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ABSTRACT Dynamic properties of rocks are extremely important in a variety of rock mechanics and rock
engineering problems. The split Hopkinson tensile bar (SHTB) system is used in this paper to measure
the mechanical properties of sandstone specimens under dynamic direct tension, and the full stress-strain
curves of the specimens at different strain rates is obtained. The experimental results indicate that the tensile
strength, the tensile modulus and the peak strain of the specimen increase almost linearly with the strain rate.
The increases in the tensile strength, the tensile modulus and the peak strain reach 125 %, 37 % and 98 %
respectively as the strain rate increases by 252 %. The microscopic structure characteristics of the fracture
surfaces after the tensile failure of the specimens are investigated by three-dimensional scanning. The results
suggest that the fracture surface roughness of the sandstone under direct tension is significantly sensitive to
the strain rate. Both the roughness coefficient and the fractal dimension of the specimen increase with the
strain rate. The fracture surface of the specimen changes from a relatively flat two-dimensional state to a
three-dimensional state, and its relative area gradually increases. Finally, it is manifested from the aspect of
energy consumption that both the energy consumed in the fracture process and the dynamic direct tensile
strength enhance with the fracture surface roughness. It is believed that the investigation results can provide
an important reference for the research on dynamic properties of rocks involved in experimental research
and engineering practice.

INDEX TERMS Dynamic properties, split Hopkinson tensile bar, direct tension, strain rate, fracture surface
roughness.

I. INTRODUCTION

The accurate determination of rock dynamic properties has order for rock breaking and rock support.

the mechanical properties of rocks under dynamic tension in

always been an important issue for rock engineering and
mining engineering [1]. Its applications include rock mass
excavation, the prediction of rock bursts and earthquakes,
drilling and blasting, projectile penetrations, etc [2]. Rocks
are brittle materials and have tensile strength much lower
than their compressive strength [3]. Tensile failure normally
occurs in rocks under external loading, and the failure process
is highly sensitive to the strain rate of the external load-
ing [4], [S]. Therefore, it is of great significance to understand
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Due to the difficulty in the direct measurement of the
mechanical properties of rocks under tension, the Brazilian
disc test has become the main static method for the indi-
rect measurement of the tensile properties of rocks [6]-[8].
Based on the static test method, the split Hopkinson pressure
bar (SHPB) has been developed to perform dynamic indirect
tensile tests on disc shaped specimens. It is found by many
authors that the mechanical characteristics of rocks under
dynamic tension highly depend on the strain rates of the exter-
nal loading [9]-[11]. Besides, the mechanical characteristics
of rocks under dynamic tension were indirectly measured
by some authors with three-point bending tests [12]-[14].
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However, the results from the previous studies indicated that
some shortcomings still exist in the indirect tension tests
of rocks. The specimens could initially sustain compressive
stresses (rather than tensile stresses), and the stress conditions
in the experiments could be non-uniform. Hence it is difficult
to ensure that the specimens were always under uniaxial
tension in previous studies [15], [16].

In order to more accurately obtain the tensile properties
of rocks, some authors conducted static direct tension tests
to realize the direct tension of rock specimens. Two main
methods have been commonly used to prepare the speci-
mens in the static direct tension tests. First, irregular shaped
specimens, such as the bone-shaped specimens [17], can
be used to simulate the tensile stresses in the specimens.
In this case, the specimens are under external compressive
loading. Second, special clamping systems or loading fix-
tures are designed to directly apply the external tensile load-
ing to the specimens. Li et al. [18] developed a clamping
system (in which nuts are used to fix the specimens) to
study the tensile characteristics of gypsum specimens and
plate-shaped granite specimens. Saiang et al. [19] designed
a specific loading fixture to realize the direct tension of
concrete specimens. Zhang et al. [20] eliminated the dislo-
cation of direct tensile loading in their experiments with a
self-developed centring device. Unlu and Yilmaz [21] inno-
vated a push-pull direct tensile strength testing apparatus
to measure the direct tensile strength of cylindrical rock
specimens. Liu et al. [22] designed a tension-compression
cyclic measurement system based on the material testing sys-
tem (MTS). Hashiba et al. [23] discussed the compatibility
between the specimen and the clamping system in the direct
tension test and proposed the design requirement for the
clamping system of brittle rocks. In addition, some authors
used powerful glue to attach the specimen to the MTS in order
to perform the direct tension test.

Compared with static direct tension, it is more difficult
to realize the dynamic direct tension of rocks in laboratory
experiments. The dynamic tensile characteristics of rocks
under direct tension have been studied by numerical mod-
elling for a long time. Nevertheless, experimental results are
still required as the benchmarks for the validation of the
numerical modelling results [24], [25]. Recently, with the
development of the testing system and the loading method,
experimental apparatuses that aim at providing dynamic
direct tension to rock specimens at high strain rates have been
developed, in which the most representative one is the split
Hopkinson tensile bar (SHTB) system. Cadoni [26] studied
the effects of the strain rate on the direct tensile strength of
orthogneiss specimens with the SHTB system and revealed
the influence of the loading direction on the tensile strength.
Kong et al. [27] established a non-local damage constitutive
model for the dynamic direct tension of concrete and vali-
dated its applicability through direct tension tests on concrete
specimens with the SHTB system.

A fracture surface forms when the rock fails under dynamic
direct tension. The geometry of the fracture surface reflects
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the fracture process and is significant to the deduction of
the stress environment at the fracture surface in the frac-
ture process [28]. Previous studies on the roughness of
a discontinuity focused on the shear-resisting character-
istics of the rock mass. The joint roughness coefficient
(JRC) was proposed by Barton [29] and has been fur-
ther extended by El-Soudani [30], Maerz et al. [31] and
El-Soudani [30] etc. In recent year, studies on the influ-
ence of discontinuity roughness on fluid flow in jointed
rock mass and the strength and energy consumption of the
discontinuity in the fracture process have become increas-
ingly popular [7], [24], [33]. The method proposed by
Tse and Cruden [34] was mainly used in previous studies
for the characterization of the roughness of the discontinu-
ity [22], [35], [36]. This method divides the discontinuity
into several equidistant lines along its length direction to
extract a certain amount of two-dimensional sections. The
discontinuity roughness is described by calculating the ratios
of the cross section line length of these two-dimensional
sections to their projected length. However, Tse and Cruden’s
method [34] is basically the two-dimensional simulation of
the roughness of the fracture surface. To better understand the
geometry of a three-dimensional fracture surface, the three-
dimensional characteristics at the fracture surface need to be
quantified.

Though the experimental system for the dynamic direct
tension test on the rock develop rapidly, it is difficult to limit
the fracture location of a brittle material at the middle part of
the specimen. This causes the low success rate of the exper-
iment. Therefore, research results of dynamic direct tension
tests on rock-like brittle materials have been rarely reported.
Moreover, the understanding of the fracture mechanism of
dynamic direct tension from the aspect of fracture roughness
remains unclear.

The SHTB system is used in this paper to successfully con-
duct dynamic direct tension tests on sandstone. The effects of
the strain rate on the mechanical characteristics of sandstone
under dynamic direct tension are analyzed. Based on the joint
roughness scanning results, it is found that the roughness of
the fracture surface of the sandstone specimen under direct
tension is also sensitive to the strain rate. Finally, the relation
between the fracture roughness and the energy consumption
in the tensile failure process is disclosed. The research out-
comes in this paper will provide an important reference for
the research on dynamic properties of rocks in numerous rock
engineering areas.

IIl. EXPERIMENTS

A. DYNAMIC DIRECT TENSION EXPERIMENT

1) SPECIMEN PREPARATION

The sandstone specimens used in this paper are collected
from the roof rock mass at an underground coal mine. The
physical and static mechanical parameters of the rock spec-
imens are shown in Table 1.The specimen mainly contains
quartz (10.8 %), kaolinite (11.6 %), potash feldspar (4.5 %)
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TABLE 1. The physical and static mechanical parameters of the sandstone specimen.

Density Porosity Uniaxial compressive Elasticity modulus Poisson’s ratio Tensile strength
(kg'm™) (%) strength (MPa) (GPa) (MPa)
2410 1.09 113.59 9.44 0.21 3.88
Seal ring Air reservoir Incident bar Rock specimen Transmitted bar

Tube striker

Absorption bar

Flange

Speed detector

Barrel

Strain gage

FIGURE 1. Schematic diagram of a SHTB experimental system.

and calcium feldspar (73.0 %). Each specimen has dimen-
sions of 20 mm (in diameter) x 20 mm (in height) in order
to fit the experimental system. The specimens are prepared
according to the following procedures. First, specimens are
cored from sandstone samples and cut and grinded to standard
dimensions (50 mm (in diameter) x 100 mm (in height))
based on the method suggested by the International Society of
Rock Mechanics (ISRM). Second, an ultrasonic instrument is
used to detect the wave velocities of the standard specimens.
The specimens with similar wave velocities are selected.
Third, the specimens with the diameter of 20 mm are cored
from the standard specimens with a drilling bit (which also
has the diameter of 20 mm). The specimens are then cut
and grinded to the dimensions of 20 mm (in diameter) x
20 mm (in height). Finally, the ultrasonic instrument is used to
measure the wave velocities of the processed specimens. The
specimens that have similar wave velocities to the standard
specimens are selected as the final specimens used in the
laboratory experiments in this paper.

2) EXPERIMENTAL SYSTEM

The incident bar and the transmission bar in the SHTB system
used in this study have the diameter of 20 mm (Figure 1).
The SHTB system mainly consists of the energy-driven com-
ponents (the tube striker, seal ring, air reservoir, the barrel
and the flange), the bar components (the incident bar and
the transmission bar), the data collection and processing
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components (the ultrahigh dynamic strainometer, the oscil-
loscope and the control system) and the energy absorption
components (the absorbing bar). The specimen is placed
between the incident bar and the transmission bar before the
experiment.

The tube striker hits the flange in each test, driven by the
high pressure gas. Then compression pulses form at the flange
and reflected tensile stress waves and transmission waves
are generated at the free end of the flange. The reflected
tensile stress waves are transmitted through the incident bar
to the specimen and reflect and transmit several times at the
interface between the specimen and the incident bar and the
interface between the specimen and the transmission bar. This
causes the tensile failure of the specimen at a high strain
rate. Meanwhile, parts of the pulses are reflected, and the
others are transmitted to the incident bar through the spec-
imen and become reflected pulse signals and transmission
pulse signals. The pulse signals are recorded by the signal
collection system through the strain gages attached to the
incident bar and the transmission bar. The stress pulse data
is then processed by the data processing system to derive
the experimental results of the tension test on the sandstone
specimen at a high strain rate.

3) SPECIMEN INSTALLATION
The core of the dynamic direct tension of a rock specimen is
the scientific, effective installation of the specimen between
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the incident bar and the transmission bar. Irregular specimens
and self-developed clamping systems are used to realize the
direct tension of rock specimens in previous studies. These
approaches achieved quite good experimental results in static
tension tests on rocks but had poor performance in dynamic
tension tests. At present, the most scientific, reasonable
method is to bond the specimen to the bar components, which
is adopted in this paper for the installation of the sandstone
specimen in the dynamic direct tension test.

a: SPECIMEN CEMENTATION

The reasonable selection of the adhesive is basic to the
successful installation of the specimen. The efficiency of
three different types of adhesives is compared in the
experiment, including the cyanoacrylate glue, the ordinary
two-component adhesive and the super two-component adhe-
sive. The cyanoacrylate glue is found to be effective in boding
the specimen to the bar components in a relatively short time
but has poor moisture resistance due to which the specimen
detaches from the bar components after 2 hours adhesion.
Besides, the cyanoacrylate glue has relatively low adhesive
strength. Though the ordinary two-component adhesive has
higher adhesive strength than cyanoacrylate glue, the speci-
men tends to detach from the bar components (rather than fail
at the middle part of the specimen) in the direct tension test
if the ordinary two-component adhesive is used. In addition,
a film of the ordinary two-component adhesive forms at the
specimen-bar interface and affects the transmission of the
stress wave. The super two-component adhesive is able to
securely bond the specimen to the bar components, and its
adhesive strength is much higher than the tensile strength
of the specimen. Moreover, no adhesion layer forms at the
specimen-bar interface when the watery acrylate adhesive is
used. The super two-component adhesive reaches 70 % and
100 % of its ultimate strength after 10 hours and 12 hours
adhesion respectively.

b: SPECIMEN FIXATION

According to the observation on a series of experiments,
it is found that the fracture surfaces of the specimens are
usually very close to the specimen-bar interfaces (i.e. the
adhesives) as shown in Figure 2. The reason is that the part
of the specimen close to the specimen-bar interface is under
a non-uniform triaxial tensile stress condition and its lateral
deformation is restricted due to the adhesion between the
specimen surface and the bar surface.

In order to make the specimen fails at its middle part, the
reinforcement of the specimen is required. After the specimen
is bonded to the bar components by the acrylate adhesive,
multilayer steel wire gauze is adhered to the part of the speci-
men close to the specimen-bar interface. No steel wire gauze
is adhered to the middle part of the specimen, and the number
of the layers of the steel wire gauze gradually increases at
the part of the specimen closer to the specimen-bar interface
(Figure 3a). This is to ensure that the middle part of the spec-
imen is under uniaxial tension, which improves the success
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FIGURE 2. The fracture surface of a specimen under specimen
unreinforcement.

rate of the experiment. Figure 3b shows a failed specimen
under dynamic tension.

4) EXPERIMENTAL SCHEMES

The experiments aim at understanding the influence of the
strain rate on the mechanical characteristics of the sandstone
specimen under dynamic direct tension. Hence high pressure
gases with different magnitudes are used to conduct the direct
tension tests. It is found that the minimum impact pressure
of 0.15 MPa is required to fracture the specimen under
direct tension. Since the dynamic direct tension test is more
sensitive to the strain rate compared with the compression
test, a small interval of the high pressure gas is designed
in this study. The experiments consist of 6 different test
scenarios in which the gas pressure magnitudes increase from
0.15 MPa to 0.20 MPa at an interval of 0.01 MPa. Each test
scenario is repeated several times (i.e. each test scenario has
several test cases under the same experimental condition),
and the strain rate in each test case is calculated by the
three-wave method [37], [38]. To minimize the experimental
error, the results of the three test cases that have similar
strain rates in each test scenario are analyzed in the following
context.

In each test, the sheet rubber with dimensions of 5.0 mm
(in diameter) x 1.0 mm (in thickness) is used as the wave-
form shaper [9], [39] for waveform correction (Figure 4a).
Figure 4b compares the waveforms before and after the
correction of the waveform shaper. The incident wave of
the corrected waveform has a half-sine waveform and the
stress wave shows no obvious transversal oscillation in the
transmission process.

A typical waveform of the sandstone specimen under
dynamic direct tension is given in Figure 5. It shows that
the half-sine waveform dominates the waveforms of the inci-
dent wave, the reflected wave and the transmitted wave.
The amplitude of the transmitted wave is much lower than
the incident wave and the reflected wave, and no obvious
transversal oscillation is observed during the transmission
of the stress wave. The experiment basically provides a
one-dimensional stress state to the specimen. The incident

VOLUME 8, 2020
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FIGURE 3. The fracture surfaces of a specimen under specimen reinforcement. (a) before tensile failure; (b) after tensile failure.
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FIGURE 4. The method and effect of wave shaping for shock stress wave in dynamic tensile test. (a) installation of the pulse shaper; (b) effect of
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750 750
500 F Incident wave 500
250 Transmiited wave 230
e »
= o
- 0 = 0
k1 =

250 F 250 F s Incident
—o— Reflected
-500 F -500 | —4— Transmiited
Reflected wave —v— Incident+Reflected
2750 : " : L -750 . . . : . : :
0.0 0.4 0.8 1.2 1.6 2.0 0 50 100 150 200 250 300 350
! (ms) t (us)

H_GURE 5. _A typical waveform of the sandstone specimen under dynamic FIGURE 6. The Verification of the stress equilibrium in SHTB test.
direct tension.
wave takes 100 us to reach its amplitude, which gives the In SHTB tests, the stress equilibrium at both sides of the
stress wave sufficient time for its repeated transmission in the specimen requires careful examination [40]. Figure 6 sug-
specimen and favours the formation of a uniform stress state gests that the superimposition of the incident wave and the
in the specimen. reflected wave approximately coincides with the transmission
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wave, which proves that the stress equilibrium at both sides
of the specimen are achieved.
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FIGURE 7. The variation of loading strain rate with impact loading
pressure.

Figure 7 shows the influence of the impact loading pressure
on the strain rate of the dynamic tension test. The strain rates
in the test cases in the same test scenario approximate to each
other. Figure 7 also gives the average strain rate in each test
scenario, which increases with the loading pressure.

B. SCANNING OF FRACTURE SURFACES OF SANDSTONE
SPECIMENS AFTER THEIR TENSILE FAILURES

The scanning electron microscope (SEM) is used to scan
the fracture surfaces of the sandstone specimens in order
to disclose the failure mechanism of the specimens under
direct tension at high strain rates and reveal the microscopic
structure characteristics of the fracture surfaces at different
strain rates.

FIGURE 8. SEM experimental system and its structure composition.

The TESCAN VEGA3 type SEM system is used in this
experiment (Figure 8). The experimental system consists of
three components, including the SEM, the computer con-
trol system and the vacuum extraction system. The SEM
is the key component, which is composed of the electron
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optical system, the scannig system, the signal receiving and
displaying system and the specimen moving system.

The sample is collected from the fracture surface, made
into a round disc with dimensions of 10 mm (in diame-
ter) x 2 mm (in thickness) and installed to the specimen panel
in the specimen chamber. The specimen chamber is closed
and the vacuum extraction system is operated to evacuate
the specimen chamber to the air pressure of 10™* Pa. In the
scanning process, electron beams are emitted from an elec-
tron gun. The electron beams are focused by a grid and pass
through the electron optical system (which consists of two to
three electromagnetic lenses) under the effect of accelerating
voltage. Then the electron beams become a thin electron
beam and focuses on the specimen surface. Various informa-
tion is generated by the interaction between the high-energy
electron beam and the specimen substance, and finally the
microscopic structure characteristics of the specimen surface
are derived.

IIl. RESULTS

A. STRESS-STRAIN CURVES OF SANDSTONE SPECIMENS
UNDER DYNAMIC DIRECT TENSION

Based on the propagation theory of one-dimensional elastic
wave [9], the stress, strain and average strain rate can be
calculated by equation (1), equation (2) and equation (3),
respectively.

= A E 1
o(t) = ™ g(t) (D
t
e(t) = —E/Sr(t)dt 2)
L
0
&t) = —%Sr(t) 3)

where A is the cross sectional area of the pressure bar, A is the
cross sectional area of the sample, E is the elastic moduli of
the pressure bar, C is the elastic wave velocity of the pressure
bar; L is the length of the sample, & is the transmitted strain
and ¢ is the reflected strain.

Based on the processing of the waveforms from the test
results [16], the stress-strain curves of the sandstone speci-
mens under dynamic direct tension at different strain rates
are provided in Figure 9. Compared with the results in
Figures 9a to 9f, the shapes of the stress-strain curves of the
specimens at different strain rates are similar to each other.
The differences in the stress-strain curves include the peak
strength, the peak strains (i.e. the strains at which the strength
failure of the specimens occurs) and the dynamic tensile
moduli. As shown in Figure 9, the stress-strain curve of the
specimen under dynamic direct tension at a high strain rate
can be divided into the following four stages.

1) THE ELASTIC DEFORMATION STAGE (1)
The specimen deforms elastically at the early stage of the
dynamic tensile loading. The stress increases linearly and
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FIGURE 9. Direct tension stress-strain curves of sandstone in different strain rate. (a) the strain rate is 30.93s~!; (b) the
strain rate is 46.75s~1; (c) the strain rate is 64.14s~1; (d) the strain rate is 79.65s~1; (e) the strain rate is 91.13s~1; (f) the

strain rate is 108.93 s=1.

rapidly with the strain, and the relation between the stress and
the strain can be described by Equation (4):

d’c/de? =0 “)

where o is the stress and ¢ is the strain. The stress wave
repeated reflects in this stage, and the stress increment
becomes stabilized. The elastic energy in the specimen grad-
ually accumulates. The slope of the stress-strain curve in the
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elastic deformation stage maintains constant and is normally
considered as the dynamic tensile modulus of the specimen.

2) THE MICROCRACK INITIATION STAGE (lI)

After the elastic deformation stage, the energy stored in the
specimen begins to induce the initiation and propagation of
the microcracks. The slope of the stress-strain curve slowly
declines due to the initiation of the microcracks at some
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existing defects and weak planes. The second stage lasts for a
quite long time in the experiment, and the stable propagation
of the microcracks causes the gradual decrease of the slope
as described in Equation (5).

d’c/de? <0 5

3) THE MICROCRACK PROPAGATION STAGE (lII)

The elastic energy in the specimen releases quickly in this
stage. The existing and the newly-formed microcracks in the
specimen propagate unstably and interact with each other
to form the macroscopic fracture planes that stretch through
the specimen. The slope of the stress-strain curve decreases
rapidly and approaches zero at the end of this stage. The stress
reaches the ultimate load-bearing capacity of the specimen.
The expression of the slope in the third stage in given in Equa-
tion (6), and the description of the slope when the specimen
fails is provided in Equation (7).

d’o/de? <0 (6)
do/de = 0 (7

4) THE UNLOADING STAGE (IV)

The stress in this stage drops fast at a certain slope as the
strain increases, and the specimen gradually loses its load-
bearing capacity. Besides, no residual deformation is found
in the stress-strain curve. The relation between the stress and
the strain in the fourth stage is given in Equation (8).

do/de <0 (8)

The stress-strain curves of the sandstone specimens under
dynamic direct tension at different strain rates are provided
in Figure 9.

B. MECHANICAL PROPERTIES OF SANDSTONE
SPECIMENS UNDER DYNAMIC DIRECT TENSION

Based on the stress-strain curves of the specimens under
dynamic direct tension, the mechanical properties of the
specimens at different strain rates are derived, including the
dynamic tensile strength (or), the dynamic tensile mod-
uli (ET) and the dynamic peak strain (e1). The changes of
these properties with the strain rate (¢) are given in Figure 10.
It is found that all these three properties increase linearly with
the strain rate.

1) VARIATION CHARACTER OF THE DYNAMIC

TENSILE STRENGTH

As shown in Figure 9a, the dynamic tensile strength of the
specimen increases linearly with the strain rate. The dynamic
tensile strength increases by 125 % (from 6.59 MPa to
14.85 MPa) when the strain rate increases by 252 % (from
30.93 s7! to 108.93 s~!). Hence the ultimate strength of the
specimen under dynamic tension increases with the strain
rate.
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FIGURE 10. The changes of mechanical properties of the specimens with
the strain rate. (a) dynamic tensile strength; (b) dynamic tensile moduli;
(c) dynamic peak strains.

2) VARIATION CHARACTER OF THE
DYNAMIC TENSILE MODULI

Figure 9b indicates that the dynamic tensile modulus of the
sandstone specimen increases linearly with the strain rage.
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FIGURE 11. The macroscopic characteristics of the fracture surfaces of the specimens under direct tension at different strain rates. (a) the
strain rate is 30.93s~'; (b) the strain rate is 46.75s1; (c) the strain rate is 64.14s~1; (d) the strain rate is 79.65s~'; (e) the strain rate is

91.13s~1; (f) the strain rate is 108.93 s~ 1.

The dynamic tensile modulus increases by 37 % (from
4.36 GPato 5.98 GPa) when the strain rate increases by 252 %
(from 30.93 s~ ! to 108.93 s~ !). Therefore, the deformability
of the rock improves at a higher strain rate.

3) VARIATION CHARACTER OF THE DYNAMIC PEAK STRAIN
Figure 9c suggests that the dynamic peak strain of the speci-
men almost changes linearly with the strain rate. It increases
by 98 % (from 3.52x 1073 to 6.98x 1073) when the strain
rate increases by 252 % (from 30.93 s~ ! t0 108.93 s71). The
ultimate deformability of the rock enhances with the increase
of the strain rate.

C. CHARACTERISTICS OF FRACTURE SURFACES OF
SANDSTONE SPECIMENS UNDER DYNAMIC TENSION
Figure 11 shows the macroscopic characteristics of the frac-
ture surfaces of the specimens under direct tension at dif-
ferent strain rates. Microscopic observation is an important
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method to characterize rock mass morphology [41], [42].
Figure 12 gives the microscopic characteristics of the frac-
ture surfaces observed from SEM scanning (with 10-time-
magnification). Similar to the failure mode of the rock under
static tension, the rock under dynamic tension at a high strain
rate ruptures into two parts. Despite the existence of a small
angle between the normal direction of the fracture surface
and the specimen axis, the specimen generally fails in tension
along its axis (i.e. the fracture surface is perpendicular to the
specimen axis).

Figures 11 and 12 indicate that the fracture surfaces look
flat when the strain rates are 30.93 s~! and 46.75 s~
No local fracture surface (that is formed by secondary
fractures) or obvious shadow area is observed in the
images. When the strain rates increase to 64.14 s~! and
79.65 s~!, the fracture surfaces become rougher and local
granular structures are found. The relative areas of the
fracture surfaces are larger than that at low strain rates
(i.e. 30.93 s~! and 46.75 s™'). As the strain rates further
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FIGURE 12. The microscopic characteristics of the fracture surfaces observed from SEM scanning (with
10-time-magnification). (a) the strain rate is 30.93s~'; (b) the strain rate is 46.75s~'; (c) the strain rate is
64.14s~1; (d) the strain rate is 79.65s~!; (e) the strain rate is 91.13s~!; (f) the strain rate is 108.93 s~1.
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increase 91.13 s~! and 108.93 s~!, the fracture surfaces show
typical three-dimensional structural features and uneven sur-
faces (that are formed by the interaction between several
fractures) are found. The relative areas of the fracture sur-
faces also further enlarge. Therefore, according to the obser-
vation on the structural features of the fracture surfaces,
the roughness of the fracture surfaces increases with the
strain rates. The fracture surface changes from a relatively
flat two-dimensional form to a three-dimensional form, and
its relative area gradually increases.

IV. DISCUSSION

Based on the experimental results in Section 3, with the
increase of the strain rate, the fracture surface of the specimen
after tensile failure shows more obvious three-dimensional
structural features and both the relative area and the rough-
ness of the fracture surface gradually increase. In this section,
the relation between the fracture surface roughness and the
strain rate in the dynamic direct tension test is discussed
through the quantitive representation of the fracture surface
roughness.

A. QUANTITIVE REPRESENTATION OF FRACTURE
SURFACE ROUGHNESS

The fracture surface roughness of the rock is an important
parameter that describes its macroscopic fracture character-
istics. The fracture surface is directly formed by the initia-
tion and propagation of microcracks under external loading
and records the damage evolution of the rock. Based on the
quantitive analysis of fracture surface roughness, the energy
consumption characteristics of the rock in its failure process
can be understood.

1) MEASUREMENT OF THE ROUGHNESS
The high-revolution non-contact three-dimensional scanner
is used to measure the roughness of the fracture surface. The
JR scanner adopts the grating technology with the scan accu-
racy of 0.015 mm. The three-dimensional data at the fracture
surface of the specimen can be obtained in a short time. The
mechanism of the three-dimensional scanner is based on the
unitization of the discontinuity surface. First, the heights of
the 4 corner points in each tiny element are measured and
the coordinates of all the tiny elements at the discontinuity
surface are recorded. To eliminate the influence of the round
boundary of the fracture surface on data processing, the center
square area (15 mm (in length) x 15 mm (in width)) of the
round fracture surface is selected for scanning. The scanning
principle is illustrated in Figure 13.

The unitization results of the fracture surfaces of the spec-
imens under dynamic direct tension at different strain rates
are given in Figure 14.

2) ROUGHNESS COEFFICIENT METHOD

To represent the three-dimensional roughness of the frac-
ture surface, the most representative method was proposed
by EI-Soudani [30] who defined the roughness coefficient
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FIGURE 13. The scanning principle of the roughness of the fracture
surface.

(Equation (9)) as the ratio between the actual area of the
discontinuity surface and its projected area.

A

R =
S= 4

©)

where Rg is the roughness coefficient, A; is the actual area of
the discontinuity surface and A, is the projected area of the
discontinuity surface.

The integration method has been proposed to calcu-
late the actual area of the fracture surface based on the
three-dimensional coordinates [43]. Its procedures are briefed
below.

It is assumed that the coordinate of each point at the actual
fracture surface follows a continuous differentiable function
(z =f (x,y)). The curved surface is divided into infinite parts
(n), and the unit area is defined as dS. Then the area of the
fracture surface can be calculated by Equation (10).

S=//dS (10)
S

Based on the ‘replace curve by straight line’ concept
in calculus, a tangent plane at the fracture surface is
assumed to have the same area (dA) as dS as shown
in Figure 15.

Assuming the existence of the two vectors, du and dv,
Equation (11) is derived and Equation (12) can be deduced
to calculate the actual area of the fracture surface.

L ) 9
dA = |dii x dv| = H—a—zdxdy, —a—zdxdy, dxdyH
x y

=\/1+(%)2+(%)2dxdy (11)
ox dy
3 3 12
A = / {1+[a—z(x,y>]2+[—z<x,y>]2} dxdy (12)
surface X ay
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FIGURE 14. The unitization results of the fracture surfaces of the specimens under dynamic direct tension at different strain rates. (a) the strain rate is
30.93s~'; (b) the strain rate is 46.75s~!; (c) the strain rate is 64.14s~1; (d) the strain rate is 79.65s~; (e) the strain rate is 91.13s~; (f) the strain rate is

108.93 s~ 1.
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FIGURE 15. The schematic diagram of area conversion.

Equation (13) is obtained if the actual area of the fracture
surface is divided into elements:

Ny—1 N1
Zitlj — Zij o —7
At & (AxAy) Z Z \/1 +( i+l l,])2+( ij+1 z,])2
=1 i=1

A A
(13)
where z;; = f (x;, ¥;), Ny — 1 and Ny, — 1 is the number of
intervals used for the slopes calculation.

Considering that Ax equals to Ay in the actual scanning
process, a difference, A, is defined by Equation (14).

Ax=Ay=A (14)
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FIGURE 16. Schematic view of the cubic covering method [49].

Substituting Equation (14) into Equation (13), Equation (13)
is transformed into Equation (15). Finally, the actual area
of the fracture surface and the roughness coefficient can be
calculated by Equations (15) and (9) respectively.

Ny_le—l

Zi+1,j —XZi,j Zij+1 — Zij
A=A Y JH(%)Z + (R as)
j 1

j=1 i=

3) FRACTAL DIMENSION METHOD
Fractal geometry is a discipline proposed by an Ameri-
can mathematician named Mandelbrot in 1970s. Then it
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was introduced by the Chinese Academician Heping Xie
in 1990s to study the morphology of the rock fracture sur-
face. Many previous studies revealed that the fractal dimen-
sion can be used to represent the roughness of a fracture
surface [43]-[48]. The most commonly-used box-covering
algorithm is used in this section to calculate the fractal
dimension of the fracture surface. This algorithm utilizes
three-dimensional cubes (with the size of §) to cover the
irregular element surface as shown in Figure 16. The maxi-
mum difference between the heights of the 4 corner points of
each element ((z; j), (zi+1,), (Zi+1,j+1) and (z; j+1)) determines
the number of the cubes (NV;;) used to cover this element
(Equation (16)). The number of the cubes required to cover
the whole fracture surface can be calculated by Equation (17).

N,',j
= INT
o l max (z(i,)),z(i+1, j),z(@+1, j+1),z(i,j+1)) 1
§ | —min (z(i,)),z(i+1, j),z(i+1, j+1),z(i,j+ 1))
(16)

=Y N (17)

where INT is the rounding function.

Different values of N(8) can be derived if the size magni-
tude, §, is change. Hence the relation between N(§) and § is
given in Equation (18):

Ny ~ §P (18)

where D is the fractal dimension of the fracture surface.

Based on the box-covering algorithm, Zhang et al. [50]
proposed an improved cubic covering algorithm in which
the initial position of the cube covering changes from the
height of the lowest corner point to a general height. This
is to avoid the complexity and miscalculation of a rough
surface due to the variation of the initial position of the cube
covering. Hence the roughness of the fracture surface can
be more realistically reflected. The improved cubic covering
algorithm is given in Equation (19), which is also the final
calculation method of the fractal dimension.

1
N;j=INT {E [max (z(i, j), zG+ 1,/), zG + 1,j+ 1),

(i, j+ 1) + 1] } 19)

B. ANALYSIS OF FRACTURE SURFACE ROUGHNESS

The roughness coefficients and the fractal dimensions of the
fracture surfaces of the sandstone specimens under direct
tension at different strain rates are provided in Table 2. The
roughness coefficient and the fractal dimension of a fracture
surface in Table 2 are the average results from the upper
surface and the lower surface. The influence of the strain
rate on the roughness coefficient and the fractal dimension
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TABLE 2. Parameters reflecting the roughness of the fracture surfaces of
the sandstone specimens.

Strain rate (s™) or (MPa) Average of Rg Average of D
30.93 6.59 1.19125 2.04303
46.75 8.06 1.19243 2.04720
64.14 10.90 1.20526 2.04834
79.65 11.55 1.21098 2.04965
91.13 12.92 1.21393 2.05143
108.93 14.85 1.22416 2.05612
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FIGURE 17. The influence of the strain rate on the roughness coefficient
and the fractal dimension.

is illustrated in Figure 17. Both the roughness coefficient
and the fractal dimension increase with the strain rate with
a similar tendency, which shows the reliability of these two
indicators on reflecting and quantifying the roughness of
the fracture surface. Though the roughness coefficient and
the fractal dimension of the specimen at the strain rate
of 46.75 s~ exhibit a quite difference, the tendency of the
fracture surface roughness reflected by these two methods
remains unchanged. Hence the experimental errors are deems
to be within an acceptable range. The results show that
the fracture surface roughness of the rock material under
dynamic direct tension is notably sensitive to the strain
rate. This conclusion has been rarely reported in previous
studies.

Tensile strength is the maximum tensile stress the frac-
ture surface can sustain in the fracture process, and frac-
ture surface roughness is a direct impression of the fracture
process. These two factors are closely related to each other.
Therefore, the quantitive relation between tensile strength and
fracture surface roughness needs to be further investigated.
Figure 18 suggests that both the roughness coefficient and the
fractal dimension, which reflect the roughness of the fracture
surface, increase with tensile strength. The reason is that the
brittle rock has a more complicated fracture propagation path
in the fracture process (i.e. higher fracture surface roughness)
if more energy is required for its dynamic direct tensile
failure.
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FIGURE 18. The influence of the tensile strength on the roughness
coefficient and the fractal dimension.

C. RELATION BETWEEN ENERGY CONSUMPTION AND
FRACTURE SURFACE ROUGHNESS OF SANDSTONE
SPECIMENS IN FRACTURE PROCESSES

The energy consumption of the specimen (E) in its dynamic
direct tensile failure process mainly includes two parts: the
initiation energy of microcrack (E;) and propagation energy
of microcrack (Eg). Previous studies suggested that the
energy consumption in the fracture process can be calculated
by Equation (20) [51]-[53]:

E=E+E =E+y-A+v v (20)

where y is fracture surface energy, y, is the average energy
consumed for the plastic deformation per unit volume and v
is the volume of the region sustaining plastic deformation.
The fracture energy is mainly used for the consumption of
the original cracks propagation, and dynamic direct tensile
failure process has few influence on the initiation energy
of the cracks, so the initiation energy of microcrack can be
considered as a constant [51]. During dynamic direct tensile
failure process, the strain mainly occurs fracture surface of
rock specimen, the plastic deformation in the rest part is
tiny except fracture surface location [54]. Hence it is thought
that the volume of the region sustaining plastic deformation
in the direct tensile failure process is negligible. Therefore,
Equation (20) can be transformed into Equation (21):

E=C+y A 1)

where C is a constant.
Substituting Equation (9) into Equation (21), Equation (22
can be derived:

E=C+y-Rs-A, (22)

where A, is the projected area of the fracture surface.
Therefore, Equation (22) indicates that more energy is con-
sumed as the fracture surface roughness increases. This also
suggests that the fracture surface becomes more complex with
the increase of the direct tensile strength. Some assumptions
are adopted in the above deduction, and the linear relation
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between the energy consumption and the fracture surface
roughness in Equation (22) needs to be further validated by
more laboratory experiments.

It should be noted that the energy consumption (E) in
the above calculation is the energy consumed in the fracture
process rather than the overall energy input for the tensile
failure of the specimen derived from the incident signals (g;),
the reflected signals (¢;) and the transmission signals () in
the SHTB experiment since the latter also includes the energy
released in the post-failure stage.

V. CONCLUSION

The SHTB system is used in this paper to conduct dynamic
direct tensile experiments on sandstone. The roughness of the
fracture surface is measured, and the mechanical characteris-
tics and the fracture mechanism of the sandstone specimens
under direct tension at different strain rates are studied. The
following conclusions are made based on the experimental
results.

(1) The installation of the specimen in the dynamic direct
tension test is realized by adhesives and specimen reinforce-
ment. The stress-strain curve of the specimen under dynamic
direct tension is derived, which includes the elastic defor-
mation stage, the microcrack initiation stage, the microcrack
propagation stage and the unloading stage.

(2) The macroscopic mechanical properties of the speci-
men under direct tension are notably sensitive to the strain
rate. The tensile strength, the tensile modulus and the peak
strain of the specimen increase almost linearly with the strain
rate. When the strain rate increases by 252 %, the tensile
strength, the tensile modulus and the peak strain increase
by 125 %, 37 % and 98% respectively. Based on the obser-
vation on the microscopic structural features of the frac-
ture surfaces, it is found that the fracture surface roughness
increases with the strain rate. The fracture surface of the
specimen changes from a relatively flat two-dimensional state
to a three-dimensional state, and its relative area gradually
increases.

(3) The roughness of the fracture surfaces at different strain
rates is reflected by the roughness coefficient and the fractal
dimension. The reliability of these two factors on the quanti-
tive evaluation of the fracture surface roughness is validated.
It is found that the fracture surface roughness of the specimen
under dynamic direct tension is significantly sensitive to the
strain rate. From the aspect of energy consumption, it is
manifested that both the energy consumed in the fracture
process and the dynamic direct tensile strength enhance with
the fracture surface roughness.
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