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Abstract

Rocks in the deep underground are likely subjected to both hydrostatic confining pressure and dynamic compression—shear
load. Thus, accurately characterizing the dynamic properties and failure mechanism of hydrostatically confined rocks under
combined compression—shear impacting is crucial for the stability assessment of deep underground rock structures. In this
study, on the basis of an improved split Hopkinson pressure bar (SHPB) apparatus, the combined dynamic compression—shear
tests are performed on inclined cylindrical sandstone specimens with hydrostatic confining pressures. During the test, the
dynamic force balance of rock specimens can be well satisfied using the pulse shaping technique. Our results show that the
hydrostatic confining pressure and dynamic loading rate help strengthen the load-carrying capacity of rocks. In contrast, the
shear component in the dynamic load limits the dynamic peak stress of rocks. As hydrostatic confining pressure increases,
the failure surface based on the Drucker—Prager criterion gradually expands outward. Under dynamic loading, the compres-
sive deformation modulus of rocks decreases with increasing shear component in the dynamic load, contrary to its response
to hydrostatic confining pressure. Fragmentation analysis indicates that the hydrostatic confining pressure and the shear
component of dynamic loading restrict the fracture behavior of rocks. Besides, as the specimen inclination angle and the
hydrostatic confining pressure increase, the failure pattern of rock specimens changes from the tensile-dominated failure
with a truncated conical surface to the shear-dominated failure with a single shear plane along its short diagonal.

Keywords Hydrostatic confinement - Dynamic compression—shear load - SHPB - Rate dependence - Drucker—Prager
criterion

1 Introduction

Since the gradually exhausted shallow resources are insuf-
ficient to meet the rapidly growing demand for energy and
spaces, many engineering projects are extended to deep
underground (Wagner 2019; Xie et al. 2019). Hundreds of
rock engineering in South Africa, Canada, China, and other
countries are deepening to underground more than 1000 m.
Rocks in such environments are commonly subjected to in-
situ hydrostatic confinement and dynamic disturbance simul-
taneously. The static in-situ stress arises from the gravity
stress and tectonic stress, and the dynamic load commonly
originates from the drilling, blasting, or earthquakes (Du
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et al. 2016; Duan et al. 2019; Hokka et al. 2016; Martin
et al. 2013). Moreover, the arbitrary locations of dynamic
resources and unpredictable structural surfaces in the
rock masses complicate the dynamic loading paths on the
highly pressurized rocks, resulting in a combined compres-
sion—shear dynamic load. The dynamic responses and fail-
ure mechanism of hydrostatically pressurized rocks under
combined compression—shear impacting is of considerable
significance to the structural integrity and stability in deep
underground rock engineering.

Numerous efforts (Frew et al. 2001; Perkins et al. 1970;
Xia et al. 2008; Zhang and Zhao 2014) have been made to
investigate the effect of pure dynamic load on mechanical
properties of rock using the split Hopkinson pressure bar
(SHPB) (Hopkinson 1914; Kolsky 1949), and they reported
that the dynamic mechanical responses of rocks were highly
loading rate dependent. However, in the underground, rocks
suffer from the static in-situ stress before the dynamic dis-
turbance, leading to a coupled static and dynamic stress
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state (Li et al. 2008, 2017). Few investigations have paid
attention to the coupled static—dynamic loading effect on the
rock properties. Li et al. (2008) investigated the mechani-
cal responses of rock under one-dimensional coupled load,
and they found that the dynamic mechanical properties and
failure modes of rock under coupled static—dynamic loading
conditions were quite different from those subjected to static
or dynamic load solely. In recent years, some researchers
(Bailly et al. 2011; Du et al. 2018; Frew et al. 2010; Gong
et al. 2019; Hokka et al. 2016) studied the effect of three-
dimensional coupled static—dynamic load on rock proper-
ties, and their results indicated that the radial confining
pressure significantly enhanced the load-carrying capacity
of rocks. In particular, the hydrostatic confining pressure
is likely encountered at the depth below 1000 m (Wagner
2019; Xie et al. 2019). Thus, accurately characterizing the
dynamic responses and failure mechanism of hydrostatically
pressurized rocks is of great concern for deep underground
engineering excavations.

In practical underground engineering, rocks are generally
loaded with a complex loading path rather than a single com-
pression or shear load, and the combined compression—shear
load is commonly encountered due to the arbitrary location
of dynamic loading sources and structural surfaces in rock
masses. Pillars in underground engineering have more or less
an inclination angle with the vertical direction, leading to a
combined compression—shear load. Foroughi and Vutukuri
(1997) realized that the shear component complicated the
stability evaluation of pillars. Suorineni et al. (2011, 2014)
further reported that the compressive load-carrying capacity
of rock decreased with the increasing inclination angle. The
shear component in the load also has a significant influence
on the fracture behavior of rocks (Duan et al. 2019; Li et al.
2019; Zhao et al. 2018). In dynamic rock experiments, the
combined compression—shear loading is commonly achieved
via two methods, i.e., modifying the SHPB testing appa-
ratus or employing specially designed specimens. For the
first method, the specific SHPB apparatus has been modified
in previous attempts, including using an incident bar with
a wedge-shaped end and two transmitted bars (Zhao et al.
2012) or adding cushions with designed beveled surfaces
at the close-to-specimen ends of the incident and transmit-
ted bars (Hou et al. 2011, 2019; Xu et al. 2015; Zhao et al.
2011). For the second method, the inclined specimens were
used to achieve dynamic compression—shear loading (Du
et al. 2020a; Nie et al. 2007; Sun et al. 2009; Xu et al. 2020;
Xu and Dai 2018). In these studies, the loading rate sensitiv-
ity and loading path dependency of dynamic response have
been systematically investigated, in terms of the compres-
sive and shear dynamic peak stresses, deformation modulus,
and even the failure processes of specimens. In our previ-
ous work (Du et al. 2020a), we conducted experimental and
numerical SHPB tests only on the inclined specimens with
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an inclination angle of 5°. It mainly focused on the influ-
ence of hydrostatic confinement on the mechanical response
and failure mechanism of this particular sample geometry
(5°). The dynamic load-carrying ability and the deformation
property of 5° specimens were investigated experimentally,
and corresponding numerical simulations were performed
to reveal the progressive failure of the specimen. However,
the influences of different shear/compression ratios on the
tests have not been revealed. Moreover, the failure criterion
of hydrostatically confined rocks under various combined
compression—shear impacting conditions has not been stud-
ied yet.

In this paper, hydrostatic confining pressures are inte-
grated with various combined compression—shear impacting
conditions by introducing different inclined cylindrical rock
specimens into the SHPB apparatus modified with axial and
radial confining systems. To further investigate the dynamic
mechanical response and failure mechanism of rock under
combined compression—shear impacting, a series of tests are
carried out on sandstone specimens with different inclina-
tion angles under hydrostatic confinements of 7, 14, 21, and
28 MPa. The comprehensive effects of the shear/compres-
sion ratio (related to the specimen inclination angle), hydro-
static confining pressure, and dynamic loading rate on the
dynamic peak stress, deformation modulus, and fragmenta-
tion and failure patterns of rock are systematically analyzed.
Moreover, under different hydrostatic confining pressures,
the failure criterion of rocks subjected to compression—shear
impacting is explored.

2 Experimental Procedures
2.1 Testing Apparatus

The compression—shear impacting experiments on hydro-
statically pressurized rock specimens are conducted on an
improved SHPB apparatus, as shown in Fig. 1. This appa-
ratus comprises three bars, an axial pre-compression stress
inducer, a radial confining pressure inducer, and a data
monitoring unit. The three elastic bars (i.e., striker, incident
bar, and transmitted bar) are 50 mm in diameter and 0.3 m,
3 m, and 2 m in length, respectively, which are made of
ultrahigh strength steel with density and elastic modulus of
7800 kg/m> and 221 GPa, respectively. By referring to the
suggestions for SHPB compression tests on brittle material
by Frew et al. (2002) and Dai et al. (2010), a thin copper disc
is placed at the free end of the incident bar acting as a pulse
shaper to generate a ramped shape incident pulse, which
facilitates the dynamic stress balance of specimens during
the dynamic loading process.

The axial confining system consists of three main parts:
(1) a cylindrical chamber located at the far end of the
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Fig. 1 Split Hopkinson pressure bar (SHPB) apparatus modified with axial and radial confining systems (Du et al. 2020a)

transmitted bar to supply the axial compressive load, (2) a
rigid reaction plate with a flange, placed at the impacting
end of the incident bar to restrict its leftward movement, and
(3) four tie rods connecting the axial confining chamber and
the reaction plate to minimize the potential bending moment
induced by the axial pre-load. As for the lateral confining
pressure system, it is composed of a larger hydraulic vessel
with two seal end caps for installing the specimen and two
valves mounted on the bottom and top positions of the ves-
sel, respectively. The hydraulic oil gets into the cell through
the inlet valve at the bottom, and the gas escapes from the
outlet valve at the top. It is worth noting that the radial
confining chamber is fabricated to own a large cubage to
minimize the variation of confining pressure during dynamic
loading, and the actual confinement at any instant is detected
by a high-frequency pressure detector mounted on the top
position of the vessel (Fig. 1).

Before applying the axial and radial confining pressures,
the rock specimen should be well sealed to prevent hydrau-
lic oils from permeating the pores of the specimen and the

bar—specimen interfaces. As shown in Fig. 2, the specimen
sealing process contains the following six steps: (1) the ends
of the incident and transmitted bars near the specimen are
both circled with three rubber bands; (2) the specimen is
sandwiched between the incident and transmitted bars; (3)
a heat shrink polymer tube is heated to cling on the surfaces
of rubber bands and specimen; (4) the hose clamps at the
superficial positions of rubber bands are frapped to ensure
good contact between the bar and the heat shrink tubes; (5)
the hot-melt adhesive is smeared evenly on the two ends of
heat shrink tube to prevent the pressurized hydraulic oil from
permeating the interface between heat shrink tube and bars;
and (6) the strainer coating is employed to finish the sealing
process for collecting the fragments of rock specimens once
the sealing system is punctured.

2.2 Data Processing

Once the specimen is well sealed, the axial and radial con-
fining pressures are applied to the specified levels via a
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Fig.2 Sealing process of a
hydrostatically confined speci-
men in the dynamic compres-
sion—shear test

hydraulic pressure supply system with an operating pressure
of 40 MPa. The compressed air is then released to drive the
striker to impact on the pulse shaper prior to the incident
bar, generating a shaped stress pulse. Two groups of strain
gauges mounted in the middle positions of the incident bar
and transmitted bars are utilized to monitor the strain sig-
nals, including the incident strain (g;), reflected strain (g,),
and transmitted strain (g,). The force applied on the incident
end of the specimen (P,) can be represented by the superpo-
sition of incident and reflected pulses, while the force acting
on the transmitted end of the specimen (P,) can be derived
from the transmitted pulse:

P =A,E, (¢ +€,),P,=AEE, (1)

where A, and E,, are the cross-sectional area and elastic mod-
ulus of the bar, respectively. According to Li et al. (2008),
the stress wave propagation in the axial pre-stressed bars is
unaffected by the pre-load. The forces acting on the inci-
dent and transmitted ends of specimens can be deduced from
the incident, transmitted, and reflected strain signals using
Eq. (1). However, with further consultation with Chen et al.
(2018), an additional stress wave (detachment wave) with the
magnitude of o, is generated after the incident pulse. If the
detachment wave arrives at the strain gauge after the end of
the reflected pulse, the equation mentioned above could be
directly employed in our hydrostatic confining SHPB tests.
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Thus, the following prerequisite should be satisfied before
the dynamic force equilibrium check:

o < pvoLyC >

e L, -L) @
where p stands for the striker density, v, and C are the mov-
ing velocity and longitudinal wave velocity of striker, L,
and L, represent the lengths of striker and incident bar, and
L, denotes the distance between the strain gauge on the
incident bar and the reaction plate. In our experiments, the
striker moves faster than 9 m/s, and the corresponding o,
is 36.5 MPa. This threshold is satisfied in our tests, and thus
dynamic force equilibrium can also be depicted by the con-
ventional equation (Eq. 1). If the force equilibrium (P, = P,)
is satisfied, the dynamic deviatoric compressive stress (o4y,)
and strain (g4y,) can be expressed as follows:

t
Eqyn() = _ZTC/O g,dt

n= ﬁE (e,—€..)
O-dyn _AO b\<t pre

) 3

where A, is the contact area between the specimen and
bars, and €, is the strain caused by the pre-stress. Since the
hydrostatic confining pressure cannot cause shear stress or
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shear strain, the average shear stress (z) on the bars—speci-
men interface can be calculated from the dynamic deviatoric
compressive stress only:

T(t) = adyn(t) tan 6. 4)

Considering the triaxial stress state of the specimen in
our tests, the Drucker—Prager criterion (Drucker and Prager.
1952) is utilized hereafter to describe the failure mechanism
of rocks with hydrostatic confining pressure in combined
compression—shear impacting tests. This criterion has been
widely employed to investigate the pressure-related fail-
ure behavior of rocks in recent years (Rahimi and Nygaard
2015; Xu et al. 2015; Xu and Dai 2018). The criterion can
be expressed as:

VT = al, +k, 5)

where /, and J, are the first invariant of stress tensor and the
second invariant of the deviatoric stress tensor, respectively;
a and k are material constants related to the confining pres-
sure and stress state. In the present study,l; = o4y, + 30,
J, = %aﬁyn + 72, and thus the D-P criterion in the ¢ — 7

plane can be interpreted as

+k. ©6)

pre )

1
go'gyn +72 = a(o’dyn + 30

Due to the existence of the shear component in the
dynamic load, it is inappropriate to determine the loading

rate from the compressive load solely. Considering the
dynamic equivalent stress (o, = 4 /agyn + 372) is deduced

from the dynamic deviatoric compressive stress and the
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dynamic shear stress, it has been introduced as a character-
istic variable in the compression—shear impacting tests (Nie
et al. 2007). As shown in Fig. 3, the slope of the linear por-
tion of dynamic equivalent stress evolution before peak
stress is defined as the dynamic equivalent stress rate (6,),
which is employed here to characterize the loading rate in
dynamic compression—shear tests.

2.3 Specimen Preparation

The sandstone in this study is taken from the Neijiang city,
Sichuan province, China. To determine its nominal mineral
composition and texture, a thin section is sliced and polished
for the petrographic study under the plane-polarized light
and cross-polarized light (Fig. 4). This sandstone is com-
posed of 43% feldspar, 35% quartz, 20% rock fragments, and
2% clay minerals in volumetric fraction. The mineral grain
sizes are in the range of 0.2-0.3 mm. According to Green-
smith (1983), this rock material is classified as fine-grained
feldspathic sandstone with pore cementation.

By referring to the ISRM-suggested method for dynamic
compression tests (Zhou et al. 2012), the specimens are
designed to have the length (L) of 38 mm and the diameter
(D) of 38 mm (i.e., a slenderness ratio of 1:1). The core axles
of the specimens are inclined to the loading direction, form-
ing inclination angles (6). Two ends of the specimen are pol-
ished with specific cutters (Xu and Dai 2018) to achieve two
parallel end surfaces. The tolerances of planeness and paral-
lelism are restricted to be smaller than 0.05 mm and 0.15°,
respectively. In total more than 70 specimens are prepared for
this study (Fig. 4). The average longitudinal wave velocity
and density of the specimen are 1850 m/s and 2320 kg/m?,
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Fig.3 Equivalent stress evolution of a a 3° specimen with hydrostatic confinement of 7 MPa at the dynamic equivalent stress rate of 2343 GPa/s
and b a 7° specimen with hydrostatic confinement of 21 MPa at the dynamic equivalent stress rate of 3017 GPa/s
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Fig.4 Prepared sandstone specimens with inclination angles of a 3° and b 7°; and the polarized light petrographic micro-images of Neijiang

sandstone: ¢ plane-polarized light, and d cross-polarized light

respectively. Some basic mechanical information of the sand-
stone is obtained from static tests conducted on the MTS-815
rock testing system at Sichuan University. The compressive
and tensile strengths of the sandstone are 70 MPa and 5.4 MPa,
respectively. The elastic modulus and Poisson’s ratio are 8§ GPa
and 0.23, respectively.
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3 Results and Discussion

In this section, the comprehensive effects of shear/com-
pression ratio (related to the specimen inclination angle),
hydrostatic confinement, and dynamic loading rate on the
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mechanical response and failure mechanism of rocks are
revealed and discussed. For further comparison and dis-
cussion, the dynamic peak stress and the dynamic com-
pressive modulus of 0° and 5° specimens from previous
studies (Du et al. 2020a, b) are cited here to better and
more systematically elucidate the influences of shear/
compression ratios on dynamic mechanical properties
of hydrostatically pressurized rocks. With the citation to
those data, the failure criterion of hydrostatically pressur-
ized rocks under compression—shear impacting can also
be assessed more deeply and accurately. Furthermore, the
fragmentation and inner failure modes of inclined cylin-
drical rock specimens under different hydrostatic confine-
ments are presented, which have not been reported in pre-
vious studies.

3.1 Dynamic Stress Balance

In this study, a thin copper disc with a 15 mm diameter and
3 mm thickness is employed to act as the pulse shaper. The
shaping technique reduces the rising slope and eliminates
the high-frequency oscillation of stress waves, forming a
half-sine incident pulse to facilitate the stress balance of the
specimen during the dynamic loading. Figure 5 shows the
dynamic stress balance check for two typical tests on the
hydrostatically pressurized rock specimens with inclination
angles 3° and 7°. The three letters (I, R, and T) in the two
figures denote the incident, reflected, and transmitted waves,
respectively, and the superposition of incident and reflected
waves is represented by [+R. As shown in the figures, the
incident waves are almost in half-sine shape, indicating that
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Fig.5 Dynamic force equilibrium check for typical tests: a 3° rock
specimen with the hydrostatic confinement of 7 MPa and the dynamic
equivalent stress rate of 2811 GPa/s, and the striker velocity is

the copper disc pulse shaper works well. The reflected waves
initiate from zero, while the others start from the pre-load
stresses rather than zero. Before the incident wave arrives
at the incident end of the specimen, both the incident and
transmitted stresses of the specimen are equal to the pre-load
stress, indicating that the pre-load systems are reliable for
applying triaxial confining pressure. As the incident wave
loads on the specimen, part of it reflects back to the incident
bar and produces the tensile reflected wave; the remainder
propagates through the specimen to the far end of the trans-
mitted bar, forming the transmitted compressive wave. As
shown in Fig. 5, the stress on the incident specimen end
(I+R) agrees well with that on the transmitted end (T). The
dynamic stress equilibrium of hydrostatically confined rock
specimens under different combined compression—shear
loads is finely satisfied, indicating that the inertial effect is
minimized and the quasi-static data processing method is
valid.

3.2 Dynamic Axial Stress-Strain Curves
and Deformation Properties

The relationship between dynamic axial compressive
stresses and strains of the oblique specimens under dynamic
impacting is obtained on the basis of Eq. (3). Figures 6 and 7
illustrate the dynamic axial compressive stress versus strain
curves of the specimens with inclination angles 3° and 7°
at hydrostatic confining pressures 7, 14, 21, and 28 MPa.
The stress—strain curves can be divided into three portions:
linear increase stage, yielding stage, and post-failure stage.
In the linear stage, the curve rises with a constant slope,

600 g T T

Stress (MPa)

-200 - 5 i

-400 1 .
0 300

Time (ps)

(b)

18.1 m/s; b 7° rock specimen with the hydrostatic confinement of
7 MPa and the dynamic equivalent stress rate of 2582 GPa/s, and the
striker velocity is 17.7 m/s

@ Springer



962

H.Duetal.

100

W

—=— 2052 GPa/s
—e— 2328 GPals
2344 GPa/s

b 2379 GPa/s
—®»— 2811 GPa/s
| —V— 3021 GPa/s

Dynamic compressive stress (MPa)

Strain

(a)

280 . . v T

—m— 2241 GPa/s |
o s —&—2633 GPa/s | |
' 2634 GPa/s
»— 2634 GPa/s
—3—2961 GPa/s |
—x— 2873 GPas

Dynamic compressive stress (MPa)

0.00 0.01 0.02 0.03

Strain

(¢

240 T T

120

—m=— 2065 GPa/s
b —e— 2034 GPa/s
Qi ¥ 2645 GPa/s | |
,, ) 2761 GPa/s
¥ —3— 2811 GPa/s
—v— 2984 GPa/s |

Dynamic compressive stress (MPa)

0.00 0.01 0.02 0.03

210

—=— 2471 GPa/s
—e— 2361 GPa/s
2636 GPa/s

b 3006 GPa/s
—®— 2954 GPa/s
—V— 2812 GPa/s

70

Dynamic compressive stress (MPa)
=
(=]
T

0
0.00 0.01 0.02 0.03

Strain

(d)

Fig.6 Dynamic axial compressive stress—strain curves of the 3° specimens under hydrostatic confinements of a 7 MPa, b 14 MPa, ¢ 21 MPa,

and d 28 MPa

and the dynamic compressive deformation modulus can
be determined. Under different dynamic equivalent stress
rates, these curves seem to have the same slope, suggesting
that the dynamic loading rate has no significant influence on
the axial compressive deformation modulus. In the yield-
ing stage, the stress—strain curve becomes nonlinear and its
slope becomes smaller and smaller. Subsequently, during the
post-failure stage, the load- carrying capacity of the speci-
men decreases gradually instead of dropping rapidly after
the peak, indicating that the ductility of the rock is improved
and the brittleness is weakened due to the compaction effect
of confining pressure.

The slopes of these curves at their linear increase stages
can be employed to characterize the axial deformability of
the oblique sandstone specimens with different hydrostatic
confinements in the combined compression—shear impacting
tests, and the corresponding values under various loading
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conditions are tabulated in Tables 1 and 2. For better visu-
alization, the variation trends of the dynamic compressive
modulus are fitted using linear curves. Figure 8a exhibits the
variation of the dynamic compressive modulus versus the
shear component of dynamic peak stress under confining
pressures of 7, 14, 21, and 28 MPa. It can be seen that the
compressive modulus of hydrostatically pressurized rocks
under combined compression—shear impacting decreases
with the increase of the shear component of dynamic peak
stress. The slope of the fitted curves decreases from —0.24
to —0.48 as the hydrostatic confinement increases from 7 to
28 MPa, indicating that the confining pressure strengthens
the weakening effect of the shear component on the com-
pressive deformation modulus. Figure 8b shows a linear
change trend of the compressive deformation modulus of
the oblique rock specimens with different hydrostatic confin-
ing pressures. For a higher confining pressure, the modulus
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Fig.7 Dynamic axial compressive stress—strain curves of the 7° specimens under hydrostatic confinements of a 7 MPa, b 14 MPa, ¢ 21 MPa,

and d 28 MPa

is much larger due to the compaction effect of confinement.
As the inclination angle increases from 0° to 7°, the average
modulus increments induced by the confinement increasing
from 7 to 28 MPa are 13.65, 11.34, 9.659, and 6.72 GPa in
order, and the rising slope of curves decreases from 0.65 to
0.32 as well. This result suggests that the enhancement effect
of confining pressure on the dynamic compressive modulus
of rock is weakened by the increasing shear component in
dynamic load.

3.3 Dynamic Peak Stresses and Failure Criterion

In this study, the shear component of dynamic peak stress
can be derived from the corresponding axial compo-
nent using Eq. (4). Figures 9 and 10 depict the axial and
shear components of dynamic peak stress varying with the
dynamic equivalent stress rate, respectively, and Fig. 11

demonstrates the variation of the maximum principal peak
stress under different loading conditions. The axial com-
ponent of dynamic peak stress and the maximum principal
peak stress of sandstone highly depend on the loading rate,
compatible with previous studies (Dai et al. 2010; Zhang and
Zhao 2014). The increase in the shear component of dynamic
loading has a minor effect on the loading rate sensitivity. It
can also be seen that the axial component of dynamic peak
stress and the maximum principal peak stress of rocks obvi-
ously decrease as the inclination angle increases. However,
the shear component of dynamic peak stress has the opposite
response to the inclination angle; the rock specimen with
a larger inclination angle has a larger shear component of
dynamic peak stress. Under different hydrostatic confining
pressures, the dependence of maximum principal peak stress
on the inclination angle has no visible differences. While the
hydrostatic confining pressure significantly influences the

@ Springer



964

H.Duetal.

Table 1 Axial and shear components of dynamic peak stress and the compressive modulus of 3° sandstone specimens with hydrostatic confine-

ments of 7, 14, 21, and 28 MPa

Hydrostatic confinement Dynamic equivalent stress

Dynamic compressive

Axial component of dynamic Shear component of

(MPa) rate (GPa/s) modulus (GPa) peak stress (MPa) dynamic peak stress
(MPa)
7 2052 114 149.8 7.8
2328 11.3 160.2 8.4
2343 11.9 157.1 8.2
2378 11.6 159.4 8.4
2600 11.6 167 8.8
2810 10.6 168.7 8.8
3020 13.1 175.8 9.2
14 2065 15.1 181 9.5
2034 14.5 180.9 9.5
2385 14.7 185.2 9.7
2645 14.9 192.6 10.1
2760 14 198 10.4
2810 16.7 201 10.5
2983 16 202.4 10.6
21 1923 17.8 195.1 10.2
2240 19.4 196.6 10.3
2453 19.9 205.3 10.8
2632 18.4 207.3 10.9
2634 20.9 219.7 11.5
2634 16.9 217.8 114
2873 20.3 226.6 11.9
2961 20.4 221.2 11.6
28 2189 22.3 218 114
2360 21.6 222.1 11.6
2471 23.6 228.5 12
2636 22.1 2259 11.83
2811 23.9 239 12.5
2953 24.3 237.2 124
3005 21.3 243.2 12.7

dependence of axial and shear components of dynamic peak
stress on the inclination angle. As the confinement increases
from 7 to 28 MPa, the decrement of the axial component and
the increment of the shear component of dynamic peak stress
increase significantly.

To quantitatively characterize the dynamic failure sur-
faces, the D—P criterion (Eq. 5) and its variant (Eq. 6) are
employed herein to illustrate the relationship between the
axial and shear components of dynamic peak stress of
rocks under different hydrostatic confining pressures. In
Fig. 12, the axial and shear components of dynamic peak
stress corresponding to the confining pressure of 7, 14, 21,
and 28 MPa are plotted in the /|, — \/J_2 plane. The D-P
criterion (Eq. 5) in this plane features a linear relationship;
the material parameters a and k can be determined by the
slope and the intercept of the linearly fitted curves. How-
ever, the fitted parameters derived from only the I, — \/J_2

@ Springer

plane may be inapplicable in the o — = plane (Xu et al.
2015). Thus, the results at different hydrostatic confine-
ments are also sketched in the ¢ — 7 plane, as shown in
Fig. 13. According to Eq. (4), four dashed lines are drawn
to trace the distribution of data points corresponding to
the inclination angles 0°, 3°, 5°, and 7°, respectively, and
their slopes represent the ratios between the shear and
axial components of dynamic loading. By taking the two
planes into consideration, the failure surfaces are fitted
using the optimal fitting approach. As shown in Figs. 12
and 13, the fitted failure surfaces match well with the
data points in the two planes. As the hydrostatic confin-
ing pressure increases from 7 to 28 MPa, the fitted mate-
rial parameters @ and k are 0.5302 and — 2.58382 MPa,
0.5265 and — 11.62681 MPa, 0.5225 and —20.44187 MPa,
0.519 and —29.23865 MPa in order. It can be found that
both « and k show a linearly negative correlation with the
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Table 2 Axial and shear components of dynamic peak stress and the compressive modulus of 7° sandstone specimens with hydrostatic confine-

ments of 7, 14, 21, and 28 MPa

Hydrostatic confinement Dynamic equivalent stress

Dynamic compressive

Axial component of dynamic

Shear component of

(MPa) rate (GPa/s) modulus (GPa) peak stress (MPa) dynamic peak stress
(MPa)
7 1588 10.8 136.4 16.7
1561 11.1 130.9 16.1
1837 10.9 140.3 17.2
1966 9.7 138.7 17
2065 10.3 135.8 16.7
2582 114 148.7 18.3
3201 11.2 155.3 19.1
14 2003 11.8 164.1 20.1
2393 12.6 181.9 223
2425 13 171.9 21.1
2617 114 174.9 21.5
2763 11.8 177.2 21.8
3090 13.8 186.4 229
21 1884 149 183.1 22.5
2226 14.7 185 22.7
2451 149 190.4 234
2526 14.6 194.5 239
2588 149 192.3 23.6
3017 14.3 201 24.7
3194 16.3 209.7 25.7
28 1989 18.2 190 23.3
2539 19 201.3 24.7
2633 174 205.2 25.2
2957 17 210.2 25.8
3271 17.1 2194 26.9
3324 16.7 222 27.3
3523 16 234 28.7
T * T T T Ll T T T T
sila = 07 MPa y=-0.24x+14.69| | 5 m 0° y=0.65x+11.367 |
E * ® 14 MPa y=-0.38x+20.40 = o 3° y=0.54x+7.85
S = 4 21 MPa y=-0.45x+25.29| 1 G5 4 5° y=0.46x+8.191
2 - _" & y=-0.48x+29.46 | ‘g & 7° y=0.32x+8.3
2[4 2" . ]
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Fig.8 Dynamic compressive modulus of the rock specimens with different inclination angles under hydrostatic confining pressure
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Fig.9 Axial component of dynamic peak stress of the rock specimens with different inclination angles under various hydrostatic confining pres-

sures

hydrostatic confining pressure. In the ¢ — 7 plane, the fail-
ure surface gradually expands outward with the increase
of hydrostatic confinement. Figure 13 demonstrates the
effects of hydrostatic confining pressure and specimen
inclination angle on the dynamic peak stress. A sector is
featured by plotting the axial and shear components of
dynamic peak stress of hydrostatically pressurized rocks
into the o — 7 plane, in which the longitude indicates the
shear/compression ratio of the dynamic load, and the lati-
tude represents the failure surface under the same hydro-
static confining pressure.

@ Springer

3.4 Fragmentation and Final Failure Patterns

Because the fragmentation and failure patterns of cylindri-
cal rock specimens have some implications for the potential
failure of underground rock structures (Shen et al. 2017),
manual sieving and a post-mortem examination are per-
formed on the broken rock specimens. The grading curves
of fragments and the failure patterns presented in this sec-
tion clearly demonstrate the effects of hydrostatic confining
pressure and inclination angle on the fracture behavior of
rock specimens. To quantitatively characterize the fragmen-
tation of rock specimens under different confinements after
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Fig. 10 Shear component of dynamic peak stress of the rock specimens with different inclination angles under various hydrostatic confining

pressures

compression—shear impacting, the rock specimens frag-
mented at the dynamic equivalent stress rate of ~2600 GPa/s
are manually sieved with the mesh sizes from 1 to 30 mm.
Figure 14 depicts the cumulative mass fraction curves of the
fragmented sandstone specimens with inclination angles of
3°, 5°, and 7° under hydrostatic confining pressures of 7, 14,
21 and 28 MPa. It can be observed that the fragments of the
inclined specimens are larger for a higher inclination angle,
suggesting that the shear component of dynamic loading
restricts the fracture of hydrostatically confined rocks. Com-
paring the cumulative mass fraction curves of rock speci-
mens with the same inclination angle, one can find that the
rock specimens are fragmented more significantly at lower
hydrostatic confining pressures. The rock fracture behavior

is generally restricted by the confining pressure and the shear
component in the dynamic load.

The hydrostatically pressurized rock specimens under dif-
ferent compression—shear impacting have different failure
patterns, as evidenced by the post-mortem examination of
the recovered specimens. Figure 15 demonstrates the failure
patterns of the rock specimens with inclination angles of 3°,
5°, and 7° under hydrostatic confining pressures of 7, 14,
21, and 28 MPa, respectively. At a low confining pressure,
the angle between the fracture path on the specimen surface
and the loading direction increases as the shear/compres-
sion ratio increases, indicating that the surface failure mode
changes from the tensile-dominated failure to the shear-dom-
inated failure. For the specimens with inclination angles of
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Fig. 11 Variation of the maximum principal peak stress of the rock specimens versus the dynamic equivalent stress rate under different hydro-

static confining pressures

3¢, 5°, and 7°, the inner fracture surfaces are, respectively,
a truncated conical surface, two cambered shear surfaces
with a small inclination, and a single cambered shear sur-
face. At a relatively high confining pressure, as the specimen
inclination angle increases to 5°, the fracture surface of the
specimen under combined compression—shear impacting
changes from two slightly inclined cambered shear surfaces
to a single shear surface along the short diagonal of the
oblique specimen. The shear failure surface of the 7° oblique
specimen is not as cambered as that of the 3° and 5° oblique
specimens but looks more even and regular. It can thus
be concluded that, as the shear/compression ratio and the
hydrostatic confining pressure increase, the failure pattern
of the rock specimen under compression—shear impacting

@ Springer

changes from the tensile-dominated failure with a truncated
conical surface to the shear-dominated failure with a single
shear plane along its short diagonal.

4 Conclusions

In this study, the dynamic tests are conducted on inclined
cylindrical sandstone specimens with hydrostatic confin-
ing pressures to reveal the dynamic compression—shear
responses and failure criterion of hydrostatically pressur-
ized rocks. Our experimental results demonstrate the com-
prehensive effects of the shear/compression ratio, hydro-
static confining pressure and dynamic loading rate on the
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D-P failure criteria in the ¢ — 7 plane

dynamic mechanical responses of rocks, including the axial
and shear components of dynamic peak stress, deformation
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Fig. 14 Cumulative mass fraction curves of the fragmented rock
specimens

behavior, and fragmentation and failure patterns. The main
conclusions are as follows:

1. The dynamic peak stress of rocks shows evident load-
ing path effect and hydrostatic confining dependence,
and the failure surface based on the D-P criterion under
such loading conditions expands outwards gradually as
the hydrostatic confining pressure increases.

2. The compressive deformation modulus of rocks
decreases as the shear component of dynamic loading
increases, utterly contrary to its response to the confin-
ing pressure. The confining pressure enhances the weak-
ening effect of the shear component in dynamic load on
the compressive deformation modulus.

3. Fragmentation analysis indicates that the hydrostatic
confining pressure and the shear component of dynamic
loading restrict the fracture behavior of rocks, and the
hydrostatic confining pressure enhances the restriction
of the shear component on rock fragmentation.

4. As the shear/compression ratio of dynamic load and
the hydrostatic confining pressure increase, the failure
pattern of the rock specimen changes from the tensile-
dominated failure with a truncated conical surface to the
shear-dominated failure with a single shear plane along
its short diagonal.

@ Springer
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Fig. 15 Failure patterns of the specimens with inclination angles of 3°, 5°, and 7° under hydrostatic confining pressures of a 7 MPa, b 14 MPa, ¢

21 MPa, and d 28 MPa
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