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ABSTRACT

This paper experimentally investigates the fracture process of sandstone specimen containing a pre-cut hole
under coupled static and dynamic loads. A new experimental system was developed, consisting of a newly de-
signed static loading device, an improved split Hopkinson pressure bar and a high speed video camera. Tests
on sandstone specimens under combined loading indicate that static loading significantly affects the initiation
of surface cracks, as well as the shape and size of the failure zone. Only under dynamic loading, the locations of
surface crack initiation are randomly distributed, and specimens eventually form craters with circular openings.
After the application of additional lateral static loads, surface cracks parallel to the static load start to appear in the
specimen centers. These crater openings are elliptical in shape with a long ellipse axis that coincides with the di-
rection of static loading. In addition, the crater volume increases under greater static and dynamic loads, and both
static and dynamic loads promote rock failure, which is relevant for understanding deep underground engineer-
ing efforts. Finally, the mechanism by which static loads influence the impact damage of a rock under the exper-
imental conditions is discussed. The results show that the combined effects of stress concentration around the
pre-cut hole and far-field strain generated by static loading promote rock impact damage, which helps to explain

the experimentally observed phenomena.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, more and more geological engineering projects, such
as mining, hydropower plants, and transport tunnels, have been con-
structed at increasing depth. High in situ stress is an important charac-
teristic of deep geological bodies (Adams and Jager, 1980; Jiang et al.,
2013; Yan et al., 2015). During excavation, the deep rock mass is sub-
jected to the combined effects of in situ stress and dynamic loading
(Rajmeny et al., 2002; Saiang, 2010; Saharan and Mitri, 2011; Lu et al.,
2012), the in situ stress is an important factor influencing the excava-
tion of such rock masses. Studies of rock failure processes and mecha-
nisms under combined static and dynamic loading are of significance
to excavation design in deep geological engineering.

The influence of static stress on the dynamic mechanical properties
of rocks, such as dynamic compressive strength (Li et al., 2008), dynam-
ic fatigue damage (Liu and He, 2012), dynamic fracture toughness (Yin
et al,, 2014), and dynamic tensile strength (Zhou et al., 2014), has been
established by several experimental studies. Some researchers (Donze
et al, 1997; Ma and An, 2008; Bai et al., 2013; Yilmaz and Unlu, 2013)
numerically investigated the effect of static stress on blasting, and
found that the main direction of crack propagation was consistent
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with the maximum principal stress direction. Furthermore, extensive
experiments have been performed to determine the effect of static
stress on crack propagation during blasting. For example, Kutter and
Fairhurst (1971) conducted dynamic tests on glass, slate, and marble
with an additional uniaxial static stress, which demonstrated that the
static stress could either suppress or promote crack propagation. Xiao
et al. (1996) found that the static stress field changed the propagation
behavior of the blasting wave. Jung et al. (2001) carried out blasting ex-
periments using plates and blocks, and found that the static stress in the
area around the borehole had the effect of creating and lengthening
cracks. Yang et al. (2013) found that the total length of blast-induced
cracks decreased under confining pressure through a caustics experi-
ment. An additional study on water-pressure blasting showed that stat-
ic stress fields affected the blasting crack range (Huang and Li, 2015). As
for experimental studies on rock excavation under in situ stress, previ-
ous researchers mainly focused on qualitative analysis of the final failure
shape of specimen. No experiments have been done to investigate the
whole process of fracturing from crack initiation to rock failure under
combined static and dynamic loading, and few studies have been car-
ried out to quantitatively investigate the scope of failure for rock
under coupled loads.

In this study, we present an experimental approach to investigate
the evolution process of rock cracking under combined loading. In addi-
tion, variations of the parameters of rock failure, including the length of
the long axis, the perimeter and the volume, under coupled loads have
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Table 1
Particle size distribution.

Particle size (mm) 0.032-0.063 0.063-0.125 0.125-0.25 0.25-0.5 0.5-1
Percentage (%) 10 49.5 32 8 0.5

been investigated in detail. Furthermore, the influence mechanism by
which static loads affect impact failure in rock was investigated.

2. Test specimens and loading system
2.1. Test specimens

The rock material for this experiment was obtained from Rizhao City,
Shandong Province, China. Through mineral identification and analysis
of mineral characteristics, the rock was identified as a lithic feldspar
sandstone. The sandstone was light gray-green in color. Table 1 shows
the particle size distribution of the sandstone. The composition of the
sandstone is shown in Table 2.

Fig. 1 shows a stress-strain curve for a sandstone specimen 50 mm in
diameter and 100 mm in height. The sample properties are: density =
2571 kg/m?, wave velocity = 4190 m/s, uniaxial compressive strength
=102.1 MPa, Young's Modulus =36.18 GPa, and Poisson's ratio = 0.22.

The sandstones were processed into samples with dimensions of
100 x 100 x 50 mm (Fig. 2). The two end faces that bear the static
loads were carefully abraded, and their parallelism was not less than
0.02 mm. A flat-bottomed hole of 8 mm in diameter and 45 mm in
depth was drilled along the vertical direction for the application of im-
pact loads.

2.2. Testing system and procedures

Fig. 3 shows a schematic diagram of the testing system, which main-
ly consists of the static loading device, the modified split Hopkinson
pressure bar (SHPB) apparatus, the waveform signal acquisition system,
and the high speed video camera.

The static loading device comprises a rigid frame, rigid indenters, a
flat hydraulic jack, and a hydraulic pump with a pressure gauge (Fig.
4). The hydraulic pump was calibrated using a universal testing ma-
chine to ensure the accuracy of the static load applied to the rock. The
pressure was adjustable from 0 to 70 MPa.

A 37-mm-diameter SHPB system, composed of a striker, an incident
bar, and a variable cross-section punch, was used to provide dynamic
loading. A strain gauge was mounted on the surface of the incident
bar to record strain histories. A braking unit was placed between the
variable cross-section punch and the specimen in order to move the
punch forward by 20 mm. This ensured that the punch would break
through the specimen.

The wave-signal processing unit comprises a SDY2107B super dy-
namic strain gauge, a TDS3104B oscilloscope (Tektronix), and a laptop
with wave-signal processing software.

High speed cameras are commonly used to observe the crack prop-
agation process of specimens (Zhou et al., 2014; Zou and Wong, 2014;
Zou et al., 2016). The camera Kirana produced by Specialized Imaging
Limited was used in this study. It maintains full resolution at all speeds
with a shooting speed of up to 5 Mfps and a pixel density of 924

Table 2

Composition of sandstone used in this study.
Feldspar (%) 75
Lithic (%) 10
Quartz (%) 4
Magnetite (%) 1
Argillaceous cement (%) 10
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Fig. 1. Stress-strain curve of sandstone.

(W) x 768 (H) per image. The camera was placed behind the sample.
A piece of organic glass was fixed between the camera and the rock
sample to protect the camera.

During the test, the desired lateral static load was first applied to the
specimen. Afterward, the striker of the SHPB system was launched and
impacted the incident bar so that an incident wave was generated that
imposed a dynamic load on the specimen. At the same time, a short-cir-
cuit signal was formed in order to trigger the camera and the flash. The
high speed camera captured video at a rate of 500,000 fps with a delay
time set to 460 ps. The impact velocity was calculated from the incident-
wave signal monitored by the strain gauge. It could be adjusted by
changing the position of the striker and the air pressure in the pressure
vessel.

3. Experimental results

The static loading was set at 0, 5, 10, 15, 20, 25, and 30 MPa, respec-
tively, and the impact velocity was 2 m/s, 5 m/s, and 8 m/s, respectively.
Three specimens were selected for each set of loading tests, the results
of which are shown in Figs. 5-10.

3.1. Crack initiation and propagation process

3.1.1. Effects of dynamic loads on crack propagation

Fig. 5(a) illustrates the surface crack propagation process in a speci-
men with an impact velocity of 5 m/s without static loading. A surface
crack propagated from the upper left side of specimen at approximately
596 ps and elongated into an arc shape. Eventually, cracks coalesced at
the right side of the specimen at approximately 716 pis to form a roughly
round damage area. Fig. 5(b) shows the crack propagation process with
an impact velocity of 8 m/s without static loading. Here, three surface
cracks started to develop from the central region of the specimen at ap-
proximately 526 ps, and eventually coalesced to form larger cracks
spanning a wider area at 636 ps.

3.1.2. Effect of static loads on crack propagation

Fig. 6(a) illustrates the crack propagation process for an impact ve-
locity of 5 m/s and a static load of 5 MPa. It can be observed that two pri-
mary cracks oriented parallel to the direction of the static load nucleated
at a central location of the specimen at approximately 570 ps and later
elongated in the left and right directions. Cracks aligned perpendicularly
to the direction of the static stress appeared at approximately 650 ps
and later joined the two horizontal cracks, forming a substantial ellipti-
cal damage area. When the impact velocity is maintained at 5 m/s and
the static stress is increased to 15 MPa, it can also be observed that
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