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Abstract The failure characteristics of rock subjected to

impact disturbance under one-dimensional static axial

compression are helpful for studying the problems of pillar

instability and rock burst in deep, high geostress sur-

rounding rock under blasting disturbances. Improved split

Hopkinson pressure bar equipment was used for one-di-

mensional dynamic–static combined impact tests of deep-

seated dolomite specimens under axial compression levels

of 0, 12, 24, and 36 MPa. The experimental results

demonstrate that the dolomite specimens exhibit strong

brittleness. The dynamic strength always maintains a

strong positive correlation with the strain rate when the

axial compression is fixed; when the strain rate is close, the

dynamic elasticity modulus and peak strength of the

specimens first increase and then decrease with the increase

in axial compression, and the peak value appears at

24 MPa. The impact resistance of specimens can be

enhanced when the axial compression is 12 or 24 MPa, but

when it increases to 36 MPa, the damage inside the spec-

imen begins to cause damage to the dynamic rock strength.

Prior to the rock macroscopic failure, the axial static load

changes the rock structure state, and it can store strain

energy or cause irreversible damage.

Keywords One-dimensional axial compression �
Dynamic and static combined loading � Rock burst �
Dynamic characteristics � Fragmentation degree

Introduction

Hard rock mining cannot be separated from blasting. While

ensuring effective crushing of the exploded rock mass, it

will inevitably cause disturbances to the structures of deep

pillars and floors, among others. In particular, the instan-

taneous release of energy by tens of tons of explosives in

large-scale ore blasting will inevitably cause a vibration in

the surrounding rock mass and even directly induce rock

explosion in the near-space rock mass under high ground

stress. Figure 1 illustrates the measured waveform of the

blasting vibration of a falling mine in the lion rock mine.

The peak vibration velocity exceeds 6 cm/s. Figure 2

presents the failure diagram of the roadway side following

mine blasting, with large disturbances [1].

The theories and methods for dynamic stability analysis

of rock mass were summarized by Dong et al. [2]. Rock

blasting was divided into strain and impact types by Feng

et al. [3] and Chen et al. [4]. The strain type is rock damage

caused by energy released from the unloading of energy

storage in rock mass during deep engineering excavation,

while the impact type is generated under the dynamic load

disturbance of blasting following the formation of deep

engineering. Records of rock burst phenomena in the mine

indicate that most rock burst phenomena occur after large-

scale ore blasting, and the occurrence frequency tends to
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increase with depth [5]. Based on this understanding, the

dynamic mechanical properties of rocks under static load-

ing and the rock burst mechanism are thoroughly revealed

based on the characteristics of the rock itself, the actual

load model of the deep rock, and the interaction mecha-

nism of the energy storage and disturbance energy of the

rock itself, providing important practical significance for

safe mining in deep mines [6].

The mechanical properties of deep rock masses under

the action of static and impact stresses have been widely

studied [7–15] with the aid of split Hopkinson pressure bar

(SHPB) test equipment and achieved fruitful research

results. The axial static pressure in the rock uniaxial

compressive strength is approximately 60% and provides

the strongest shock resistance. When the axial pressure is

constant, the energy absorption speed is slow if the impact

energy is small, and the energy absorption speed is accel-

erated if the impact energy is large. The sandstone strength

has a positive correlation with the strain rate and exhibits

an exponential function relationship [16]. Within a certain

axial pressure ratio range, the overall absorption and

release energy of the specimen exhibits three processes of

‘‘absorption-release-absorption’’ as the impact load

increases [12, 13]. The authors have also conducted

extensive research on rock impact dynamics with SHPB

equipment, such as ‘‘Impact response tests of layered

medium with SHPB’’ [17], ‘‘Low temperature effect of

saturated granite on dynamic characteristics under high

strain rates’’ [18], and ‘‘Experimental study on dynamic

mechanical properties of red sandstone under low tem-

peratures’’ [19]. However, previous studies mostly used

sandstone or granite with effective homogeneity, while

studies on deep field sampling combined with measured

geostatic pressure loading and axial static pressure need to

be supplemented. For example, in the room–pillar mining

method, the supporting pillar formed in the stope can be

regarded as a structure with only axial pressure but no

confining pressure, and the disturbance law of blasting

mining on the lower stope is related to the stability of the

existing stope. Using SHPB testing equipment, combined

with the deep copper mine ground pressure of lion rock,

we selected 12, 24, and 36 MPa as three horizontal axial

static pressures on dolomite samples to conduct one-di-

mensional dynamic–static combined impact tests and a

conventional uniaxial impact test, and explored the effects

of axial compression on the rock dynamic mechanical

properties in terms of the stress–strain curve, strength of

character, strain rate effect, and destruction form.

One-Dimensional Dynamic–Static Combined
Impact Tests

Sample Preparation

The rock samples were obtained from a large block of

stoped ore in the No. 16 middle section of the Lion Copper

Mine of the Yuxi Mining Industry, located in Yunnan

Province, China, which is over 400 m from the vertical

ground and over 800 m from the top of the mountain. The

international institute of rock mechanics has confirmed that

the SHPB test of rock material provides a relatively

accurate length–diameter ratio between 0.5 and 1.0. The

length–diameter ratio of the test piece used was 1.0, and the

dimension of the cylindrical test piece was 50 9 50 mm.

The sample rock was ore-bearing (copper) blue-gray

dolomite, the end-face non-parallelism and axial non-per-

pendicularity of processing qualified specimens are both

less than 0.02 mm, as shown in Fig. 3, and the basic

physical parameters and static load performance are dis-

played in Table 1.

Experimental System

A shock test was performed on the improved SHPB

equipment, as illustrated in Fig. 4. The bars and punches of

the SHPB device were all made of 40 Cr alloy steel, with a

density of 7800 kg/m3, longitudinal wave velocity of

5400 m/s, bar diameter of 50 mm, and incident and
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Fig. 1 Measured vibration waveform of deep tribal mine

Fig. 2 Failure diagram of roadway side wall blasting
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transmission bar length of 2 m. A spindle-shaped punch

driven by high-pressure nitrogen was used to achieve half

sinusoidal wave loading in the range of a 101–103 s-1

strain rate [20].

Experimental Principle

Based on the one-dimensional elastic wave theory, the

incident, transmission, and reflection pulses measured by

the strain gauge were processed by the three-wave method

[21], and the time stress and strain of the specimen could

be determined, following which the stress and strain rela-

tionship as well as the average strain rate was obtained.

The formulae are as follows:

es ¼
u1

u2

¼ C0

ls

Z t0

0

ðei � er � etÞdt ð1Þ

_es ¼
des

dt
¼ C0

ls
ðei � er � etÞ ð2Þ

rs ¼
P1 þ P2

2As

¼ EA0

2As

ðei þ er þ etÞ; ð3Þ

where rs is the stress; es is the strain; _e is the strain rate; u1

and u2 are the end displacements of the input and output

bars in contact with the specimen, respectively; C0 is the

elastic longitudinal wave velocity in the pressure bar sys-

tem; P1 and P2 are the forces acting on both ends of the

specimen by the input and output bars, respectively; E is

the elastic modulus of the pressure bar system; ls is the

specimen length; As is the cross-sectional area of the

specimen; and A0 is the cross-sectional area of the pressure

bar.

Experimental Scheme

The data from the geopressure study of the Lion Copper

Mine indicate that the maximum geostress direction of the

deep rock mass in this mine is horizontal or close to

horizontal [1]. In general, the maximum horizontal prin-

cipal stress in the middle section No. 15 of stoped ore is

37.7 MPa, the minimum horizontal principal stress is

14.48 MPa, and the vertical principal stress is higher than

10 MPa. The dynamic mechanical properties of dolomite

under the combined action of axial static and impact loads

in one dimension were studied to describe the mechanical

properties of rock subjected to disturbances under the

complex stress environment of the deep mine accurately.

The axial static pressure should be based on 0%, 25%,

50%, and 75% of the static compressive strength, with

values of 0, 12, 24, and 36 MPa selected for the test. Four

samples were obtained for each group, and the pre-ap-

plied axial pressure had to be maintained unchanged prior

to each impact. Vaseline was applied on both ends of the

specimen to ensure that the specimen section fits well

with the bar prior to the test. The initial loading air

pressure was set at 0.4 MPa and then increased by

0.1 MPa each time, and the impact process was recorded

by high-speed photography. The experimental loading

model under the combined action of one-dimensional

static load and impact is illustrated in Fig. 5. PC is the

loading total load, Pas is the preloading static load, and Pd

is the impact dynamic load.

Table 1 Static mechanical parameters of dolomite

Lithology Loading rate (MPa/

s)

Density (kg/

m3)

Wave velocity (m/

s)

Compressive strength

(MPa)

Deformation modulus

(GPa)

Poisson’s

ratio

Dolomite 0.5 2828 3918 47.24 20.41 0.26

Fig. 3 Processing qualified dolomite specimen

Fig. 4 Schematic of one-dimensional static and dynamic combined SHPB device
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Analysis and Discussion of Experimental Results

Effect of Strain Rate on Stress–Strain

Characteristics

Figure 6 illustrates the dynamic impact r� e curve of the

dolomite specimens under the conditions of 0, 12, 24, and

36 MPa static axial pressure. Under several conditions of

the loading strain rate _e, the strain values e were all less

than 0.01, indicating that the rock sample was brittle. It can

be observed that, with the gradual increase in Pas, the trend

of the peak stress (shown below with rm) increasing with

the increase in _e did not change, but the amplitude of rm

increased significantly as _e decreased. Thereafter, the peak

e increased gradually with the increase in _e. When Pas was

0 MPa, the r� e curve was type II; when Pas was 12 MPa

and 24 MPa, the type gradually changed from II to I with

the increase in _e. When Pas increased to 36 MPa, the curve

forms changed to type II again. Overall, with the increase

in Pas, the type of r� e curve changed from I to II. It can

be observed that the impact r� e curve of the dolomite

specimens under one-dimensional dynamic–static com-

bined loading was significantly affected by Pas.

Influence of Axial Pressure on Dynamic Mechanical

Properties

Path of r� e Curves

When considering the r� e curve with different Pas values

under the conditions of strain rate as 93 and 110 s-1, as

illustrated in Figs. 7 and 8, it is obvious that Pas has a

significant influence on the changing path of the dynamic

r� e curve of the specimens. When Pas increased to 12

and 24 MPa, e exhibited a rebound and was a type II curve

Fig. 5 Model sketch of one-dimensional coupled static and dynamic

loads
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Fig. 6 Strain rate effects of r� e curves under different axial compression conditions
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after the peak; when Pas increased to 36 MPa, it tended to

become a type I curve again. Moreover, rm achieved the

maximum value under both types of _e when Pas was

24 MPa.

Changes in Dynamic Elasticity Modulus and Peak Strength

Figures 9 and 10 illustrate the relation diagrams of the

dynamic elastic modulus (represented by Ed), rm, and Pas

when _e was 93 and 110 s-1, respectively. In the selected

axial pressure range of the test, Ed and rm both first

increased and then decreased with the increase in Pas under

the two conditions of _e, and the apex of the trend line

appeared at Pas = 24 MPa. Taking the impact test data

when _e was 110 s-1 as an example, when Pas = 0 MPa,

Ed = 61.96 GPa and rm = 171.14 GPa; when Pas-

= 12 MPa and Pas = 24 MPa, the amplification of Ed was

44.0% and 74.5%, respectively, while that of rm was

21.2% and 44.9%, respectively. When Pas = 36 MPa, rm

increased by only 12.8%, but Ed decreased by 17.1%.

The change in the values of Ed and rm of dolomite

specimens with Pas was because a certain Pas value can

close the micro-cracks in the rock, making it difficult for

rock deformation to occur. The Ed increased, and the

impact resistance was strengthened. When Pas continued to

increase beyond a certain level, the fracture in the rock

expanded under this static action, forming a penetrating

surface, and internal damage began to occur, leading to a

reduction in the value of rm of rock, and could no longer

withstand excessive disturbance. When Pas was increased

to 36 MPa, rm began to decrease, but the impact resistance

was still higher compared to that when Pas was zero in this

test.

Analysis of Failure Characteristics

The apparent cracks and failure modes during impact were

observed by high-speed photography. The high-speed

photography experiment adopted 384 9 240 resolution,

and the image frame frequency was set to 10,000 fps, with

one photograph captured each 0.1 ms. The high-speed

photography process was selected as _e = 95.4 s-1

for analysis. Figure 11 illustrates the conventional failure

modes of the impact specimens. It can be observed that,

under uniaxial impact, the specimen forms a fracture sur-

face in the axial direction and is basically parallel to the

impact direction. No mutual extrusion exists between the

fracture surfaces; thus, it belongs to the tensile failure
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mode and is caused by the Poisson effect of specimens

under axial impact.

Figure 12 presents a high-speed photographic map of

the failure process when Pas = 12 MPa and _e = 98.61 s-1.

Owing to the effect of Pas, stress concentration occurred at

the end of the specimen, compression zones were formed at

both ends, and a potential shear fracture surface existed

inside. When the disturbance reached the critical state of

rock failure, the specimen began to be damaged, and the

rock mass outside the shear surface collapsed outwards

until the end of the disturbance and formed a double-cone

shear surface. The falling debris appears to be thick in the

middle and thin on both sides. Spalling failure occurred

over the entire circumferential side of the specimen, but the

overall bearing capacity was still in place, and it was still

able to bear the loading axial pressure, without complete

instability. This is consistent with the phenomenon

whereby certain ore pillars can still bear pressure after rock

burst under disturbances in production practice.

Figure 13 illustrates the impact failure process of

specimens recorded by high-speed photography at an axial

compression of 24 MPa under similar strain rates. It can be

observed that only the circumferential part of the specimen

experienced spalling failure, and the integrity was superior

to the final state of Pas = 12 MPa. As can be observed from

the analysis of the dynamic characteristics of the specimens

in Sect. 3.2, when Pas = 36 MPa, internal cracks in dolo-

mite specimens were formed, resulting in partial damage.

Under the same impact load, the specimens exhibited

overall failure and instability as well as fragmentation and

could no longer bear axial pressure, as illustrated in

Fig. 14.

Analysis of Fragmentation Degree

Figure 15 illustrates the fragments due to impact corre-

sponding to four Pas state types near _e = 110 s-1. The

fragments above 2 cm in length were divided into ‘‘large

blocks,’’ and the mass ratio between the mass and complete

specimen was recorded as a ‘‘large proportion.’’ A polyline

diagram of the change in the large proportion with Pas

under the conditions of strain rates of _e = 110 s-1 and

_e = 93 s-1 was drawn, as presented in Fig. 16. It can be

observed that, when _e = 110 s-1, the large proportion first

increased with the increase in Pas, and when Pas = 24 MPa,

the large proportion was the largest. Only a few small

pieces fell off the impact specimen surface, indicating that

the static action greatly improved the rock anti-disturbance

ability. When Pas = 36 MPa, the rock disturbance resis-

tance began to weaken, and the large proportion was 0.27,

but still higher than 0.23 when no axial pressure was

applied. The change in the trend of the large proportion of

_e = 93 s-1 was consistent with that of _e = 110 s-1. When

Pas = 36 MPa, the large proportion was 0.51, which was

higher than that of the non-axial state of 0.41.

Conclusion and Discussion

1. Both the peak stress and dynamic elastic modulus of

the dolomite specimens achieved the maximum values

when the axial pressure was 24 MPa under the test

conditions, and the peak stress decreased when the

axial pressure increased, resulting in additional broken

specimens, indicating that the axial pressure within a

certain range could improve the rock impact

resistance.

2. Axial static pressure made the specimen store strain

energy. Under the axial compression of 36 MPa, the

rock’s anti-disturbance ability began to weaken.

Fig. 11 High-speed photography of specimen failure process in the

case of Pas = 0 MPa and _e = 95.4 s-1

Fig. 12 High-speed photography of specimen failure process in the

case of Pas = 12 MPa and _e = 98.61 s-1

Fig. 13 High-speed photography of specimen failure process in the

case of Pas = 24 MPa and _e = 99.66 s-1

Fig. 14 High-speed photography of specimen failure process in the

case of Pas = 36 MPa and _e = 99.24 s-1
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However, under the two test conditions of strain rate of

93 s-1 and 110 s-1, the proportion of the crushed mass

was still higher than that without axial compression.

3. When the incident energy was similar in the intact

state, the overall absorption and release energy of the

specimen presented a process of the absorption first

and then release energy with the increase in axial

pressure. With the increase in impact load, the rate of

energy absorption and release was accelerated.
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