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Abstract Practically, all types of rockbursts are accom-

panied by release of seismic energy, rock bulking (due to

fracturing and fragmentation), and ejection of fragmented

rocks in the opening. Principles of the energy redistribution

during rockbursts in some regards are comparable with

principles taking place at spontaneous failure of rock

specimens under compression in loading systems. In both

cases, the total potential elastic energy accumulated in the

failing material and in the loading system (or surrounding

rock mass) is converted into such components of dynamic

energy as rupture energy, seismic energy (or energy of

oscillation of the loading system due to dynamic energy

release), and kinetic energy of flying fragments of the

failed material. It is known that spontaneous failure takes

place at the post-peak failure stage and is determined by

the ratio between stiffness of the loading system and

stiffness (or brittleness) of the failing material. However,

principles of the energy redistribution between different

components of the energy balance are still unclear. The

paper discusses results of laboratory experiments con-

ducted on rock specimens of different brittleness (including

Class I and Class II) that were loaded in testing machines

of different loading stiffness. The most brittle of the tested

specimens are represented by quartzite and glass, and the

less brittle by salt. The loading stiffness of testing machi-

nes used in experiments was variable within three decimal

orders of magnitude. The specific variations of the dynamic

energy balance depending on rock brittleness and loading

stiffness were established. The role of each portion of

elastic energy stemming from the specimen and from the

loading system in determining the dynamic energy balance

and fragmentation mechanisms operating at spontaneous

failure is analysed. The results obtained contribute to the

understanding of dynamic processes taking place during

rockbursts.

Keywords Spontaneous rock failure � Dynamic energy

balance � Fragmentation mechanism � Material brittleness �
Class I and Class II failure mode

List of symbols

E Elastic modulus

M Post-peak modulus

r Axial stress

e Axial strain

F Axial force

d Axial displacement

We Elastic energy stored in the specimen at the peak

stress

Wr Total post-peak rupture energy

Wr.in Internal component of static post-peak rupture

energy

Wr.ex External component of static post-peak rupture

energy

DWr(d) Dynamic increment of the post-peak rupture

energy

Wd Surplus elastic energy responsible for dynamics

Wk Kinetic energy of rock fragments
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Wse Seismic energy

dWe Total elastic energy withdrawn from the specimen

during post-peak failure

dWa Elastic energy released during spontaneous

failure

mo Inertial mass of the specimen

mH Inertial mass of the loading system

K1 Brittleness index

1 Introduction

Understanding the rockburst damage mechanism is critical

to implement rockburst support for elimination and mitiga-

tion of rockburst hazard. Ortlepp and Stacey (1994) classi-

fied rockbursts into five types (strainburst, buckling, face

crush/pillar burst, shear rupture, and fault-slip burst). Prac-

tically, all types of rockbursts are accompanied by release of

seismic energy, rock bulking (due to fracturing and frag-

mentation of previously intact or less fractured media), and

ejection of fragmented rocks into the opening. Ejected rock

may travel at velocities in excess of 3 m/s; McGarr (1997)

referred to ‘‘… numerous observations, in nearby damaged

tunnels… imply wall-rock velocities of the order of 10 m/s

and greater’’. Observations from rockburst damage indicate

large variations in parameters such as failure violence,

degree of rock fragmentation, volume of ejected rock,

ejection velocity. These manifestations of rockbursts are

related to the potential elastic energy stored in the rock

during loading and how this stored energy is released during

spontaneous failure (dynamic energy balance).

To cause one of the first three types of burst, the rock

mass surrounding the fracturing rock adjoining the opening

must create a relatively ‘‘soft’’ loading environment such

that the rock fails in an unstable and violent manner (Cook

1965; Ortlepp and Stacey 1994; Kaiser and Cai 2013). It is

known that the macroscopic spontaneous failure takes

place at the post-peak failure stage, which implies that

post-peak properties of the failing rock play a paramount

role in the stability determination. For example, in Class I

mode of rock failure (characterised by a negative post-peak

modulus M = dr/de\ 0 in Wawersik and Fairhurst

(1970)), it is possible to prevent dynamic events by

increasing stiffness of the loading environment above the

post-peak stiffness. However, in Class II mode of rock

failure (characterised by a positive post-peak modulus

M = dr/de[ 0), the instability condition is satisfied even

for an absolutely stiff loading environment, providing for

unavoidable spontaneous failure. Two other types of

rockbursts (shear rupture and fault-slip burst) nucleated

some distance away from the opening under conditions of

triaxial compression can be also associated with both Class

I and Class II rock behaviour.

Principles of the energy redistribution during rockbursts,

in some regards, are comparable with principles involved

in spontaneous failure of rock specimens in compression in

loading systems. From the point of view of stability

determination, Class I and Class II modes of rock failure

are critically different. We can also expect a significant

difference in fragmentation mechanisms associated with

these two classes of rock behaviour. This question is still

insufficiently studied, as is the role of the two components

of elastic energy, stemming from the failing rock and from

the loading system, in determining rock fracturing, frag-

mentation, failure violence, and ejection velocity.

One of the reasons for insufficient experimental studies

of these questions is the suggestion that the post-peak

behaviour is not an essential property of the material and

cannot be represented as constitutive behaviour (Clucklich

and Cohen 1967; Drescher and Vardoulakis 1982; Read

and Hegemier 1984; Labuz and Biolzi 1991). Indeed,

experiments show that the same softening material can

appear with Class I as well as Class II stability behaviour

depending on the specimen size and geometry (Read and

Hegemier 1984; Labuz and Biolzi 1991). At the same time,

if, in experiments, we use specimens of the same size and

geometry made from different materials, we can observe a

specific and reproducible behaviour of each material in the

post-peak region. For example, one material can always

demonstrate Class I behaviour, while another material

demonstrates Class II behaviour. Furthermore, it is known

that increasing confining pressure makes some rocks more

ductile in post-peak failure, while other rocks exhibit dra-

matic embrittlement, changing from Class I to extreme

Class II behaviour (e.g. Tarasov 2010). All this indicates

that post-peak response is a reflection of some intrinsic

material properties. The use of the same size and geometry

of specimens in experiments allows relative post-peak

properties of different materials and their influence on the

dynamic energy balance at spontaneous failure to be

estimated.

It should be noted that post-peak failure has been mainly

studied at controllable and constant strain rate regimes

(Wawersik and Fairhurst 1970; Bieniawski 1970; Hudson

et al. 1972; Okubo et al. 1990; Lockner et al. 1992; Dight

et al. 2013; Xu and Cai 2017). The study of the energy

balance at spontaneous failure, with experimental deter-

mination of such energy components as dynamic rupture

energy, kinetic energy of flying fragments, and seismic

energy, has been described in detail in Stavrogin and

Tarasov (2001). The current paper proposes some addi-

tional analysis of the laboratory results from this work and

also presents some new results. It shows specific variations

of the dynamic energy balance depending on rock brittle-

ness and loading stiffness. The role of each portion of

elastic energy, stemming from the specimen and from the
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loading system in determining the dynamic energy balance

and fragmentation mechanisms operating at spontaneous

failure, is analysed. The following two types of fragmen-

tation mechanisms are considered: compressive-force

mechanism caused by external forces affecting the failing

material and failure wave mechanism caused by shock

waves generated by dynamic release of external forces.

Experimental results analysed in the paper were obtained at

testing of about a hundred specimens of the same geometry

and size: cylindrical specimens with diameter about

30–35 mm and length about 60–70 mm.

2 Intrinsic Rock Brittleness at Compression

Conditions of stable or unstable (spontaneous) post-peak

failure in laboratory experiments are determined by the

relation between post-peak specimen stiffness and loading

stiffness. In the spontaneous regime, the degree of failure

violence is determined by the relation between elastic

energy stored in the system ‘specimen-loading machine’

and post-peak rupture energy. It is accepted that competi-

tion between elastic energy stored in the specimen and

dissipated fracture energy characterises the material brit-

tleness (Labuz and Biolzi 1991). There are different brit-

tleness indexes reflecting this competition, which can be

used for characterisation of material brittleness (Coates

1966; Hucka and Das 1974; Kidybinski 1981; Bergman

and Stille 1983; Petoukhov and Linkov 1983; Stavrogin

and Protossenia 1985; He et al. 1990; Aubertin et al. 1994;

Andreev 1995). An important advantage of the brittleness

index K1 used in this paper is the fact that, unlike other

existing criteria, it allows the monotonic variation of the

material brittleness from absolute brittleness (failure

without energy consumption) to absolute ductility to be

represented as a function of monotonic variation of post-

peak modulus M = dr/de from extreme Class II

(M = E) to extreme Class I (M = 0) (Tarasov 2010; Tar-

asov and Potvin 2013). Such representation of material

brittleness forms a universal scale of brittleness. It is

because, in experiments discussed in this paper, we use

specimens of the same geometry and size the index K1 and

the universal scale of brittleness will allow the relative

brittleness of the tested rocks to be estimated. Brief

information about index K1 and the universal scale of

brittleness is represented in this section.

Characteristics of intrinsic material properties, before

and after the peak stress is reached, can be obtained from

the complete stress–strain (or load–displacement) curves.

The post-peak curve in Fig. 1 at different stages corre-

sponds to Class I (Fig. 1a) and Class II (Fig. 1b) behaviour.

Points B and C for both stages represent points located

infinitely near to each other on the post-peak curve. The

failure process between points B and C can be charac-

terised by the following types of specific (per unit volume)

energy:

B
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B
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Fig. 1 Principle of

determination of brittleness

index K1
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• Elastic energy withdrawn from the specimen (red area,

or delineated by the red line)

dWe ¼
r2B � r2C

2E
; ð1Þ

• Rupture energy absorbed by the specimen (grey area)

dWr ¼
ðr2B � r2CÞðM � EÞ

2EM
; ð2Þ

• Released energy (yellow area representing the excess of

elastic energy which was not absorbed by the rupture

process)

dWa ¼
r2B � r2C
2M

: ð3Þ

The brittleness index K1 is determined by the ratio

between the rupture energy and the withdrawn elastic

energy:

K1 ¼
dWr

dWe

¼ M � E

M
: ð4Þ

This index characterises the capability of the rock for self-

sustaining failure due to the elastic energy available from

the material. In other words, it characterises the degree of

intrinsic instability of the material at failure. It is important

to note that K1 characterises the intrinsic rock brittleness

independently of the loading stiffness.

Figure 2 shows the universal scale of brittleness based

upon the index K1, with brittleness increasing from left to

right. The complete stress–strain curves illustrate how the

different shapes of post-peak curves (indicated by dotted

blue lines with different post-peak modulus M) describe a

variation in brittleness. Elastic modulus E for all curves is

considered the same. Areas delineated by red lines corre-

spond with elastic energy We stored in the specimen at the

peak stress and withdrawn during the post-peak failure

process. Grey areas represent the post-peak rupture energy

Wr at complete failure. Yellow areas correspond with the

released energy. The important point on the scale is K1 = 1

representing the intermediate situation between Class I and

Class II behaviour. On the right of this point, the material

behaviour is Class II, characterised as self-sustaining fail-

ure. The closer the value of K1 is to zero, the more brittle

the material and the more violent the failure. At absolute

brittleness, K1 = 0, E = M, and the post-peak rupture

energy is equal to zero (Wr = 0), which means that the

total elastic energy stored in the material body will be

transformed into seismic energy and kinetic energy of

flying fragments. On the left of the point K1 = 1, self-

sustaining failure is impossible, and some additional

energy from the loading system is necessary to cause the

post-peak failure development. The greater the brittleness

index K1 in this region, the more ductile the post-peak rock

behaviour. The index K1 and the universal scale of brit-

tleness are based on sound physics principles and thus

provide proper characterisation of rock brittleness for all

types of rock and testing conditions (unconfined and con-

fined compression).

3 Controllable and Spontaneous Post-peak Failure

3.1 General Approach

Figure 3a shows a pre-peak force–displacement curve OB

for a tested specimen and a characteristic of the loading

stiffness BR, with corresponding portions of elastic energy

Ductility

σ

ε

+∞ ≥ M ≥ E0 ≥ M ≥ -∞

2
0

+∞

Self-sustaining failure

Class IIClass I

1
Absolute 
bri�leness

M=dσ/dε E=dσ/dε

Fig. 2 Universal scale of rock brittleness at compression
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We and WH stored in the specimen and the loading system

at point B, which represents the peak load. We will refer to

the elastic energy We as internal energy and the elastic

energy WH as external energy. Figure 3b shows three

complete force–displacement curves OBC representing

Class I, Class II, and intermediate rock behaviour. The

post-peak curves BC and post-peak rupture energy Wr

(grey areas) here represent rock properties at static con-

trollable failure. For all cases, the total amount of elastic

energy stored at the peak load exceeds the post-peak rup-

ture energy (We ? WH[Wr). The spontaneous failure in

such a situation can be prevented through extraction of the

excessive elastic energy during the failure process by a

servo-control system.

Figure 3c shows features of the deformation process in

the static controllable regime for all three cases. At stages

O, B, and C the specimen is, respectively, before loading,

at the peak load, and at complete failure. Failure mecha-

nisms operating in the post-peak region are normally

associated with different combinations of such processes as

distributed cracking and localised shear rupture develop-

ment. For the intermediate situation during the post-peak

failure from point B to point C, the external deformation

between the specimen ends is equal to zero (Dex = 0). The

post-peak rupture energy in this case is associated with the

internal irreversible deformation Din caused by the elastic

energy stemming from the specimen, We. The post-peak

rupture energy produced by the internal elastic energy, We,

is referred to as the internal post-peak rupture energy,Wr.in.

For Class I, the total post-peak rupture energy includes two

portions: internal post-peak rupture energy Wr.in and

external post-peak rupture energy Wr.ex associated with the

external irreversible deformation Dex produced by the

loading system. For Class II, the external deformation is

associated with reversal of elastic unloading of the speci-

men (-Dex), which is accompanied by extraction of the

excess elastic energy. This external deformation is elastic,

and consequently, it is not associated with the rupture

process. The rest of the internal elastic energy stemming

from the specimen creates the post-peak internal irre-

versible deformation Din and transforms into the post-peak

rupture energy Wr.in.

Without servo-control, the failure process in all three

cases should be spontaneous, because, at any stage of

failure, the portion of elastic energy withdrawn from the

specimen and loading system exceeds the portion of rup-

ture energy absorbed by the rupture process, that is,

dWe ? dWH[ dWr. High deformation rate at spontaneous

(dynamic) failure should affect the post-peak rupture

energy. The surplus of elastic energy will be distributed

between different types of dynamic energy. Principles of

the energy redistribution during spontaneous failure will be

analysed later in the paper on the basis of experimental

results obtained on Class I and Class II rocks.
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Fig. 3 Post-peak energy balance of servo-controlled failure for Class I, Class II, and intermediate rocks
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3.2 Testing Method

Figure 4 shows schematically the testing machine used

in experiments on Class I and Class II rocks. Loading

principles involved in this machine are described in

Stavrogin and Tarasov (2001). The machine consists of a

stiff monolithic frame, a stiff loading actuator, and a

servo-controlled system. In this version, the loading

stiffness is 20 MN/mm, which provides controllable

static post-peak failure of brittle rocks. To vary the

loading stiffness, different replaceable elastic elements

(shown as a spring in the schematic) were installed

between the actuator and the specimen. The elastic ele-

ments serve as accumulators of elastic energy within the

loading system during the specimen loading. Due to the

extremely high stiffness of the main loading system, the

amount of elastic energy stored in it is negligibly small

compared with the elastic energy stored in the elastic

element. These elements, made from hardened spring

steel in the form of hollow cylinders or rings with dif-

ferent wall thickness, provide a large range of loading

stiffness (more than three decimal orders of magnitude).

Thus, stiffness of the loading system can be varied

within the range between 20 MN/mm and about 20 KN/

mm. To the upper end of the elastic element a replace-

able inertial mass is attached.

To study the role of the loading stiffness in the energy

balance during post-peak failure, a series of at least four

identical specimens of the same rock was tested at different

regimes. The first specimen was tested at static controllable

regime to determine the specimen stiffness. The rest

specimens were tested at spontaneous regimes where the

rate between the loading stiffness Sl and specimen stiffness

Ss varied with approximately the following steps: S1/

Ss & 0.7; 0.5; 0.3; 0.2; 01. The variation of the energy

balance with variation of the loading stiffness for eight

different rocks testing on this machine is discussed in

Sect. 4.2.

Experiments under the spontaneous regime were con-

ducted as follows: a specimen was placed on an inertial

mass and loaded statically up to the peak stress, beyond

which the specimen failed dynamically due to the elastic

energy accumulated within the loading system and the

specimen. During each test, the data were recorded by a set

of gauges, including a load cell, strain gauges attached to

the specimen and to the elastic element, and also by a

piezoelectric accelerometer fixed to the inertial mass. The

data were recorded both during the static loading before the

peak stress and during spontaneous dynamic failure in the

post-peak region. The main idea of the experiments con-

ducted was to investigate how the elastic energy accumu-

lated in the specimen body and in the loading system

transforms into other forms of energy during spontaneous

failure.

4 Energy Balance for Class I Rocks
at Spontaneous Failure and Compressive-Force
Fragmentation Mechanism

4.1 Conditions of Spontaneous Failure

The schematic representation of different stages of the

spontaneous failure process in Fig. 5 simplifies explanation

of experimental results. The loading system in Fig. 5a is

shown as a spring with the attached inertial mass (i.m.).

Stage (I) here corresponds to the peak stress in Fig. 5b.

Portions of elastic energy stored in the specimen We and in

the loading system WH at the peak stress are shown by red

triangles. Figure 5c explains the energy balance at spon-

taneous failure. The dotted line BC represents the static

post-peak curve corresponding to the controllable regime.

Portions of internal and external post-peak rupture energy

Wr.in and Wr.ex of the static failure are represented by

corresponding grey triangular areas. It is known that

increasing deformation rate (or strain rate) in the post-peak

region changes the post-peak rock properties (e.g. Bieni-

awski 1970; Okubo et al. 1990; Stavrogin and Tarasov

2001). The post-peak rupture energy at spontaneous

dynamic failure can be changed by DWr(d), represented by

the hatched grey triangular area. This portion of energy is

referred to as a dynamic increment of the post-peak rupture

energy. The line BC0 represents the dynamic post-peak

curve obtained at spontaneous failure.

Load cell

S�ff frame

Specimen 

Replaceable 
iner�al mass

Accelerometer

Replaceable 
elas�c element

S�ff loading 
actuator

Strain gauge

Axial gauge

Fig. 4 Testing machine for the study of the energy balance during

spontaneous failure at different levels of loading stiffness
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It is important to note that, during spontaneous failure,

the deformation compatibility condition between the

loading system and the specimen is satisfied, implying

permanent contact between the specimen ends and the

loading system. At the same time, the potential force

capacity of the loading system (BE in Fig. 5c) exceeds the

bearing capacity of the failing specimen (BC0). At stage II,
specimen failure has completed. At this moment, the

bearing capacity of the specimen becomes equal (or close)

to zero, corresponding to point C0. However, the force

capacity of the loading system is high, corresponding to

point E. The surplus of elastic energy BC0E, stemming

from the loading system during the specimen failure, is

responsible for dynamics and acceleration of the failure

process. After stage II, the spring element (loading system)

with the attached inertial mass (i.m.) and the specimen

fragments located on it continues moving. Initially, it

moves with acceleration which speeds up the specimen

fragments. The loading system at this stage acts as a cat-

apult. At a certain stage of movement (stage III corre-

sponding to point G), the loading system reaches the

maximum speed, providing the same speed to the rock

fragments, and then it decelerates, separating from the rock

fragments, and is finally in an oscillation mode.

In each test, the gauges shown in Fig. 4 allowed

determination of the following parameters. On the basis of

the complete load–displacement curves, recorded by the

load cell and axial gauge (in controllable and spontaneous

post-peak regimes), the following components of the

energy balance were determined: the elastic energy We

stored in the specimen at the peak stress (or at the moment

of start of instability); the internal Wr.in and external Wr.ex

components of static post-peak rupture energy; and the

dynamic increment of the post-peak rupture energy

DWr(d). The strain gauge fixed to the elastic element, in

combination with the load cell, provided the information

about the loading stiffness and the elastic energy WH

accumulated in the loading system at the peak stress. The

specially calibrated accelerometer (see details in Stavro-

gin and Tarasov 2001) attached to the inertial mass

allowed determination of the seismic energy Wse associ-

ated with oscillation of the loading system after rock

failure. A portion of energy transmitted into kinetic

energy Wk of rock fragments accelerated by the loading

system after specimen failure was calculated on the basis

of Eq. (5), determined experimentally in Stavrogin and

Tarasov (2001):

Wk ¼ Wse

mo

mH

: ð5Þ

Here, mH is the inertial mass of the loading system; mo is

the inertial mass of the specimen.

B C’

GB E
R

(a)

(b)

(c)

(I) (II) (III) (IV)

i. m.
i. m. i. m.

i. m.
oscilla�on

Fig. 5 Different stages of the spontaneous failure process caused by soft loading system for Class I rocks
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4.2 Energy Balance for Class I Rocks

at Spontaneous Failure

Figure 6 shows experimental results from Stavrogin and

Tarasov (2001) obtained on eight types of rock. In the

current paper, these results are subjected to an additional

analysis. The tested rocks have different brittleness indices

K1 within the range 6 C K1 C 1.1. The brittleness indices

are: (1) marble (K1 = 2.8); (2) granite (K1 = 1.3); (3)

sandstone-1 (K1 = 1.1); (4) sandstone-2 (K1 = 1.05); (5)

sulphide ore (K1 = 1.5); (6) lignite (K1 = 1.2); (7) rock salt

(K1 = 4); and (8) sylvinite (K1 = 6). The experiments were

conducted at different levels of loading stiffness. Three

graphs plotted for each rock reflect the variation of different

types of energy (vertical axis) versus elastic energy WH

stored in the loading system at the instant the instability

starts (horizontal axis). Due to the fact that the internal post-

peak rupture energy Wr.in = We stays invariable in all tests

for the same rock, the variation of rupture energy versusWH

is represented on the graphs by a portion of external post-

peak rupture energy Wr.ex(d) = Wr.ex ? DWr(d) (see Fig. 5c).

Point C on the graphs in Fig. 6 corresponds toWr.ex obtained

in the static controllable regime. Two types of energy Wse

and Wk represent the seismic energy (associated with

oscillation of the loading system after the specimen failure)

and the kinetic energy of rock fragments accelerated by the

loading system. Other types of energy (e.g. thermal energy)

are negligibly small at spontaneous failure under uniaxial

compression and are excluded from the energy balance.

The graphs show that the external dynamic post-peak

rupture energy Wr.ex(d) = Wr.ex ? DWr(d) is affected by the

loading stiffness within a range of relatively high stiffness

only (low levels of elastic energy WH). At high levels of

elastic energy WH, the post-peak rupture energy becomes

constant (horizontal parts of the graphs). The explanation for

this is presented in Fig. 7, which shows the post-peak curve

BC in combination with three characteristics of the loading

stiffness BR1[BR2[BR3. The area BCE represents the

surplus elastic energyWd responsible for dynamics. It can be

seen from the diagram that when the slope of the stiffness

BR1 is close to the slope of the specimen BC, reduction in

stiffness (transmission from the slope BR1 to the slope BR2)

and corresponding increase in energy WH lead to a signifi-

cant increase in the area BCE. However, when stiffness is

low (characterised by the slope BR2), an increase in energy

WH of the same magnitude provided by the transmission to

the stiffness BR3 produces very little increase inWd. Further

decrease in stiffness (increase in WH) will be accompanied

by a vanishingly small increase in the surplus energy Wd.

It is important to note that two types of rock behaviour

were observed in the experiments. Rocks belonging to

group (a) in Fig. 6, namely marble, granite, sandstone-1,

sandstone-2, sulphide ore, and lignite—demonstrated

increasing post-peak rupture energy in the dynamic regime

of spontaneous failure compared with static. Rocks

belonging to group (b), rock salt and sylvinite, on the

contrary, exhibited decreasing post-peak rupture energy at

spontaneous failure.

Fig. 6 Interrelation between dynamic energy components during spontaneous failure at different loading stiffness obtained for rocks: 1 marble, 2
granite, 3 sandstone-1, 4 sandstone-2, 5 sulphide ore, 6 lignite, 7 rock salt, 8 sylvinite (modified from Stavrogin and Tarasov 2001)
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Schematic representation of the total energy balance,

including internal elastic energy We and internal post-peak

rupture energy Wr.in for both groups of rocks, is shown in

Fig. 8. The horizontal axis represents the elastic energy

stored in the specimen, We, and in the loading system, WH.

The vertical axis characterises values of the different types

of energy into which the elastic energy transforms at fail-

ure. Figure 8a represents rocks of group (a), while Fig. 8b

represents rocks of group (b). Spontaneous failure takes

place when the total elastic energy (We ? WH) exceeds the

static post-peak rupture energy Wr(s) = Wr.in ? Wr.ex. The

graphs demonstrate that, in the static and dynamic regimes,

elastic energy We stemming from the specimen is totally

transformed into internal post-peak rupture energy Wr.in.

Changes in the energy components at spontaneous failure

are provided solely by the elastic energy WH stemming

from the loading system. The energy WH transforms into

the post-peak rupture energy increment DWr(d), seismic

energy Wse, and kinetic energy of rock fragments Wfr. At

low loading stiffness, when the dynamic post-peak rupture

energy Wr(d) = Wr(s) ? DWr(d) becomes constant, the

majority of the elastic energy stemming from the loading

system transforms into the seismic energy Wse.

It should again be noted that, in the experiments dis-

cussed, the specimens were loaded (or deformed) statically

up to the moment of spontaneous failure in the post-peak

region. All rocks used in these experiments were tested also

in the ‘common’ dynamic regime, with constant strain rate
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Fig. 7 Explanation for the restricted effect of the loading stiffness on the post-peak rupture energy
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before and after peak stress (see stress–strain curves in

‘‘Appendix’’). These experiments showed that rock beha-

viour under ‘common’ dynamics was similar to that

observed at spontaneous failure: rocks of group (a) in-

creased post-peak rupture energy in dynamic conditions,

becoming more ductile, while rocks of group (b) decreased

post-peak rupture energy in dynamic conditions, becoming

more brittle.

Results presented in Fig. 6 show that for all tested rocks

of different brittleness, the rate DWr(d)/Wr.ex does not

exceed 3. If we suppose that the rate DWr(d)/Wr.ex = 3

represents a maximum for all Class I rocks, we can esti-

mate how the post-peak rupture energy can be changed at

spontaneous failure for rocks of different brittleness char-

acterised by K1. Figure 9a illustrates the idea. It shows

complete static force–displacement curves ABC for dif-

ferent K1 = Wr/We = (Wr.in ? Wr.ex)/We. Here, for exam-

ple, the curve for K1 = 3 corresponds to marble, the curve

for K1 = 1.5 corresponds to sulphide ore, and the curve for

K1 = 1.1 corresponds to sandstone-1 and sandstone-2.

Lines BC0 on the graphs represent dynamic post-peak

curves for the situation when

DWr dð Þ
Wr:ex

¼ 3: ð6Þ

The dynamic increment of the post-peak rupture energy

DWr(d) is shown on the graphs by hatched triangles. Graphs

in Fig. 9a demonstrate that the closer the value of K1 is to

unity, the smaller is the absolute value of DWr(d),

approaching zero at K1 = 1. If we express the brittleness

index K1 as follows:

K1 ¼
Wr:in þWr:ex

We

¼ Wr:in þWr:ex

Wr:in
¼ 1þWr:ex

Wr:in
;

we will have:

Wr:ex ¼ K1 � 1ð ÞWr:in: ð7Þ

Using Eqs. (6) and (7) we can determine the rate DWr(d)/

Wr.in which characterises the relative dynamic increment of

the post-peak rupture energy caused by spontaneous failure

depending on rock brittleness index K1:

DWr dð Þ
Wr:in

¼ 3 K1 � 1ð Þ: ð8Þ

The meaning of Eq. (8) is illustrated graphically in Fig. 9b.

It shows that for Class I rocks the relative dynamic incre-

ment of post-peak rupture energy DWr(d) decreases with

increasing rock brittleness and approaches zero at K1 = 1.

The fact that at K1 = 1 the increment DWr(d) = 0 indicates

that the internal rupture energyWr.in stays the same at static

and at dynamic spontaneous failure. It means that the

dynamic rupture increment at spontaneous failure is only

associated with the external post-peak rupture energyWr.ex.

We can suppose that this is true for Class II rocks also, i.e.

C’

Δex 3ΔexΔin
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K1 = 1.5
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Fig. 9 Variation of the

dynamic increment of post-peak

rupture energy DWr(d) versus

brittleness index K1
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Wr.in is the same for the static failure regime and for

dynamic spontaneous failure. This result is important

because it is impossible to determine the post-peak rupture

energy for Class II rocks at spontaneous failure. In the

static regime the external deformation is negative, as a

result of the specimen unloading (see Fig. 3). However, at

spontaneous failure, the loading surfaces contacting the

specimen ends will cause positive external deformation,

contracting the specimen, thus preventing the measurement

of the rupture energy.

4.3 Compressive-Force Fragmentation Mechanism

Figure 10 illustrates schematically the failure and frag-

mentation mechanism acting in the majority of Class I and

Class II rocks under uniaxial compression. According to

this mechanism, loading of the material induces the cre-

ation and accumulation of microcracks, randomly dis-

tributed in the material body (e.g. Lockner et al. 1992). The

microcracks are often generated at grain boundaries, rep-

resenting the weakest elements of the microstructure. The

macroscopic failure is associated with coalescence of the

induced and pre-existing microcracks. The prevailing mode

of macroscopic fracturing under uniaxial compression is

the formation of extension fractures oriented

approximately in the direction of the major stress (red lines

in Fig. 10). Decrease in bearing capacity of the material

beyond the peak stress is normally associated with the

stage of crack coalescence. Arrows in Fig. 10 indicate

decreasing external forces applied by the loading system in

accordance with the decreasing bearing capacity of the

material at different stages of post-peak failure. Rock

volumes totally surrounded by fractures or free surfaces

form fragments. For the failure and fragmentation pro-

cesses, the presence of external compressive forces is

necessary. We will call this mechanism the ‘compressive-

force’ fragmentation mechanism CFFM.

The degree of fragmentation is determined by how

uniform and intensive the defect coalescence process is.

The process of fracturing, and friction between rock frag-

ments for Class I rocks, absorbs totally the elastic energy

stored in the material at the peak stress, and, in addition,

some elastic energy delivered from the loading system. At

spontaneous failure the post-peak rupture energy Wr(d) is

different from the static post-peak rupture energy Wr(s),

which should affect the degree of fragmentation. The

experiments presented in Fig. 6 show that variation ofWr(d)

and, consequently, variation in degree of fragmentation,

takes place within a certain range of relatively high levels

of loading stiffness only. Starting from a specific level of

Induced and
Pre-exis�ng
microcracks

st
re

ss

strain

Pre-exis�ng
microcracks

Fig. 10 Compressive-force

fragmentation mechanism
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stiffness, both Wr(d) and degree of fragmentation become

independent of the loading stiffness. At high stiffness of the

loading system, the failure violence can be mitigated by the

increased energy consumption taking place at dynamic

failure. At low stiffness of the loading system, this effect

ceases due to independence of Wr(d) from the loading

stiffness.

5 Class II Rocks, Shock-Wave Fragmentation
Mechanism as a Characteristic of Extreme Class
II Behaviour, Energy Balance

5.1 Features of Post-peak Failure of Class II Rocks

Figure 11 shows stress-axial–lateral strain curves for Class

II rocks tested in uniaxial compression: (a) granite (Ja-

cobsson 2007) and (b) quartzite-1 (the most brittle of three

types of quartzite tested in the frame of this paper). Both

specimens (granite and quartzite-1) were unloaded after the

post-peak stage X marked on the graphs. The similarity in

behaviour of these two rocks lies in the fact that the

magnitude of the post-peak modulus is very close to the

magnitude of the pre-peak elastic modulus, indicating high

brittleness close to absolute brittleness on the scale in

Fig. 2. A very important difference in behaviour of these

two rocks is the fact that granite showed significant irre-

versible strain De before the peak stress, both in the axial

and in the lateral directions, while the quartzite-1 showed

this only in the lateral direction, with the axial irreversible

strain close to zero De1 & 0. This difference is explained

by fundamentally different failure mechanisms generated

in these rocks.

The pre-peak failure mechanism operating in granite is

discussed in Fig. 10 and is typical for the majority of rocks.

Before the peak stress, it is associated with generation of

new induced microcracks, randomly distributed in the

material body, and further propagation of widely spread

pre-existing microcracks under loading. The intensive

irreversible deformation on the microlevel leads to signif-

icant macroscopic irreversible strain both in axial and lat-

eral directions at the pre-peak loading stage. Brittle failure

of such rocks in the post-peak region, characterised by

brittleness index K1 close to zero, normally takes place at

the beginning of the post-peak stage and is associated with

formation of the first macroscopic extension (or slightly

inclined shear) fracture. However, after completion of the

first fracture shown in Fig. 11a, new macroscopic ruptures

200

Δε1 >> 0

Δε1 ≈ 0

100

Δε2 >> 0

Δε2 >> 0

(a)

(b)

Peak 
stress

failed

Peak 
stress

failed

X

X

Axial strain ε1 [%]Radial strain ε2 [%]

Axial strain ε1 10-3Radial strain ε2 10-3

Fig. 11 Two failure mechanisms generated at uniaxial compression for Class II rocks illustrated by experimental results obtained on a granite

and b quartzite-1

2574 B. G. Tarasov, T. R. Stacey

123



can be created, as shown in Fig. 10, which makes the post-

peak modulus at this stage less steep, indicating a decrease

in post-peak brittleness at this stage of failure.

In experiments on the quartzite-1, it was observed that

the failure mode is a localised shear rupture. The reason for

this is the specific microstructure of this quartzite. In

general, quartzite is a metamorphic rock formed when

quartz-rich sandstone or chert has been exposed to high

temperatures and pressures. Such conditions fuse the quartz

grains together forming a dense, hard, equigranular rock.

Figure 12a (from Raith et al. 2012) illustrates features of

quartzite microstructure when recrystallisation took place

at different levels of pressure and temperature. The com-

bination of high pressure and a temperature of about

700 �C (Stipp et al. 2002) causes grain boundary migration

leading to creation of grain boundaries consisting of

interfingering sutures (Fig. 12a-C). Studies of microstruc-

ture of quartzite-1 showed that it has this sort of

microstructure, with grain boundaries consisting of

interfingering sutures. In ‘normal’ rocks, grain boundaries

represent the weakest elements of the structure, causing

distributed microfracturing when loaded. With grain

boundaries consisting of interfingering sutures, the grains

are cemented together so firmly that when the rock frac-

tures, the fractures pass through the grains not around them

(Raith et al. 2012). This unique microstructure makes the

quartzite-1 extremely strong (UCS is in the range

330–420 MPa) and brittle. Two other types of tested

quartzite with ‘normal’ microstructure corresponding with

Fig. 12a-A, a-B exhibited significantly lower strength and

brittleness: for quartzite-2, UCS is about 180 MPa and

K1 & 0.8; for quartzite-3, UCS is about 150 MPa and

K1 & 1.15.

Due to the very dense and quasi-homogeneous

microstructure of quartzite-1, the ultimate failure mode of

the quartzite-1 in uniaxial compression is the localised

shear rupture consisting of a row of microtensile cracks. It

is known that in brittle rocks a shear rupture propagates due

to creation of microtensile cracks: the dilation of one short

microcrack induces the dilation of closely spaced neigh-

bouring cracks (Reches and Lockner 1994). Due to con-

secutive creation of short tensile cracks in front of the

rupture tip, the advancing fault itself induces organised

damage which is restricted to its own plane (see schematic

representation of shear rupture in the specimen at peak

stress in Fig. 11b). It is important to note that microcracks

are generated along the major compressive stress which is

at angle ao & (30�–40�) to the shear rupture plane (Reches

and Lockner 1994; Horii and Nemat-Nasser 1985). This

well-ordered microcracking process creates a row of

intercrack slabs, known as domino-blocks. Each domino-

block in the row in Fig. 11b is loaded elastically in the

axial direction, which provides the absence (or negligibly

small level) of irreversible axial strain observed for all

tested quartzite-1 specimens. At the same time, vertically

oriented microcracks separating the domino-blocks cause a

significant pre-peak irreversible lateral strain. It should be

noted that the development of localised shear rupture is not

Fig. 12 a Microstructure of quartzite recrystallised at different levels

of pressure and temperature. b Features of recrystallisation at high

pressure and temperature (about 700 �C) associated with grain

boundary migration forming grain boundaries consisting of interfin-

gering sutures (Raith et al. 2012)
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accompanied by distributed microcracking typical for

normal rocks. Thanks to this, the density of material out-

side the shear rupture stays practically at the initial high

level.

It should be noted that in all tests on the quartzite-1, no

complete post-peak curve could be obtained. Servo-control

was based upon the feedback signal provided by lateral

gauges. Controllable failure was very reliable at the initial

post-peak stage associated with shear rupture development

up to a critical length. After that, spontaneous and extre-

mely violent failure took place, followed by very intensive

rock fragmentation. The extended controllable post-peak

rupture process was achieved only on one specimen, which

contained a pre-existing healed shear plane (Fig. 11b).

Despite the presence of the healed defect, this specimen

showed the same strength and brittleness as other tested

specimens and was unloaded before spontaneous failure

occurred.

The impossibility of post-peak rupture control starting

from a certain stage of the shear rupture development can

be explained as follows. Figure 13 shows three stages of

the shear rupture formation on the basis of localised

microcracking forming a row of slabs (domino-like

blocks). Observations show that in relatively soft rocks

domino-blocks are subjected to rotation and collapse at

shear displacement of the interfaces (Peng and Johnson

1972; King and Sammis 1992; Reches and Lockner 1994).

However, it was proposed that in hard rocks with

UCS[ 250 MPa, due to the high strength of the domino-

blocks, they can withstand rotation without collapse,

operating as hinges (Tarasov 2014, 2016). Due to the

consecutive creation and rotation of domino-blocks, they

finally form a fan structure representing the shear rupture

head (Fig. 13c). The fan structure has two extraordinary

features: it decreases dramatically friction between shear-

ing rupture faces and increases shear and tensile stresses in

the rupture tip. The combination of these features provides

conditions for shear rupture propagation with extreme

dynamics. For the extreme rupture velocity, even very stiff

and servo-controlled testing machines are not fast enough

to prevent spontaneous failure by the specimen unloading.

Figure 14a shows stress–strain curves for four tested

quartzite-1 specimens. Controllable failure associated with

shear rupture development was provided until point A on

the graphs after which spontaneous and explosive-like

failure followed. All specimens exhibited post-peak mod-

ulus very close to the elastic modulus (K1\ 0.1). Pho-

tographs in Fig. 14b show fragmented specimens after

failure. They demonstrate that the degree of fragmentation

is very sensitive to the level of compressive stress rA

applied to the specimen at the moment at which instability

starts. The specimen, which was unloaded before sponta-

neous failure, is divided by a shear rupture into two large

pieces, with few small fragments. At spontaneous failure,

specimen fragmentation is significantly greater, and the

degree of fragmentation increases with increased com-

pressive stress rA at which the instability started.

The behaviour of quartzite-1, as discussed above, is

comparable with behaviour of bulk metallic glasses

(BMG), which represent pronounced strong and brittle

materials (Inoue et al. 2004; Zhang et al. 2006; Wu et al.

2008). BMGs have an amorphous structure with isotropic

mechanical properties. It is observed that for BMG speci-

mens subjected to uniaxial compression the initial stage of

failure is associated with propagation of a shear rupture.

Figure 15a shows a scanning electron micrograph image of

a fragment of outer lateral surface of the bulk glass rod

involving the shear rupture and unloaded before instability

(Inoue et al. 2004). Initially, the shear rupture can propa-

gate in the stable regime; however, when the rupture length

reaches a critical length, catastrophic rupture propagation

is followed, which is accompanied by a ‘bomb-blast-like’

sound and fragmentation into fine particles or powder.

Figure 15b demonstrates the result of fragmentation taking

place at the spontaneous failure regime (Wu et al. 2008).

5.2 Shock-Wave Fragmentation Mechanism

as a Characteristic of Extreme Class II

Behaviour

For BMG specimens, Inoue et al. (2004) explain the nearly

simultaneous generation of a number of small fracture

zones leading to fragmentation by a shock wave generated

at an extremely high stress level. The shock wave can be

generated due to the ‘instant’ shear rupture propagation

forming rupture surfaces. The mechanism causing dramatic

softening of shear rupture at the start of instability and

catastrophic failure is unclear. Some results show that heat

plays an important role in the softening (Yang et al. 2004).

The fragmentation mechanism caused by shock waves has

(a) (b) (c)

Fig. 13 Three stages of the fan structure formation at shear rupture

development
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been studied by many researchers (e.g. Galin and Cher-

epanov 1966; Grady 1981; Bless et al. 1992; Kanel et al.

2005). Galin and Cherepanov (1966), who observed an

explosion-like fracture and fragmentation under bending of

high-strength glass, introduced a special term ‘failure

wave’ characterising an important feature of the fragmen-

tation mechanism. A hypothesis has been suggested that

the fragmentation process takes place within a relatively

* A

* A

* A

σA = 260 MPa

σA = 310 MPa

σA = 220 MPa

(a) (b)

X

Fig. 14 a Stress–strain curves for quartzite-1 before instability; b photographs of the specimens after testing
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thin layer which propagates through undamaged material

with high velocity. The fracture and fragmentation are

caused by tensile stresses resulted from interaction of

shock waves reflected from free surfaces. Within the

propagating layer, the potential energy of the stressed body

is transformed into new surfaces and kinetic energy of

fragments. The failure waves can also be generated at

impact loading. The important feature of failure waves is

the fact that catastrophic fracture in elastically compressed

media is not limited to impact events, but can continue

after the external compressive forces have been ‘instantly’

released.

We suppose that the shock-wave mechanism is respon-

sible also for fragmentation of quartzite-1 in uniaxial

compression. To check how the potential elastic energy

stored in the stressed body affects the degree of fragmen-

tation, quartzite-1 specimens were tested additionally under

dynamic loading. It is known that the dynamic fracture

strength of rock can significantly exceed the static strength

(e.g. Rinehart 1965; Stavrogin and Tarasov 2001). This

means that the dynamic loading can ‘inflate’ larger com-

pressive elastic energy into the specimen body. Figure 16a

shows, schematically, features of the testing method used.

A specimen was located in a steel protecting cylinder, the

length of which was shorter by D than the specimen length

(see stage I in Fig. 16a). The gap D is equal to axial

dynamic deformation corresponding to the peak stress as

illustrated schematically by the stress–displacement curve

in Fig. 16b. In experiments the level of dynamic peak

stress was about 600 MPa, which is significantly higher

than the static strength (see Fig. 14a). After the peak stress,

the specimen failure and fragmentation were caused by

shock waves sourced by elastic energy stored in the spec-

imen body. The higher amount of energy stored in dynamic

loading causes a significantly higher degree of material

fragmentation compared with the static loading regime.

Figure 16c shows that the whole specimen was fragmented

into very small particles.

Hence, there are two fundamentally different frag-

mentation mechanisms which can be generated in brittle

materials at uniaxial compression during spontaneous

failure. The shock-wave mechanism can operate effi-

ciently in brittle materials characterised by the following

features: (1) material should be strong enough to accu-

mulate a sufficient amount of potential elastic energy for

generation of powerful shock waves; (2) material should

be very dense to provide the propagation of elastic waves

with minimum attenuation during numerous reflections

and interactions; (3) material should provide extremely

high velocity of the initial rupture propagation to generate

the initial shock wave of great power. It is known that

shear ruptures can propagate with significantly higher

velocities compared with tensile ruptures and can

approach the velocity of compressive elastic waves

(Rosakis 2002). Hard rocks with the mentioned features

can be classified as extreme Class II rocks. They can

exhibit abnormal fragmentation and violence at sponta-

neous failure. We can expect that, on the scale of brit-

tleness, the extreme Class II rocks should be characterised

by a brittleness index K1 very close to absolute brittleness.

In less brittle rocks, the efficiency of the shock-wave

fragmentation mechanism decreases; however, the com-

pressive-force fragmentation mechanism becomes the

prevailing mechanism. Figure 17 shows the universal

scale of brittleness indicating positions of all three types

of quartzite tested. Quartzite-1 exhibits extreme Class II

behaviour, while quartzite-2 belongs to normal Class II

and quartzite-3 showed Class I behaviour.

Fig. 15 Illustration of two failure mechanisms generated successively in metallic glasses at spontaneous failure under compression: a dynamic

shear rupture propagation that is followed by b dramatic fragmentation
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5.3 Energy Balance of Class II at Spontaneous

Failure

At the start of spontaneous failure, elastic energy is accu-

mulated in the specimen body (We) and in the loading

machine (WH). First of all, we will discuss the role of these

portions of energy in the fragmentation process. Due to the

fact that quartzite-1 behaves as a glassy material, this

question can be analysed on the basis of experimental

results obtained on glass specimens (Stavrogin 1968;

Stavrogin and Tarasov 2001).

Experiments were conducted on tubular soda lime glass

specimens (diameter 30 mm, thickness 1 mm, length

65 mm). The specimens were annealed at 500 �C before

testing, to remove residual stresses. The specimens were

loaded in a soft loading system to different levels of

compressive stress, at which spontaneous failure was ini-

tiated, followed by fragmentation. The failure process was

I II III(a)

(b)

d

σ Peak stress

Δ

(c)

Fig. 16 a Schematic representation of the dynamic test conducted on the quartzite-1 specimen in the dynamic loading regime

Quartzite-1Quartzite-2Quartzite-3

Fig. 17 Universal scale of

brittleness including normal and

extreme Class II
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triggered by a slight blow of a hard alloy bullet on the

lateral surface of the glass tube or by other methods (ec-

centric specimen loading and local specimen heating). For

all methods of triggering, results of fragmentation were

comparable. After failure, the number of fragments was

determined by sieve analysis. To understand the contribu-

tion of elastic energy stemming from the specimen,We, and

from the loading system, WH, to the fragmentation process,

two different schemas of loading were used, as shown in

Figs. 18a and 19a. In both cases, the loading stiffness was

the same. Experimental results obtained for both loading

schemas are shown in the graphs in Figs. 18b and 19b.

They are presented with the following coordinates: hori-

zontal axis—the specific elastic energy stored in the

specimen before rupture initiation, Qe = We; vertical

axis—logarithm of the number of fragments, log n.

In the first loading schema shown in Fig. 18a, the glass

specimen was located between two large solid cylinders of

the same acoustic impedance as the glass specimen. In this

situation, the precisely prepared specimen–cylinder inter-

faces were transparent to the generated elastic shock stress

waves, which allowed transfer from the specimen into the

large volumes of the cylinders in which they were in

contact. Thanks to this, the elastic energy, We, representing

the source of shock stress waves, was removed from the

specimen and practically excluded from the fragmentation

process. The red line in Fig. 18b summarises experimental

results (experimental points on the graph) obtained using

this schema of loading. The results indicate that the degree

of fragmentation of the glass specimens for this testing

condition was very small. In some of these experiments,

specimens disintegrated into a few (sometimes into two)

pieces. Figure 18c illustrates symbolically the character of

fragmentation in this method of testing. The fragmentation

observed in these tests was provided by the compressive-

force fragmentation mechanism.

The second loading schema is shown in Fig. 19a. To

minimise the chance of shock stress waves leaving the

specimen, special acoustic boundaries were created

between the specimen and the contacting loading cylinders.

In some tests the boundaries were thin air chambers, as

shown schematically in Fig. 19a. Due to the large differ-

ences in acoustic impedance between the glass and the

boundaries, the stress waves sourced from the elastic

energy,We, were trapped within the specimen. Shock stress

waves are generated at spontaneous ‘instant’ failure of the

highly compressed glass. Superposition of the initial shock

waves and secondary waves, reflected from free surfaces,

creates very large local tensile stresses, causing fragmen-

tation. The extraordinary feature of this mechanism (in

contrast with the compressive-force mechanism) is the

creation of intensive fragmentation after the external forces

initially applied to the material have vanished. The sche-

matic representation of the fragmentation process is shown

in Fig. 19c. Experimental results summarised by the red

line in Fig. 19b show that the degree of fragmentation

increases with the increase in amount of elastic energy, Qe

(or We), stored in the material at the moment of fracture

Fig. 18 Fragmentation of glass

specimens for ‘transparent’

interfaces between the specimen

and the loading system
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initiation. The maximum number of fragments is about a

million.

The experiments described above have shown that the

shock-wave fragmentation is sourced solely from elastic

energy, We. The elastic energy, WH, stemming from the

loading system, is practically excluded from the fragmen-

tation process. We can suppose that this is true for all

extreme Class II materials. The graph in Fig. 20 sum-

marises fragmentation results obtained in all tests on the

quartzite-1 (Figs. 14, 16). It shows the variation of the

number of fragments, n, versus the amount of specific

energy, Qe. The quartzite-1 results show a linear relation

between these parameters in contrast with the glass speci-

mens where a logarithmic relation was observed. This

difference can be explained by the fact that the material

structure of quartzite-1 is less dense and homogeneous

compared with glass. Furthermore, the maximum amount

of energy stored in quartzite-1 is four times less than in

Fig. 19 Fragmentation of glass

specimens at ‘opaque’

interfaces between the specimen

and the loading system

Fig. 20 Relation between the

specific elastic energy Qe stored

in quartzite-1 specimens at the

moment of spontaneous failure

and the number of fragments n

into which the specimens are

fragmented
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glass because of lower strength. Nevertheless, both mate-

rials demonstrate that the greater the amount of elastic

energy stored in the specimen before the spontaneous

failure, the greater the degree of fragmentation. We can

conclude that at high levels of Qe extreme Class II mate-

rials can exhibit dramatic fragmentation.

Schematic representation of the energy balance for

extreme Class II rocks is shown in Fig. 21. The horizontal

axis represents the elastic energy stored in the specimen,

We, and in the loading system, WH. The vertical axis

characterises values of the different types of energy into

which the elastic energy transforms at failure. Sponta-

neous failure can occur even at absolutely stiff loading

conditions in which WH = 0. In this case, the elastic

energy stored in the specimen, We, transforms into: (1)

rupture energy Wr(d) associated with the formation of the

first dynamic rupture, which ‘instantly’ realises the

applied external forces; (2) fragmentation energy Wfr(s-w)

associated with the shock-wave fragmentation mecha-

nism; (3) kinetic energy of fragments Wk; and (4) seismic

energy Wse associated with oscillation of the loading

system caused by propagation of elastic waves. The

relation between the magnitudes of these forms of energy

can be very different, which requires special experimental

studies. It is important to note that, for soft loading

conditions, the elastic energy WH is totally transformed

into seismic energy Wse. The remaining components of

energy should stay the same, because, at the ‘instant’

failure and fragmentation, the inertial loading system

loses contacts with the specimen. Rockbursts associated

with spontaneous failure of extreme Class II rock should

be especially violent and accompanied by very large

volumes of rock fragments ejected into the opening.

6 Conclusion

The paper discusses features of the energy balance at

failure and fragmentation of Class I and Class II rocks. It

demonstrates that the division of rocks into two classes (I

and II) on the basis of post-peak modulus represents a

rough characterisation on rock brittleness. A more detailed

approach for rock brittleness characterisation within the

range from absolute brittleness up to absolute plasticity

used in the paper is based upon the ratio between the post-

peak rupture energy dWr and the elastic energy dWe

released at failure: K1 = dWr/dWe. According to this

approach, Class I rocks are characterised by ?[K1[ 1

while Class II rocks are characterised by 1[K1[ 0.

The paper analyses features of the energy balance at

spontaneous failure of specimens on the basis of experi-

mental results obtained for rocks with brittleness index

within the range 6 C K1[ 0 and wide variation of the

loading stiffness. It is shown that elastic energy stemming

from the loading system WH is responsible for dynamic

post-peak failure for Class I rocks only. It sources the

dynamic rupture process and increases post-peak rupture

energy. Moreover, the less brittle the rock, the greater the

dynamic increment of the rupture energy. This rupture

energy increment creates a damping effect by absorbing a

portion of energy WH which decreases the failure violence.

For Class II rocks, the failure process is sourced solely by

elastic energy stemming from the specimenWe. The energy

WH transforms totally into seismic energy.

The paper specifies the most brittle Class II rocks as

extreme Class II. For such rocks, the intensive fragmen-

tation process is provided by a shock-wave fragmentation

mechanism. This mechanism is associated with interaction

of reflected tensile shock stresses generated in the material

body due to the ‘instant’ release of external forces caused

by dynamic fracturing. The fragmentation process caused

by external forces is referred to in the paper as the com-

pressive-force fragmentation mechanism.
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Appendix

See Fig. 22.

We + WH

W

•

We

Wr(s) = Wr.in
Wr(d)

Wk

A

Spontaneous failure
W

H=
 0

Wfr(s-w)

We

Fig. 21 Schematic representation of the total energy balance versus

elastic energy stored in the specimen and loading system (We ? WH)

for extreme Class II rocks
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