
hardened 60 Si;Mn with a diameter of 50 mm and length of 25 mm was applied to
generate incident wave pulses with short durations when impacting the end of the steel
bar. To eliminate wave dispersion and oscillation in the rock bars, a C1100 copper disc
with a diameter of 10 mm and thickness of 1 mm was adopted as the pulse shaper. This
disc was placed at the center of the steel bar impact end and assisted in generating a

smooth and nondispersive incident wave pulse when impacted by the striker.

The data acquisition unit contains an 8-channel dynamic strain amplifier and an
8-channel Hioki 8860-50 recorder with a sampling rate of 10 MHz per second. The strain
signals in bars were detected and recorded by the strain gauges placed on the surface of
the bars. To guarantee the strain signal measurement accuracy and assess the initial
damage effect within the rock bars on the wave propagation, two sets of strain gauges
were placed on each rock bar. Since the incident wave duration was approximately 120 s,

which is determined by the steel striker length (20 mm), the strain gauge stations were
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350 mm away from the rock bar ends, as shown in Fig. 7.2b. The strain gauge groups
were arranged to approximately seven times the diameter length from the bar end to
eliminate the lateral inertia effect (Meng and Li 2003; Wu et al. 2012) and adjacent to the
rock bar ends to minimize the material damping influence. Furthermore, this arrangement
provides enough distance to separate the incident waveform from the reflected waveform
generated at the incident rock bar and transmitted rock bar contact interface.

(a) 1 T—

Spring

clamping
device | #

e e

Rock absorption
bar Transmitted rock bar  Incident rock bar Steel bar Striker Launching tub Gas gun

(b) | 500mm | | 1640 mm

y > )
350 mm Strain gauges 350 mm| 350 mm Strain gauges 350 mm
Rock absorption bar Transmitted rock bar Filled joint Incident rock bar

Figure 7.2 (a) Split Hopkinson rock bar system with spring clamping device; (b)

Schematic view of the rock bars section

7.2.3 Rock joint

To study the JMC effect on wave propagation and attenuation in a rock mass,
symmetrically arranged rough joint asperities and saw cut notches (Fig. 7.3a) were
directly fabricated at the transmission rock bar front end. The width of the joint aperture
was set to 6 mm, and the joint thickness was 4 mm. Figure 7.3a shows the original rough
joint arrangements with a JMC of 30%. During testing, the rough joint asperities were
gradually ground off and polished to generate new joint surface arrangements with a
lower JIMC, 1.e., 19%, 8% and 0%, as shown in Figs. 7.3b-d. The purpose of grinding off
the joint asperities rather than cutting the rough joint asperities on other rock bars was
mainly to avoid the influences of heterogeneity and initial damages inside the rock bars

on the wave propagation results.

Naturally, joints and faults are often filled with rock debris, soil and water, which affect
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the seismic properties of rock discontinuities. In this chapter, the filling material and
water content effects on wave propagation across rock joints is investigated. The filling
material is a mixture of quartz sand and kaolin clay. According to Wu et al. (2014), the
quartz sand was sieved to control its particle size between 1 mm and 2 mm, and the kaolin
clay powder was screened through a 0.25 mm sieve. The weight ratio of quartz sand to
kaolin clay is set as 7:3 because the sand-clay mixture with a 30% clay weight fraction of
kaolin clay can completely fill the void space among the quartz sand particles (Wu et al.
2014). To investigate the sand-clay mixture water content effects on wave propagation,
four water contents are applied, i.e., 0%, 15%, 20% and 25% in weight percentage. The
sand-clay mixture bulk densities with water contents of 0%, 15%, 20% and 25% are 1.31
g/em’, 1.91 g/em?®, 1.88 g/em® and 1.86 g/cm?, respectively. Figure 7.4 shows the
sand-clay mixtures with four different water contents. The mixture without water is loose
and cannot be fully compacted, while the mixture with 15% water content is very dense
and has low viscosity. With increasing water content, the viscosity of the mixtures
increases. For the mixture with a water content of 25% in particular, the water seeped out

without any compaction.
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Figure 7.3 Schematic view of distribution of the joint with different JMC. The shaded part

indicates the asperities on joint surface.

Figure 7.4 Illustration of sand-clay mixture with different water content

When filling the joint, the rough joint asperities were lubricated with a thin layer of
Vaseline before coming into contact with the incident rock bar. Then, the stirred sand-clay

mixtures were gradually placed in the joint layer by layer. To fully fill the joint notches,
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the mixtures were compacted by the same operator with an iron rod with a diameter of 2
mm. Figure 7.2a demonstrates two joints (JMC=30% and 0%) filled with a sand-clay
mixture with a water content of 15%. A transparent PVC tub was used to prevent
sand-clay mixture outflow, as shown in Fig. 7.2a. A 1-mm-thermoplastic-film layer was
placed between the rock bar surface and the PVC tub to fill the small gap. To ensure the

result repeatability, three parallel tests were performed for each joint filling condition.

7.2.4 Spring clamping device

In this chapter, a spring clamping device was installed between the incident and
transmitted rock bars (see Fig. 7.2a) to combine the two bars tightly together. The
stiftness coefficient of the spring is 20.3 N/mm. During all tests, the two springs were
stretched by the same distance (5 mm) to provide identical axial pressure of

approximately 56 KPa.

7.2.5 Data processing

Based on one-dimensional wave propagation theory, the dynamic stress o(t), strain &(t)

and closure D(t) of the joint can be determined by (Zhou et al. 2012):

o(t)=§[e. )+ 2 () — & 1] (7.1)
£(t) = E (16,0~ (O — & O]t (7.2)
D(1) = L, - £(t) =C | [&,(t) — (1) — & (D)]dlt (7.3)

where E and C are the Young’s modulus and P-wave velocity of the granite rock bars; L

is the thickness of the joint; ¢ (t), ¢,(t) and ¢ (t) are incident strain, reflected strain and

transmitted strain measured by the strain gauges mounted on the incident and transmitted

rock bars as shown in Fig. 7.2b; ¢ is the duration of the waveform.

Transmission coefficient 7. and reflection coefficient R. are commonly utilized to
analyze the influence of JMC, loading rate and sand-clay mixture water content on wave
propagation across rock joints. 7c and R. are defined as the ratio between the peak values

of the transmitted/reflected wave and the incident wave, which are derived as (Li et al.
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2017b):
max &; (t)
T =221
© maxe, (t) 7.4
R = Mexl& ()] (75)

max g, (t)

In addition to 7. and R., wave energy is also widely analyzed to determine the rock joint
effects on the wave propagation through the joint. According to the one-dimensional
wave propagation theory in the SHPB test, the energy of the incident £}, reflected Er, and
transmitted £7 waves can be determined by the following (Zhang and Zhao 2014b):

2
g -AE ;g,z(t)dt (7.6)
AE? (t
E,=—— [ c2(t)dt (1.7)
AE? ¢t
E =" [ £2@)dt (7.8)

0

where 4 and p are the cross-sectional area and density of the rock bars, respectively.

After the surfaces of the joint asperities were lubricated, the friction between the joint
asperities and incident rock bar was negligible. Meanwhile, as no visible micro and
macrocracks were found at the rock bar surfaces, the energy attenuation caused by the
initial damage inside the rock bars could be neglected. Hence, the energy dissipated by

the joint (filled or nonfilled one) can be derived as follows:

Eo, =E —E;—E; (7.9)

D

7.3 Results

7.3.1 Determination of the critical incident stress

Before conducting the SHPB tests on rock bars with a single joint, we first performed
wave propagation in a single rock bar with a relatively short length, i.e., 850 mm. This is
because we need to determine a critical incident stress value that will not damage rock
bars with low dynamic tensile strength, i.e., 18.4 MPa. To determine the maximum
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allowable incident stress, a single, short rock bar was sequentially impacted with elevated
incident stress. Notably, an absorption rock bar was used to transmit the incident wave in
the short rock bar, which could protect the short rock bar from being spalled by the
reflected tensile stress wave generated at the bar end. After each impact, ultrasonic
P-wave propagation tests were conducted with the short rock bar. By analyzing the
evolution law of the P-wave velocity, amplitude and waveform of the transmitted wave,
the critical incident stress, which causes damage in the rock bar, could be found. The
reason for using ultrasonic tests to determine the critical incident stress is that ultrasonic
wave propagation is sensitive to defects such as microcracks and voids, and these tests
have been widely applied to assess the microstructural state of concrete and rock

(Prassianakis and Prassianakis 2004; Zhou et al. 2018b).

Figure 7.5 illustrates the effects of elevated impacts on ultrasonic P-wave propagation in
the short rock bar. As seen in Fig. 7.5a, the P-wave velocity of the short rock bar was kept
nearly constant even though the rock bar was impacted 17 times with an increasing
dynamic loading stress up to approximately 100 MPa. However, the peak-to-peak
amplitudes of the first arriving transmitted waveform showed the opposite trend, as
shown in Fig. 7.5b. The average value sum of the maximum amplitude and the absolute
average value of the minimum amplitude (see Fig. 7.5c) fluctuated slightly during the
first eight impacts with incident stresses of less than 30.1 MPa. Then, from the ninth
impact, the average value sum decreased with incident stresses over 34.7 MPa. Regarding
waveform, although the first halves of the waveform lengths of the transmitted waves
were nearly identical to each other, the length of the whole waveform was remarkably
extended with an impact stress surpassing 34.7 MPa. Moreover, the peak waveform
amplitude gradually decreased and shifted to the right from the ninth impact with an
incident stress equal to 34.7 MPa (see Fig. 7.5c). Based on the above results, the incident
stress applied to the rock bars should be less than 30.1 MPa in the case of inducing
damage in the rock bar, which may attenuate the wave propagation in rock bars.
Therefore, three incident stress levels of 10 MPa, 15 MPa and 25 MPa were selected to
study the loading rate effects on wave propagation and attenuation in rock bars with a

single joint.
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Figure 7.5 (a) P-wave velocity of the rock bar after each impact; (b) The peak-to-peak
amplitude of the first arriving ultrasonic waveform after each impact; (c) Nine typical

waveforms of the first arriving ultrasonic wave after the corresponding impact

7.3.2 Verification of the SHRB test

A verification test was first conducted by directly contacting the rear end of the incident

rock bar to the rear end of the transmitted bar (without joint notches) to confirm the
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SHRB system feasibility and validity. Figure 7.6a shows waveforms recorded by the four
strain gauge sets placed on the rock bars (see Fig. 7.2b) during this test. Although the
strain signals along the two bars exhibit some discrepancies, such as the peak amplitude
gradually decreasing along the bars, the discrepancy between the two signals in the same
rock bar was less than 5%. This discrepancy could be attributed to the attenuation caused
by the initial damage inside the rock bars and the reflection at the interface between the
incident and transmitted bars due to the small mismatch of the two rock bars. In addition,
the strain signals recorded by the two adjacent strain gauges (gauges 2 and 4) mounted on
the incident bar and transmitted bar were similar. Figure 7.6b shows the stress equilibrium
calculated using the strain signals measured by strain gauges 2 and 4. The transmitted
stress was nearly coincident with the sum of the incident stress and reflected stress, which
indicated that the stress equilibrium was well achieved and maintained during the loading
duration. Therefore, the wave propagation in the SHRB tests is concluded to be feasible
and valid, and the accuracy of computing the wave propagation and attenuation using the

strain signals recorded by the two strain gauges adjacent to the joint can be guaranteed.
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Figure 7.6 (a) Strain signals recorded on the incident and transmitted rock bars; (b) Stress

equilibrium between incident and transmitted rock bars

7.3.3 SHRB wave propagation with single rough joint

A total of sixty experimental cases were studied, including five water contents (i.e.,
nonfill condition, 0%, 15%, 20% and 25%), four JMCs (i.e., 30%, 19%, 8% and 0%) and
three loading rates (i.e., approximately 300 GPa/s, 520 GPa/s and 860 GPa/s). Three
parallel tests were performed for each case to guarantee the repeatability of the results.

The loading rate was defined as the slop at half the peak stress of the incident stress-time
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curve, as shown in Fig. 7.7. Table 7.1 summarizes some of the major results in average
values, in which w, k, and d represent water content, joint specific stiffness and closure of

the joint, respectively.

Table 7.1 Summary of some major results in average values

IMC ) Loading rate ke T. R. R. d
(%) (%) (GPal/s) (MPa/mm) (%) (%) (%) (mm)
311 489 64.8 26.0 13.9 0.015
- 537 858 68.6 21.9 14.3 0.019
860 1303 71.9 18.7 11.8 0.024
273 602 70.5 223 9.0 0.014
0 550 939 73.7 19.6 8.6 0.018
905 1646 75.0 16.0 9.6 0.023
345 614 71.8 20.6 8.2 0.012
30 15 533 1121 74.3 18.4 10.4 0.015
863 1610 76.5 15.0 11.2 0.021
324 636 70.9 223 9.4 0.013
20 504 1020 72.7 20.0 9.7 0.016
879 1453 75.9 16.0 9.4 0.021
311 311 69 223 11.3 0.014
25 512 850 70.4 20.3 14.4 0.019
883 1337 73.8 16.5 12.7 0.024
302 339 46.6 359 15.6 0.021
- 529 542 52.1 30.7 16.4 0.029
860 879 53.4 25.7 16.0 0.036
294 403 53.9 33.7 12.7 0.018
0 505 762 57.0 28.3 16.6 0.025
v 876 1037 59.0 243 13.9 0.033
268 455 57.1 31.8 13.2 0.018
15 550 811 60.1 253 12.6 0.023
837 1148 60.8 22.9 11.9 0.030

20 300 437 56.3 34.1 13.1 0.022
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564 763 58.7 29.2 11.7 0.026

834 1028 59.6 23.6 13.6 0.034

335 429 535 34.8 16.5 0.023

25 494 707 57.2 30.8 13.6 0.027
865 1051 58.2 24.5 15.6 0.035

308 246 33.9 46.3 22.1 0.034

- 520 412 36.0 41.6 23.1 0.046

867 696 37.8 34.3 21.6 0.060

296 309 38.2 44.5 20.0 0.034

0 539 524 40.0 37.3 21.2 0.041

881 862 41.9 30.3 19.0 0.054

307 383 39.6 42.6 20.0 0.032

15 495 591 41.2 34.5 19.6 0.042
886 930 42.2 27.7 20.8 0.049

304 334 38.3 40.6 20.5 0.031

20 499 562 39.3 34.7 22.8 0.043
847 915 41.0 26.7 21.0 0.050

328 303 37.0 44.7 21.5 0.036

25 575 567 39.0 39.4 21.2 0.045
896 915 40.7 31.0 23.4 0.054

298 41 6.7 63.9 43.3 0.065

0 526 86 6.5 56.0 45.5 0.108

908 241 7.6 523 50.0 0.187

349 143 12.9 59.4 38.3 0.051

15 549 290 14.6 52.9 42.0 0.083
879 550 17.7 50.2 45.3 0.113

274 128 10.7 60.4 39.9 0.057

20 512 265 12.0 54.7 44.7 0.085
832 532 13.7 50.6 46.6 0.125

338 120 9.7 61.4 42.5 0.063

25 496 264 11.3 55.1 43.7 0.087
821 506 12.1 54.1 46.8 0.137
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Figure 7.7 Loading rate calculation from incident stress-time curve
7.3.3.1 Stress-strain behaviors

As the effects of IMC, loading rate and sand-clay mixture water content on stress-strain
behaviors exhibit a similar trend, only some of the typical stress-strain curves are
presented and analyzed. Figure 7.8a shows some typical stress-strain curves of the
unfilled joints subject to different loading rate impacts. Both the peak stress and
maximum strain of the nonfilled joints increase with the loading rate for the same JMC.
For a specific loading rate, the peak stress of the joint increases with increasing JMC,
whereas the maximum strain of the joint shows the opposite trend. In addition, the elastic
modulus of the joint, defined as the prepeak linear portion slop in the stress-strain curve,

increases with an increasing loading rate and JMC.

Figure 7.8b shows the effects of the sand-clay mixture water content on the dynamic
stress-strain behaviors of the joint (JMC=19%) subject to a given loading rate of
approximately 860 GPa/s. The peak stress and the elastic modulus of the joint filled with
the sand-clay mixture are larger than those of the nonfilled joint, despite the difference
induced by the water contents. In contrast, the maximum strains of the filled joints with
different water contents are all lower than the nonfilled joint. The peak stress of the filled
joint reaches a peak when the water content increases from 0% to 15% and then slightly

decreases with further increases in water content.
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Figure 7.8(a) Typical stress-strain curves of the unfilled joints under different loading rate
impacts; (b) Typical stress-strain curves of the joint (JMC=19%) filled with sand-clay

mixture with different water contents

7.3.3.2 Deformation behaviors
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Figure 7.9 Joint closure vs JMC of the non-filled and filled joints

The average joint closure d as a function of JMC is shown in Fig. 7.9. As shown in the

plot, the average closures of the filled and nonfilled joints both decrease in an exponential

manner with increasing JMC regardless of the loading rate effect. When JMC is between

8% and 30%, which is attributed to the sand-clay mixture, d is approximately 9% lower

than that of the nonfilled joint. For the nonfilled joint, d reduces by 62% when the IMC

rises from 8% (0.047 mm) to approximately 30% (0.018 mm). Regarding the filled joints,

d decreases in a steeper manner with increasing JMC compared to the nonfilled cases.

This value drastically decreases from approximately 0.1 mm to 0.042 mm when the IMC

changes from 0% to 8% and then continuously decreases to the lowest point of 0.016 mm
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when the JMC further increases to 30%. Figure 7.9 also illustrates that the error bar scale
gradually increases with a decreasing JMC. This is because the loading rate effect is more
apparent for the joint with a smaller JMC, resulting in a more scattered result, as shown in

Fig. 7.10.
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Figure 7.10 (a) Joint closure vs loading rate of the non-filled joint; (b) Joint closure vs

loading rate of the joint filled with sand-clay mixture

Figure 7.10 shows a plot of the loading rate effect on the joint closure evolution with and
without the sand-clay mixture. This figure shows that the joint closure exhibits a distinct
loading-rate-dependent characteristic, which increases almost linearly with an increasing
loading rate. The fitting curve slope for the joint with smaller JMC is steeper than the
slope of the curve for the joint with a larger JMC, which indicates that the loading rate
effect is more remarkable for the joint with a smaller JMC. For a given loading rate, the
maximum closure of the joint sharply decreases with increasing JMC, and the rate of

decrease is larger for the high loading rate, as shown in Fig. 7.10.

Figure 7.11 summarizes the water content effects on the average closure of the joints
filled with the sand-clay mixture, which is subject to the impact of three elevated loading
rates. Similar to the variation in R. affected by water content, the joint closure evolution
also appears as a concave shape, and the lowest point occurs at a water content of
approximately 15%. Likewise, the loading rate plays a significant role in joint closure,
but the general variation tendency of d with water content change remains unmodified. In
general, for a given loading rate, d slightly declines when the joint changes from a
nonfilled condition to a dry-filled condition and continues to decline with further

increasing water content. Then, the filled joint closure reaches the bottom at a 15% water
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content and then gradually increases when the water content further increases. Although d
increases with a water content over 15%, the maximum joint closure with a 25% water
content is basically still less than the maximum joint closure of the nonfilled joint. For the
joint with JMC=0%, as the joint gap is filled with a only the sand-clay mixture, the
maximum closure of the joint exhibits the strongest loading rate effect (see Figs. 7.10b
and 7.11d), and d is several times larger than that of the joint with a JMC between 8% and
30%.
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Figure 7.11 Joint closure vs water content and loading rate of the joint with infilling

material. (a)-(d): Joints with JMC equal to 8%, 19%, 30% and 0%, respectively

The water content has a comparable effect on the maximum closure of the filled joints
with a JMC between 8% and 30%, but the water content affects the filled joint more with
a JMC=0, especially at high loading rates. Specifically, when the JMC is between 8% and
30%, the maximum closure is reduced by an average of approximately 7% when the
water content rises from 0% to 15% and increases by an average of approximately 6.5%
when the water content changes from 15% to 25%. However, under the impact of 860
GPa/s, the maximum filled joint closure with a JMC=0% decreases by approximately 40%

when the water content increases from 0% to 15%.
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7.3.3.3 Joint specific stiffness

During the compressive loading process, a stress increment generates elastic deformation
of the joint asperities, which leads to a displacement increment across the joint. The ratio
of these two quantities is generally termed the joint specific stiffness &, (Pyrak-Nolte et al.
1990a). A large number of experimental studies have shown that &, is not a constant value
for a joint with a specific geometry, which behaves in a nonlinear fashion with increasing
stress during compression. In this chapter, since we mainly focus on the overall variation
of k, as a function of JIMC, loading rate and filling conditions, the nonlinear evolution of
kn during the compression process is not considered. To simplify the analysis, the joint
specific stiffness is therefore defined as the tangent gradient of the prepeak linear portion
of the transmitted stress-closure curve (Wu et al. 2014). Figure 7.12 outlines the joint

specific stiffness calculation from a typical transmitted stress-closure curve.

20 ¢

[
(6]
T

Dynamic stress (MPa)
[
o

k,=1637(MPa/mm),

ol
T

0.00 0.01 0.02 0.03
Closure (mm)

Figure 7.12 Joint specific stiffness calculation from transmitted stress-closure curve

Figure 7.13 shows the variation in k, with the filled and nonfilled joint JMCs subject to
three elevated loading rate impacts. The results reveal that %, increases almost linearly
with increasing JMC, and for a given JMC, £k, increases with an increasing loading rate.
For a given nonfilled or filled joint, the &, increases by an average of approximately one
and three-fifths when the loading rate changes from the lowest (~310 GPa/s) to the
highest (~860 GPa/s). Meanwhile, the loading rate effect on k, is enhanced with
increasing loading rate, which is found based on the slope variation for the fitting curves.
In addition, the &, of the filled joint is stiffer than the corresponding nonfilled joint when
subjected to a comparable loading rate impact. Furthermore, the sand-clay mixture is

more helpful for improving the &, of the joint with a smaller JMC. For instance, by
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comparison with the nonfilled joint k., the filled joint k£, with a JMC equal to 8%

increased by an average of 35.2%, while this value was only enhanced by approximately

19% for the joint with a JMC of 30%.
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Figure 7.13 Variation of joint specific stiffness with JMC of the filled and non-filled joints

under different loading rate impacts. & is the slope of the fitting curve.

(a) 1800 - IMC=8%  ® IMC=19% (b) 1800 JMC=8% @ JIMC=19%

— A JMC=30% --- Fitting curve —_ A IMC=30% ¥ JIMC=0% A ,‘:‘ k=155

g a E -- Fitting curve A&

£ 1350+ 4 4% k=134 £ 1350+ a

a A a a8 A o A k=109

= - AA 3 W'Y ' 'k =0.96

A - ° ” AR - .

900 A g & %k=096 & 900 2 o

8 A“ A ____—‘ o g 7

= T e = A L4 e o

S Y » = oo ol X

73 e o_‘“ ® Ak, E X

g as0| A gaWS ko I v k=062

& | | kis tr‘le slope of‘the fitting CI‘JI'VS & . | %%*%‘ X |
200 400 600 800 1000 200 400 600 1000

Loading rate (GPa/s)

Loading rate (GPa/s)

Figure 7.14 Joint specific stiffness vs loading rate of the non-filled and filled joints. (a)

Non-filled joint; (b) Joint filled with sand-clay mixture. k is the slope of the fitting curve.

The loading rate influence of the nonfilled and filled joints on 4, is demonstrated in Fig.

7.14. As joint specific stiffness is inversely proportional to joint closure, the variation in

kn with loading rate therefore shows the opposite trend (see Fig. 7.10). That is, the larger

the joint JMC, the stronger the loading rate effect on k,, and vice versa. Moreover, the

joint filled with the sand-clay mixture displays a more pronounced loading rate effect
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than the corresponding nonfilled joint. These two phenomena are confirmed by the slope

variation of the fitting curve, as shown in Fig. 7.14.

(a) 1000 - I (b) 1200( P
— T o kA —_ ) I
. Lo Fd X
£ aool A w000 1 s ]
g 1 g v
S 1 S so0f ! fo T {r%
> 600 SN S % b e )
) - - n
4 b t 8 600 %
£ 00 ¢ E S,
|72 2 e 9400 e-meT T
O B é L
g— 200 - 6o =306 GPals ® &, =519 GPals é 200 0,.,=297GPals e & =528 GPa/s
n I A 5 .=875GPals --- Fitting curve 0 4 5,,,=853GPa/ls --- Fitting curve
0 L | | ) 0 | | | | ]
Non‘-filled 0 10 20 30 Non-filled 0O 10 20 30
condition Water content (%) condition Water content (0/0)
(c) 1800 (d) 5.0 ,=315GPals e & =521 GPals
= A.- Tk T Ll 4 o .=861GPa/s --- Fitting curve
E 1500 + i E 600 ave_3
3 I SN 3 t A g
a 3 -1 a 4
S 10 -~ : s
A I N @ 400 -
$ 00 3 * g 8
c - c
£ E o
% 600 | @ i e
g L 200 -
S . » = S e SR
L 300 &, ,=313 GPa/s --- Fitting curve g o
o e 5, ,7525GPals 4 & =882 GPals o
0 ! i I - I ) 0 I I I )
Non-filled 0 10 20 30 0 10 20 30
condition Water content (%) Water content (%)

Figure 7.15 Joint specific stiffness vs water content and loading rate of the joint filled

with sand-clay mixture. (a)-(d): Joints with JMC equal to 8%, 19%, 30% and 0%

Figure 7.15 reveals the water content effect on the average &, of the joints filled with the
sand-clay mixture. The results clearly indicate that the loading rate has a strong effect on
the evolution of &, specifically, the higher the loading rate, the greater the joint specific
stiffness. However, the loading rate effect does not disturb the water content influence on
the evolution of k,. Similar to the variation of 7. affected by the water content, the
variation of k, also shows a convex shape. The k, value peaks at a water content of
approximately 15% and increases by an average of approximately 10% when the water
content changes from 0% to 15%. Nevertheless, for the filled joint with a JMC of 30%,
when the water content is increased to 25%, the average k. is nearly 10% lower than the
corresponding nonfilled joint. With regard to the filled joint with a IMC=0%, the &, shows
not only a strong loading rate-dependent behavior but also exhibits noticeable water

content-dependent characteristics, as shown in Fig. 7.15d. When the water content is
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increased to 15%, k, increases by more than twice the number of dry-filled joints.
7.3.3.4 Transmission and reflection coefficients

Figure 7.16 shows the experimental results of the wave transmission 7. and reflection R,
coefficients as a function of JMC for the joints with and without filling materials. Despite
the influences generated by the loading rate and water content, the 7. of the nonfilled and
filled joints exponentially increases with JMC. For the nonfilled joint, when the JIMC
changes from 8% to 30%, T. steeply increases from 36% to 67%, with a growth rate as
high as 31%. Subsequently, the 7. increase rate gradually declines, and only increases by
approximately 30% when the JMC increases from 30% to 100%. This result is consistent
with the findings reported by Chen et al. (2015). Notably, the JMC equal to 100% refers
to the case in which the incident rock bar rear end directly connects with the transmitted
rock bar front end with a JMC=0%. The T. of the filled joint shows a similar behavior,
sharply increasing from 12% to 72% with a JMC increasing from 0% to 30%. For the
joint with JIMC=0%, the filling thickness is the same as the joint notches, i.e., 4 mm.
Notably, the Tt of the filled joint with JIMC=8% (7. =40%) is more than three times that of
the fully filled joint with IMC=0% (T =12%)).
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Figure 7.16 (a) Transmission and reflection coefficients vs JMC of the joint with and
without infilling with error bars. (a) Transmission coefficient; (b) Reflection coefficient.

Note that the effects of water content and loading rate are not considered.

In contrast to 7¢, R. exponentially decreases with the JMC increase for the joint with or
without the sand-clay mixture. Regarding the nonfilled joint, R. declines by 16% with the
JMC increasing from 8% to 30%. R. continuously declines with the JMC further
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increasing and nearly vanishes when the JMC is equal to 100%. For the joint filled with
the sand-clay mixture, the R. of the filled joint is lower by approximately 4% than that of
the nonfilled joint with the same JMC. This value sharply decreases from 58% to 21%
when the JMC increases from 0% to 30%. Notably, the R. is comparable to 7. when the
JMC equals 8%. This means that with a JMC of over 8%, most of the incident wave will
be transmitted through the joint, below which most of the incident wave will be reflected

by the joint.

From the above analysis, the JMC can be concluded to greatly affect the wave
propagation in a rock mass with a single joint, and the infilling (sand-clay mixture) plays
an insignificant role during this process. This is because the 7. increases by an average of
approximately 6% when the joint is filled with a sand-clay mixture, while R. decreases by

approximately 4% compared with the nonfilled rock joint.

Figure 7.17 demonstrates that 7. for the nonfilled and filled joints gradually increases
with increasing loading rate, while the loading rate effect is not significant for the joints
filled with the sand-clay mixture. In contrast, R. clearly decreases with an increasing
loading rate for the joints with or without filling mixtures. The fitting curve gradient for
R. is steeper than that for 7¢, which indicates that the loading rate effect of R. is more
remarkable. In addition, for the filled joint with a IMC equal to 0%, the 7t is much lower
than that of the joint with a JMC between 8% and 30%, but R. has the highest value.

Figure 7.18 demonstrates the water content influence on the 7, and R, of the joint filled
with the sand-clay mixture subject to three elevated loading rates. In general, a high
loading rate leads to a higher 7. and lower R, for a given JMC. Nevertheless, the loading
rate does not alter the overall evolution laws of 7. and R. as functions of water content for
a given JMC. Additionally, variations in 7. and R. of the joint with different JMCs are
basically the same as functions of water content, despite the fact that the variation

magnitudes of 7c and R. are inconsistent under different JMCs.

In general, variation of 7. appears as a convex shape, while that of R. appears as a
concave shape. T, peaks at a water content of approximately 15%, while R. reaches the
minimum value at nearly the same water content. Considering the filled joint with a IMC
equal to 8% as an example, when the average loading rate is 519 GPa/s, the 7¢ increases

from 36.0% to 40.0% with the joint changing from the nonfilled condition to the fully
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filled state with a water content of 0%, and the value reaches the peak of 41.2% when the

water content increases to 15%. Subsequently, 7. gradually declines with further

increasing water content and decreases to 39.0% at a water content of 25%. However, R

shows the opposite trend. This value decreases to the lowest value of 34.5% at a water

content of 15% and then gradually increases to 39.4% with a water content equal to 25%.

As mentioned above, the 7¢ of all the joints filled with the sand-clay mixture is higher

than that of the nonfilled joint. Specifically, the average increase magnitude of 7. peaks at

6.9% when the JMC equals 19%, and for a water content of 15%, the average increase

magnitude maximizes at 8.7%.
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Figure 7.18 Transmission and reflection coefficients vs water content and loading rate of
the joint filled with sand-clay mixture. (a)-(d): Joints with JMC equal to 8%, 19%, 30%

and 0%, respectively
7.3.3.5 Energy dissipation

In general, when a wave propagates through a jointed rock mass, wave attenuation will be
induced due to wave reflection and transmission at discontinuous joints, dynamic damage
of the rock matrix, and dynamic damage of joints. In this chapter, since the impact loading
was very low (e.g., less than 30 MPa), the plasticity or dynamic damage of the rock bars
as well as the joint induced by the impact could be neglected. This is because there is a
critical fatigue impact stress, i.e., approximately 50% of the dynamic strength, below
which most no damage would be generated under repetitive impacts (Zhou et al. 2018b).
This means that no irreversible energy could be attenuated except for the wave reflection
and transmission at the joint surfaces and energy dissipation (Ep) by the joint. Herein, Ep
originates from the joint displacement and sand-clay mixture compaction in the filled
joint during the wave propagation and can be determined by Eq. (9). To minimize the

incident wave variation, the normalized dimensionless variable R. (energy dissipation
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rate), which is defined as the ratio between the peak values of Ep and Ej, is employed to
quantify the joint condition effects on energy consumption during stress wave

propagation across the joint. R. is determined by the following:

_ max kg
max E,

R

[

(7.10)

Figure 7.19a describes the variation in the average R. as a function of the JMC and
loading rate for the joints with JMCs between 8% and 30%, and the water content effect is
not considered. The results show that R. decreases almost linearly with increasing JMC,
regardless of the joint filling condition. The filled joint R is smaller than that of the
nonfilled joint, and the average decreasing magnitude of R. rises from approximately 7.4%
to 20.8% when the JIMC changes from 8% to 30%. The R. decrease with increasing JIMC
is mainly because the joint with a larger JMC deforms less (see Fig. 7.10) under the same
dynamic load, which then consumes less energy. In addition, for a specific JMC (between
8% and 30%), the Rcs of the joint impacted by different loading rates nearly overlapped
with each other, which indicates that the R. might be unaffected by the loading rate.
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Figure 7.19 Energy dissipation rate vs JMC and loading rate of the non-filled and filled
joints; (b) Energy dissipation rate vs water content of the joints filled with sand-clay

mixture with error bars

The water content effects on the joint R. with different JMCs is plotted in Fig. 7.19b. The
results reveal that water content plays an important role in energy dissipation for stress
wave propagation across a filled joint. For a filled joint, the R. slightly declines with
increasing water content and bottoms out at a water content of approximately 15%;

subsequently, R. gradually rises with a further increase in water content. R. decreased by
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an average of 19% with a water content change from 0% to 15%, and the filled joint R.
with a water content of 25% was greater by an average of approximately 14% than the
corresponding dry-filled joint. In addition, similar to the JMC effect illustrated in Fig.
7.19a, the higher the JMC, the lower the energy dissipation rate of a filled joint with a

given water content.

In contrast to the joints with JMCs between 8% and 30%, the R. of the filled joint with a
JIMC=0% increases slightly with a loading rate increase, as shown in Fig. 7.20a, and
ascends by an average of 15% when the loading rate changes from approximately 315
GPa/s to 860 GPa/s. This is because the sample joint closure with a JMC=0% drastically
increases with increasing loading rate/amplitude (see Fig. 7.10b), thereby leading to the
R. increase with loading rate. Similar to the loading rate effect, the water content also
affects the filled joint R, with a IMC=0%, as shown in Fig. 7.20b. The 15% water content
seems to be a critical value, below which R, decreases with increasing water content;
however, above this value, the R. gradually increases with increasing water content. R.
falls by an average of 9.5% with the water content changing from 0% to 15%.
Nonetheless, the filled joint R. with a water content of 25% is still slightly lower than that

with a water content equal to 0%.
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Figure 7.20 (a) Energy dissipation rate vs loading rate of the joint with JMC=0%; (b)
Energy dissipation rate vs water content of the joint (JMC=0%) filled with sand-clay

mixture with error bars
7.4 Discussions

In this chapter, an increasing JMC and joints filled with the sand-clay mixture show
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increased 7. but decreased R. and D as well as R, (see Figs. 7.9, 7.16 and 7.19). This is
mainly because the addition of JMC and filling of the joint notches with the sand-clay
mixture could increase the equivalent wave impedance of the joint, thus improving the
joint equivalent stiffness (see Fig. 7.13), thereby increasing 7. and reducing R. (Li et al.
2015; Pyrak-Nolt et al. 1990a; Zhu et al. 2011b). Meanwhile, &, is inversely proportional
to joint deformation, and therefore, for a given loading stress, increasing k., will
undoubtedly lead to a reduction in D. Furthermore, when a joint only undergoes linear
elastic deformation, its energy dissipation is mainly caused by joint closure/deformation,
e.g., the smaller the deformation, the lower the energy dissipation (Ju et al. 2007). Hence,
increasing the JMC and filling the joint notches with the sand-clay mixture also resulted

in a reduction in Re.

In addition, T¢, k, and D are also found to slightly increase with increasing loading rate
during wave propagation, as shown in Figs. 7.10, 7.14 and 7.17. This is because a high
loading rate means a high dynamic loading amplitude during wave propagation, which
could lead to the contact of the joint interfaces becoming increasingly closer and a better
contact and seismic coupling (Wu et al. 2012), thereby yielding a higher &, and Te.
Although the addition of %, by increasing the loading rate could somewhat enhance the
ability of the joint to resist deformation, the joint closure still shows an increase with
increasing loading rate. This indicates that the reduction of D caused by the joint stiffness
increase is insufficient to counteract the increase in D resulting from the increase in

loading stress/amplitude.

In comparison to the joint filled with the dry sand-clay mixture, the 7. of the joint filled
with the unsaturated sand-clay mixture (e.g., 15% in water content) is further increased
by an average of approximately 10%, while the R., D and R. are reduced by a few
percentage points. This is because adding a small amount of water to the sand-clay
mixture results in the formation of small capillary bridges between adjacent grains, which
exert an attractive force between grains due to surface tension (Herminghaus 2005). In
addition, the network of capillary forces drastically improves the stiffness and stability of
the granular pile (Fiscina et al. 2010; Fournier et al. 2005), as opposed to the dry pile,
which further enhances the k. of the wet-filled joint, thereby reducing the joint

attenuation and deformation as well as the energy dissipation rate.
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Nevertheless, the attenuation and deformation characteristics of the wet-filled joint shift
when the water content surpasses 15% (see Figs. 7.11, 7.18 and 7.19). For instance, with a
water content of 25%, the filled joint 7., R. and D values are comparable to those of the
corresponding dry-filled joint, while the R, is even higher by an average of approximately
14%. This may be because the relatively high water content makes the sand-clay mixture
like a gouge, which not only dramatically increases the viscosity of the mixture but also
weakens the friction between the contact grains (Fukuyama and Mizoguchi 2010), thus
undermining the filling mixture stiffness and stability. In addition, when the water content
was 25%, the local joint asperities were wetted by a small amount of water seepage,
which might weaken the elastic modulus of the joint asperities. Therefore, the equivalent
joint specific stiffness might be weakened by those two factors. In addition, for the fully
saturated sand-clay mixture, due to the formation of water flow passages, a small amount
of free water was found to be squeezed out the transparent PVC tub, which increased the
energy dissipation. Consequently, the combination of the above reasons results in an

increase in joint attenuation and energy dissipation rate.

From the above analysis, we find that both the JMC and sand-clay mixture play important
roles in stress wave propagation and attenuation across jointed rock masses. Nevertheless,
the JMC plays a dominant role in controlling the seismicity of the joint compared to the
filled mixture. Considering 7. and R. as an example, the average 7. of the dry-filled joint
with a IMC= 8% (7. = 40%) is approximately 5.7 times that of the dry-filled joint with a
IMC=0% (7. = 7%), while the average R. of the former (R, = 20%) is less than half of the
latter (R = 46%). This characteristic indicates that in engineering practice, the
mechanical and seismic properties of the joint or jointed rock mass could be better

manipulated by rationally adjusting the JIMC.

7.5 Conclusions

In this chapter, an experimental investigation of the effects of JMC, water content and
loading rate on the mechanical and seismic characteristics of a single rough joint in

SHRB tests is reported. The main conclusions are summarized as follows:

(1) The incident stress applied to the rock bars should be below 30.1 MPa to avoid the
generation of damage in the granite rock bars and joint asperities that may attenuate

wave propagation in the rock bars. Verification tests indicated that the attenuation
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caused by the initial damage inside the rock bars was negligible and the stress
equilibrium between the incident and transmitted rock bars could be well achieved
and maintained. This finding confirms the feasibility and validity of performing

wave propagation tests in the present SHRB system.

(2) Transmission coefficient (7¢) of the filled or nonfilled joint exponentially increased
with increasing JMC, and yet, the reflection coefficient (R.) showed an inverse trend.
The maximum joint closure (D) decreased exponentially with an increase in the
JMC. The joint specific stiffness (k,) increased linearly with increasing JMC but the
dissipation energy rate (R.) of the joint exhibited the opposite tendency.

(3) Filling the joint with a sand-clay mixture could enhance its stiffness and wave
propagation properties. By comparison with the nonfilled joint with a JMC between
8% and 30%, the 7. and k. of the filled joint increased by an average of
approximately 10% and 25%, respectively, and yet, the R., D and R. of the filled
joint declined slightly, by approximately 10%.

(4) The k. and R. display clear loading-rate-dependent behavior. When the loading rate
changed from approximately 310 GPa/s to 860GPa/s, the k, and R. increased by an
average of 160% and 29%, respectively. Although the R. of the filled joint with a
JMC of 0% gradually increased with an increasing loading rate, the R. of the joint
with a JMC between 8% and 30% appeared to be unaffected by the loading rate.

(5) The T, and k, increased with a water content increase from 0% to 15% yet declined
with further increasing water content to 20% and 25%, whereas R., D and R.

exhibited the inverse trend.

(6) The IMC plays a dominant role in affecting the mechanical and seismic properties of

the joint, compared with the infilling mixture and loading rate.

163



Chapter 8

CHAPTER 8 CONCLUSIONS AND SUGGESTIONS FOR FUTURE
RESEARCH

8.1 Conclusions

In this thesis, an experimental investigation was performed to study crack growth and its
influences on the mechanical and seismic properties of rocks. To study 3D crack growth
behaviors, three-dimensional printing (3DP) is introduced to prepare brittle rock-like
samples with 3D internal flaws using the most suitable 3DP material from the currently
available 3DP materials. The influences of flaw geometry, i.e., flaw angle (a), flaw
number and bridge angle (f), and loading type, i.e., static and dynamic loading, on the
mechanical and fracture behaviors of 3DP artificial samples are studied. Combined with
the micro-CT technique, the 3DP method is applied to replicate internal defects and
investigate the mechanical and fracture behavior of rocks. In addition to 3D crack growth
in artificial rock samples, an investigation on the damage evolution characterization and
its effect on low-amplitude ultrasonic P-wave propagation in granite samples under
uniaxial compression is also performed using AE and micro-CT. In addition, the
coupling effects of the joint matching coefficient (JMC), loading rate and water content
of the infilling mixture on the mechanical and seismic properties of a single rough joint
are systematically studied with a modified SHRB system. The main conclusions of this

thesis are summarized as follows:

(1) The 3DP samples produced with ceramics, gypsum and PMMA using powder-based
3DP failed at very low compressive stress and exhibited highly ductile behavior, causing
these samples to be unsuitable for simulating common brittle and hard rocks. The
FDM-fabricated SR20 sample exhibited apparent elastoplastic behavior, also making this
sample unsuitable for modeling natural rocks. Despite the relatively large deformation,
the strength and stress-strain behavior of the 3DP resin sample produced by the SLA
method are comparable to those of natural rocks such as marble and sandstone.
Meanwhile, the 3DP resin transparent feature makes it possible to directly observe and
analyze internal crack evolution during rock fracturing, which may aid in better
understanding the failure mechanisms of rocks. Consequently, the 3DP resin is identified
as the most suitable 3DP material for replicating brittle and hard rocks, considering the

presently available 3DP materials. To enhance the brittleness of the 3DP resin, three
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methods including freezing, incorporation of a macrocrack and addition of microdefects
were employed. After being treated by those three methods, the resin-based 3DP
samples exhibited nearly linear stress-strain behavior prior to reaching peak stress and

failed in a splitting manner, indicative of sufficient brittleness.

(2) The SLA 3DP can conveniently, repeatedly and precisely produce resin-based
artificial rock samples with 3D internal flaws, which is much better than the traditional
manufacturing methods. By combining micro-CT and 3D reconstruction techniques, the
SLA 3DP can be used to replicate the internal defects of natural rocks. These flawed,
resin-based samples are suitable for studying the mechanical and fracture behaviors of

rocks under static or dynamic loading conditions.

(3) Both the flaw geometry and loading type have significant effects on the mechanical
properties of the resin-based 3DP samples. The single flawed sample with a & = 60° has
the lowest compressive strength (oc) and axial strain at the peak stress (ea). The oc and &,
of the double flawed samples generally increase with f increasing from 45° to 105°. The
initiation stress of the first wing crack (o1), oc and &, of the sample all decrease when the
flaw number changes from one to two. From static loading to dynamic loading, oc
increases by approximately 8%, and &, decreases by approximately 51% and 27% for the

resin-based 3DP specimens containing single and double 3D internal flaws, respectively.

(4) Loading type affects 3D crack growth behaviors more than flaw geometry. Wing
cracks generated at the inner tips of the pre-existing flaws cannot coalesce with each other,
except for f=105°. a, f and flaw number seem do not influence the 3D crack shape,
propagation manner or the final failure mode of the flawed samples. However, when
changing the loading type from static compression to dynamic impact, the 3D crack
growth behavior and the final failure mode of the flawed samples are completely
changed. Under dynamic compression, wing cracks can continuously extend toward the
sample ends, resulting in a splitting failure of the sample, while under static compression,
the wing cracks and anti-wing cracks can only intermittently propagate approximately
1-1.5 times the length of the initial flaw. The final, burst-like failure is caused by
secondary cracks. Furthermore, anti-wing cracks are not observed under dynamic
compression. The crack propagation velocity is more stable under dynamic loading, but
the maximum crack propagation velocity in the dynamic tests is lower than that in the

static compression tests.
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(5) The compressive strength, dynamic tensile strength, Poisson’s ratio and fracturing
properties of the resin-based volcanic rocks agree with those of the prototype volcanic
rock samples, which verify the applicability of using the 3DP-replicated artificial rocks
to study the mechanical and fracture properties of brittle rocks, such as volcanic rocks and

porous rocks.

(6) The results of ultrasonic P-wave propagation in the granite sample during axial
compression indicate that P-wave propagation in granite samples is stress dependent.
The P-wave velocity and amplitude of the transmitted waveform first increase with axial
stress and then decrease when the axial stress exceeds a critical percentage of the UCS.
The transition stresses for P-wave velocity and amplitude are approximately 90 UCS%

and 70 UCS%, respectively.

(7) The cumulative AE counts can be used to quantify damage evolution during the
loading process, while the crack areas determined by X-ray micro-CT can be adopted to
quantify stress-induced damage inside the rock sample after loading and unloading
processes. Damage evolution during the loading process and after unloading are both
highly nonlinear and can be well fitted with exponential functions. The fitting function

is verified for analyzing damage evolution during axial compression.

(8) The degree of damage is negligible when the axial stress applied to the rock sample
is below approximately 60 UCS%. An axial stress of 80UCS% appears to be a transition
point, above which damage evolution during loading and after unloading are both
significantly increased. The damage coefficient during the loading process is greater
than that after unloading. Damage evolution in rock samples influences P-wave velocity,
spectra and amplitude. However, compared with P-wave velocity, wave amplitude

attenuation is more sensitive to damage/stress.

(9) Stress wave propagation in SHRB shows that the transmission coefficient (7¢) of
the filled and nonfilled joint exponentially increases with the JMC yet the reflection
coefficient (R.), and the maximum joint closure (D) exhibits the inverse trend. The joint
specific stiffness (k) linearly increases with increasing JMC, but the dissipation energy

rate (R.) of the joint shows the opposite tendency.

(10) The sand-clay mixture infilling the joint has a certain effect on the k, and P-wave

propagation properties. In comparison with the nonfilled joint, the 7¢ and &, of the filled
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joint increase by an average of approximately 10% and 25%, respectively, yet the R., D
and R. of the filled joint decline slightly, which is approximately 10%. The water content
of the infilling material affects both the mechanical and seismic properties of the filled
joint. T, and k, increase with increasing water content from 0% to 15% yet decline with
further increasing water content to 20% and 25%, whereas R., D and R. exhibit the

inverse trend.

(11) k, and R. display a clear loading rate-dependent behavior. When the loading rate
changed from approximately 310 GPa/s to 860 GPa/s, k, and R. increased by an average
of 160% and 29%, respectively. However, the R. of the joint with JMC between 8% and
30% appears to be unaffected by the loading rate.

(12) JMC plays a dominant role in affecting the mechanical and seismic properties of the

artificial rough joint compared with the infilling mixture and loading rate.

8.2 Recommendations for future works

(1) In Chapter 3, to facilitate the application of 3DP to rock mechanics and rock
engineering, further improvements and developments, e.g., developing more brittle and
transparent 3DP resin materials, enhancing the strength and brittleness of the
powder-based 3DP materials, improving the printing resolutions of the 3D printers,
promoting the printing speed and efficiency and developing new supporting 3DP
materials, are needed. The 3D crack growth experiments are recommended to be
conducted in the laboratory or at low temperature, where the brittleness of the 3D-printed
artificial rock samples could be enhanced via freezing treatment and the direct monitoring

of fracture behaviors could be achieved in real-time utilizing high-speed cameras.

(2) In Chapter 4, despite the preliminary findings in this chapter that could facilitate a
better understanding of rock failure behavior, notably, the limitation, e.g., low Young’s
modulus and almost no porosity, of the 3DP resin material means that the resin-based
artificial rock samples cannot completely reflect the mechanical and fracture behaviors of
natural rocks. Therefore, further improvements and developments, e.g., enhancing the
Young’s modulus and brittleness of the 3DP resin material, incorporating X-ray micro-CT
and 3DP techniques to implant the real internal structure (e.g., porosity and micro and
macrocracks) of the natural rock into the 3DP resin-based artificial rocks, are needed so

that the 3DP resin’s properties approach those of actual rocks. In addition, further efforts
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Chapter 8

are needed to more precisely and quantitatively characterize and analyze the 3D stress
field around pre-existing flaws and the progressive fracture process subject to different
loading conditions by means of the frozen stress technique, 3D photoelastic technique,

etc.

(3) In Chapter 5, to facilitate the application of 3DP for studying rock behavior and to
improve the similarity in mechanical properties between 3DP resin and natural rock in
particular, some potential improvements could be adopted, e.g., development of additives
to improve the stiffness and brittleness of the 3DP resin material and development of new
printing technology that could be utilized to prepare 3DP samples with mixed 3DP

materials to reflect the heterogeneity of natural rocks.

(4) In Chapter 6, to further confirm the present findings, additional experimental tests
shall be conducted to repeat, supplement and even improve the present results. More
micro-CT scanning of unloading samples should be conducted to enhance the accuracy
of determining the damage coefficient of the damaged samples. In addition, triaxial
compression tests shall be conducted to investigate anisotropic damage evolution and its

influences on both P-wave and S-wave propagation in three orthogonal directions.

(5) In Chapter 7, to protect the rock asperities and rock bars from being damaged by the
dynamic compressive load, only low-amplitude incident stress waves are applied to
investigate wave propagation across a rock mass with a single rough joint. However, in
engineering practices, rock joints and jointed rock masses are often subjected to
high-amplitude stress waves, such as blast waves (Deng et al. 2015). When a
high-amplitude wave propagates through a jointed rock mass, rock matrix and joints/joint
asperities will damage or even fail, which in turn will affect wave propagation and
attenuation across joint rock masses. Therefore, the interactive process of wave
propagation and dynamic damage and the response in jointed rock masses subjected to

high-amplitude stress waves should be investigated in the future.
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