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Abstract The purpose of this review is to discuss the
development and the state of the art in dynamic testing
techniques and dynamic mechanical behaviour of rock
materials. The review begins by briefly introducing the
history of rock dynamics and explaining the significance of
studying these issues. Loading techniques commonly used
for both intermediate and high strain rate tests and mea-
surement techniques for dynamic stress and deformation
are critically assessed in Sects. 2 and 3. In Sect. 4, methods
of dynamic testing and estimation to obtain stress—strain
curves at high strain rate are summarized, followed by an
in-depth description of various dynamic mechanical prop-
erties (e.g. uniaxial and triaxial compressive strength,
tensile strength, shear strength and fracture toughness) and
corresponding fracture behaviour. Some influencing rock
structural features (i.e. microstructure, size and shape) and
testing conditions (i.e. confining pressure, temperature and
water saturation) are considered, ending with some popular
semi-empirical rate-dependent equations for the enhance-
ment of dynamic mechanical properties. Section 5 dis-
cusses physical mechanisms of strain rate effects. Section 6
describes phenomenological and mechanically based rate-
dependent constitutive models established from the
knowledge of the stress—strain behaviour and physical
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List of Symbols

a Crack length

Apg, As, Aghear Cross-sectional area of the bar
and the specimen, and shear area
of the specimen

A®v) Universal function

B, B, Thickness of the specimen and
wall thickness of the tube
specimen

Cg, C; Longitudinal wave speeds of the
bar and the specimen

Ci, Cs, Cr Longitudinal wave speed, shear
wave speed and Rayleigh wave
speed

d Grain size of the specimen

Dg, D, Diameter of the bar and the
specimen

Eg, E, Young’s modulus of the bar and
the specimen

E, E4 Quasi-static and dynamic

Young’s modulus

Maximum, minimum and average
Young’s modulus of the specimen
f Frequency factor

flalR), fla/W), f(SI2R) Geometric correction function

F Return force

Emax: Emin» Eavg
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Gac Dynamic fracture energy Greek Symbols
h Initial distance between two o Angle of the wedge
plates y Shear strain
h Velocity of two plates in the 0 Shear strain rate
Stefan effect equation e Axial strain
H Loading history & Strain to failure
K Kinetic energy of the fragment €In.> €Re. ETr. Incident, reflected and transmitted strains
Kic, Kice Mode I and II fracture toughness measured by strain gauges on the bars
K4, Kip Dynamic crack initiation and £, &lim, Ecris fmax  Strain rate, limit of strain rate, critical
propagation toughness strain rate and maximum strain rate
Kldy"(t) Dynamic stress intensity factor n Viscosity of liquid
]'(Idyn Loading rate of fracture toughness ), (1), 0, (1) Angular velocities of the specimen ends
Lg, Ly, Length of the specimen and the u Friction coefficient between the wedge
striker bar and the bar
n Number of reflections v Poisson’s ratio
P(1) Applied dynamic load P Density of the specimen
Py, P, Forces at bar—specimen aq(t) Dynamic stress history
interfaces 04, Os Dynamic strength and quasi-static strength
P. Confining pressure O spall Spalling strength
(0] Activation energy g¢, 0w Quasi-static and dynamic tensile
R Air constant in Arrhenius strength
equation Otcs Oted Quasi-static and dynamic triaxial
R Radius of the specimen compressive strength
R(?) Ratio of stress difference Oucs> Oucd Quasi-static and dynamic uniaxial
S Span of bending compressive strength
to Transit time to travel through the oy, Maximum reflected tensile stress
specimen once Oucd/ Ouc Normalized dynamic uniaxial
Tequil Time to reach stress equilibrium compressive strength
t Time to fracture g1 — 03 Differential stress
t. Duration of the incident pulse G Stress rate
tise Rise time of the stress history (1) Shear stress
T Temperature T, Tq Quasi-static and dynamic shear strength
T4 Dynamic torque w Angular velocity of fragment
iy, U Velocities at the incident
bar—specimen and specimen— Abbreviations
transmitted bar interfaces ASTM American Society for Testing and Materials
V, Viims> Vmax Crack propagation velocity, limit ~ BD Brazilian disc
of velocity and maximum velocity ~ CB Chevron bend
Vi, Vo Velocities of fragments CCNBD Cracked chevron notched BD
Vv Volume of liquid CCNSCB Cracked chevron NSCB
Vejeet Ejection velocity of fragment CDM Continuum damage mechanics
Ve Particle velocity CEB Comité Euro-International du Béton
AV ‘Pull-back’ velocity COD Crack opening displacement
Ve Velocity of the striker CPG Crack propagation gauge
w Width of the specimen CRD Commission on Rock Dynamics
Wb Fracture and damage energy CSR Constant strain rate
Wi, Wre., Wrr, Strain energies of the incident, CSTFBD  Cracked straight through FBD
reflected and transmitted stress CT Compact tension
waves DCA Dominant crack algorithm
Wi Energy absorbed by the specimen  DIC Digital image correlation
X¢ Distance from free end to fracture =~ DIF Dynamic increase factor
position DT Direct tension
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FBD Flattened BD

FEM Finite-element method
HCBD Holed cracked BD
HCFBD Holed cracked FBD

HS High speed

HSR High strain rate

In-DT Indirect tension

IRT Infrared thermography

ISR Intermediate strain rate

ISRM International Society for Rock Mechanics
ITFC Incubation-time fracture criterion
LECEI Loading edge cracks by edge impact
LGG Laser gap gauge

MDM Micromechanical damage mechanics
NSCB Notched SCB

RST Rocking spalling test

SCB Semi-circular bending

SCM Sliding crack model

SCRAM  Statistical crack mechanical model

SE Stress equilibrium

SEM Scanning electron microscope
SENB Single edge notched bending
SG Strain gauge

SHB Split Hopkinson bar

SHPB Split Hopkinson pressure bar
SHPSB Split Hopkinson pressure shear bar
SHTB Split Hopkinson tension bar

SIF Stress intensity factor

SM Suggested method

SR Short rod

TC Triaxial compression

TPB Three-point bending

TriHB Triaxially compressed Hopkinson bar
TSHB Torsional split Hopkinson bar

UcC Uniaxial compression
VHSR Very high strain rate
WLCT Wedge loaded compact tension

1 Introduction

Rock dynamics or dynamic rock mechanics studies the
mechanical behaviour of rock (masses and materials) under
dynamic loading conditions, where an increased rate of
loading induces a change in mechanical properties and frac-
ture behaviour. Sources of dynamic loads include explosion,
impact and seismic events existing in the form of time histo-
ries of particle acceleration, velocity and displacement.
Understanding the effects of dynamic loading on rock is
essential in dealing with various rock engineering problems,
for example underground excavation projects, earthquake
research, penetration and blasting events, rock disintegration

processes, large-amplitude stress wave studies and protective
construction design. Rock Dynamics and Geophysical
Exploration might be the first book to systematically outline
the fundamental principles and experiments of stress waves in
rocks (Persen 1975). ‘Dynamic rock mechanics’ and ‘rock
dynamics’, respectively, as the theme of the 12th US Sym-
posium on Rock Mechanics held in Missouri on 16-18
November 1970, and one of the themes of the 5th International
Society for Rock Mechanics (ISRM) Congress held in Mel-
bourne on 10-15 April 1983, have received considerable
attention in rock mechanics. In 2008, the Commission on
Rock Dynamics (CRD) was set up within the ISRM and
organized a sequence of workshops. The 1st International
Conference on Rock Dynamics and Applications was held in
Lausanne, on 6-8 June 2013. The above conference/workshop
proceedings provide the state of the art of rock dynamics
scientific research and engineering applications.

Rock dynamics has applications in earthquakes, mining,
energy, environmental and civil engineering, when dynamic
loads are encountered. Figure 1 illustrates typical rock
dynamics issues related to the construction and utilization of
an underground cavern, in which environmental factors (e.g.
confining pressure, temperature and ground water) and
intrinsic rock factors (e.g. jointing, anisotropy, composition
and grain size) should be taken into account. However,
guidance and standards in dynamic testing and design are
generally lacking, and moreover advances in understanding of
dynamic behaviour have been paced to an important degree by
advances in experimental techniques. The experiments of
principal interest in this review are those whose purpose is to
design reliable testing methods and to critically examine
mechanical behaviour of rock materials at laboratory scale.

Considerable research effort has been devoted over recent
decades to develop experimental techniques and to charac-
terize the dynamic mechanical behaviour of materials. A list
of international conferences on this topic follows:

e International Conferences on the Mechanical Properties
of Materials at High Rates of Strain were held in
Oxford in 1974, 1979, 1984 and 1989.

e The European Association for the Promotion of
Research into the Dynamic Behaviour of Materials
and its Applications (DYMAT) has organized Interna-
tional Conferences on Mechanical and Physical Behav-
iour of Materials under Dynamic Loading each 3 years
since 1985.

e The Dynamic Behavior of Materials Technical Division
of the Society for Experimental Mechanics (SEM) has
sponsored the ‘Dynamic Behavior of Materials’ track
and organized the ‘High Rate Image’ panel at the SEM
Annual Conferences since 2011.

It should be noted that, although recent, more compre-
hensive reviews have been given by Lindholm (1974),
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Fig. 1 Overview of rock dynamics problems and influencing factors in underground engineering design (after Zhao et al. 1999b, Fig. 1, p. 514)

Nicholas (1982), Malvern (1984), Sierakowski (1997),
ASM (2000), Field et al. (2004) and Ramesh (2008)
regarding dynamic experimental techniques and material
behaviours, reviews emphasizing rock-like materials, e.g.
concrete, mortar, ceramic and rock materials, are very
limited in number and scope (Bischoff and Perry 1991; Fu
et al. 1991; Malvar and Ross 1998; Zhao et al. 1999b;
Subhash et al. 2008; Toutlemonde and Gary 2009; Walley
2010; Zhao 2011). In the 1990s, Bischoff and Perry (1991)
and Fu et al. (1991) reviewed experimental techniques and
compressive behaviour of concrete and dynamic loading,
Malvar and Ross (1998) presented a review summarizing
strain rate effects on concrete in tension, and Zhao et al.
(1999b) reviewed advances in research on rock dynamics
related to cavern development. The journal Rock Mechanics
and Rock Engineering (Barla and Zhao 2010) edited a
special issue on ‘Rock Dynamics and Earthquake Engi-
neering’ to provide a consensus summary of the current
state of knowledge. Several chapters in the book Advances
in Rock Dynamics and Applications (Zhou and Zhao 2011)
and some recent conference papers (Zhao et al. 2012; Xia
2013b) contain only outlines of fundamental principles and/
or their own research results. Work on dynamic experi-
mental techniques and mechanical behaviour of rock
materials is neither complete nor systematic, and therefore a
comprehensive review is essential for research leading to a
deeper understanding of rock dynamics.

This review updates our previous review papers (Zhao
et al. 1999b, 2008, 2012; Zhao 2011) and concentrates on

@ Springer

experimental techniques for both intermediate and high strain
rate testing and dynamic mechanical behaviours of rock
materials. All literature available to the authors (in total 384
references) concerning this topic was extensively reviewed.
This review is arranged in eight sections: After the ‘Intro-
duction’, loading techniques and measurement techniques are
critically assessed in Sects. 2 and 3. In Sect. 4, first, dynamic
testing methods and estimation methods for obtaining stress—
strain behaviour at high strain rate are summarized; next, an
in-depth description of the results of various dynamic
mechanical properties and corresponding fracture behaviours
is presented; then, some influencing environmental and
intrinsic rock factors are considered; finally, some popular
semi-empirical rate-dependent equations for predicting the
dynamic strength of rock-like materials are briefly described.
Section 5 reviews several physical mechanisms of strain rate
effects, and Sect. 6 outlines classic rate-dependent constitu-
tive models concerning the stress—strain behaviour and these
physical mechanisms. Section 7 presents widely used phe-
nomenological and mechanically based dynamic fracture
criteria for brittle materials. Finally, a brief summary and
some prospective research are presented.

2 Loading Techniques for Dynamic Testing
Loading techniques are those experimental techniques or

methods to generate reproducible dynamic loading for the
purpose of performing experimental tests and investigating
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dynamic behaviour of materials. The principles of loading
techniques and their applications for engineering materials,
such as concrete, mortar and ceramics, have been extensively
reviewed (Ramesh 2008; Gama et al. 2004; Field et al. 2004,
Kuhn and Medlin 2000). Therefore, only a short outline of
specific applications to rock materials is given in this paper.

A classification of loading techniques and mechanical
states for rock materials over a wide range of strain rates is
shown in Fig. 2, which is modified after Lindholm (1971),
Nemat-Nasser (2000) and Ramesh (2008), and particularly
based on experimental results. At strain rates ranging from
1078 to 107> s, the creep behaviour is the primary con-
sideration and creep laws are used to describe mechanical
behaviour. At higher strain rate, i.e. in the range of 10—
1073 s~! or about 1-100 s loading duration to failure, the
quasi-static stress—strain curve obtained from constant strain
rate (CSR) testing has been used to describe the mechanical
behaviour. Ordinary hydraulic servo-controlled testing
machines can load specimens at strain rates up to 107> s,
With the aid of fast pumps and valves to increase the flow rate
of hydraulic oil, some specialized hydraulic servo-controlled
machines can achieve strain rates as high as 10~' s™'. For
higher strain rates, pneumatic—hydraulic or completely gas-
driven machines have been developed to reach strain rates on
the order of 10° s™', and drop-weight machines have been
commonly used to achieve strain rates on the order of
10! s7!. The term ‘intermediate/medium strain rate’ (Green
and Perkins 1968, 1969; Logan and Handin 1970) or ‘quasi-
dynamic’ (Logan and Handin 1970) is usually used to
describe the mechanical behaviour of rock materials at strain
rates ranging from 10~" to 10" s~', within which strain rate
effects first become a consideration, although their magni-
tude may be quite small or even non-existent in some cases.
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Fig. 2 Classification of loading techniques and the state of rock
materials over a wide range of strain rates

In the present paper, the term ‘intermediate strain rate (ISR)’
isemployed. Strain rates of 10'~10* s~ are generally treated
as the range of high strain rate (HSR) response, for which the
most successful loading technique is the split Hopkinson
pressure bar (SHPB). Effects of inertia and stress wave
propagation should be considered to ensure proper inter-
pretation of experimental data. Strain rates of 10* s™' or
higher are generally referred to as the very high strain rate
(VHSR) regime, for which plate impact techniques have
been successfully employed.

A fundamental difference between quasi-static and
dynamic tests is that inertia and wave propagation effects
become more pronounced at higher strain rates. At high rates,
there exists a transition from nominally isothermal condition
to quasi-isothermal/adiabatic condition. Low strain rate
experiments all maintain uniaxial [one-dimensional (1D)]
stress states in the tested material, while shock wave tech-
niques produce 1D strain states. Examples of the effect of
strain rate on flow stresses of Solnhofen limestone combined
with the transition from 1D stress to 1D strain are given in
Fig. 3. In this study, impact loading studies are not included;
the interested reader is referred to the excellent book by Me-
yers (1994) and critical review by Field et al. (2004) for the
general principle and experimental techniques, and a recent
PhD thesis (Braithwaite 2009) for knowledge of impact
mechanical behaviour of eight types of rock material.

2.1 Techniques for Intermediate Strain Rate Testing

Pneumatic-hydraulic and completely gas-driven machines
have mainly been developed for studying the ISR behaviour
of rock materials in uniaxial compression (Green and Perkins
1968, 1969; Friedman et al. 1970; Zhao et al. 1999a),

800
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£,=0.7%
; Shock
600 1D Strain S
Static @ _ _ - ----77 7
b s, |
&
2 400
< 1D Stress
© a
o
200
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Fitting curve
o T T T T T T T
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&(s™h
Fig. 3 Flow stress and the state of Solnhofen limestone at various

strain rates (after Field et al. 2004, Fig. 2b, p. 727; data from Brace
and Jones 1971 and Green and Perkins 1969)

@ Springer



1416

Q. B. Zhang, J. Zhao

triaxial compression (Serdengecti and Boozer 1961; Logan
and Handin 1970; Perkins et al. 1970; Ehrgott and Sloan
1971; Green et al. 1972; Friedman and Logan 1973; Lind-
holm et al. 1974; Blanton 1981; Gran et al. 1989; Li et al.
1999) (refer to Sect. 4.4 for details) and direct tension (As-
prone et al. 2009; Cadoni 2010; Li et al. 2013). The loading
frames are made of steel with very high stiffness, and a gas
reservoir is used to pressurize the oil reservoir (pneumatic—
hydraulic system) in order to reach a value of 10° s, thus
reducing the duration of the rise time to a few milliseconds.
Strain rate of 10" s™' has also been achieved by some
machines with rise time of approximately 500 ps (Logan and
Handin 1970; Friedman and Logan 1973; Blanton 1981;
Gran et al. 1989). The load is applied by movement of a
lightweight piston driven by expansion of compressed gas.
An important feature is the piston displacement limiting
device that mechanically stops the piston after a predeter-
mined displacement of travel (Friedman et al. 1970). The
axial load is commonly measured by a load cell, and strains
are usually measured by strain gauges mounted on the
specimen. Therefore, at such a short duration, the strain rate
becomes more dependent on the relationship between the
specimen stiffness and machine stiffness. Even if wave
propagation effects can be neglected, the characteristic
response time of the load cell and its distance from the end of
the specimen must be checked (ASM 2000).

The testing principle of drop-weight machines is grav-
itational potential energy, through controlling a hammer
with known height and weight. Specimen deformation and
energy calculations are based on measuring the momentum
impulse acting on the falling weight and calculating the
resultant temporal impact velocity. Drop-weight machines
have been used to achieve strain rate of 10! s~!, which is
equivalent to a 500 ps loading duration. A rubber buffer
can be placed on top of the specimen to prolong the
duration of loading, reducing the strain rate to 1097,
Although a gas gun can be used to accelerate the hammer
S0 as to increase the strain rate up to 10? sfl, the transient
effect inside the machine cannot be neglected. Moreover,
such strain rates can also be obtained by using the SHPB
technique that explicitly takes wave propagation into
account. There are some limitations on using drop-weight
machines: (1) the technique is passive, and testing condi-
tions are determined by trial and error or from empirical
parameters; (2) the rate and form of the compressive
loading depend on both the specimen and machine

compliances, as well as the average energy of the falling
weight; (3) great care should be taken in interpreting
experimental data because of the coupling effects between
machine vibration and wave propagation; (4) the calculated
displacement might be inaccurate because the deformation
in the system could be greater than the specimen deflection;
and (5) the loading rate cannot be well controlled, and thus
multiaxial tests are unreliable. Therefore, only a few
studies have been conducted using drop-weight machines,
to investigate the characteristics of fragmentation (Whittles
et al. 2006; Hogan et al. 2012) and fracture toughness
(Yang et al. 2009; Islam and Bindiganavile 2012).

2.2 Techniques for High Strain Rate Testing

One of the most widely used loading techniques at HSR is the
split Hopkinson bar (SHB), or the Kolsky bar developed by
Kolsky (1949). Readers interested in the historical back-
ground, recent advances and extensive modifications of the
SHB are referred to a recent book (Chen and Song 2011), the
ASM handbook (Gray 2000) and several recent reviews
(Field et al. 2004; Ramesh 2008; Gama et al. 2004), and a
review of its application to dynamic fracture toughness tests
(Jiang and Vecchio 2009). The principle of the traditional
SHPB technique is briefly described in this section. The
SHPB consists of a striker bar, an incident bar and a trans-
mission bar, with a specimen sandwiched between the inci-
dent and transmission bars, as shown in Fig. 4. When the
striker bar impacts the incident bar, a compressive pulse is
generated and propagates towards the specimen. Upon
reaching the interface between the incident bar and the
specimen, a portion of the stress pulse travels through the
specimen and then transmits into the transmission bar as a
compression pulse, while the remaining portion is reflected
back into the incident bar as a tension pulse. Strain gauges are
usually mounted at midpoints along the length of the incident
and transmission bars to record the stress pulses.

The dimensions (length L, diameter D, cross-sectional
area A) and properties (wave speed C, Young’s modulus E,
density p) of the bars and the specimen should be known
prior to interpretation of data from a SHPB test. The sub-
scripts ‘B’ and ‘s’ correspond to the bar and the specimen,
respectively. The duration of the incident pulse (#,.) is
equal to the round-trip travel time of the longitudinal wave
in the striker bar, which can be expressed in terms of the
length (L) and longitudinal wave speed (Cg) of the striker

Fig. 4 Schematic of a Striker Specimen
conventional split Hopkinson . U u ..
pressure bar (SHPB) or Kolsky bar Incident bar L2 Transmission bar |
bar I — I I = E—= Epe & = Dy I
‘4——| (pB’CB’AB) —»Ls<— f
LS'.Y
(p.,C,,A4,)
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bar as f1, = 2Ly/Cp (e.g. Ly =500mm and Cp =
8,000 m/s, thus f,, = 125 ps).
The strain rate, &, in the test specimen is given by Gray
(2000) as
g U~ ) (1)
Ly
where #; and u, are the velocities at the incident bar—spec-
imen and specimen—transmitted bar interfaces, respectively.
From elementary wave theory, the strain rate is

. C
é= L—B (—&m. + €Re. + £11.)- (2)

The forces at the bar—specimen interfaces are defined as

Py = AgEg(ém. + ére.);, P> = AgEgerr, (3)

where ¢ is the strain measured by the strain gauges on the
bars. The subscripts ‘In.’, ‘Re.” and “Tr.” correspond to the
incident, reflected and transmitted pulse, respectively.

Methods for determining the stress and strain histories in
the specimen for the SHPB test are presented in Sect. 4.2.
The principles of the SHTB and TSHB are similar to those
of the SHPB, while the primary differences are the method
of generating the tensile and torsional loading pulses,
specimen geometries and the methods of attaching the
specimen to the two bars, which are presented in Sect. 4.1.
Recent major developments in SHB testing have been
presented by Field et al. (2004) (Table 1, p. 732). We focus
on key techniques for characterizing the dynamic response
of rock materials, as summarized in Table 1.

The SHB was originally developed to study the dynamic
behaviour of ductile metals. When the specimen is a brittle/
quasi-brittle rock material, the testing conditions on the
specimen may not be satisfactory to produce valid exper-
imental results, and therefore the following conditions need
to be carefully checked.

2.2.1 Pulse Shaping Techniques

The conditions of CSR and stress equilibrium (SE) need to
be satisfied simultaneously for a SHB test. It is important to
record the time histories of strain and strain rate in order to
ascertain the extent to which the CSR and SE conditions
exist during a test (Foster 2012; Yang and Shim 2005). The
time to achieve nearly CSR is primarily governed by the
rise of the incident wave. The transit time required for the
leading edge of the incident wave to travel through the
specimen once is given by the length and the longitudinal
wave speed of the specimen, #yp = L;/Cs. To reach the SE
condition, it has been suggested that the equilibrium time
should be 5-10 times (Lindholm 1971), = times (Davies
and Hunter 1963), or at least four times the transit time
(Ravichandran and Subhash 1994) (e.g. Ly =50 mm,

Cs = 5,000m/s, 1o = 10 us, and thus feqy is around 40 ps).
The SE condition can be evaluated by considering the

stress  histories at both ends of the specimen,
_ &ln. TERe. —€Tr. .
R(t) _ZW <5%, assuming that both bars are

made of the same material and have the same cross-sec-
tional area (Ravichandran and Subhash 1994). The rect-
angular stress pulse generated in the traditional SHPB test
should be modified to satisfy the SE condition, because the
diameter of the rock specimen is very large and the rise
time should be much longer than the equilibrium time.
Moreover, a rectangular stress pulse with its steep rise can
impose a nonuniform strain rate during the elastic defor-
mation of the rock specimen. A ramp pulse in the incident
bar produced by changing the geometry and material of the
pulse shaper and the striker can filter out the high-fre-
quency oscillations. These methods are generally called
pulse shaping techniques, which can be classified into three
groups: pulse shaping by placing a thin ductile metallic
(e.g. copper, aluminium) disc (Frew et al. 2001, 2002) or a
geometrical pulse shaper rod (Gerlach et al. 2011) on the
impact end of the incident bar, and using a shaped striker
(Christensen et al. 1972; Howe et al. 1974; Li et al. 2000b;
Zhou et al. 2011) and a preloading bar by placing a dummy
specimen of the same material as the tested specimen on
the impact end of the incident bar (Ellwood et al. 1982). In-
depth discussions on pulse shaping techniques can be found
in Nemat-Nasser et al. (1991).

2.2.2 End Friction Effects

The end friction between the specimen and the loading
device may lead to a complex stress state of multiaxial
compression, and rock materials are very sensitive to the
confining pressure, even for low values. Gray (2000) sug-
gested that friction and inertia effects can be lessened by
minimizing the area mismatch between the specimen and
the bars (Ds~ 0.8Dg) and choosing the ratio L/Dj
between 0.50 and 1.0, which is based on the corrections for
both axial and radial inertia effects originally proposed by
Davies and Hunter (1963). Although fiction effects can be
physically minimized in tests by proper lubrication, they
cannot be completely eliminated. Furthermore, use of
lubricants may affect the acoustic behaviour of the inter-
face and is particularly difficult for tests at high tempera-
ture since their performance decreases with increasing
temperature. Some researchers have conducted experi-
ments on ring specimens (Hartley et al. 2007; Zhang et al.
2009; Alves etal. 2012) and numerical simulations
(Iwamoto and Yokoyama 2012; Hao and Hao 2013) to
assess the end friction effect. These results have generally
shown that friction should be well reduced and/or be cor-
rected using numerical simulations. Three obviously
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Table 1 Major developments in split Hopkinson bar testing of rock materials

Year(s) Major developments References

1966 Stress—strain relation Hauser (1966)

1967 The first thesis: stress—strain, size effect, energy transmission and failure characteristics Hakalehto (1967)

1968 Temperature effect Kumar (1968)

1968 High-speed camera for recording dynamic fracturing Perkins and Green (1968)

1970 Stress—strain curve, temperature effect Perkins et al. (1970)

1972 Hydrostatic confining pressure chamber, stress—strain curves, truncated cone striker Christensen et al. (1972)

1974 Anisotropy effect, cylindro-conical striker, direct tension test Howe et al. (1974)

1974 Effects of confining pressure and temperature, hydrostatic confining pressure chamber Lindholm et al. (1974)

1976 Anisotropy effect, direct tension and torsion tests Goldsmith et al. (1976)

1977 Pure shear test using the TSHB and a thin-walled tubular specimen Lipkin et al. (1977)

1979 Radial inertia effects Powell (1979), Young and Powell (1979)

1984 WLCT method for fracture toughness Klepaczko et al. (1984)

1987 Spalling test Khan and Irani (1987)

1990 SENB method for fracture toughness, an optical technique for measuring COD Tang and Xu (1990)

1993 BD method for tensile strength Dutta and Kim (1993)

1993 Effects of stress waveforms produced by rams on energy dissipation and fragmentation Li et al. (1993)

1994 Saturation effect in the spalling test Lou (1994)

1995 Dynamic moiré method for detecting time to fracture and measuring COD Yu and Zhang (1995)

1997 Inverse analysis for stress—strain curve, separation of stress waves Zhao and Gary (1997)

1999-2001 SR method for fracture toughness, temperature effect, fracture characteristics, energy ~ Zhang et al. (1999, 2000, 2001a, b)

2000 Truncated-cone-shaped striker, oscillation elimination Li et al. (2000b)

2001 Pulse shaper, size effect Frew et al. (2001)

2005 75-mm-diameter bar, intermediate strain rate, fracture modes, energy Li et al. (2005)

2006 FBD method for tensile strength and elastic modulus Wang et al. (2006)

2007 Wave propagation through fractured rocks with fractal joint surfaces Ju et al. (2007)

2007 Infrared thermography for measuring temperature Shi et al. (2007)

2008 SCB method for flexural strength Dai et al. (2008)

2008 TSHB to study frictional slip resistance Yuan and Prakash (2008)

2008 Size effects on both bars and specimens Li et al. (2008a)

2008 Development of coupled quasi-static and dynamic SHPB Li et al. (2008b)

2009 SHTB for direct tensile strength Asprone et al. (2009)

2009 Rock pulverization under uniaxial compressive loading Doan and Gary (2009)

2009-2012 CCNBD, NSCB and CCNSCB methods for fracture toughness, temperature effect Chen et al. (2009), Dai et al.
(2010a, 2011), Yin et al. (2012a)

2010 Triaxial SHPB, hydrostatic confining pressure chamber Frew et al. (2010)

2010-2011 HCFBD and CSTFBD methods for mode I and mode II fracture toughness, size effect Wang et al. (2010c, 2011a)

2010-2012 Rock-SHPB, rock bars Wau et al. (2012), Li et al. (2010a)

2011 Punch shear method for shear strength Huang et al. (2011a)

2011 Rock pulverization under confining pressure, shrink-fit metal sleeve Yuan et al. (2011)

2011 Design of triaxially compressed split Hopkinson bar (TriSHB) Cadoni and Albertini (2011)

2012 Coupling effects of confining pressure and temperature Fang et al. (2012)

2012 Suggested methods for UC, BD and NSCB testing Zhou et al. (2012)

2013 HS-DIC for UC, BD and NSCB testing Zhang and Zhao (2013a)

BD Brazilian disc, CCNBD cracked chevron notched BD, COD crack opening displacement, FBD flattened BD, CSTFBD cracked straight
through FBD, HCFBD holed cracked FBD, SCB semi-circular bending, NSCB notched SCB, CCNSCB cracked chevron NSCB, SENB single
edge notched bending, SR short rod, SHPB split Hopkinson pressure bar, SHTB split Hopkinson tension bar, TSHB torsional split Hopkinson bar,
HS-DIC high-speed digital image correlation, UC uniaxial compression, WLCT wedge loaded compact tension
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different contact conditions, i.e. lubricated, dry and bonded
using high-strength adhesive, were performed by Dai et al.
(2010c) to examine the friction effects on the rock speci-
men. In torsional testing, friction does not exist.

2.2.3 Inertia Effects

Due to the Poisson’s ratio effect, the stress wave loading in
HSR tests causes inertia to have an influence on measured
mechanical properties (Davies and Hunter 1963). Dynamic
stresses associated with axial and radial inertia should be
small compared with the flow stress of the material under
investigation. The magnitude of the inertial contribution to
the apparent stress also depends on the density and size of
the specimen (Field et al. 2004). Davies and Hunter (1963)
firstly found the inertia effect and suggested that there exists
an optimal length-to-diameter ratio (Ls/Ds = \/@/ 2) to
minimize it. Gorham (1989) derived equations to estimate
the inertial effect, which were rewritten by Ramesh
(Eq. 33.20, 2008) to emphasize the specimen size and the
ratio Ly / D;. Difficulties have been met in carrying out valid
and accurate tests at higher strain rates because the radial
inertia effect becomes more significant, as pointed out by
Follansbee and Frantz (1983), being coupled with the axial
acceleration. However, for a specimen in stress equilib-
rium, only radial inertia effects need to be considered in the
analysis and discussions. Powell (1979) and Young and
Powell (1979) might have been the first authors to inves-
tigate radial inertia effects on rock behaviour. They
observed that the radial stress increased towards the centre
of the specimen during fracturing, and concluded that
failure propagates inwardly in a progressive manner.
Bischoff and Perry (1991) presented a review of the lateral
inertia effect (‘2.3 Lateral inertia confinement’ in Bischoff
and Perry 1991) on the compression behaviour of concrete.
Recent progress on the lateral inertia effect has included
the following work: Li and co-workers conducted numer-
ical simulation (Li and Meng 2003; Lu et al. 2010) and
experimental tests on tubular mortar specimens (Zhang
et al. 2009) and stated that inertia-induced radial confine-
ment makes a large contribution to the enhancement of
compressive strength when the strain rate is greater than a
critical transition value. Theoretical studies (Forrestal et al.
2007) and numerical simulations (Li et al. 2009) have also
demonstrated that the effect of radial inertia is proportional
to Df. In dynamic fracture toughness tests, the inertia
effects are different for various loading configurations, as
critically reviewed by Jiang and Vecchio (2009). An easy
way to reduce the inertia effect can be through the use of
pulse shaping techniques (Weerasooriya et al. 2006; Chen
et al. 2009; Zhang and Zhao 2013a). In TSHB testing, due
to the absence of a Poisson’s ratio effect, the radial inertia

effect does not exist and the stress pulse will not be dis-
persed during wave propagation (Lipkin et al. 1977, 1979;
Gilat 2000).

2.2.4 Dispersion Effects

The effects of dispersion (known as the Pochhammer—
Chree mode) accumulate as waves propagate over distance,
and become more significant as the bar diameter increases,
thus they must be corrected and minimized for brittle
materials due to the small value of strain to failure. Ana-
Iytical, numerical and experimental corrections for wave
dispersion were first proposed for testing of ductile mate-
rials by Follansbee and Frantz (1983) and Gorham (1983),
for concrete by Gong et al. (1990) and for rock by Li et al.
(2000b). For detailed discussions of the correction meth-
ods, refer to the review by Gama et al. (‘Data processing
and dispersion correction in SHPB testing” in 2004). The
dispersion effect can also be physically minimized in the
test through the use of pulse shaping techniques (Li et al.
2000b; Frew et al. 2001, 2002), although some uncertain-
ties still exist regarding the initial portion of the stress—
strain curve.

2.2.5 Limit of Strain Rate

Attempts to push the SHB to higher strain rates have led to
three modifications: (1) decrease of the specimen size,
especially the length; (2) direct impact on the specimen;
and (3) miniaturization of the entire system. The first
approach is typically limited by frictional effects (Ha-
kalehto 1967). In the second approach, a projectile directly
impacts on a specimen placed in front of an elastic bar
(Gorham et al. 1992). Since there is no incident bar, the
impact velocity can be very high; however, in turn, there is
no reflected signal from which the strain rate and strain in
the specimen can be extracted. Using the third approach,
several miniaturized versions on the millimetre order in
diameter have been developed, and the strain rate can reach
up to about 10° s7! (Jia and Ramesh 2004). There are,
however, practical limitations on the size of specimen that
can be used. Therefore, the above-mentioned methods are
not applicable for heterogeneous rock-like materials.
Although materials can be tested over a wide range of
strain rates, standardized tests require well-characterized
strain rates that do not exceed a limiting value. Classical
equations for the limiting strain rate have been presented
(Ravichandran and Subhash 1994; Pan et al. 2005; Ramesh
2008), as summarized in Table 2. This is also helpful for
clarifying the sometimes dramatic changes of strength in
the HSR range by helping to distinguish valid from invalid
tests.
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Table 2 Summary of limiting strain rate equations at high strain rate (after Chen and Song 2011)

Reference Limit of strain rate &;,, Controlling factor Material Comments
constant
Ravichandran and Subhash Elim = :1,1?’ & strain to failure, n no. of Cs, L Consideration of SE
(1994) 0 reflections
Pan et al. (2005) Slim = T(/}//}ﬁ & strain to failure, © = f () p.n Consideration of CSR
Ramesh (2008) o actual yield stress of the Ly, p, Consideration of CSR and inertia
dim = | or (32 +122/ 7 material effect
r relative error in stress p = D/L,

measurement

Refer to the original papers for the definition of some undefined parameters in this review

The suggested limit of strain rate should be the mini-
mum of these estimating equations, taking the conditions of
SE and CSR into account, i.e.

&C, Pes 1 |o 192
s /. AN’ T —-r A A 2
Ly t(B/n—1)"L\ p \32+3/p

élim = min

(4)

Attempts have also been made to reduce the strain rate
by using (1) a very long bar (Gilat and Matrka 2011; Song
et al. 2008), (2) a very large-diameter (from 50 to 100 mm)
bar (Li et al. 2005; Albertini et al. 1999) and (3) a ‘slow
bar’ technique (Zhao and Gary 1997). Large bar diameters
have been widely used for rock-like materials; however,
they have specific disadvantages and challenges when
testing rock-like materials, i.e. (1) launching the striker
requires substantial gun facilities; (2) specimens with large
diameter need a longer time to reach stress equilibrium, the
assumption of which is thus violated; and (3) for small
strain to failure, the effects of friction, inertia and wave
dispersion become more significant. The applicability of
the conventional SHPB technique needs to be carefully
examined before interpretation of reliable dynamic
experimental data is possible.

3 Measurement Techniques for High Rate Deformation

The ability to quantitatively obtain dynamic mechanical
properties and deformation fields, to fully understand
failure mechanisms and to effectively validate theoretical
models of material behaviour is largely dependent on
measurement techniques. Traditional contact measurement
techniques such as electrical resistance strain gauges and
mechanical extensometers have limitations in terms of
measuring range and frequency response and do not pro-
vide enough information to address the complexity of the
dynamic mechanical behaviour. In terms of high-speed,
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high-resolution and microscopic monitoring and observa-
tion, optical techniques such as photoelasticity, moiré,
interferometry, caustics, coherent gradient sensors and
digital image correlation (DIC) must be advocated to rep-
resent fracture processes and failure mechanisms, and can
also help in examining proposed hypotheses and estab-
lishing constitutive models, as well as validating numerical
simulations. A critical review on optical techniques for
high rate deformation has been presented by Field et al.
(2004). It should be noted that most of these techniques
require many optical components and somewhat elaborate
surface preparation of the specimen; therefore they are only
applicable for transparent materials. For heterogeneous
materials, such as concrete, composite and rock material,
inhomogeneous deformation and strain localization
demand more sophisticated measurement techniques.
High-speed photography has been widely used since it was
first used in SHPB testing of rock materials (Perkins and
Green 1968). However, the goal in using high-speed
imaging is quantitative and accurate measurement of data
as another diagnostic tool in research, rather than just for
imaging in the qualitative sense. The Handbook of
Experimental Solid Mechanics (Hartley 2008) provides
detailed theories of measurement techniques. In this sec-
tion, we only outline the most frequently used optical
techniques and their applications to rock materials, but do
not consider them as an integral part of loading techniques.

3.1 Laser Measurement Techniques

The equipment required for these techniques usually con-
sists of three major components: an optical arrangement for
generating a laser sheet of uniform intensity per unit
length, optics and photoelectronics for detecting and
measuring the light, and the necessary mounting system.
The laser occlusive radius detector was developed to
measure radial deformations of a specimen in dynamic
compression (Ramesh and Narasimhan 1996) and tension
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Fig. 5 Isochromatic-fringe
patterns around a crack
propagating in a marble plate
dynamically loaded by a steel
wedge in notch technique; inter-
frame interval is 4 s, and crack
propagation velocity is 965 m/s.
Reproduced from Daniel and
Rowlands (1975, Fig. 13,

p. 457)

(Li and Ramesh 2007) tests. Laser/light passing-detection
techniques were developed by Tang and Xu (1990), in
which the luminous flux passing through a narrow chink on
the specimen increases with increase of the crack opening
displacement (COD), which in turn leads to increase of the
illuminated area. Because the electrical signal is propor-
tional to the light signal, the groove-opening displacement
can be recorded by using transient waveform storage. A
laser gap gauge (LGG) system was developed to measure
the COD history (Chen et al. 2009) in SHPB testing.
Attention should be paid to the following factors: the very
high frequency of the laser/light detector; the calibration of
the technique before the test; its successful application for
testing with large deformations, although remaining a
challenge for testing of quasi-brittle materials; and the
roughness of the fracture surface in the COD measurement.

3.2 Photoelastic Coating

Although photoelectric techniques are most widely used
for transparent materials, it is also possible to examine the
dynamic fracture characteristics of opaque materials by
using photoelastic coating techniques. Studies of wave and
fracture propagation using coatings have been performed
previously by several researchers (Daniel and Rowlands

1975; Glenn and Jaun 1978); however, the results obtained
were qualitative. Figure 5 shows isochromatic-fringe pat-
terns around a crack propagating in a marble specimen
dynamically loaded by a steel wedge in notch technique
(Daniel and Rowlands 1975). A continuous sheet of bire-
fringent coating over the specimen was employed. The use
of a continuous coating caused uncertainty since the coat-
ing responded to fracture in the specimen and to failure of
the coating itself (Daniel and Rowlands 1975). This prob-
lem may be alleviated by using a split birefringent coating
where a separate sheet of coating is bonded to either side of
the anticipated path of the crack. In addition, the technique
needs many optical components and elaborate surface
preparation of the specimen.

3.3 Moiré

Moiré techniques have been developed to measure in-plane
and out-of-plane displacement fields. For in-plane dis-
placements, experimental stress-analysis techniques have
been used to study wave and fracture propagation in rock
specimens (Daniel and Rowlands 1975; Yu and Zhang
1995; Zhang et al. 1999). The process of wave propagation
was observed through isochromatic-fringe patterns on
bonded photoelastic coatings and moiré-fringe patterns
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Fig. 6 Moiré-fringe patterns corresponding to vertical displacements in a marble specimen dynamically loaded on the edge; camera speed
1,004,500 frames/s; ruling 400 lines/cm. Reproduced from Daniel and Rowlands (1975, Fig. 6, p. 453)

(Daniel and Rowlands 1975), as shown in Fig. 6. A
detailed experimental procedure was given to determine
dynamic fracture parameters in SHPB testing (Yu and
Zhang 1995; Zhang et al. 1999): two pieces of grating were
installed near the notch of a cracked specimen to form the
moiré fringe, then the value of COD versus time could be
monitored from the movement of the moiré fringes, and
finally the time to fracture could be determined from the
COD velocity.

3.4 Caustics

The method of caustics has been popular in dynamic
fracture investigations of transparent materials (Field et al.
2004; Ravi-Chandar 2004), and it can equally well apply
when light rays are reflected from the surface of an opaque
specimen. The following changes should be taken into
account: the screen plane behind the specimen is a virtual
plane captured by focussing the camera on this plane; only
the thickness of the specimen contributes to the formation
of caustic images (Ravi-Chandar 2004). Figure 7 shows

@ Springer

dynamic caustic images of a three-point bending (TPB)
rock specimen impacted by a drop-weight machine (Yang
et al. 2009). The dynamic stress intensity factor (SIF) can
be determined by measurements of the transverse diameter
of the caustic curve.

3.5 Holographic Interferometry

Holloway et al. (1977) presented the application of holo-
graphic interferometry for visualization of wave propaga-
tion in Westerly granite. To improve the coherence
properties, a pulsed ruby laser was applied as the light
source in their studies. Cai and Liu (2009) recently
observed the evolution of deformation and cracking in rock
materials using laser holographic interferometry. Although
the technique produces very high-quality fringe patterns
and requires no specimen preparation, it should be per-
formed in a dark space and requires seismic isolation.
Therefore, it is difficult to perform in combination with
dynamic loading techniques and to record sequences of
holograms using a high-speed camera.
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Fig. 7 Dynamic caustic images
of a three-point bending rock
specimen impacted by a drop-
weight machine; the inter-frame
time may be found in Yang

et al. (2009). After Yang et al.
(2009, Fig. 3, p. 81)

3.6 Digital Image Correlation

The DIC technique has been particularly popular for brittle
heterogeneous materials across a wide range of length and
time scales (Sutton et al. 2009; Field et al. 2004; Siviour
and Grantham 2009; Zhang and Zhao 2013a). On the one
hand, the technique has no inherent length scale, and thus is
applicable to experiments covering a broad range of fields
of view not only from the nano/microscale to the field
scale, but also from two dimensions (2D) to three dimen-
sions (3D). On the other hand, with recent progress in the
advent of high-speed cameras with high spatial and tem-
poral resolution, advanced image processing methods and
high-speed computation, the DIC technique has also been
applied to testing over a wide range of loading rates (Zhang
and Zhao 2013a). For details of applications of the HS-DIC
technique to rock-like materials, refer to Sect. 4.1.3.

3.7 Dynamic Infrared Thermography

There has been renewed interest in the energy dissipation and
temperature rises associated with bulk dynamic deformation
and fracture. Infrared thermography has great potential to be
exploited in these fields by transforming the thermal energy
emitted by objects in the infrared band of the electromagnetic
spectrum into a visible image. However, this technique is
still not adequately assessed in the application of rock
dynamics, because of a lack of adequate knowledge; at first
sight, it seems too expensive and difficult to use (Carosena
and Giovanni 2004). Figure 8 shows transient target ther-
mographs of a marble plate after impaction at different
impacting velocities (Shi et al. 2007).

4 Dynamic Mechanical Properties and Fracture
Behaviour

The dynamic mechanical behaviour of rock materials has
been extensively studied; in particular, significant progress
in experimental methodology has been made with the
advent of HSR loading techniques starting from the work
of Kolsky (1949), as well as high-speed and high-resolu-
tion measurement techniques (Perkins and Green 1968). It
has been previously presented that mechanical properties
of rock materials are sensitive to loading rate, and a definite
increase in mechanical properties has been commonly
recognized. Thorough knowledge is required to properly
design rock engineering structures for all types of loading
likely to be encountered during the design lifetime.
Although an increase of about 30 % is suggested for the
design compressive strength for engineering structures
under dynamic loading (Agbabian 1985), the enhancement
of mechanical properties seems higher than this value.
Therefore, a current and comprehensive review of dynamic
mechanical properties is essential for engineering design.
Mechanical properties (e.g. strength and fracture
toughness) and fracture behaviours (e.g. single fracturing,
multiple fracturing and pulverization) exhibit a general
trend; i.e. they change with the loading rate. In particular,
the responses distinguishably change after the loading rate
exceeds a critical value (&), as shown schematically in
Fig. 9. Dynamic experimental results are usually presented
as the ratio of the measured dynamic strength/toughness to
that in the quasi-static test. This ratio, generally referred to
as the dynamic increase factor or normalized dynamic
strength (a4/05), is usually presented as a function of the
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Fig. 8 Transient target
thermographs of marble plates
impacted by split Hopkinson bar
at different impacting velocities
(reproduced from Shi et al.
2007, Fig. 4, p. 995)

v=18.0 m/s

logarithm of loading rate. The loading rate has been indi-
cated variously by the time to failure (i.e. the loading
duration), the instantaneous stress rate (i.e. the slope of the
stress—time response) or strain rate, the average stress or
strain rate, or sometimes the rate of piston travel. Also,
because of the nature of loading required for rapid straining
and the complicated specimen configurations, the rate of
loading or straining has not always been constant. Dynamic
mechanical properties and fracture behaviours largely
depend on the loading and measurement technique, testing
method and influencing environmental factors. The fol-
lowing subsections present a detailed description of the
quantitative interpretation of each mechanical property and
a summary of the corresponding results.

4.1 Dynamic Testing Methods

Suggested methods (SM) from the ISRM and American
Society for Testing and Materials (ASTM) for determining
mechanical properties of rock materials under quasi-static
loading are based on core-shaped samples, since such
specimens can be easily prepared. Although three dynamic
testing methods (uniaxial compression, Brazilian disc and
notched semi-circular bend tests) have recently been sug-
gested by the ISRM (Zhou et al. 2012), some suspicious
and unclear points need to be addressed. Most dynamic
testing methods are extended or modified from quasi-static
ones, as summarized in Table 3, which also includes
measurement techniques and methods for interpreting
experimental data.

4.1.1 Uniaxial Compression Tests

In quasi-static tests, the rock specimen is recommended to
be a circular cylinder with length-to-diameter ratio (Ls/Ds)
of 2.5-3.0, and the diameter should be related to the size of
the largest grain by a ratio of at least 10:1 (ISRM 1979).
The numerous uniaxial compression tests conducted under
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Fig. 9 Schematic of normalized mechanical properties and failure
patterns of rock materials at various strain rates

dynamic loading differ in the measurement type and in the
size, shape (e.g. cube, cylinder or prism) and aspect ratio of
the specimens. In ISR tests, the size and shape of the
specimen are normally defined by the same value of the
ratio Ly/Ds of 2.5-3.0 as suggested for quasi-static tests.
The design of the specimen should obey the following
general assumptions during a SHPB test: (1) the specimen
deforms uniformly, which implies that there is no friction
or inertia effect; (2) the specimen is in stress equilibrium;
and (3) the specimen is under a uniaxial stress condition.
As previously noted, Davies and Hunter (1963) firstly
suggested that there exists an optimal ratio
(Ly/Dg = V3y / 2) to minimize the inertia effect. Friction
and inertia effects can be lessened by minimizing the area
mismatch between the specimen and the bars (D ~ 0.8Dg)
and choosing the L;/Dj ratio between 0.50 and 1.0 (Gray
2000). The specimen diameter needs to be large enough to
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Table 3 Summary of primary testing methods for determining mechanical properties of rock materials under both quasi-static and dynamic

loading conditions

Loading Testing Quasi-static properties Dynamic properties Calculation for a4(?), Determination of
type methods K (8 v) 04, Kup (1;v)
Tension DT gy (ASTM 2008a) 0y (Cadoni 2010; Goldsmith Pressure transducer or SG  Peak load

et al. 1976)
0y (Zhao and Li 2000; Zhou

Compression BD oy (ISRM 1978)

on bars

et al. 2012)

FBD a; (Wang et al. 2004)

ucC oy (ISRM 1979)

TC g (ISRM 1983)

Shear 7 (Ulusay et al. 2001; Stacey
1980)

HC(F)BD  Kjc (Fischer et al. 1996)

CST(F)BD Kic, Kuc (Atkinson et al. 1982)

g (Wang et al. 2009)
Oucd (Zhou et al. 2012)
0wq (Christensen et al. 1972)

T4 (Zhao et al. 1998; Huang
et al. 2011a)

Kia (Wang et al. 2010c)
K, Knig (Wang et al. 201 1a;

FEM modelling and SG SG

Nakano et al. 1994)

SR Kic (Ouchterlony 1988)
WLCT Kic (Klepaczko et al. 1984)
HCBD Kic (Fischer et al. 1996)
CCNBD Kic (Fowell 1995)

Bending TPB o (Jaeger 1967)

SCB oy (Van de Ven et al. 1997)

K4 (Zhang et al. 2000)

Kiq (Costin 1981)

Kia (Klepaczko et al. 1984)
K14 (Lambert and Ross 2000)
Kiq (Dai et al. 2010a)

o (Zhao and Li 2000)

gy (Dai et al. 2008)

Kj4 (Tang and Xu 1990;

Quasi-static theory, FEM
calibrating f(a/R)

Dynamic moiré
Peak load

Zhao et al. 1999b)

SENB Kic (ASTM 2011)
CCNSCB  Kjc (Kuruppu 1997)
NSCB Kic (Chong and Kuruppu 1984;

Kuruppu et al. 2013)

Kig (Dai et al. 2011)
Kig (Chen et al. 2009)
Kip (Chen et al. 2009)
K4 (Zhang and Zhao 2013a) Quasi-static theory
Kip (Zhang and Zhao 2013b) FEM + SG

Thermodynamics + LGG  LGG, HS camera

SG, CPG, DIC, HS
camera

DT direct tension, HCBD holed cracked BD, TC triaxial compression, TPB three-point bending, o tensile strength, o, uniaxial compressive
strength, oy triaxial compressive strength, t shear strength, Kjc, Kyc mode I, II fracture toughness; the subscript ‘d’ after the quasi-static
subscript is used for dynamic mechanical properties, Kiq, Kip dynamic crack initiation, propagation toughness, o4(f) dynamic stress history,

KId (#;v) dynamic stress intensity factor as a function of time and crack velocity, f(a/R) geometric correction function, SG strain gauge, LGG
laser gap gauge, FEM finite-element method, o4 dynamic strength, # time to fracture, CPG crack propagation gauge, HS high speed

contain 1,000 or more structural grains, but small enough
to consider stress equilibrium and to minimize the inertia
effect (Siviour and Grantham 2009). Furthermore, as
recently suggested by the ISRM (Zhou et al. 2012), the
diameter should be close to 50 mm or at least 10 times the
average grain size, with the ratio Ls/D; taking values of 1:1
and 0.5:1 for small and large specimens, respectively.

4.1.2 Triaxial Compression Tests

There are two main types of methods to subject a specimen
to multiaxial loading, through either a pressure or dis-
placement boundary condition (Chen and Song 2011). The
pressure boundary condition is achieved through hydro-
static pressure by a hydraulic confining chamber or a true-
triaxial loading apparatus, as shown in Fig. 10a, b. In such

a test, the specimen is placed inside a pressure chamber and
isotropically loaded by hydrostatic pressure using various
confining fluids (e.g. air, water and hydraulic oil). The
confining pressure can be applied using water or hydraulic
oil (up to 50 MPa) or using air (up to 10 MPa) (Gary and
Bailly 1998), and the deformation is measured by resis-
tance wire extensometers/strain gauges mounted on the
specimen. Maintaining the hydrostatic pressure constant,
additional axial loads are applied by either a loading piston
or an incident bar for ISR or HSR testing. Although a true-
triaxial loading apparatus has been designed (Cadoni and
Albertini 2011), the very short loading times do not enable
one to carry out multiaxial dynamic loading in synchro-
nicity. The displacement boundary condition is typically
achieved by using either a shrink-fit metal sleeve or a
passive thick vessel jacketing the cylindrical surface of the
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Fig. 10 Four types of designs Seal Jacket  Confining pressure
for dynamic triaxial
compression tests: a hydrostatic |

confining chamber, b triaxially \7 :l’

compressed Hopkinson bar
(TriHB) (reproduced from
Cadoni and Albertini 2011), L 1

¢ shrink-fit metal sleeve, and S N AN NN
d passive thick vessel _,/In_ bar /44t . Specimen 1oa. /TI‘. bar 24/)- -
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specimen, as shown in Fig. 10c, d. The confining pressure
depends on the thickness and material type of the sleeve.
Strain gauges are mounted on the sleeve surface to record
the stress state of the specimen. Chen and Ravichandran
(1997) firstly employed a shrink-fit metal sleeve to impose
controlled lateral confinement on a cylindrical specimen, as
further performed by Rome et al. (2004), Forquin et al.
(2008) and Nemat-Nasser et al. (2000). Another passive
confining jacket system provides an inexpensive method to
study experimentally the multiaxial compressive response
of rock-like specimens (Gong and Malvern 1990).

Some specific technical factors should be taken into
account for the hydrostatic confining apparatus: (1) whe-
ther the confining pressure is constant or not during the test
(Malvern et al. 1991; Gary and Bailly 1998); (2) it cannot
apply high pressure; and (3) such work is time-consuming.
For the passive confining techniques, one must also con-
sider: (1) ensuring that no gap exists at the specimen—
sleeve interface, (2) that the specimen should be under
uniform axial and radial deformation and (3) frictional
stresses, especially at the specimen—sleeve interface.

A summary presenting a classification and the major
developments of dynamic confining pressure tests for rock-
like materials is presented in Table 4. There exist general
trends for: an increase of triaxial strength with increasing
strain rate at all confining pressures; an increase of triaxial
strength with increasing confining pressure, as had been
demonstrated in quasi-static tests; the deformation behav-
iour to become more ductile at HSR; and a lower confining
pressure than in quasi-static tests, in particular for sedi-
mentary materials (Logan and Handin 1970; Friedman and
Logan 1973; Frew et al. 2010; Sato et al. 1981; Green
et al. 1972) and granite for small sizes (Yuan et al. 2011).
The detailed results are given in Sect. 4.4.

4.1.3 Tension Tests

There have been two types of standard methods, i.e. direct
tension (ISRM 1978; ASTM 2008a) and indirect tension
(ISRM 1978; ASTM 2008Db) tests, suggested by the ISRM
and ASTM for determining the quasi-static tensile strength
of rock materials. Coviello et al. (2005) critically assessed
quasi-static testing methods and experimental results,
namely the direct tension, BD, ring, three- and four-point
bending and Luong methods. For dynamic loading, Malvar
and Ross (1998) presented a short review summarizing
experimental data to characterize the dynamic tensile
strength of concrete, and proposed a modified Comité Euro-
International du Béton (CEB) formulation on the basis of
experimental results. In-depth numerical investigations
have been performed to examine testing methods of DT, BD
and spalling (Lu and Li 2011) and the DT method (Cotsovos
and Pavlovic 2008) on concrete. Numerous dynamic

tension tests on rock materials have been performed (e.g.
Cadoni 2010; Asprone et al. 2009; Goldsmith et al. 1976;
Wang et al. 2009; Dutta and Kim 1993; Kubota et al. 2008;
Cho et al. 2003; Khan and Irani 1987; Howe et al. 1974,
Zhang and Zhao 2013a; Yan et al. 2012; Huang et al.
2010a, b; Dai et al. 2010c, d; Dai and Xia 2010; Zhao and
Li 2000; Zhao et al. 1998). As outlined in Table 3, dynamic
tension testing methods are being continuously modified
and improved from the original quasi-static ones to pre-
cisely determine the dynamic tensile strength. Tension tests
can be approximately categorized into four groups: DT-type
(Asprone et al. 2009), BD-type [BD (Zhou et al. 2012) and
FBD (Wang et al. 2009)], bending type [TPB (Zhao and Li
2000) and SCB (Dai et al. 2008)] and spalling (Klepaczko
and Brara 2001; Wu et al. 2005; Galvez et al. 2002; Schuler
et al. 2006; Erzar and Forquin 2010; Kubota et al. 2008)
methods, as summarized in Table 5.

From the experimental point of view, even under quasi-
static loads, direct tension tests are difficult to perform
because even very slight misalignments and stress con-
centrations in the loading system may produce undesirable
failure modes. For ISR values ranging from 107" to
10° s~! Cadoni and co-workers performed direct tension
tests on Neapolitan tuff (Asprone et al. 2009) and Onser-
none anisotropic orthogneiss (Cadoni 2010) using a hydro-
pneumatic machine. At higher strain rate, several different
versions of SHTB have been developed, as shown sche-
matically in Fig. 11 (ASM 2000; Cadoni and Albertini
2011). As compared with SHPB testing, the techniques
used to grip specimens in SHTB tests are much more
complicated. Screw or clamp connections are widely used
for metal or ductile materials; however, rock specimens are
either glued onto or threaded into the ends of both bars
using high-strength epoxy resin. Pioneering work on direct
tension tests was conducted on bone-shaped specimens of
transversely isotropic Yule marble (Howe et al. 1974) and
anisotropic Barre granite (Goldsmith et al. 1976) using the
SHTB as shown in Fig. 11a with ballistic impact. Huang
et al. (2010a) performed tests on dumbbell-shaped speci-
mens of Laurentian granite using the modified SHTB of
Fig. 11b with a striker tube. Cadoni and co-workers per-
formed direct tension tests on Neapolitan tuff (Asprone
et al. 2009) and Onsernone anisotropic orthogneiss (Cadoni
2010) using the SHTB of Fig. 11d with a pre-stressed bar.
The effects of microstructure and strain rate on the tensile
strength of rock materials (Howe et al. 1974; Goldsmith
et al. 1976; Cadoni 2010) are described in Sect. 4.8.4. The
complicated specimen geometry and the SHPB techniques
make it more challenging to check the testing conditions,
as mentioned in Sect. 2.2, and to accurately measure the
stress and strain in the specimen.

The limitations on direct tension tests include the fol-
lowing: (1) the same limitations as for quasi-static tests; (2)
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Table 4 Classification and major developments of dynamic testing of rock-like materials under confining pressure

Class  Rock type Dimensions Max. Strain ~ Research activities References
(D x L, mmz) or pressure  rate
(L x Wx H mm® (MPa) s™hH
Loy >0,=03>0
alSR B-sandstone, 12.7 x 254, 138 ~107! P, (confining pressure), T (temperature), and ¢ dependent; Serdengecti and
S-limestone, 19.05 x 38.1 shear failure patterns under P, Boozer (1961)
Gabbro
‘W-granite 20 x 40 700 1072 Brittle failure, no brittle—ductile (B-D) transition Logan and Handin
10° (1970)
S-limestone 20 x 40 300 107>~ B-D transition: P, = 150 MPa at é = 10 s~ Logan and Handin
10' (1970), Friedman
and Logan (1973)
Siltstone, 76.2 x ? 103 ~10° Rise and decay times: 3 and 20 ms; no results Ehrgott and Sloan
Sandstone (1971)
S-limestone, 25.4 x 50.8 300 ~107"  B-D transition for limestone; brittle failure for granite; the ~Green et al. (1972)
W-granite same conclusions as Logan and Handin (1970) and
Friedman and Logan (1973)
D-basalt 12.7 x 25.4 345 ~107"! Oy cq increases with increasing P, Lindholm et al.
(1974)
Granodiorite 124 (L x W) x 53 450 10~'=  Machine inertia induced increase in Otd; machine the same Blanton (1981)
B-sandstone, 214 (L x W) x 50 250 ]Ol as in Logan and Handin (1970)
I-limestone
Concrete 150 x 300 124 107'=  Rise time: 0.5 ms; shear failure envelope Gran et al. (1989)
10!
BT-granite 30 x 60 170 107~ Rise time: 12 ms; dynamic Mohr—Coulomb (M-C) and Li et al. (1999), Zhao
10° Hoek-Brown (H-B) criteria (2000)
a"™SR  Sandstone 12.7 x 25.4 95 10— Stress—strain curves similar in shape to quasi-static ones;  Christensen et al.
10° Oica about 20 % higher than oy ; shear and dilatation (1972)
stress—strain curves
D-basalt 12.7 x 25.4 138 10%- P, dependent; three failure modes, see Fig. 32(a) Lindholm et al.
10° (1974)
Qil shale 12.7 x 25.4 34.5 ~10° Dependence of ¢ more pronounced than that of P.; same  Lankford (1976)
conclusion as Lindholm et al. (1974)
Concrete 76.2 x 76.2 10.3 10—~ Apparent elastic recovery at the ending period Malvern et al. (1991)
10
Sedimentary 25 x 25 35 10— More ductile at a lower P, than in quasi-static condition; ~ Sato et al. (1981)
rocks 10 dynamic M-C criterion
Marble 30 x 30 20 10— Yu (1992)
10°
Concrete 40 x 40 10 ~10*>  Residual stress depends on P, Gary and Bailly
(1998)
I-limestone 12.7 x 12.6 200 ~10° The P, of B-D transition increases with increasing & Frew et al. (2010)
Granite 50 x 30 10 10'- P, ¢ dependent; unbroken under high P, Chen et al. (2011)
10
Ceramic 14.5 x 14.5 15 ~10° M-C criterion; ductile behaviour under high P, Wang and Liu (2011)
Salt rock 37 x 74 25 ~10>  Coupling effects of P, T and & Fang et al. (2012)
F-marble 50 x 50 10 10— P., ¢ dependent; unbroken under high P Zhang and Zhao
10? (2013¢)
b Siltstone 50 x 25 w/o 10'- Hand pump-operated confinement; no results Li et al. (2008b)
10
Sandstone 50 x 50 12 10'- Cyclic dynamic loading in axial direction Jin et al. (2012)
10
Sandstone 50 x 50 40 10'- Unloading rate of P.: 1 MPa/s Yin et al. (2012b)
10
c Ceramic 4.76 x 5.48 230 10%- Localized faulting; P. dependent Chen and
103 Ravichandran
(1996)
W-granite 6.0 x 3.5-4.5 132 10— Strain at failure increases with increasing &; the B-D Yuan et al. (2011)
10° transition increases as P, is increased
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Table 4 continued

Class  Rock type Dimensions Max. Strain ~ Research activities References
(D x L, mmz) or pressure  rate
(L x Wx Hmm® (MPa) (s
d Concrete 76.2 x 152.4 45 10'- Severe deformation at the beginning period Gong and Malvern
10 (1990)
Concrete 19.1 x ? ~18 ~10%>  Teflon sleeve and aluminium sleeve Rome et al. (2004)
Concrete 30 x 40 550 10'- Deviatoric and hydrostatic behaviours appear almost Forquin et al. (2008)
10 independent of &
F-marble 50 x 50 15 10— Different thicknesses of vessel; P., ¢ dependent Zhang and Zhao
10° (2013c)
1.y >0,>032>0
e W-granite (48.2-43.1) x 96.4 501 ~107" Biaxial stress tests using tubular specimens Green et al. (1972)
f Ceramic 42 x 23 x52 400 10%- High P.; observing fracture process; o3 = 0 Paliwal et al. (2008)
10°
g Geomaterials 50 x 50 x 50 ~50 10'- Three pairs of bars; true triaxial stress state Cadoni and Albertini
10 (2011)

a, hydraulic confinement; b, coupled static—dynamic; c, shrink-fit metal sleeve; d, thick confining vessel; e, tangential load; f, planar confinement (SG on

specimen); g, true triaxial pressure (SG on bars)

Table 5 Summary of classic testing methods to determine the dynamic tensile strength of rock-like materials

Method Dynamic strength

Controlling factors

Measurement Strain/stress rate

technique

DT (Asprone et al. 2009) opT = 0(1) pax

o(t) = EgAgery. (1) /As, the measured stress

Strain gauge & = 2CpéRe. (1) /Ls

history
BD (Zhou et al. 2012) 08D = 2P (1) jyax/ TDsBs P(t), the applied load history Strain gauge 6 = 0o /0t
FBD (Wang et al. 2009) 08D = 1.9P(1) o /7DsBs  P(1), &sc, strain measured by SG on Strain gauge & = Oesg /Ot
specimen
TPB (Zhao and Li 2000) ores = 1.5P(t),Ls/BsH*  P(t) Strain gauge ¢ = 0o /0t
SCB (Dai et al. 2008) oscn = f(2) Pg{);:.x P(r) Strain gauge 6 =00 /0t
Spalling I (Klepaczko and Ospall = PCsVeject Veject» €jection velocity of fragment HS camera & = Ogpall / Et;

Brara 2001)

Spalling I (Wu et al. 2005;
Galvez et al. 2002)

Ospall = aﬁcmax (xf)

o maximum reflected tensile stress; x,
distance from free end to fracture

Strain gauge é = Ooypan / EOt

position
Spalling III (Schuler et al. Ospatl = 3 PCsAVpp AV, ‘pull-back’ velocity; tyi. rise time of ~ Acceleration & = f(tise)
2006; Erzar and Forquin the stress history gauge
2010)
Spalling IV (Kubota et al. Ospall = 3 pCs AV, AV, = Vy(tiise) — Vp(trise + 24At), HS camera, & = &/(tise + Aty)
2008) Aty = x¢/Cs laser vibration
meter

Vp, particle velocity; #gse

the complexity of the specimen shape (such as bone-shaped
and dumbbell-shaped specimens) and the presence of the
epoxy resin glue between the specimen and the bars lead to
high cost of machining and manufacturing specimens, as
well as gripping and alignment issues, which all complicate
the experimental setup and may produce unwanted stress
concentrations and lead to premature failure; (3) pulse
shaping techniques are hard to apply, thus the condition of
stress equilibrium may be violated.

To overcome these difficulties, several indirect tension
testing methods have been devised and are widely used, i.e.
the well-known BD, bending and spalling methods shown
schematically in Fig. 12.

Indirect testing methods provide a convenient alterna-
tive in terms of specimen manufacturing, experimental
setup and data reduction, to determine the tensile strength.
Complete assessment of an indirect test as a reliable
method for determining the tensile strength at HSR values
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Fig. 11 Schematics of four
types of split Hopkinson tension
bar (SHTB) techniques: a a
mass is impacted directly on an

|-

anvil attached to the incident

bar; b an anvil is loaded by a

compressive wave transmitted l]]
through a hollow tube; ¢ a pulse

is generated by the detonation of

an explosive against the anvil

(after ASM 2000); and d a pre-

Incident bar Specimen  Transmission bar
- | | |
— = - - '
SG,, SG,,
(@)
st

stressed bar is connected to the

incident bar to produce the
loading pulse (after Cadoni and

Incident bar Transmission bar

Albertini 2011) ] o - |
] 1 |

(b)
y
T Incident bar Transmission bar

= J - |

|<—Explosive

(c)

Blocking
system

Pre-stressed bar l

Incident bar Transmission bar

| | |
4—? m = ] - |
Hydraulic l%
actuator m
(d)

should be carefully performed, considering at least the
following aspects: (1) material hypothesis verification, (2)
time evolution of stress distribution and (3) fracturing and
failure modes (Rodriguez et al. 1994; Galvez et al. 2002).
The first assumption is not discussed here, since the
mechanical properties of rock-like materials are commonly
considered to correspond to quasi-brittle behaviour. It is
especially important to detect failure by direct observation
using high-speed photography and to verify that failure
occurs at a time when the stress histories at both ends of the
specimen are quasi-equal.

At ISR values ranging from 10~" to 10* MPa/s, the BD
method has also been conducted to determine the tensile
strength of Bukit Timah granite by means of an air—oil
hydraulically driven machine (Zhao and Li 2000). At HSR
values, the BD method was firstly extended to dynamic

@ Springer

tests on ceramic by Nojima and Ogawa (1989), on concrete
by Ross et al. (1989) and Tedesco et al. (1989) and on rock
by Dutta and Kim (1993) using the SHPB technique. BD
tests are widely employed to determine the dynamic tensile
strength of rock-like materials, and we only outline the
major developments: (1) Stress field and photoelastic
fringes were captured from a Homalite-100 specimen
(Gomez et al. 2002), as shown in Fig. 13; (2) DIC com-
bined with a HS camera was used to calculate the strain
fields of polymer-bonded sugar (Grantham et al. 2004) and
rock material (Fig. 14) (Zhang and Zhao 2013a); (3) the
FBD method (Wang et al. 2006); (4) the effects of tem-
perature (Nojima and Ogawa 1989), anisotropy (Dai and
Xia 2010) and water saturation (Huang et al. 2010b); (5) an
ISRM-suggested method (Zhou et al. 2012); and (6) under
coupled static-dynamic loads (Zhou et al. 2013a).
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tension testing methods:

a Brazilian disc, b flattened
Brazilian disc, ¢ semi-circular
bending and d spalling

Fig. 12 Schematics of indirect ip

A A

P
(b)
Striker Incident bar Specimen
! !
| | - | |
SG[n |‘_’|
) X;
(d)

The limitations on the BD method include the following:
(1) the stress state tends to be biaxial, (2) taking the peak
stress recorded by the strain gauge as the tensile strength
without any correction may lead to a suspicious value and
(3) compressive stress-induced failure near the loading
points.

Numerical simulations are widely used to verify the
stress equilibrium condition in dynamic BD testing
(Hughes et al. 1993; Zhu and Tang 2006; Rodriguez et al.
1994; Ruiz et al. 2000). We only outline the experimental
assessment in the scope of this review. Figures 13 and 14
show that the SE condition is satisfied, and thus the quasi-
static equation can be used to calculate the dynamic tensile
strength.

Typical failure patterns of BD specimens after the
SHPB test are shown schematically in Fig. 15 (Bohloli
1997; Zhang and Zhao 2013a; Zhou et al. 2013b). The
main crack orientation was parallel to the impact direc-
tion, and the axial crack divided the specimen into at least
two pieces. Two types of failure mode, i.e. shear failure
and tensile failure, were obviously observed, and the
extent of the two shear failure zones at the contact points
of the disc depended on the strain rate. To prevent failure
near the loading points, several improvements were
introduced, namely using steel bearing bars (Gomez et al.
2001), using curved anvils (Dai et al. 2010c; Grantham
et al. 2004) and the flattened BD method (Wang et al.
2009). In the first approach, impedance mismatch and
reproducibility issues arise, and the accuracy of the
experimental results is decreased (Johnstone and Ruiz
1995). Dai et al. (2010c) indicated that the second

approach might not be necessary. The third approach
partially solves the loading problem, but it also has some
other limitations (Yu et al. 2009).

At ISR tests, the TPB method has been performed to
determine the tensile strength of Bukit Timah granite
using the same machine as (Zhao and Li 2000). At HSR
values, Dai et al. (2008) recently extended the semi-cir-
cular bending (SCB) method to dynamic testing using the
SHPB. The evolution of the tensile stress at the failure
spot was determined by numerical analysis using the
dynamic loading measured from the SHPB as input. The
pulse shaping technique was used to achieve dynamic
force balance, and the momentum-trap technique was
employed to achieve single-pulse loading. A combined
finite—discrete-element method was used to simulate the
dynamic SCB test, and the simulated fracture pattern
agreed with that from the recovered specimen (Dai et al.
2010d).

There are only limited dynamic bending test results
due to the following reasons: (1) it still has the same
limitations as the BD specimen; (2) the measured result is
the flexural strength rather than the tensile strength; (3)
the stress equilibrium requirements are hard to attain,
especially when using geometries with free ends such as
the prismatic ones typical of bending tests; (4) modelling
the configuration is rather complex; and (5) there is a lack
of numerical simulations and optical measurement tech-
niques to check the time evolution of the stress
equilibrium.

The spalling method fundamentally relies on controlled
propagation and reflection of elastic waves along
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(b)

Fig. 13 Photoelastic fringe patterns of Homalite-100 disc specimens
(25.4 mm diameter, 6.4 mm thickness) under quasi-static (a) and
dynamic (b) loading conditions (reproduced from Gomez et al. 2001)

cylindrical bars. A projectile impacts against one of the
ends of a cylindrical bar, generating a compressive wave,
which is reflected as tension at the free end of the speci-
men. The tensile strength of rock-like materials is lower
than their compressive strength, and thus this test is also
widely used (Khan and Irani 1987; Cho et al. 2003; Kubota
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et al. 2008; Klepaczko and Brara 2001; Wu et al. 2005;
Schuler et al. 2006). Several methods have been proposed
to determine the spalling strength, and four classic methods
are summarized in Table 5. A complete assessment of the
spalling test has also been performed (Galvez et al. 2002;
Cho et al. 2003; Erzar and Forquin 2010). HS photographs,
particularly in combination with the DIC method, have
been widely used to measure the fragment velocity (Kubota
et al. 2008; Klepaczko and Brara 2001) and strain field
(Pierron and Forquin 2012; Pérez-Martin et al. 2012).

The limitations of the spalling method include the fol-
lowing: (1) a substantially long homogeneous specimen is
required to ensure the 1D stress state; (2) whether or not the
incident compressive wave could have affected the mate-
rial before the tensile wave initiates its way back; (3)
complicated data processing because of the complexity of
the transient loading in time and space.

4.1.4 Shear Tests

Quasi-static torsion tests on cylindrical specimens have
been widely used to study large shear strains of rock
materials (Paterson and Olgaard 2000). For higher strain
rates, the TSHB technique has been developed, which
overcomes the limitations of lateral inertia, friction and
wave dispersion effects on the experimental results in the
traditional SHPB test. Dynamic torque is produced by
explosive loading or a sudden release of torsional defor-
mation energy. A schematic of the TSHB technique and a
typical design of the thin-walled tubular specimen for the
TSHB test are shown in Fig. 16a, b. The dynamic shear
strength of the thin-walled tubular specimen, t4, was
calculated from the dynamic torque, 7y, by Gilat (2000)
as

" 27nR2By’

Td (5 )
where By, is the wall thickness and R is the mean radius of
the specimen.

The shear strain rate, y(¢), is determined from the dif-
ference in angular velocity between its two ends (Gilat
2000), which is similar to the SHPB test,

3(0) = 16,0 = B2(0) )
where 0,(¢) and 0,(¢) are the angular velocities of the
specimen ends and L is the length of the specimen.

Readers interested in the details and applications of the
TSHB are referred to the ASM handbook (Gilat 2000).
Goldsmith et al. (1976) firstly used the TSHB to determine
the rate dependence of the shear strength of Barre granite
using solid cylindrical specimens. However, a unique strain
rate could not be assigned to the failure strength values
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Fig. 14 High-speed images and dynamic strain fields of Brazilian specimen of Fangshan marble (50 mm diameter, 20 mm thickness) using the
split Hopkinson pressure bar (reproduced from Zhang and Zhao 2013a)

obtained. Lipkin et al. (1977, 1979) performed pure shear
tests using the TSHB test with short thin-walled tubes as

In. bar .
Shear zone specimens.

Although friction and inertial effects do not exist in the

Impact TSHB test, the preparation of thin-walled rock specimens

and gripping them to the bars are very difficult. Therefore,
some novel testing methods, e.g. compression-shear tests
(Rittel et al. 2002), direct shear-box tests (Fukui et al.
Fig. 15 Failure transition between shear and tensile failure modes in 2004), a split Hopkinson pressure shear bar (SHPSB) (Zhao
a Brazilian disc specimen under dynamic loading using the split €t al. 2011) and punch shear tests (Zhao et al. 1998; Huang
Hopkinson pressure bar (reproduced from Zhang and Zhao 2013a) et al. 2011a), have been developed to subject a specimen to

Tensile failure
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Fig. 16 a Schematic of a Rotating head Clamp
torsional split Hopkinson bar | | Incident bar Specimen Transmission bar
(TSHB), b thin-walled tubular @ l l l
specimen configuration, ¢ punch m_ - = ]
shear specimen O SG SG
In. Tr.
(a)
Section I-1
~ —
<|§ D=2R
A N

the shear stress state. Rittel et al. (2002) designed a shear-
compression specimen for large-strain testing using the
SHPB technique. Fukui et al. (2004) designed a shear box
to perform direct shear tests on Sanjome andesite under
quasi-static loads. They observed that, when the loading
rate increased by an order of magnitude, the shear strength
increased by approximately 6.1 %, whereas the internal
friction angle and residual strength did not increase. The
recently developed SHPSB technique includes an incident
bar with a wedge-shaped end and two transmitted bars;
quartz transducers and an optical system were employed to
measure the shear force and shear strain (Zhao et al. 2011).
Early works on punch shear tests were performed for
measurement of the direct shear strength of thin rock plates
(Stacey 1980). A schematic of a punch shear specimen is
shown in Fig. 16c. Dynamic punch shear tests have been
widely used to determine shear strength and to study the
adiabatic shear band stability of materials. Since shear
strain is extremely hard to measure by the punch shear test,
the loading rate from the time evolution of the shear stress
is used. The shear stress in the specimen, t(¢), is defined as
the applied load, P(t), divided by the shear area, Agear-
Zhao et al. (1998) performed punch shear tests on Bukit
Timah granite at intermediate loading rates ranging from
10' to 10* MPa/s using a pneumatic—hydraulic machine.
Without considering the wave propagation effect, the shear
strength was determined from the maximum load. Huang
et al. (2011a) designed a special holder to support a thin
disc specimen and performed punch shear tests to deter-
mine the dynamic shear strength of Longyou sandstone
using the SHPB at loading rates ranging from 566 to
1,800 GPa/s. In their study, the pulse shaping technique
was used to achieve dynamic force equilibrium, and thus
the shear strength was also calculated from the maximum
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load. There is still a lack of optical measurement and
numerical modelling techniques to validate the reliability
of the method of the dynamic punch shear test.

4.1.5 Fracture Toughness Tests

Fracture toughness is one of the fundamental material
parameters in fracture mechanics, being defined as the
resistance to crack propagation. Since the stress state near a
crack tip is described in terms of the dynamic SIF, the
fracture toughness can be identified with the SIF reaching a
critical value. Four regions can be distinguished as exten-
ded from Atkinson (1987) and Bieniawski (1968), in which
regions I and II are subcritical crack growth, region III is
under quasi-static loading, and region IV is dynamic crack
growth, as shown in Fig. 17. For the region of subcritical
crack growth, readers are referred to the critical review by
Atkinson (1982). Experimental techniques employed in
determining quasi-static fracture toughness have been well
established for rock materials. The ISRM has recom-
mended four methods, namely the chevron bend (CB) and
short rod (SR) methods (Ouchterlony 1988), the cracked
chevron notched Brazilian disc (CCNBD) method (Fowell
1995) and the notched semi-circular bend (NSCB) method
(Kuruppu et al. 2013), for determining fracture toughness
under quasi-static loads. In addition, some popular testing
methods are also summarized in Table 3. In the field of
rock dynamics, regime IV is studied.

Since the concept of fracture dynamics of rock was
originally introduced by Bieniawski (1968), numerous
studies have demonstrated that fracture behaviour under
dynamic loading is dramatically different from that under
quasi-static loading conditions. However, accurate deter-
mination of dynamic fracture parameters at HSR remains a
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Fig. 17 Schematic of crack velocity versus stress intensity factor
behaviour of rock materials. Note that crack branching may occur
during dynamic crack propagation; after Atkinson (1987, Fig. 1.3,
p. 11) and Bieniawski (1968, Fig. 3, p. 423)

challenge, and there is still no standard experimental pro-
cedure. The primary focus of dynamic fracture tests on
rock materials has been measurement of the dynamic
fracture toughness for crack initiation and its dependence
on loading rate, as well as the study of the propagation
toughness and its possible dependence on parameters such
as crack velocity, acceleration and temperature.

Unlike quasi-static fracture toughness tests, dynamic
fracture testing does not have an accepted set of testing
standards. Dynamic fracture properties are generally
characterized in terms of events, such as crack initiation,
crack propagation and crack arrest, and dynamic fracture
energy, occurring around the crack tip at different periods
of crack evolution. Considerable confusion has resulted
from ambiguous use of some terms in the literature on the
subject. The terms used in this section are consistent with
the classic book by Ravi-Chandar (2004).

Kalthoff (1985) presented a review reporting experi-
mental methods for determining dynamic fracture tough-
ness in 1985, but no progress on rock materials is
mentioned. Jiang and Vecchio (2009) recently reviewed
dynamic fracture toughness tests using the SHPB, but only
some BD testing methods on rock materials were sum-
marized. Reviews of dynamic fracture toughness tests for
rock materials are limited in number and scope. It should
be noted that, although there is an ISRM suggested method
(Zhou et al. 2012), namely the NSCB method using the
SHPB technique, neither K-dominated crack-tip stress nor

strain/deformation fields are validated during such experi-
mental testing. Therefore, a current, comprehensive review
is essential for research in experimental techniques and
results on dynamic fracture toughness, and some contro-
versial issues should be discussed.

In this section, core-based methods using the SHPB are
described in detail, since these methods have been widely
used for rock materials, and even four ISRM suggested
methods, i.e. CB, SR, CCNBD and NSCB, are all core
based, as listed in Table 3. A review of core-based methods
for determination of quasi-static fracture toughness has
been presented by Chang et al. (2002). Dynamic testing
methods are mostly extended from quasi-static ones, which
can be approximately categorized into three groups, i.e.
BD-type methods [CCNBD (Dai et al. 2010a), CSTBD
(Wang et al. 2011a; Nakano et al. 1994), HCFBD (Wang
et al. 2010c; Lambert and Ross 2000)], bending-type
methods [SENB (Tang and Xu 1990; Zhao et al. 1999b;
Yang et al. 2009), NSCB (Chen et al. 2009; Zhang and
Zhao 2013a), CCNSCB (Dai et al. 2011)] and compact-
tension (CT)-type methods [WLCT (Klepaczko et al.
1984), SR (Zhang et al. 2000)], as shown schematically in
Fig. 18.

We do not discuss in any detail methods for determining
the dynamic SIF, since this topic is heavily discussed in the
book by Ravi-Chandar (Chap. 4, 2004) and the critical
review by Jiang and Vecchio (‘5.1 Stress-intensity factor
determination’ in 2009). As summarized in Table 3, the
dynamic SIF in rock testing is determined by either the
theory of quasi-static fracture mechanics (Tang and Xu
1990; Zhao et al. 1999b; Zhang et al. 1999; Chen et al.
2009; Dai et al. 2010a, b, 2011; Klepaczko et al. 1984;
Lambert and Ross 2000; Zhang and Zhao 2013a) or the
hybrid strain gauge/numerical method (Wang et al. 2010c,
2011a; Nakano et al. 1994). The former is a direct measure
of the stress state, which can be conveniently obtained
from load transducers in ISR tests or by comparing the
incident, reflected and transmitted pulses in the SHPB test.
Although better suited to analysis of stress equilibrium,
high-speed photography is also recommended to examine
the processes of crack initiation and propagation. Further-
more, it is worth mentioning that, although optical mea-
surement methods are most widely applied for transparent
materials, they also have a few applications to rock mate-
rials. Attempts have been made to determine the dynamic
SIF of a SENB specimen using methods of caustics (Yang
et al. 2009), and to measure the strain/deformation fields of
a NSCB specimen using high-speed DIC (Zhang and Zhao
2013a).

The equations for calculating the dynamic SIF, usually
determined by the SE condition, are given as
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Fig. 18 Geometry of fracture toughness testing methods: a cracked
chevron notched Brazilian disc, b cracked straight through Brazilian
disc, ¢ holed cracked flattened Brazilian disc, d cracked chevron

K0 =1 (3) 20 (7a)
K0 =1 () o (7b)
and

dyn o i P(t)
K7 0) _f(W) 2Bs/W tan[(2/2 + tan~! )] (7e)

for BD-type (Dong et al. 2004), bending-type (Chen et al.
2009) and CT-type (Klepaczko et al. 1984) methods,
respectively. In the above equations, the geometric
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notched semi-circular bending, e notched semi-circular bending and
f short rod or wedge loaded compact tension

correction function f(a/R) or f(a/W) has different forms
for each specimen geometry, a is the crack length, B is the
thickness of the specimen, R is the radius of the specimen,
S is the span of bending, W is the width of the specimen, «
is the angle of the wedge, and u is the friction coefficient
between the wedge and the bar.

4.2 Stress—Strain Behaviour at High Strain Rate

It is well known that strength, strain to failure, Young’s
modulus, Poisson’s ratio and brittle/ductile behaviour can
be extracted from stress—strain curves. The ISRM has
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proposed a SM for determining stress—strain curves in
quasi-static compression tests (Fairhurst and Hudson
1999). In ISR testing, stress—strain curves are commonly
determined by load transducers and on-specimen strain
gauges/extensometers without considering inertia effects
(Zhao et al. 1999a; Li et al. 1999; Logan and Handin 1970;
Friedman and Logan 1973; Green and Perkins 1968, 1969;
Perkins et al. 1970; Green et al. 1972), and therefore
dynamic mechanical properties can also be easily obtained.
In HSR tests, several methods have been proposed to
determine the stress—strain curve, as summarized in
Table 6. The terms and formulas for one-wave, two-wave
and three-wave analysis are given by Gray (2000). Gama
et al. (2004) critically reviewed these methods and con-
cluded that the starting point of the incident, reflected and
transmitted pulses should be identified and that data from
wave dispersion effects need to be well corrected.
Recently, Mohr et al. (2010) theoretically evaluated four
methods (i.e. one-wave analysis, three-wave analysis,
direct estimate and foot-shifting methods) and pointed out
that the method of direct estimate could provide the most
accurate results; the foot-shifting method is particularly
convenient when neglecting wave dispersion in the bars;
one-wave and two-wave analysis methods involve some
implicit ~ ‘foot-shifting” in  strain  histories, i.e.
em.(t) + ére.(f) = ey (2). Stress—strain curves obtained by
one of the above methods have been widely used in testing
of rock materials, in particular the one-wave analysis
method due to its simple formula. The hybrid analysis
method was first employed by Perkins et al. (1970) and
Green and Perkins (1968, 1969), in which the stress is
measured directly by using quartz discs sandwiched
between the specimen and the bars, while the strain is
measured by strain gauges mounted on the specimen (Shan
et al. 2000). Due to the limitations of the single-point

measurement of the strain gauge for wave dispersion
effects and strain localization in the dynamically loaded
specimen, application of optical techniques offers an
independent means of measuring the strain associated
with propagating waves (Gilat et al. 2009; Zhang and
Zhao 2013a). Furthermore, optical full-field measure-
ments and/or numerical simulations are promising tools
for identification of constitutive parameters (Avril et al.
2008), and attempts have been made to correct and
determine stress—strain curves in compression (Zhao and
Gary 1996), spalling (Pierron and Forquin 2012) and
tensile-shear (Peirs et al. 2011) tests, as presented in
each subsection below. However, some specific problems
still remain, mainly concerning previously mentioned
effects (see Sect. 2.2 for details) and the small strain to
failure of rock materials. Consequently, the direct esti-
mate method is recommended to determine the stress—
strain curve, whereas other methods, especially the
hybrid and inverse analysis methods, should be used for
validation.

4.3 Dynamic Uniaxial Compressive Behaviour

In ISR testing, as mentioned above, dynamic mechanical
parameters are usually obtained from stress—strain curves
extracted directly from load transducers and on-specimen
strain gauges (Zhao et al. 1999a; Perkins et al. 1970;
Logan and Handin 1970). Therefore, we do not discuss the
details in this review.

In HSR testing, the effects of inertia and wave propa-
gation should be considered when interpreting experi-
mental data. Several reviews have been presented on the
stress—strain behaviour of metal materials (Lindholm and
Yeakley 1968; Hauser 1966), brittle materials (Zhao and
Gary 1996), sand (Omidvar et al. 2012) and rock (Hauser

Table 6 Summary of methods for determining the stress—strain curve at high strain rate

Method Strain history &(r)

Stress history o(r) References

One-wave analysis e(t
Two-wave analysis et

(
(
Three-wave analysis e(t
(
(

— CB/L fé [em. (t) - Re,(t) — ery.(1)]dt
Direct estimate &(t) = (Cp/Ls) - [P]n (t) — ere.(t) — erv.(2)]dt
Foot-shifting e(t) = (Co/Ls) - [y lem. (1) — ere. (1) — e (¢ + t0)]dt

Hybrid analysis Direct measurement

Combination of FEM simulation
and/or direct measurement

Inverse analysis

Gray (2000)
Gray (2000)
Gray (2000)
Mohr et al. (2010)
Mohr et al. (2010)

Shan et al. (2000),
Gilat et al. (2009),
Perkins et al. (1970)

Peirs et al. (2011),
Pierron and Forquin
(2012), Zhao and
Gary (1996)

o(t) = (ABEB/A ) - et ( )

One of the above or load transducer

Combination of FEM simulation
and/or one of the above
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1966) at HSRs. The one-wave analysis method has been
widely used for rock materials due to its simple formula
(Perkins et al. 1970; Zhou et al. 2010; Li et al. 2000b,
2005; Frew et al. 2001; Xia et al. 2008; Dai et al. 2010c;
Shan et al. 2000).

Confusion arises about whether the initial tangent
modulus and the critical strain at maximum stress should
change with strain rate, and there seems to be no consensus
conclusion, as shown in Fig. 19. It has been generally
accepted that the Young’s modulus of rock-like materials
should increase with an increase in strain rate (e.g. Bischoff
and Perry 1991). The difference is that the critical strain

(the strain to maximum stress) increases or decreases with
increasing strain rate, which means that the critical strain
becomes more brittle or ductile at higher strain rate.
Figure 19c shows that the slope remains linear up to higher
stress level under a higher strain rate, which indicates a
delay in the internal microcracking process. Zhao et al.
(1999a) showed that the Young’s modulus decreases
slightly and the Poisson’s ratio increases slightly with
increasing loading rate for Bukit Timah granite under ISR.
At HSR, a number of researchers have stated increases in
the tangent modulus with increasing strain rate (e.g. Per-
kins et al. 1970), while some reported that the initial

A A
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@ strain rate ]
5 o
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Fig. 19 Schematic representations of the effect of strain rate on the
stress—strain curve of rock materials in uniaxial compression. Increase
in initial tangent modulus plus a increase or b decrease in critical
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Fig. 20 Dynamic and quasi-static compressive stress—strain curves of
porphyritic tonalite (a) (data from Perkins et al. 1970, Fig. 3, p. 530)
and Indiana limestone (b) (modified after Frew et al. 2001, Fig. 10,
p- 45)

tangent modulus was unaffected by strain rate (e.g. Frew
et al. 2001), as shown in Fig. 20. The CEB (1988) rec-
ommended a semi-empirical rate-dependent formula to
predict the dynamic elastic modulus, Eq = E(¢/é)"",
where & = 3 x 1072 s~1. It should be noted that the stress
equilibrium condition cannot be satisfied in the initial range
of small strain, and thus it is not possible to measure the
dynamic Young’s modulus of materials accurately at HSR
(Gray 2000). Howeyver, it seems to be reasonable to assume
that the initial elastic modulus should be unaffected by
strain rate, since there is no significant microcracking
during the initial stage of loading (Bischoff and Perry
1991). Further experimental and numerical works on the
fracturing mechanisms at the initial stage are required to
confirm this conclusion.

The stress—strain curve of salt obtained by the inverse
method is compared with those obtained by the two- and
three-wave analysis methods (Zhao and Gary 1996) in

60
—— 2-wave analysis
— 3-wave analysis
50 4 Inverse calculation (at constant strain rate)
40
_
<
o
g, 30
5
E]
e}
204
10
0 T T T T T
0 0.005 0.010 0.015 0.020 0.025 0.030

&

Fig. 21 Dynamic stress—strain curves obtained by three different
analysis methods for rock-like material (data from Zhao and Gary
1996, Fig. 9, p. 3,373)

Fig. 21. It can be seen that the two curves obtained by the
wave analysis methods are quite far from the one obtained
by the inverse method in the range of initial small strains.
The inverse method employed force and particle velocities
measured at both sides of the specimen, which has been
successfully used to determine the stress—strain curves of
concrete and salt (Zhao and Gary 1996). Therefore, the
inverse analysis method produces accurate and repeatable
results for rock-like materials at HSR.

Lundberg (1976) performed compression tests on Bo-
hus granite and Solnhofen limestone using the SHPB
technique in combination with a high-speed camera. It
was observed that the main crack orientation of the
fracturing process was axially parallel to the compression
direction and the degree of fragmentation increased with
increasing load. Although crack extension phenomena are
common also in quasi-static tests (e.g. Brace and Bom-
bolakis 1963; Bieniawski 1967a), the degree of frag-
mentation is much higher in dynamic tests. The most
probable mechanisms (Lundberg 1976; Wu 1971) are that
the critical crack extends through the specimen in a very
short time compared with the time in the quasi-static test,
whereas initiated cracks extend through the specimen
more slowly than the loading propagates, and thus
extensive crack initiation may occur before general failure
of the specimen and prevents further increase of the
applied load. Furthermore, although the ability to absorb
energy and the enhancement of the uniaxial compressive
strength increase with increasing strain rate, the end
friction becomes more pronounced for the shorter speci-
men. Several tests on Bohus granite showed intact cones
from the ends of the specimens (Lundberg 1976), which
are due to the confining action of the friction at the
specimen—bar interfaces (Wu 1971). Figure 22 shows a
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Fig. 22 Determination of dynamic uniaxial compressive strength,
stress rate and strain rate of a typical specimen (850 x 50 mmz) (a),
and corresponding images of the fracture process (b) (ZOC Zone of
camera, ZOI Zone of Interest. Reproduced from Zhang and Zhao
2013a)

typical result of the loading history and corresponding
images of the fracture process at strain rate of 66 s '
using the SHPB technique. It is noted that cracks initiate
from the edges at 96 pus and propagate approximately
along the axial direction of the specimen, then many
cracks become visible on the cylindrical surface. The
crack propagation leads to a stress drop observed in the
stress—time plot. The observed axial fracture process
shows that the end friction is minimized.

In HSR testing, the energy of the incident wave Wy, , the
energy of the reflected wave Wge and the energy of the
transmitted wave Wr, can be expressed as

AgC

Wi, — ABCE / enn (1)1, (8)
Eg
AgC

Wre, — 2B Ce / xe. (1)1, (8b)
Egp
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Assuming that the energy lost at the specimen—bar
interfaces is negligible, the energy delivered to the
specimen is Wy, — Wge., and the energy absorbed by the
specimen is Wy = Wy, — Wgre. — Wr;.. Fracturing will tend
to attenuate the amplitude of a propagating pulse and
reduce the transmitted stress, as considered by Hakalehto
(1970), Li et al. (1993) and Hong et al. (2009). Figure 23
presents the total energy transmission versus the total
energy input for three types of rock. It can be seen that, the
shorter the specimen, the greater the amount of energy that
can be transmitted, the same conclusion as presented by Li
et al. (2005). The curve can be separated into three regions
(Fig. 23b): the first region is linear, in which virtually all of
the incident energy is transmitted; in the second region, an
increasing proportion of the input energy is absorbed by the
specimen; finally, in the third region, an upper limit of
transmitted energy is reached, such that practically all
additional input energy is absorbed by the specimen.
Figure 24 shows the relationship between the normalized
dynamic uniaxial compressive strength and the ratio of the
energy absorbed by the specimen to the incident energy
(Lundberg 1976). It can also be seen that the strain rate
sensitivity of Bohus granite is more pronounced than that
of Solnhofen limestone. Several tests on Bohus granite
showed intact cones from the ends of the specimens, due to
the confining action of the friction at the specimen—bar
interfaces (Wu 1971).

As mentioned above, failure patterns can be classified
into apparently intact, single fracturing or split, and mul-
tiple fracturing or pulverization, as is generally accepted
(Li et al. 2005, 2008a; Doan and Gary 2009; Cai et al.
2007; Xia et al. 2008). Li et al. (2005) performed tests on
Bukit Timah granite using a 75-mm-diameter bar,
observing two distinctive failure modes as shown in
Fig. 25a. The transition from single fracturing to intense
pulverization depends on the strain rate (Doan and Gary
2009), and the threshold occurs between 100 and 150 st
as shown in Fig. 25b. Although the size distribution of
fragments has also been investigated after dynamic tests
(e.g. Doan and Gary 2009; Hong et al. 2009), the results
were not satisfactory unless careful consideration was
given to single pulse loading and high-speed photography
was employed for validation.

Figure 26 shows results for the normalized uniaxial
compressive strength as a function of strain rate obtained
over the last five decades (Zhang and Zhao 2013a; Xia
et al. 2008; Frew et al. 2001; Li et al. 2005; Kimberley and
Ramesh 2011; Yuan et al. 2011; Doan and Gary 2009;
Doan and Billi 2011; Cai et al. 2007; Zhao et al. 1999a;
Olsson 1991; Klepaczko 1990; Blanton 1981; Chong et al.
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. - ransition zone
Kumar 1968; Goldsmith et al. 1976; Wang and Tonon § 100 *
2011; Howe et al. 1974; Sylven et al. 2004). Although it < | ® X ¥ |x Pulverized
has been generally accepted that there is a definite increase i; . X
in the uniaxial compressive strength of rock materials 50 Y o Split
under dynamic loading, not all investigators agree regard- ;P .
ing the strain rate at which this increase in strength o Apparently intact
.. . ) 0 . .
becomes significant (e.g. Green and Perkms.1969, Kumar : o - P o 1000
1968; Chong et al. 1980). Furthermore, the size effect (see £

Sect. 4.8.3 for details) must be taken into account when
comparing the dynamic strength with a quasi-statically
loaded specimen with different size ratio.

Confusion arises regarding the values of the critical
strain rate (), the limiting strain rate (¢;,) and the degree
of strength enhancement (oy.q/0y); For example, the
critical strain rate result reported by Blanton (1981) is

(b)

Fig. 25 Dynamic uniaxial compressive strength and energy absorp-
tion of BT-granite (¢70 x 70/35 mm?) and corresponding failure
patterns (a) (data and photos from Li et al. 2005); the final state
relative to strength and the peak strain rate of San Andreas Fault
granite (925 x 25 mm?) (b) (modified after Doan and Gary 2009,
S-Fig. 1, S-p. 6)
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Fig. 26 Normalized dynamic uniaxial compressive strength as a
function of strain rate (data from Zhang and Zhao 2013a; Xia et al.
2008; Frew et al. 2001; Li et al. 2005; Kimberley and Ramesh 2011;
Yuan et al. 2011; Doan and Gary 2009; Doan and Billi 2011; Cai
et al. 2007; Zhao et al. 1999a; Olsson 1991; Klepaczko 1990; Blanton
1981; Chong et al. 1980; Lankford 1976; Lindholm et al. 1974;
Perkins et al. 1970; Green and Perkins 1969; Stowe and Ainsworth

about 1 s_l, which seems to be much lower than others.

Some popular semi-empirical equations for the enhance-
ment in dynamic compressive strength are summarized in
Sect. 4.9, with values of the critical strain rate of, e.g.,
10? s~ (Lankford 1981) and 76 s~' (Olsson 1991). Con-
clusions are primarily based on results determined by
various experimental techniques to load the specimens and
to measure stress/strain, and testing methods to analyse and
interpret experimental data.

Although specimens can be loaded over a wide range of
strain rates, standardized tests require well-characterized
strain rates that do not exceed a limiting value, as discussed
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1968; Kumar 1968; Goldsmith et al. 1976; Wang and Tonon 2011;
Howe et al. 1974; Sylven et al. 2004). Abbreviations of some well-
known rock materials: B Berea sandstone, D Dresser basalt, I Indiana
limestone, S Solnhofen limestone, C Carrara marble, F Fangshan
marble, Y Yule marble, B Barre granite, BT Bukit Timah granite,
L Laurentian granite, SA San Andreas granite, W Westerly granite

in Sect. 2.2.5. Based on loading techniques and specimen
sizes, we divide the stress—strain rate curve in Fig. 26 into
four regions as follows: Region I corresponds to quasi-
static and ISR tests, and the maximum strain rate, £mpayx, 1S
10 s~!, which is also regarded as the limit of ISR testing;
Regions II and III are classified to distinguish valid from
invalid tests according to an approximate criterion,
émax = Viur/Ls, where Vg, is the velocity of the striker,
suggested by Ramesh (2008), as shown in Fig. 27. The
strain rate depends on the size and density of the specimen;
i.e. the larger the specimen and the higher its density, the
lower the strain rate (Field et al. 2004). Specimen lengths
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of 50 and 10 mm are used to estimate the limiting strain
rate, and the maximum launch velocity of the striker is
usually 30 m/s. Therefore, the calculated limiting values
are 600 and 3,000 s~! for regions II and III, respectively;
In region IV, experimental results are dubious unless
detailed explanations are given. In region I, the normalized
uniaxial compressive strength increases linearly with
increasing strain rate, while it increases dramatically after
the ISR regime in regions II and III.

4.4 Dynamic Triaxial Compressive Behaviour

Mechanical loads applied to rock materials in applications
are commonly not uniaxial. Therefore, the development
and calibration of constitutive models for numerical sim-
ulations require experimental data under various stress and/
or strain paths, strain rates and confinement typically
observed in impacts of testing systems. Confusion arises
about whether the sensitivity to confining pressure is rate
dependent or not, and how to separate the confining pres-
sure sensitivity and the strain rate sensitivity.

Dynamic stress—strain curves of Horonai sandstone
under various confining pressures were obtained by the
three-wave analysis method (Sato et al. 1981) and are
shown in Fig. 28a. It can be seen that the stress—strain
curves at HSR under 0.1 and 10 MPa confining pressures
are approximately consistent with those under 27 and
55 MPa confining pressures in the quasi-static tests,
respectively. The confining pressure of the brittle—ductile
transition seems to be about 55-85 MPa in the quasi-static
tests, while this transition pressure is relatively lower under
dynamic loading, ranging from 10 to 35 MPa. It appears
that the deformation behaviour of Horonai sandstone
becomes more ductile at lower confining pressures in HSR
tests than in quasi-static conditions. Compared with the

results for uniaxial compressive strength (Fig. 20b), a
significant strength enhancement of limestone is observed
in both quasi-static and dynamic tests at confining pressure
of 20 MPa (Frew et al. 2010), as shown in Fig. 28b, c. The
responses in these tests show that the brittle—ductile tran-
sition occurs below the 100 MPa confining level in both
quasi-static and dynamic tests, and the strength enhance-
ment is similar to those observed in the range of lower
confining pressures. Although at ISRs it has been reported
that the Young’s modulus is unaffected by the strain rate
while the Poisson’s ratio seems to increase slightly with
increasing strain rate and confining pressure (Li et al.
1999), very little information is available at HSRs for the
reasons mentioned above.

Rock-like materials are very sensitive to the confining
pressure under quasi-static loads (Paterson and Wong
2005). In ISR tests, hydrostatic confining chambers are also
widely used and data are usually obtained without con-
sidering the inertia effect. Serdengecti and Boozer (1961)
might be the first authors to have investigated the effect of
confining pressure on three typical rocks. Logan and
Handin (1970) performed tests on Westerly granite and
Solnhofen limestone at confining pressures up to 700 and
300 MPa, respectively. They observed that brittle defor-
mation dominated the mechanical behaviour of Westerly
granite, and the brittle-ductile transition occurred at con-
fining pressure of 150 MPa and strain rate of 10" s~' for
Solnhofen limestone. Li et al. (1999) performed tests on
Bukit Timah granite at four strain rates up to 10° s~' and
six confining pressures (20, 50, 80, 110, 140 and 170 MPa).
Figure 29 shows that the dynamic differential stress
increases with increasing confining pressure at CSR, and
the rate of strength enhancement with strain rate is lower at
higher confining pressures. They also reported that the
dynamic triaxial strength can be represented by the Hoek—
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Fig. 28 Quasi-static and dynamic stress—strain curves under confin-
ing pressures for: a Horonai sandstone (data from Sato et al. 1981,
three-wave analysis method, Fig. 3, p. 470) and b Indiana limestone;
¢ magnified view of (b) (data from Frew et al. 2010, one-wave
analysis method, Figs. 15-18, pp. 7-8)
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Fig. 29 Variation of the dynamic differential stress with confining
pressure at different strain rates for Bukit Timah granite (data from Li
et al. 1999, Fig. 4, p. 1061)

Brown criterion at both low and high confining pressures
whereas the Mohr—Coulomb criterion is only applicable in
the range of low confining pressure (Zhao 2000) (see
Sect. 7 for details).

At HSR, Christensen et al. (1972) performed pioneering
work on sandstone using the SHPB technique with active
confining pressures up to 95 MPa. The techniques applied
have thereafter been continuously modified and improved
to precisely determine the triaxial compressive strength of
rock-like materials (Gary and Bailly 1998; Malvern and
Jenkens 1990; Lindholm et al. 1974; Sato et al. 1981).
Recently, an additional pressure chamber was added to the
free end of the transmission bar to apply the axial portion
of the hydraulic pressure to the specimen, which is either
used to perform combined static—dynamic tests (Yin et al.
2012b; Jin et al. 2012; Li et al. 2008b) or applied to con-
duct triaxial tests (Frew et al. 2010). Six types of sedi-
mentary rock were tested under hydrostatic confining
pressures up to 40 MPa at strain rates of 10~> and 300 s~
(Sato et al. 1981), as shown in Fig. 30. It can be seen that
the dynamic strength curve relative to confining pressure is
almost parallel to the static one for each rock type.
Therefore, the Mohr—Coulomb criterion is applicable to
both the quasi-static and dynamic tests, and the same
conclusion was also reached by Yu (1992).

At constant confining pressure, the normalized dynamic
triaxial compressive strength increases with increasing
strain rate, as shown in Fig. 31. Although the dynamic
strength curve relative to confining pressure is almost
parallel to the static one for each rock type, the triaxial
compressive strength at HSR is about 20 % (Christensen
et al. 1972), 100 % (Lindholm et al. 1974), 150 % (Sato
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Fig. 30 Variation of dynamic differential stress with confining pressure at different strain rates for six types of sedimentary rock (data from Sato

et al. 1981, Fig. 4, pp. 471-2)
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Fig. 31 Normalized dynamic differential stress versus strain rate at various confining pressures (data from Frew et al. 2010; Lindholm et al.
1974; Christensen et al. 1972; Sato et al. 1981). Abbreviations of rock materials: I Indiana limestone, H Horonai sandstone

et al. 1981) and 30-100 % (Frew et al. 2010) higher than
those obtained in quasi-static tests. The most probable
reasons are due to differences in rocks, specimen sizes and
confining pressure apparatus.

As summarized by Lindholm et al. (1974), failure
modes in compression tests fall into three groups, namely
shear, cataclasis and cataclasis/cleavage. Examples of
these modes are shown in Fig. 32a. The relationship
between these failure modes and confining pressure
under various strain rates is shown in Fig. 32b. A gradual
transition from cataclastic cleavage, to shear, to catacla-
sis is manifested as the triaxial compressive state

becomes more intense, irrespective of strain rate. For
unconfined uniaxial compression tests, the predominant
failure mode was cataclastic cleavage. The range of
shear-type failures is in general agreement with the result
by Serdengecti and Boozer for Pala gabbro tested at
strain rate of 107" s™" and confining pressures of 69 and
138 MPa.

Four stages of the conical fault formation process of
ceramic specimens confined by metal sleeves were
revealed by inspection of the failure patterns on cross-
sections (Chen and Ravichandran 1997; Chen et al. 2007),
as schematically shown in Fig. 33.

@ Springer



1446

Q. B. Zhang, J. Zhao

(I) Shear

(IIT) Cataclasis/Cleavage

(a)

2000

0 £=19x10"s"
A £=24x10"s" °qr
o £=700-1090s""
1500

Failure modes (T=300 K):
I: Shear

II: Cataclasis

III: Cataclasis/Cleavage

0 ‘ 2(I)0 I 4(I)O l 6(I)0 ' 800
P_(MPa)
(b)

Fig. 32 Representative failure modes: shear, cataclasis and catacla-
sis/cleavage under active confining pressures (a), correlation of these
failure modes with confining pressure and strain rate for Dresser
basalt (b) (data and photos from Lindholm et al. 1974)

Fig. 33 Schematic of dynamic
fracturing process of fault
formation under passive
confining pressure: a elastic
region, b initial microcrack
propagation, ¢ macroscopic

4.5 Dynamic Tensile Behaviour

Experimental data from direct tension tests (Asprone et al.
2009) have been processed to obtain the relationship
between tensile stress and strain curves at different strain
rates, as shown in Fig. 34. It can be seen that the tensile
strength increases with increasing strain rate, whereas the
corresponding strain decreases. The increase in the tensile
strength and the decrease in the strain to failure indicate
that the material displays more brittle features in higher
strain rate tests.

Attempts have been made to determine the tensile
stress—strain curve by means of indirect testing methods
under quasi-static loads (Carmona and Aguado 2012). The
stress—strain curve of a spalling specimen was recon-
structed by the virtual fields method in combination with
the high-speed DIC method (Pierron and Forquin 2012), as
shown in Fig. 35. Although strains were measured by strain
gauges perpendicular to the loading axis, mounted at the
centre and on both sides of the disc specimen (Zhao and Li
2000; Wang et al. 2006, 2009; Zhang and Zhao 2013a), it
is extremely difficult to obtain the true tensile strain by a
single-point measurement technique.

Figure 36 shows the normalized dynamic tensile
strength as a function of strain rate (Cadoni 2010; Asprone
et al. 2009; Goldsmith et al. 1976; Wang et al. 2009; Dutta
and Kim 1993; Kubota et al. 2008; Cho et al. 2003; Khan
and Irani 1987; Howe et al. 1974) and as a function of
loading rate (Zhang and Zhao 2013a; Yan et al. 2012;
Huang et al. 2010a, b; Dai et al. 2010c, d; Dai and Xia
2010; Zhao and Li 2000; Zhao et al. 1998). It can be seen
that the strain rates of the direct tension results are higher
than those obtained by indirect tension testing methods,
since the specimen sizes are usually smaller in indirect
tension tests. Figure 36 indicates that the dynamic tensile

crack formed by interaction of
cracks initiated at corners,

d sliding of fragments across the
faults (reproduced from Chen
et al. 2007 after Chen and

Ravichandran 1997, Fig. 12, | I I
p. 1,012) T
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Fig. 34 Tensile stress—strain curves of tuff at different strain rates
(data from Asprone et al. 2009, Fig. 5, p. 518) (tensile strain
measured by displacement transducer in quasi-static and intermediate
strain rate tests, and calculated by one-wave analysis in high strain
rate tests)
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Fig. 35 Stress—strain curves for a spalling specimen at 40 mm from
the free end, reconstructed by the virtual fields method in combination
with high-speed photographs (inter-frame time 2 ps, strain rate
40 s7". Red line indicates linear regression on the linear elastic
portion. The Young’s modulus remains reasonably linear elastic until
56 ps, then the curve flattens out between 58 and 62 ps, indicating
diffuse damage until the macrocrack appears at 64 ps. Reproduced
from Pierron and Forquin (2012, Fig. 29, p. 402) (colour figure online)

strength sharply increases above an approximate value of
critical strain rate (100 sfl) and loading rate (102 GPa/s).
This critical strain rate is consistent with the value in semi-
empirical equations for concrete (Tedesco and Ross 1998;
Zhou and Hao 2008). In Fig. 36a, the normalized dynamic
strength from spalling tests is larger than that obtained
from other testing methods due to the following possible
reasons: (1) input stress waves are theoretically used to
calculate the dynamic strength in spalling tests, whereas in
fact stress wave propagation is attenuated through the
inhomogeneous rock specimens, and thus the value is
overestimated; (2) the fracture mode is expected to be a

single fracture plane, but it is challenging to achieve this in
the test; (3) the diameters of the specimens are usually
larger than those in other testing methods, and therefore the
wave dispersion effect is more pronounced. In Fig. 36b, it
is found that, even though the normalized dynamic tensile
strength values are obtained by the BD method, the values
of loading rate cannot be well controlled and might depend
on the material properties. It is also shown that the flexural
strength measured by the bending method is higher than the
tensile strength measured by the BD method at given
loading rate (Zhao and Li 2000; Dai et al. 2010d). This
probably arises because of the nonlinear stress—strain
characteristics of the specimen in the tension zone and
flexural fracture needs to overcome both compressive and
tensile stresses. This effect can also be explained by
employing non-local failure theory (Dai et al. 2010d).

4.6 Dynamic Shear Behaviour

Figure 37 shows typical shear stress—strain curves for
Solnhofen limestone (Lipkin et al. 1977), and strain rate
variations are also plotted as a function of strain for each of
the stress—strain curves. It can be seen that there is a
general trend of decreasing strain rate with increasing
stress or strain in the specimen. Variations in strain rate
superposed on the trend are mainly due to early-time
fluctuations in the input torque-time records. These fluc-
tuations are believed to be associated with release of stored
torque energy.

Thin-walled tubular specimens of Westerly granite and
Solnhofen limestone were tested at HSRs of 10% and
10 s! using the TSHB technique (Lipkin et al. 1979). It
can be seen from Fig. 38a that the shear strengths of these
two rocks are approximately linear with increasing strain
rate, and the enhancements of dynamic shear strength are
about 90 and 40 % at strain rates ranging from 100 to
500 s~! for Solnhofen limestone and Westerly granite,
respectively. The results of the size effect of the two
specimen configurations on the dynamic shear strength are
presented in Sect. 4.8.3. The authors pointed out that the
relatively high data scatter for Westerly granite could be
attributed to its large grain size. The dynamic shear
strengths of Bukit Timah granite and Longyou sandstone
were determined by punch shear tests at ISR using a
pneumatic-hydraulic machine (Zhao et al. 1998) and at
HSR using the SHPB (Huang et al. 2011a), respectively.
Figure 38b shows that these shear strengths increase with
increasing loading rate. Furthermore, based on the results
of compression, tension and shear tests, Zhao (2000) sug-
gested that the effect of loading rate on shear strength
primarily changed with the cohesion but not the friction
angle. The dynamic punch shear testing method was also
validated by comparing the dynamic BD tensile strength
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Fig. 36 Normalized dynamic tensile strength as a function of strain
rate (a) (data from Cadoni 2010; Asprone et al. 2009; Goldsmith
et al. 1976; Wang et al. 2009; Dutta and Kim 1993; Kubota et al.
2008; Cho et al. 2003; Khan and Irani 1987; Howe et al. 1974) and
stress rate (b) (data from Zhang and Zhao 2013a; Yan et al. 2012;

with the theory of the Mohr—Coulomb criterion (Huang
et al. 2011a).

4.7 Dynamic Fracture Behaviour
4.7.1 Time to Fracture
Once the dynamic SIF has been determined by an appli-

cable method, the time to fracture # is the only important
factor influencing the measurement. The loading rate is

@ Springer

Huang et al. 2010a, b; Dai et al. 2010c, d; Dai and Xia 2010; Zhao
and Li 2000; Zhao et al. 1998). Abbreviations of rock materials:
B Barre granite, BT Bukit Timah granite, L Longyou sandstone,
F Fangshan marble, L Laurentian granite, W Westerly granite, ¥ Yule
marble, Y’a Ya’an marble

generally expressed in terms of the SIF rate, f(fl M = K/t
where Kjg is the dynamic crack initiation toughness. The
loading rates obtained by certain experimental techniques
are limited, as presented in Table 7.

Although strain gauges (Wang et al. 2010c, 2011a; Zhao
et al. 1999b; Dai et al. 2010a, 2011), fracture gauges (Chen
et al. 2009), crack propagation gauges (Zhang and Zhao
2013b) and more commonly used optical methods such as
moiré (Zhang et al. 2000), high-speed photography (Lam-
bert and Ross 2000; Dai et al. 2010b), caustics (Yang et al.
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Fig. 37 Typical dynamic shear stress—strain curves and shear strain
rate variation of Solnhofen limestone (redrawn from Lipkin et al.
1977, Fig. 4, p. 3) (the elastic slope is computed from density and
wave speed measurements)

2009) and DIC (Zhang and Zhao 2013a) have been used for
detection of time to fracture, no completely adequate
method for its accurate determination has been identified.
Readers are referred to the critical review (‘5.2 Detection
for fracture initiation time’ in Jiang and Vecchio 2009) for
an evaluation of each method. Considering the heteroge-
neity of rock materials and the complicated configurations
(e.g. chevron notched crack tip: Zhang et al. 2000; Dai
et al. 2010a, 2011) for fine-grained rocks, and two crack
tips (Wang et al. 2010c, 2011a; Lambert and Ross 2000;
Nakano et al. 1994) of rock specimens, a brief summary is
presented. It is assumed that the two crack tips should
initiate at the same time and propagate symmetrically,
although this is violated due to inhomogeneity and mis-
alignment. Therefore, there are difficulties in determining
the time to fracture and crack propagation velocity. The
time to fracture was first studied by Tang and Xu (1990)
using one-bar SHPB and the light passing-detector tech-
nique; however, only one value of 28 ps was given. Values
measured by the dynamic moiré method are in the range of
22-60 ps for SR specimens of Fangshan gabbro (Zhang
et al. 1999), as shown in Fig. 39a. However, due to the
configuration of the crack tip, the complicated data pro-
cessing, and without careful consideration of the inertia
effect, the normalized dynamic fracture toughness seems
much higher. The values detected by two strain gauges
near crack tips are in the range of 52-114 ps (HCFBD
specimens with diameter from 42 to 155 mm) (Wang et al.
2010c) and 61-100 ps (CSTBD specimens with diameter
from 50 to 200 mm) (Wang et al. 2011a) for Ya’an marble.
The size effect on the dynamic fracture toughness is pre-
sented in Sect. 4.8.3. The SE condition is challenging in
specimens with very large diameter. Thus, the scatter in
time to fracture values might be due to the size effect,
averaging the values of the two strain gauges, and the SE
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Fig. 38 Strain rate dependence of shear strength in TSHB tests
(a) (data from Lipkin et al. 1979), and normalized dynamic punch
shear strength as a function of loading rate (b) (data from Zhao et al.
1998; Huang et al. 201la; Zhao 2000). Abbreviations of rock
materials: S Solnhofen limestone, BT Bukit Timah granite, L Longyou
sandstone, W Westerly granite

condition. The value determined by a strain/crack gauge
near a crack tip is regarded as the same as the time of peak
load in the NSCB test (Chen et al. 2009; Dai et al. 2010b).
However, HS photographs provide a synchronized link
between the times of crack initiation and propagation of the
fracture process and the stress history, showing that the
time to fracture is prior to the time of peak load (Chen et al.
2009; Dai et al. 2010b; Lambert and Ross 2000; Zhang and
Zhao 2013a; Yu and Zhang 1995; Zhang et al. 1999, 2000).
Measured values of normalized dynamic fracture toughness
at crack initiation for Fangshan marble are plotted against
time to fracture obtained by high-speed photography
(Zhang and Zhao 2013a) in Fig. 39b in comparison with
two results for homogeneous materials (Ravi-Chandar and
Knauss 1984; Owen et al. 1998).
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Table 7 Range of loading rates and time to fracture for various loading techniques (after Table 6.1, p. 82 in Ravi-Chandar 2004)

Fracture Servo-hydraulic Pneumatic—hydraulic Drop-weight Charpy Split Projectile impact
parameter machines machines® machines pendulum® Hopkinson bar technique

K®" (MPay/m/s) 1 10'-10° 10* 10* 10%-10° 10*-10®

t (1s) >10° 10°-10° ~100 ~100 1-100 1-100

% Refer to Zhao et al. (1999b)
® Refer to Costin (1981)
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Fig. 39 Normalized dynamic crack initiation toughness as a function
of time to fracture for Fangshan gabbro measured by dynamic moiré
(data from Zhang et al. 1999) (a), and for Fangshan marble measured
by HS-DIC (b) (data from Ravi-Chandar and Knauss 1984; Owen
et al. 1998; Zhang and Zhao 2013a). Abbreviations of rock materials:
F Fangshan gabbro, F' Fangshan marble

4.7.2 Dynamic Crack Initiation Toughness

The dynamic crack initiation toughness K4 is determined
by the time to fracture # and is given by the equation

Kia(K™") = K™ (fr). Bazant etal. (1993) performed

@ Springer

SENB tests on limestone with three different sizes at
loading rates ranging over four orders of magnitude under
quasi-static loads, in which the range of # was from 2 to
82,500 s. It was found that the fracture toughness increased
slightly with increasing loading rate. Due to the compli-
cation of data processing, only limited data were presented
for intermediate loading rates. SENB tests have been
conducted to determine the fracture toughness of oil shale
using an instrumented Charpy impact machine at loading
rate on the order of 10* MPay/m/s (Costin 1981), Bukit
Timah granite by means of an air—oil hydraulically driven
machine in the range of 10~ '-10°> MPay/m/s (Zhao et al.
1999b), and rock using a drop-weight machine at loading
rate on the order of 10° MPay/m/s (Yang et al. 2009). At
higher strain rates, the SENB method has been extended
into a dynamic test using the one-bar SHPB loading con-
figuration with loading rate on the order of 10° MPa+/m/s
(Tang and Xu 1990). The SENB method/one-bar SHPB
methods are extensively discussed and the methods of BD-
based specimens/two-bar SHPB are briefly reviewed by
Jiang and Vecchio (‘4.2.2 One-bar/3PB fracture test’ and
‘4.4.2 Brazilian disk test technique’ in 2009).

Nakano et al. (1994) might be the first authors to have
investigated a BD-type specimen using the CSTBD method
to determine the dynamic fracture toughness of ceramic
and glass under mode I and mixed mode I/Il loading
conditions, performed by changing the angle o. # was
detected by a strain gauge mounted near the crack tip, and
the SIF was evaluated using FEM modelling. Recently, the
CSTBD method was theoretically evaluated (Dong et al.
2004) and employed for an application of polymethyl
methacrylate (PMMA) (Dong et al. 2006). Wang et al.
(2011a) modified the CSTBD to the flattened Brazilian disc
type to determine the dynamic fracture toughness of rock
material under mode I and mixed mode I/II loading con-
ditions. Two strain gauges were glued near each crack tip,
and the average value was used to determine #; the SIF was
also evaluated using the method of FEM modelling and the
signals from the strain gauges. In addition, the size effect
on the dynamic mode I fracture toughness was also stud-
ied. Dai et al. (2010a) extended one of the ISRM SMs, i.e.
the CCNBD method, to measure the dynamic fracture
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toughness of Laurentian granite; the experimental proce-
dure is the same as the previously proposed NSCB method
(Chen et al. 2009; Dai et al. 2010b) introduced below.

Use of a NSCB specimen loaded by a SHPB in TPB
configuration was proposed to measure dynamic fracture
parameters of Laurentian granite (Chen et al. 2009; Dai
et al. 2010b) and PMMA (Huang et al. 2011b) by Xia and
co-workers. Another similar method, namely CCNSCB,
has also been extended into dynamic testing (Dai et al.
2011). In these studies, the dynamic SIF was determined
using a pulse shaper to achieve stress equilibrium with the
theory of quasi-static fracture mechanics, and # was treated
as the same as the time of peak load. These methods pro-
vide convenient alternatives, in terms of specimen manu-
facturing, experimental setup and data processing, to obtain
the initiation toughness, propagation toughness and frac-
ture energy. However, they still have the same limitations
as the BD specimen (Sect. 4.5), in addition to the dubious
determination of the time to fracture, particularly for the
latter method (Chen et al. 2009; Dai et al. 2010b).
Recently, Zhang and Zhao (2013a) performed NSCB tests
to measure the strain field using the HS-DIC technique and
to exactly determine the time to fracture in relation to
results from strain gauges, crack propagation gauges and
HS photograph; validation of this method under dynamic
loading has also been discussed.

The WLCT method for rock materials was first per-
formed by Klepaczko et al. (1984), who might also be the
first authors to have measured the dynamic fracture
toughness of rock material using the SHPB. In their inno-
vative research, stress equilibrium and friction conditions
are analysed, and experimental results show that the
dynamic fracture toughness of coal is about 13 times higher
than the quasi-static values. Zhang et al. (1999, 2000)
extended the ISRM SR method to dynamic fracture testing,
and the maximum values of dynamic fracture toughness of
Fangshan gabbro and Fangshan marble were found to be
about 20 and 40 times higher than the quasi-static values,
respectively. Although quasi-static stress equilibrium is
examined to determine the dynamic fracture toughness in
CT-type methods, the stress equilibrium condition is still
violated due to the large nonuniform section between the
bars. Figure 40 [Quasi-static fracture toughness of Ya’an
marble from Zhang and Wang (2009) and Laurentian
granite from Nasseri and Mohanty (2008)] shows the nor-
malized dynamic crack initiation toughness as a function of
normalized loading rate for several materials.

4.7.3 Crack Propagation Velocity
Dynamic fracture experiments have been widely performed

on homogeneous amorphous materials to investigate
physical aspects of dynamic fracture, e.g. limiting crack
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Fig. 40 Normalized dynamic crack initiation toughness as a function
of normalized loading rate for several materials (data from Zhang and
Zhao 2013a; Chen et al. 2009; Dai et al. 2010a, 2011; Wang et al.
2010c, 2011a; Huang et al. 2011b; Rosakis 1999). Abbreviations of
rock materials: S Solnhofen limestone, ¥ Ya’an marble, F Fangshan
marble, L Laurentian granite.

speeds, crack branching and fracture surface roughness
(Ravi-Chandar 2004). However, for brittle heterogeneous
materials, in particular rock materials, there have been very
few investigations, probably due to difficulties associated
with conducting such experiments. Experimental results
pertaining to the physics of dynamic fracture are summa-
rized here to provide a mechanistic basis for understanding
fracture processes and failure mechanisms.

Cracking in 12 types of rock was initiated in two ways:
with a high-velocity striker and by detonation of an
explosive charge, and the crack propagation velocities were
measured by a designed electrical circuit (Lagunov and
Mambetov 1965). Values were in the range between 1,000
and 2,700 m/s, and the ratio v/Cp, was from 0.34 to 0.51
(Table 1, p. 65 in Lagunov and Mambetov 1965). Crack
propagation velocities, the corresponding experimental
techniques and the values of the ratio vn.x/Cr for rock
materials and some comparisons are presented in Table 8,
Cr being the Rayleigh wave speed given by:

Cr = (0.862 4 1.14v) /(1 + v)Cs, (9)

where v and Cg are the Poisson ratio and the shear wave
speed of the material, respectively.

A survey of measured limiting crack speed, which is
considered as a physical constant for nominally brittle
materials, has been presented for crack growth in non-
crystalline materials (Table 11.1, p. 191 in Ravi-Chandar
2004), with the ratio v}, /Cr being in the range from 0.33
to 0.66. Experimental studies performed on norite rock by
Bieniawski (1968) have also shown that the limiting crack
speed is a phenomenon characteristic of brittle fracture.
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Table 8 Crack propagation velocities of rock-like materials under dynamic loading

Loading Testing Rock type =~ Measurement v (m/s) Cr (m/s) ‘g—k“ References
technique method technique
Drop-weight SENB Concrete Electrical circuit 500-700 2,115 0.30  Curbach and Eibl (1990)
machine Rock Caustic 400 Yang et al. (2009)
Limestone HS camera 1,332 2,773 0.48 Liu et al. (2010)
Marble 1,218 2,670 0.46
Gneiss 1,045 2,516 0.42
Concrete SG 208-417 2,120 0.20  Zhang et al. (2010)
Split Hopkinson bar  NSCB L-granite Crack gauge 300-850 2,300-2,500* 0.37  Chen et al. (2009)
CCNBD SG + FEM 80;° 150° 0.065 Dai et al. (2010a)
CCNSCB SG + FEM 65-9,911; 0.07  Dai et al. (2011)
135-17,612
ucC Ceramic HS images 1,500 5,820 0.25 Huetal. (2011)
RST Concrete Crack gauge + HS-DIC 1,300 2,300 0.57  Forquin (2012)
NSCB Sandstone Electrical circuit + SG + HS- 300-650 1,800 0.36  Zhang and Zhao (2013d)
Gabbro DIC 430-1,120 3,200 035
Y-marble 280-480 1,450 0.33
F-marble 320-1,000 2,640 0.38
LECEI S-limestone SG + HS camera 2,000 Bertram and Kalthoff

(2003)

RST Rocking spalling test

? Shear wave speed Cs (2,550-2,740 m/s) from Nasseri and Mohanty (2008) and Poisson’s ratio v (0.21) from Dai et al. (2011)

® Stable crack velocity

¢ Unstable crack velocity

The available maximum crack propagation velocities of
rock-like materials under dynamic loading are in the range
from 0.2 Cg to 0.57 Cg, except for the values obtained by
coupled SG results and numerical modelling (Dai et al.
2010a, 2011). Although there have been very few investi-
gations on rock-like materials, it has been demonstrated
that specimens with simple configuration and optical
measurement techniques, in particular several comprehen-
sive methods, provide promising ways to determine reli-
able results.

It has also been found that, once the limit is reached, the
phenomenon of crack branching takes place; that is, the
propagating crack forms additional multiple cracks at an
angle to the original path. Crack branching was firstly
recorded by Schardin (1959) in glass, being subsequently
observed by many researchers in amorphous materials, as
critically reviewed by Ravi-Chandar (‘11.3 Crack branch-
ing’ in 2004). It has also been observed in rock (Bieniawski
1968), as shown in Fig. 41; the measured limiting crack
speed was about 1,875 m/s and the ratio vy,/Cr was
0.679.

4.7.4 Crack Opening Displacement

In addition to determination of the dynamic SIF using the
measured load as a variable parameter, some researchers
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have used the COD in calculating the dynamic SIF. Since
there is a relationship between the SIF and COD for a bent
sample under quasi-static loading and assuming that this
relation is maintained under dynamic loading, the dynamic
SIF can be determined from the measured COD. Laser/
light passing-detection techniques (Chen et al. 2009; Tang
and Xu 1990) and the dynamic moiré method (Zhang et al.
1999; Yu and Zhang 1995) have been used to measure
calibrated crack-tip opening displacement (CTOD) histo-
ries. However, there are also some limitations: the effect of
the rough surface induced by coarse-grained materials on
the passed light results in inaccurate results, and synchro-
nization with loading techniques is still unresolved. The
HS-DIC technique has been applied to determine the
CTOD and the position of the crack tip, as shown in
Fig. 42, exhibiting great promise for research on dynamic
fracture testing of rock materials.

4.7.5 Dynamic Fracture Energy

Stable and unstable fracture propagation have been dis-
cussed, and it was shown that the transition between these
two processes in rock is determined by the critical energy
release during fracturing (Bieniawski 1967b).

Zhang et al. (2000) used a high-speed camera to esti-
mate the kinetic energy of the fragments in SR testing as
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Fig. 41 Photographic record of crack propagation obtained by high-speed camera at 1.5 million frames per second (reproduced from Bieniawski

1968 Fig. 5, pp. 426-427)

K= %m(v% + v%) Assuming that the energy lost at the
interfaces between the specimen and the bars is negligible
and given the total energy absorbed by the specimen
(W = Wiy, — Wre. — Wry), the fracture and damage
energy can be estimated as Wgp = Wy — K. Experimental
results showed that the percentage contribution of Wgp to
the energy W; decreases when the loading rate increases
markedly. A similar method was conducted to calculate the
kinetic energy from the angular velocity of fragments w
using COD data measured by a LGG in NSCB testing as
K = l? / 2, as also validated by high-speed photography
(Fig. 43) (Chen et al. 2009). While great attention should
be paid to the dynamic fracture energy for complete frac-
turing of the specimen, theoretically stress is not in equi-
librium during this period and/or the effect of multiple
pulse waves should be well eliminated. Therefore, single
pulse loading is obligatory by using either a longer length
of the incident bar than transmitted bar or the momentum
trap for brittle materials introduced by Nemat-Nasser et al.
(1991).

4.7.6 Dynamic Crack Propagation Toughness

The dynamic crack propagation toughness Kip is the crit-
ical dynamic SIF at a specific crack propagation velocity v,
which is given by the equation Kip(v; K™") = K™ (¢, v).
Most of the prior research on dynamic crack propagation
toughness has been performed on Solnhofen limestone
(Bertram and Kalthoff 2003). Recently, propagation
toughness has been estimated on the basis of the energy
conservation principle, applied to Laurentian rock using the
NSCB method in SHPB testing (Chen et al. 2009). The
dynamic fracture energy is estimated from the dissipated
energy per unit area Ag as Gqc = 0(Ws — K)/0A,, and then

the average propagation fracture toughness is determined
as Kip = \/GacE/(1 —v?). This method provides a sim-
pler way to estimate the propagation fracture toughness,
which has been used in the CCNBD method (Dai et al.
2010a) and the CCNSCB method (Dai et al. 2011). How-
ever, the equation lacks the universal function
AW) = (1 — CLR), which is only applicable to quasi-static
fracture, and moreover the definition of propagation
toughness needs to be validated by theoretical and
numerical work. In the work of Zhang and Zhao (2013b),
the dynamic SIF was calculated by using a chain of strain
gauges positioned along the prospective crack propagation
path, and the measured crack propagation toughness was
found to be significantly (almost a factor of ten) higher than
the crack initiation toughness. Figure 44 [Laurentian
granite Cr (2,300-2,500 m/s) calculated from C
(2,550-2,740 m/s) from Nasseri and Mohanty (2008) and
Poisson’s ratio (0.21) from Dai et al. (2011)] shows the
normalized dynamic crack propagation toughness for
fracture propagation as a function of crack propagation
velocity for various materials.

4.7.7 Microscopic Aspects

It has been recognized that the fracture surface topogra-
phy reveals inherent details of the deformation and
associated energy dissipation mechanisms that govern the
process of fracturing. Great effort has been devoted to
performing reliable microscopic observations on fracture
surfaces, and it is well established that fracture surfaces
satisfy a scaling invariance known as fractal dimension or
self-affinity (Bonamy and Bouchaud 2011). The effect of
crack velocity on the surface roughness of homogeneous
amorphous materials is also widely recognized, and
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Fig. 42 Crack-tip position and
crack opening displacement of a
notched semi-circular bending
specimen using high-speed
digital image correlation and the
split Hopkinson pressure bar
(reproduced from Zhang and
Zhao 2013b)

64 us

various works have shown that surface roughness
increases with increasing crack velocity (‘11.2 Fracture
surface roughness’ in Ravi-Chandar 2004). However, for
brittle heterogeneous materials, in particular rock materi-
als, the effect of crack propagation velocity on the frac-
ture surface is yet to be satisfactorily determined. Zhang
et al. (2000, 2001b) performed measurements on the
fracture surface of gabbro at a measurement scale of
2 mm and presented that the fractal dimensions of frac-
ture surfaces increased with increasing loading rate.
Backers et al. (2003) measured the fracture surface of
sandstone using a 3D laser scanner with resolution of
0.1 mm, and argued that the surface roughness was
independent of loading rate. One of the important factors

@ Springer

X (mm) 0

resulting in these different conclusions was the coarse
resolution of the measurement techniques. Recently, high-
resolution micromeasurement techniques, i.e. SEM and
3D optical profilometry, have been employed to system-
atically investigate the effect of loading rate on the
fracture surfaces of four types of rock materials (Zhang
and Zhao 2013b, d). Micro-measurements revealed that
the failure mechanism operating in quasi-static tests was
mostly intergranular fracture, which formed a rougher
surface and resulted in a higher fractal dimension value.
With increasing loading rate, a flatter fracture surface
with more transgranular fracture led to a lower value of
fractal dimension. In other words, the fractal dimension of
marble decreased with increasing loading rate.



Dynamic Experimental Techniques and Mechanical Behaviour of Rock Materials 1455

Fig. 43 High-speed photographs showing the process of dynamic fracturing of a notched semi-circular bending specimen (reproduced from

Chen et al. 2009, Fig. 7, p. 1,274)
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Fig. 44 Normalized dynamic crack propagation toughness for frac-
ture propagation as a function of crack propagation velocity for
various materials (data from Zhang and Zhao 2013b; Dai et al. 2010a,
2011; Chen etal. 2009; Huang etal. 2011b; Rosakis 1999).
Abbreviations of rock materials: F' Fangshan marble, L Laurentian
granite.

4.8 Factors Influencing Dynamic Mechanical
Behaviour

It is well known that the mechanical and physical behav-
iour of rock material are affected by environmental factors

such as confining pressure (see Sect. 4.4 for details), tem-
perature and water saturation, as well as by rock factors,
such as mineralogical composition, grain size and anisot-
ropy. In the following subsections, the available laboratory
data are used to explain and discuss the systematic influ-
ence of temperature, water saturation, specimen size and
shape, and microstructure on dynamic mechanical proper-
ties of rock materials.

4.8.1 Influence of Temperature

The influence of temperature on brittle failure stresses for
various rocks in uniaxial and triaxial compression tests
under quasi-static loads is summarized in the monograph
by Paterson and Wong (2005). Experimental results show
that there is some decrease in strength with increase in
temperature. Temperature and strain rate have opposite
effects on the stress and strain. Increasing the strain rate or
decreasing the temperature will lead to higher stress levels,
but lower values of strain. Major developments in dynamic
testing of rock materials at various temperatures are sum-
marized in Table 9.

When the specimen temperature differs from room
temperature, the timing of the mechanical load becomes a
variable due to heat conduction. There are two approaches
to conduct experiments with the specimen heated or
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Table 9 Major developments in dynamic testing of rock materials at various temperatures

Testing Dynamic Rock type Range of 7 &(s™') or Research results References
method property co? Kfy"(MPa J/m/s)
TC Oed B-sandstone, 25 to 149 ~107" P., T and ¢ dependent Serdengecti and
S-limestone Boozer (1961)
Y-marble 25 to 500 ~107" Strong strain hardening, characteristic at  Heard (1963)
lower T and higher ¢, changes gradually
to steady-state flow as ¢ decreases or T'
increases
ucC Oucd Basalt —-196t023 ~10° Thermal activation dominates fracture Kumar (1968)
Porphyritic —191t023 ~10° Increased stiffness and strength with Perkins et al.
tonalite increasing ¢ and decreasing T’ (1970)
Siltstone 20 to 300 ~10° Oucq increases when 100 > 7 > 20 but Li et al. (2010b)
decreases when 7 > 100
Marble 25 t0 1,000 ~102 Oucd fluctuates slightly when 400 > 7 >25 Liu and Xu (2013)
but decreases nearly linearly when
T > 400
UC, TC Oucds Oted Basalt —193 t0 527 ~10° Specimen and anvils heated by radiation Lindholm et al.
from quartz lamps (1974)
Salt rock 40 to 80 ~10% P. (0.5 MPa), T and ¢ dependent Fang et al. (2012)
BD O B-granite —40 to 24 ~10? More sensitive to ¢ than T Dutta and Kim
(1993)
SR K F-gabbro 600, 100 to  ~10° T influences Kjq to a limited extent Zhang et al.
330 (2001a)
F-marble 200, 100 to
330
NSCB Kiq L-granite 25 to 85,014 10°-10? Thermally induced cracks induce Yin et al. (2012a)

decrease of Kjq at higher T

* For both quasi-static and dynamic tests

° Pre-heat-treated temperature

cooled: one is to heat/cool the specimen with the bars
attached, and the other is to bring the bars into contact with
the specimen after it reaches a desired temperature. The
latter is preferred, particularly at very high temperatures,
since temperature gradients in the bars affect wave prop-
agation, which must be corrected. Thus, there is generally
some influence of strain rate, temperature and time on
brittle fracture, which may vary with the material and the
experimental conditions. This observation points to there
being some participation of thermally activated processes
in brittle fracture. However, if the effect is assumed to
follow an Arrhenius law, the apparent activation energies
are low; For example, Kumar (1968) deduces values of
0.8-2 kJ/mol, while the ‘heats of activation’ quoted by
Serdengecti and Boozer (1961) are equivalent to even
lower values of activation energy.

Tension-type tests are seldom used to determine tensile
strength or fracture toughness at high temperatures, since
the fracture commonly cannot satisfy the principle of the
test (e.g. the crack initiates from the contact point rather
than from the centre of the BD specimen; Nojima and
Ogawa 1989), or crack initiation and propagation do not
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occur from the crack tip in fracture toughness tests (Zhang
et al. 2001a; Yin et al. 2012a)

Due to the lack of quasi-static results and/or the acces-
sible range of strain rate, only limited data are available.
Figure 45 summarizes observations on rocks, where one
can see a decrease in normalized dynamic compressive
strength with increasing temperature. The effect of tem-
perature on the failure mode in uniaxial compression tests
can be seen in Fig. 46. As the temperature decreases, a
transition from apparent cataclasis to cataclasis/cleavage, a
more brittle variant of cataclasis, occurs just above room
temperature.

4.8.2 Influence of Water Saturation

Pore fluid affects fracture strength through a direct pressure
effect as well as through chemical interactions with the
rock matrix. It can also reduce the tensile strength by
providing chemically reactive species to facilitate molec-
ular bond breaking at crack tips (Ahrens and Rubin 1993).
Effects of saturation and strain rate on the uniaxial com-
pressive strength of sandstone (Wang et al. 2010a), the BD
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Fig. 45 a Effects of temperature and strain rate on normalized
dynamic compressive strength, and b magnified view of (a) (data
from Lindholm et al. 1974; Perkins et al. 1970; Heard 1963; Kumar

tensile strength of Longyou sandstone (Huang et al. 2010b)
and the spalling strength of three kinds of rock material
(Ogata et al. 2004; Lou 1994) are shown in Fig. 47. It can
be seen that the strain rate effects are larger in rock
materials under fully saturated conditions, which is usually
explained by the Stefan effect (see Sect. 5.1 for details).

4.8.3 Influence of Size and Shape

Experimental observations on the size dependence of rock
material properties have been made primarily in uniaxial

1968) (arrows indicate increasing temperature; room temperature
300 K or 27 °C). Abbreviations of rock materials: D Dresser basalt,
Y Yule marble

compression or BD tests in general, and they show a
decrease in fracture stress with increase in dimensions.
This topic has been critically reviewed for quasi-static
loading by Paterson and Wong (‘3.5 Size and shape effects’
in 2005). As presented above, the scatter in experimental
results for dynamic mechanical properties of rock materials
are due to the size and/or shape of specimens. Table 10
summarizes the size effects on mechanical properties of
rock-like materials under dynamic loading. Due to the
small Poisson’s ratio and small axial failure strain, the
lateral deformation of a specimen is very limited during
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Fig. 46 Effects of temperature and strain rate on failure modes (data
from Lindholm et al. 1974; failure modes refer to Fig. 32a)
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Fig. 47 Effects of saturation and strain rate on uniaxial compressive
strength (data from Wang et al. 2010a), Brazilian disc tensile strength
of sandstone (a) (data from Huang et al. 2010b) and spalling strength
of three kinds of rock material (b) (data from Ogata et al. 2004; Lou
1994) (arrows indicate saturated results)
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axial compression, causing only small effects on the axial
response. The uncertainty of some conclusions may also
result from insufficient data, and thus additional tests are
required to examine various possibilities.

4.8.4 Influence of Microstructure

In many rocks, the presence of bedding or cleavage planes,
such as in Yule marble (Howe et al. 1974), argillite (Cai
et al. 2007) and orthogneiss (Cadoni 2010), the degree of
the volumetric organic content, such as in oil shale
(Lankford 1976; Chong et al. 1980; Chong and Boresi
1990), and some preferred orientation of fabric or micro-
structure, for example in Barre granite (Goldsmith et al.
1976; Xia et al. 2008; Dai and Xia 2010, 2013), affect the
mechanical behaviour. Several forms of anisotropy with
various degrees of complexity strongly influence the
mechanical properties of rock materials (Paterson and
Wong 2005). However, only limited works have been
conducted under dynamic loading, and the conclusions are
still unclear.

Pioneering work was performed by Howe et al. (1974)
and Goldsmith et al. (1976) using the SHB. The enhance-
ment of compressive strength is more pronounced along
the axis of transverse isotropy, while this trend was
reversed in direct tension tests on Yule marble (Howe et al.
1974). Cai et al. (2007) performed compression tests on
argillite along both directions, perpendicular and parallel to
bedding, using the SHPB, and observed that the dynamic
compressive strength is similar in both directions. Cadoni
(2010) conducted direct tension tests on orthogneiss with
three orientations of schistosity using a pneumatic—
hydraulic machine and a SHTB, and concluded that the
effect of the orientation on the dynamic tensile strength is
dispersive except for the case of the parallel plane of
schistosity.

Various dynamic compression tests have been per-
formed on oil shale with different organic volumes at strain
rates on the order of 10° s~ by Lankford (1976) and on the
order of 10° s~' by Chong and Boresi (1990) and Chong
et al. (1980). It was found that the dynamic compressive
strength orders consistently with respect to kerogen
content.

Dynamic compression, direct tension and torsion tests
have been conducted on Barre granite along three direc-
tions (Goldsmith et al. 1976), showing that the normalized
factor oycq/0y. was 1.62, 1.52 and 1.41 for directions 2
(maximum Young’s modulus, Enax), 3 (minimum, Ep;y,)
and 1 (average, E,), respectively; the normalized factor
ow/oy was 1.40, 1.92 and 1.57 for the corresponding
directions; direction 2 yielded the greatest compressive and
tensile strength, but the lowest value in torsion. Xia et al.
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Table 10 Size effects on dynamic mechanical properties of rock-like materials

Loading
technique

Rock type  Testing

method

Specimen size (mm)

Comments Reference

Drop-weight Concrete TPB

machine
SHPB, Dg 19.05

150 x 150 x 450

T-marble ucC D, 19.05

L,/Ds 177, 2/3, 11/3, 2, 22/3

50 x 50 x 150; 100 x 100 x 300;

Size effect is more sensitive under
dynamic loading

Bindiganavile and
Banthia (2006)

The shorter specimen transmits the Hakalehto (1967)

greater energy

The smaller bar obtains the higher
strain rate

Li et al. (2008a)

No significant difference of ycq;
high-speed photography is
necessary to check the stress
equilibrium condition when
L,/Ds > 1

Frew et al. (2001)

Li et al. (2005)

Dai et al. (2010c)

Insufficient data available to
assess, see Fig. 38a

Lipkin et al. (1979)

Ki4, Ky increase with increasing
size; the stress equilibrium
condition is challenged due to

Wang et al. (2010c)

SHPB, Dg 22, Granite ucC Dy 22, 36, 50, 75
36, 50, 75 L,/Ds 0.5-0.6

SHPB, Dg 12.7  S-limestone UC Dg 12.7

Li/D 1.0, 1.5, 2.0
SHPB, Dg 75 BT-granite UC D 70

L,/D; 0.5, 1.0
SHPB, Dg 25 L-granite ucC D 25

Ly/D 0.5, 1.0, 1.5, 2.0
TSHB Dg 25.4 W-granite Shear L25 D115, L1.5,D 155
SHPB, Dg 100  Y-marble HCFBD D, 42, 80, 122, 155

B 16.8, 32, 48.8, 62

CSTFBD Dy 50, 130, 200

B, 16, 42, 64

the large diameter Wang et al. (2011b)

B, specimen thickness

(2008) also performed compression, BD (Dai and Xia
2010), SCB (Dai et al. 2013) and NSCB (Dai and Xia
2013) tests on Barre granite using the SHPB, concluding
that the effect of anisotropy on strength is not sensitive to
strain rate.

Although various phenomenological conclusions have
been obtained as mentioned above, substantial efforts are
needed to determine the intrinsic physical mechanisms of
these microstructure effects. Quantitative understanding of
texture, and thus the intrinsic contribution of single crystals
and their orientation with respect to anisotropy, may help
us to better evaluate the effects of oriented fracture and
pore fabric and porosity by using 3D optical scanning
reconstruction (Siviour et al. 2012; Cho et al. 2005) and
microscopic techniques on the fracture surface (Zhang
et al. 2000; Bonamy and Bouchaud 2011; Zhang and Zhao
2013b).

4.9 Semi-Empirical Equations for Rate-Dependent
Strength

As presented above, experimental results show that
dynamic mechanical properties increase sharply when the
loading rate exceeds a critical value. There have been many
attempts to derive semi-empirical equations to express the
relationship between strain/loading rate and the mechanical
properties of rock materials, as summarized in Table 11.
Two well-known equations suggested by the CEB (1988)

and proposed by Tedesco and Ross (1998) for concrete are
provided as references. It should be noted that these
equations are only semi-empirical within a range of strain
rates, rather than being true constitutive models (see
Sect. 6 for details), since these equations ignore the effect
of strain or the history of deformation.

5 Physical Mechanisms of the Strain Rate Effect

Although attempts have been made to minimize some key
effects in order to characterize the dynamic response
(Sect. 2.2), they can never be completely eliminated. These
contributions to dynamic mechanical properties are not
physical mechanisms of the strain rate effect. A brief
review of investigations on the physical mechanisms of the
dynamic tensile behaviour of concrete was given by Rossi
and Toutlemonde (1996). The much higher strain rate
sensitivity of strength observed in SHB tests with rock is an
apparent effect, which was concluded by Janach (1976) to
be due to bulking of the failing material and the resulting
additional radial inertia forces. It is still not completely
clear how dynamic mechanical properties are influenced by
strain rate.

Efforts have been made to study the mechanism gov-
erning the rate-dependent behaviour of rock materials, yet
it is still not well understood. In studies of the mechanical
response of materials under dynamic loading, two dynamic
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Table 11 Semi-empirical rate-dependent strength equations for rock-like materials

Rock type  Strain rate Semi-empirical equation Material constants References
s
Granite 1078-107* Oucd = C10g(€) + oyc C = 13MPa/log (s7}), Masuda et al. (1987)
oy = 340MPa
Granite 107*-10° 0ued = RSCqlog(64/65) + Oye, 65 = 0.5 — 1 MPa/s RSCq = 11.9MPa, 6, = 170MPa  Zhao et al. (1999a)
Rocks 10°-10° Gucd = a&" a, Npax = 1/3 Grady and Lipkin (1980)
Limestone 107°-10* Oued X §l/(1+ne) (é< 10%); 0yed X gl/n (> 102) n. =130, n=0.3 Lankford (1981)
Tuff 10%-10° Gued < £ (6<T76571); Gyeq o €9 (6 > 7657") Olsson (1991)
Limestone 107°-107! Ot — kge%{éey/m}{”’*%}, o0 = o, ki =40, k, =725, U Serldge6nlgecti and Boozer
ko, 0 = f(00), ( )
e.g. 03 = 138§ MPa
Granite 107*-10° Oted = Oue + Mlog(64/d5) + Nas M =34.46, N = 3.95 Li et al. (1999)
Concrete  107°-10° Gucd = Oue(£) 0% (6<30571); o = 1/(5 + 04/ 10) CEB (1988)
C 7. = 10(6156%-20)
Gucd = Ouc)s ()7 (€ > 30 s7h), 6 =3.0x107s"! s
07107 gy = (D)9 (<3057, g = oy ()1 B, = 1/(10 +65,/10)
(6 >30s7"), 5, = 10(-115-233)
é=3.0x10"0s"!
107%-10° Oued = 04000965 log é + 1.058] (6<63.1571); Tedesco and Ross (1998)
Gucd = 0yc[0.758 log é — 0.289] (¢ > 63.1s71)
1075-10" 0 = 6,]0.1425log é + 1.833] (6<2.3257"); Brazilian disc tests

o = 61[2.9291og é + 0.814] (¢ > 2.32s71)

effects, i.e. the inertia effect and the strain rate effect,
should be taken into consideration. Study of the former
results in analyses of wave propagation in various forms,
either explicitly or implicitly; study of the latter has pro-
moted research into all kinds of nonlinear rate-dependent
constitutive relations and fracture criteria. The main diffi-
culty is that these two effects are usually inter-coupled. In
fact, on the one hand, no wave propagation can be analysed
without knowing the dynamic constitutive relation of the
material; consequently the basic characteristics of wave
propagation inevitably depend on the strain rate depen-
dence of the mechanical behaviour of the material. On the
other hand, in the study of dynamic constitutive relations
and failure criteria of materials at HSRs, wave propagation
effects should not be neglected (Wang et al. 2010b). Use of
a simple geometry as mentioned in Sect. 2.2.3 with the
optimal length-to-diameter ratio (Ls/Ds = V3 / 2) can be
used to minimize wave propagation effects. Inertial effects
can be decoupled from the material response in the SHPB
test.

Swan et al. (1989) performed triaxial tests and micro-
scopic observations on shale for strain rates from 107> to
107" s7! and claimed that the strain rate effect is an
intrinsic property. However, Blanton (1981) argued that an
apparent strain rate sensitivity resulted from machine
inertia and may not reflect an intrinsic increase in rock
strength. Taking inertia into account, his study indicated
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that the actual failure stresses of three types of rocks are
relatively independent of strain rate between 10~> and
10" s~

From a macroscale point of view, strain rate dependence is
due to the following factors (Ozbolt et al. 2011; Bazant et al.
1993): inertia effects at the microcrack level, viscous behav-
iour of the bulk material between cracks and structural inertia
forces depending on the specimen geometry.

5.1 Thermal Activation Effect

As previously noted in Sect. 4.8.1, the compressive
strength of rock materials is increased by either an increase
in strain rate or a decrease in temperature. This type of
behaviour has usually been explained using the thermal
activation theory for metals (Zener and Hollomon 1944),
which can be expressed by the Arrhenius equation

é=fe URT, (10)

where ¢ is the strain rate, f is the frequency factor, Q is the
activation energy, R is the air constant, and T is the
absolute temperature.

Serdengecti and Boozer (1961) performed uniaxial and
triaxial compression tests on Solnhofen limestone, Berea
sandstone and Pala gabbro at ISR, and the Arrhenius
equation was employed to interpret the experimental data.
Kumar (1968) obtained the activation energy equation Q =
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Alng
A(-1/RT)

ing the strain rate to the stress rate. The fracture mechanisms of
basalt and granite at HSR are thermally activated, and the
activation energies were calculated using the proposed equa-
tion. Green and Perkins (1968) performed compressive tests
on Solnhofen limestone, Westerly granite and volcanic tuff
over a wide range of strain rates from 10~* to 10* sfl, and
pointed out that the most reasonable explanation for the strain
rate effect is that fracture mechanisms are thermally activated.
Lindholm et al. (1974) performed uniaxial and triaxial com-
pression tests at strain rates from 107 to 10%> s™' and tem-
peratures from —193 to 1,127 °C, reaching the same
conclusion. Qi et al. (2009) recently proposed that both a heat
activation mechanism and macro-viscosity mechanism exist
in the strain rate-dependent behaviour. It is worth pointing out
that quantitative determination of Q and 7 in the Arrhenius
equation is a challenge.

by differentiating the Arrhenius equation and relat-

5.2 The Stefan Effect

At ISRs, Rossi and Toutlemonde (1996) and Rossi (1991)
proposed that the strain rate effect of concrete is due to a
viscous mechanism. The Stefan effect can be used to
explain the mechanism: when a thin viscous film (e.g.
water or oil) is trapped between two plane plates that are
separated at a velocity, the film exerts a return force on the
two plates, which can be expressed by the equation

_ 3pV?
T 2mhS

(11)

where F is the return force, # is the viscosity of the liquid,
V is the volume of liquid, % is the initial distance between
the two plates, and £ is the velocity of the two plates.

If it is assumed that the solid skeletons of rock materials
can be regarded as plates, the free water in the micropores
is the origin of the physical mechanism. Since the velocity
h is proportional to the loading rate, it can be understood
that, in saturated rock materials, the higher the loading rate
applied, the higher the induced return force will be.
Therefore, this can easily explain why, as presented in
Sect. 4.8.2, strain rate effects are larger in rock materials
under fully saturated condition, especially for sedimentary
rocks that have many micropores. It should be noted that
the original application of the Stefan effect was only for
concrete in ISR tests (Rossi and Toutlemonde 1996; Rossi
1991), but it has also been used to explain the strain rate
effect of the BD tensile strength of Longyou sandstone in
water saturation at HSR obtained by the SHPB technique
(Huang et al. 2010b). The Stefan effect is obviously
regarded as an explanatory model instead of a quantitative
method because it is difficult to measure the diameter of
the micropores in rock materials.

5.3 Micromechanics-Based Effect

Rock materials are typically quasi-brittle and inhomoge-
neous, containing initial defects such as grain boundaries,
microcracks and pores. Consideration of the influence of
intrinsic material characteristics on the macroscopic
deformation of rock materials can shed much light on the
constitutive behaviour, in the sense of supplying estimates
of mechanical properties. Recently, there have been
increasing numbers of studies of the inhomogeneity effect
on the failure mechanism of rock materials. Some
researchers (e.g. Cho et al. 2003; Zhu and Tang 2006;
Zhou and Hao 2008) incorporated the rock inhomogeneity
into numerical methods, and successfully simulated pro-
gressive failure of rock materials under both quasi-static
and dynamic loading. These analyses revealed that the
differences are due to the stress concentrations and redis-
tribution mechanisms in the rock. The rock inhomogeneity
also contributes to the difference between the dynamic and
static tensile strengths.

At ISR, the increase of strength is assumed to be related
to the moisture effect in micropores of the material (Rossi
et al. 1994), whereas the enhancement effect at higher
strain rates is mainly caused by a change of failure
mechanism and by the effect of micro/meso-inertia
(Reinhardt and Weerheijm 1991). There are at least three
aspects which require attention: first, the bond breaking
process; second, the inertia effect of the material adjacent
to the crack; and third, the crack propagation velocity. A
dominant micromechanism that commonly characterizes
damage in brittle materials is microcracking, which may
nucleate either at inhomogeneities such as inclusions and
reinforcements or at defects such as microcracks and pores.
Microcrack inertia effects in the fracture zone might be a
mechanism that comes into play at very HSRs for brittle
materials.

5.4 Dynamic Fragmentation Effect

Observations of fracture processes and failure patterns
exhibit a general trend; i.e. dynamic fracture changes from
simple fracturing to multiple fragmentation and even to
pulverization with increasing strain rate (Yuan et al. 2011;
Doan and Gary 2009; Hogan et al. 2012; Li et al. 2005; Cai
et al. 2007; Xia et al. 2008). During dynamic fracturing,
the primary absorbed energy contributes to the generation
of new surfaces, the number and size of fragments, and the
kinetic energy of moving fragments. Grady and Lipkin
(1980), Grady and Kipp (1987) and Grady (1982) estab-
lished energy-balance models and argued that the rate
sensitivity is caused by dynamic fragmentation. Based on
results from laboratory and controlled blasting experi-
ments, a relationship between the strain rate and the grain
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size d, é = \/ﬁKIC/(pCdyz) (Grady and Kipp 1987) was
established through three other material parameters (Kic, p,
C). Recently, Kazerani and Zhao (2010) studied rock
fracturing with micromechanics-based discrete-element
modelling and revealed that the rate dependence may be
due to several causes: the intrinsic rate-dependent proper-
ties of the microstructure, the structural rate dependence of
the composition, and the testing conditions.

6 Rate-Dependent Constitutive Models

The qualitative dependence of mechanical behaviour on
strain rate is now well known; however, the quantitative
relation between stress, strain and strain rate has been
established for only a limited range. This relation, the so-
called constitutive equation, must be known before plas-
ticity or plastic-wave propagation theory can be used to
predict the stress or strain distribution in parts subjected to
impact stresses above the yield strength.

Dynamic experiments have shown that the flow stress of
materials depends on the strain, strain rate, temperature,
and deformation or loading history H, i.e. 0 = f (¢, ¢, T, H).
The most widely used method for determining the defor-
mation history is the strain rate jump test introduced by
Campbell and Dowling (1970). Plastic deformation is an
irreversible and path-dependent process, whereas rock
materials are quasi-brittle or brittle. Each proposed con-
stitutive equation must have a few (typically 3-5) constants
that have to be determined by experiment.

Accurate modelling of the mechanical behaviour of
materials and engineering structures over a wide range of
strain rates requires a reliable constitutive model. Over
recent years, some attempts have been made to develop
constitutive models, including several phenomenological
and physically based constitutive models. Phenomenolog-
ical constitutive models provide a definition of the flow
stress based on semi-empirical observations, and consist of
some mathematical functions. On the other hand, consti-
tutive models considering physical mechanisms of the
strain rate effect are known as physically based constitutive
models.

6.1 Phenomenological Constitutive Models

The most widely used phenomenological constitutive
models for rock-like materials are those of Johnson and
Holmquist (1992, 1994), used to model the impact per-
formance of ceramics under ballistically delivered loads.
The first version, usually called the JH-1 model (Johnson
and Holmquist 1992), was developed to account for large
strains under HSRs and pressures, but did not take into
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consideration progressive damage with the increase of
deformation. The JH-2 model (Johnson and Holmquist
1994) assumed that the material strength was dependent on
the strain rate, pressure and damage, and incorporated a
damage evolution rule. The dependence of the strength was
represented by a set of constants that were derived from
experimental data. Ai and Ahrens (2006) might be the first
authors to have applied the JH-2 model to simulate the
dynamic response of granite, in which an in-depth
description of the determination of proper parameters for
the JH-2 model for granite is presented. The JH-2 model
was also used to model blasting-induced rock fractures of a
borehole under several loading and boundary conditions
(Ma and An 2008). Banadaki and Mohanty (2012) per-
formed single-hole blast experiments on cylindrical speci-
mens to study the fracture patterns induced by stress waves.
A detailed calibration procedure of the JH-2 model using
experimental results was also included.

Phenomenological constitutive models do not embody
either the microstructure or normative material properties,
and thus they cannot be connected to microstructure—
property relationships. Therefore, they are usually used in
limited application fields.

6.2 Physically Based Constitutive Models

Concurrently with phenomenological constitutive models,
there has been a continuing effort to describe the macro-
scopic stress in terms of microscopic/physical mechanisms
as predominately described in Sect. 5. Compared with
phenomenological models, these allow for accurate defi-
nition of the material behaviour under a wide range of
loading conditions based on some physical assumptions
and a larger number of material constants. Constitutive
models based on thermally activated mechanisms are
usually developed for modelling the mechanical behaviour
of metal materials, as presented in the critical review by
Liang and Khan (1999); to the best of our knowledge, only
one model has been proposed for rock materials at ISR
(Serdengecti and Boozer 1961).

6.2.1 Visco-Elastic and Plastic Models

Various researchers (Chong et al. 1980; Chong and Boresi
1990; Blanton 1981) have modelled the rate dependence
by employing various spring—dashpot models (visco-
elastic and visco-plastic models). The elastic strain rate
depends on the stress rate applied, with the elastic
response to a change in stress rate occurring almost
instantaneously. However, the time dependence of the
total strain is due principally to the presence of the plastic
strain component.
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6.2.2 Continuum Damage Mechanics Models

Continuum damage mechanics (CDM) was pioneered by
Kachanov (1958) and Rabotnov (1963). There are usually
three basic elements to any CDM model: a definition of
damage, a damage evolution equation, and a constitutive
equation which relates the strain or the stress to the damage
(Wang and Shrive 1995). A simple way to develop a rate-
dependent CDM model is to derive it from a traditional
CDM model by modifying the expression of the damage
evolution equation (Dubé et al. 1996; Ju 1989). Fahrent-
hold (1991) proposed a meso-mechanical CDM, in which
the damage evolution equation is expressed in terms of a
tensor power function. Ren and Li (2013) developed a
unified damage model on the basis of visco-elasticity and a
rate-dependent model to represent the mechanical behav-
iour of concrete under dynamic loading. In theory, this
approach is very flexible and allows consideration of the
physical processes triggering macroscopic damage at small
length scales. In practice, it is difficult to measure the
damage variables directly. In addition, the CDM model
lacks an explicit representation of the material micro-
structure and does not take into account post-failure
deformation and damage response. Therefore, so-called
micromechanics-based constitutive models that consider
the interactions of pre-existing flaws have been developed.

6.2.3 Micromechanics-Based Constitutive Models

Micromechanics-based constitutive models for damage
evolution in brittle materials under HSR loading provide a
quantitative understanding for the observed rate sensitivity
in rock-like materials, as presented and critically assessed
in this section and summarized in Table 12.

The 2D sliding crack model (SCM) was originally pro-
posed by Brace and Bombolakis (1963) and later quantified
analytically, as well as confirmed experimentally, by many
investigators, especially Nemat-Nasser and Horii (1982),
Ashby and Hallam (1986) and Ashby and Sammis (1990),
as shown schematically in Fig. 48. Nemat-Nasser and Deng
(1994) and Deng and Nemat-Nasser (1992) extended the
SCM model to simulate the dynamic damage evolution and
failure mechanisms. The effect of strain rate was included
through the dependence of the dynamic SIF at the crack tips
on the crack growth speed. The model reveals that the
growth and nucleation of sliding cracks dominate the failure
and macroscopic properties of rock materials.

The above models attempt to model dynamic crack
growth by solving for a crack speed that ensures that the
dynamic SIF of the crack always equals the fracture
toughness. Most models do not account for the fact that the
fracture toughness of the material is itself sensitive to the
strain rate.

The micromechanical damage mechanics formulated by
Ashby and Sammis (1990) models the nucleation, growth
and interaction of a distribution of mono-sized cracks
having fixed orientation. Based on the AS model, Desh-
pande and Evans (2008) proposed a micromechanically
motivated model (DE model) that incorporates micro-
structure. Deshpande et al. (2011) and Bhat et al. (2012)
extended this model to incorporate three principal defor-
mation mechanisms for the dynamic mechanical behaviour.
Bhat et al. (2012) recently extended the AS and DE models
to allow for a more generalized stress state and to incor-
porate an experimentally motivated new damage evolution
law. Figure 49 shows numerical modelling of stress—strain
curves and peak stresses at different strain rates for Dio-
nysos—Pentelicon marble.

The statistical crack mechanical model (SCRAM) is a
physically based micromechanical approach for large
deformation and cracking of brittle materials (Dienes
1985). During deformation, the crack distribution is
assumed to remain random, and the size of the distribution
of the cracks is exponential. On the basis of the SCRAM,
Zuo et al. (2006) presented a dominant crack algorithm
(DCA). This model assumes that a brittle material contains
a large number of penny-shaped microcracks with different
sizes and orientations, and the macroscopic damage of the
material is the result of the response of all the cracks to the
stress field. The response of the cracks considered in the
model includes opening, shear and growth. The rate
dependence is introduced by relating the rate of crack
growth to the energy release rate for the dominant crack.
Rate dependence helps keep the model mathematically
well-posed, which can be difficult for a damage model
when applications involve simulating the strain-softening
response of a material. Zuo et al. (2010) recently improved
the physics of the model by incorporating plasticity and a
nonlinear equation of state (Deganis and Zuo 2011), and
applied it to study damage in concrete. Rate-dependent
damage models are widely used for concrete under
dynamic loads (Dubg et al. 1996).

6.2.4 Other Models

A brief description of some other models is presented in
this subsection. Based on the TCK model (Taylor et al.
1986), Chen (1999) developed a non-local formulation of
the dynamic damage accumulation process. Yu (1992)
proposed an overstress model after the work of Malvern
(1984) to simulate the stress—strain behaviour of several
rocks at strain rate of 10°s™'. Gary and Bailly (1998)
proposed an analogous rheological model by introducing a
second time derivative of the strain to take inertia effects
into account. The model shows good agreement with
experimental results for concrete at HSR, also correctly
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Fig. 48 Schematics of classic (0} 1
microcrack models: a NH 0-1
model (Nemat-Nasser and Horii l
1982) and b AH model (Ashby l

and Hallam 1986) for individual
microcracks, and ¢ AS model
(Ashby and Sammis 1990) for
distributed microcracks
subjected to far-field biaxial
compression
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describing the effect of confining pressure. Ragueneau and et al. (2008) proposed a continuum visco-elastic visco-
Gatuingt (2003) proposed coupled plasticity damage  plastic damage model. Desmorat et al. (2010) proposed a
models considering the anisotropy of the response induced  delay-active damage model. Saksala (2010) proposed a
by complex cracking patterns and irreversible deformation =~ damage visco-plastic cap model, combining the visco-
due to frictional sliding or non-closing cracks. Pedersen  plastic constitutive model (Wang et al. 1997) and a cap
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Fig. 49 Numerical modelling of stress—strain curves (a) and peak
stresses (b) at different strain rates for Dionysos-Pentelicon marble
using a micromechanics-based model (reproduced from Bhat et al.
2012, Figs. 9, 12, pp. 9-10)

hardening model, for rock materials to account for the
failure modes and rate effects under low-velocity impact
loading. A non-local visco-elastic damage model and
dynamic fracturing were considered by Lyakhovsky et al.
(2011).

7 Dynamic Fracture Criteria

A fracture criterion describes the conditions for which
failure occurs in a material, and moreover constitutive
models depend on the fracture criteria. Fracture criteria for
rock materials under quasi-static loads were critically
reviewed by Zang and Stephansson (2010) and recently
proposed as ISRM suggested methods (Haimson and Bobet
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2012). However, there are only limited works on dynamic
fracture criteria for quasi-brittle materials. We provide a
summary of these criteria in Table 13 and present a brief
description of their applications to rock materials.

Sato et al. (1981) firstly proposed that the Mohr—Cou-
lomb criterion can be extended to dynamic triaxial com-
pressive strength, although this cannot explain the changes
of cohesion and internal friction angle under dynamic
loading. Based on experimental data from a series of
dynamic uniaxial and triaxial compression, indirect tension
and punch shear tests performed on Bukit Timah granite,
Zhao (2000) examined the application of the Mohr—Cou-
lomb and the Hoek—Brown criteria to rock materials in the
dynamic range. The Mohr—Coulomb criterion is only
applicable to dynamic triaxial strength in the low confining
pressure range. This shows that the change in strength with
loading rate is primarily due to the change of cohesion,
while the internal friction angle seems unaffected by the
loading rate. The dynamic triaxial strength is better rep-
resented by the Hoek—Brown criterion at both low and high
confining pressures. It may be assumed that the parameter
m is unaffected by the loading rate. The dynamic Mohr—
Coulomb criterion (Zhao 2000) has been successfully
implemented in numerical software to simulate dynamic
uniaxial compression (Zhu et al. 2004), Brazilian disc (Zhu
and Tang 20006), spalling (Zhu 2008) and combined static—
dynamic loading (Zhu et al. 2012). Recently, Huang et al.
(2012) and Xia (2013a) also examined the application of
the Mohr—Coulomb criterion to three dynamic mechanical
properties, i.e. the compressive strength, tensile strength
and punch shear strength of Longyou sandstone, obtained
by using the SHPB technique.

The theory of the dynamic SIF-based criterion is heavily
discussed in the book by Ravi-Chandar (2004), and thus,
within the scope of this review, only applications to mi-
cromechanics-based constitutive models as listed in
Table 12 are presented (Nemat-Nasser and Deng 1994;
Deng and Nemat-Nasser 1992; Ravichandran and Subhash
1995; Li et al. 2000a, 2001; Huang et al. 2002; Huang and
Subhash 2003; Paliwal and Ramesh 2008; Deshpande and
Evans 2008; Deshpande et al. 2011; Bhat et al. 2012).

The incubation-time fracture criterion (ITFC) originally
proposed by Petrov and Morozov (1994) and Petrov and
Utkin (1989) has been widely used to describe dynamic
crack initiation of quasi-brittle materials (Morozov and
Petrov 2000; Bratov et al. 2009). Wang et al. (2010c)
employed the ITFC to explain the size effect of the
dynamic crack initiation toughness of Ya’an marble
obtained by the HCFBD method and the SHPB technique.
On the basis of the ITFC, Ou et al. (2010, 2012) derived
two explicit analytic expressions to predict the dynamic
tensile load-carrying capacity of quasi-brittle material,
which are in good agreement with experimental data for
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Table 13 Summary of dynamic fracture criteria for quasi-brittle materials

Name of Fracture criterion formula Applicability and comments References

criterion

Mohr— 014 = Oued + ¢03 q is hardly influenced by £ Li et al. (1999)
Coulomb 014 = Guea + 03(1 +sin@)/(1 —sing),  Only applicable for low confining pressure; ¢ is unaffected Zhao (2000)
criterion ¢4 = Oyed(1 — sin @) /2 cos @ by &

Hoek-Brown g,y = g3 + 0yeq(m03/0yea + 1.0)%7 m is not affected by & Zhao (2000)
criterion

Dynamic JES T kWK (10,0 =y Widely used in micromechanics-based constitutive models ~ Ravi-Chandar (2004)
SIF-based EGRE)
criterion

Tuler— f(;f (60 — O—)id; —K Predicting spalling tensile strength and the location of the = Tuler and Butcher
Butcher ’ failure plane (1968)
criterion

Modified TB fn [ me)Zdt —-C Dimensionally equivalent to Tuler and Butcher (1968); Zhao (1995)
criterion oo € predicting dynamic fracture toughness

Critical (215)*1 f( )T c’dt = y/3a Assumes the pulse duration is constant; without physical Steverding and
impulse explanation Lehnigk (1970)
criterion

Incubation- 11 f * f i o(x,t)dxdt = ay; Time—space domain is discretized by assuming two material Petrov and Morozov
. tdJx—d Ji—1 ) o . . . . .. .
time L Ki(nd = K, constants, i.e. incubation time 7 and characteristic size d. (1994), Petrov and
fracture )i B 1 Physical meanings of t and d? Utkin (1989)
criterion

Refer to the original papers for the definition of some undefined parameters in this review

concrete in spalling tests. They thus argued that the usually
termed strain rate effect could no longer be considered an
intrinsic material property. Smirnov et al. (2012) presented
recent progress in application of the ITFC to rock materials
and examined the spalling tensile strength and dynamic
fracture toughness. However, there are still uncertainties
regarding the definition of the physical meanings of the
two assumed material constants (i.e. incubation time Tt
and d).

8 Conclusions

This review of 50 years of research since the pioneering
work of the 1960s is intended to present the state of the art
in both dynamic testing techniques and dynamic mechan-
ical behaviour of rock materials. It appears that full
understanding of dynamic mechanical behaviour depends
on reliable experimental techniques, testing procedures and
effective numerical simulations. This section presents
concluding remarks and some prospects requiring
investigation.

Loading techniques commonly used for ISR testing of
rock materials are pneumatic—hydraulic, completely gas-
driven and drop-weight machines. At HSR, the SHB is
widely used, and major developments of this technique for
rock materials are briefly summarized. Although some key
effects for characterizing the dynamic response are

considered and attempts have been made to minimize
them, they can never be completely eliminated. The strain
rate in tests performed by loading techniques should be
well controlled, e.g. using electromagnetically driven
techniques (Silva et al. 2009, 2012). Mechanical loads on
engineering structures are commonly not uniaxial, and
moreover the development and calibration of constitutive
models for numerical simulations require experimental
data under various stress and/or strain paths, strain rates
and confinement typically observed in impacts of testing
systems. Therefore, loading techniques can be applied to
multiaxial stress, such as true-triaxial (Cadoni and Alber-
tini 2011) and compression-shear (Zhao et al. 2011) tests.

In terms of measurement techniques, although high-
speed photography has been widely used, the goal of
using high-rate imaging is accurate and quantitative
measurement of data as another diagnostic tool rather
than just imaging in the qualitative sense. Among the
outlined frequently used optical techniques for rock-like
materials, the DIC technique appears promising and
worth exploring across a wide range of length and time
scales. Measurement techniques with ultra-high speed
and resolution are used for optical reconstruction (Siviour
et al. 2012), measurement of deformation fields and
identification of constitutive parameters (Pierron et al.
2011; Pierron and Forquin 2012). Micro-measurement
techniques, e.g. SEM, optical profilometry and micro-
computed tomography are employed for multi-scale
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measurement and reconstruction (Zhang and Zhao 2013b,
d; Khokhlov et al. 2012).

Dynamic uniaxial and triaxial compressive, tensile and
shear strength and fracture toughness are obtained by
quantitative assessment of testing methods, and controlling
factors and failure patterns are also discussed to validate
these properties. Dynamic mechanical properties and
fracture behaviour change with the loading rate; in par-
ticular, the responses distinguishably change after the
loading rate exceeds a critical value. Estimation methods to
obtain stress—strain curves at HSRs are summarized, and
some typical results are presented. Although effects of
influencing environmental (i.e. confining pressure, tem-
perature and water saturation) and rock (i.e. microstructure,
size and shape) factors are considered, it is still not com-
pletely clear how dynamic mechanical properties are
influenced by intrinsic material characteristics. Several
popular semi-empirical rate-dependent equations for pre-
dicting dynamic strength are presented. New testing
methods are greatly required, e.g. shear (Spray 2010) and
multiaxial stress state tests (Zhao et al. 2011; Cadoni and
Albertini 2011). Dynamic testing methods should be
carefully examined and satisfy the fundamentals of theory,
such as the distribution of dynamic stress, stress equilib-
rium and failure patterns. Phenomenological and physically
based rate-dependent constitutive models for estimation of
the constitutive behaviour of the strain rate effect based on
experimental data and physical mechanisms are presented.
Some energy- and/or stress-based dynamic fracture criteria
for brittle materials are presented, among which the
dynamic Mohr—Coulomb criterion and classic dynamic
SIF-based criterion have been widely used. Failure mech-
anisms of brittle polycrystalline materials at the microscale
have been studied using experimental observations (Yang
et al. 1991; Hadraba et al. 2008), fractal geometry theory
(Xie and Chen 1988; Long et al. 1991), theoretical analysis
(Dumont et al. 2004) and numerical modelling (Zavattieri
and Espinosa 2001; Kraft and Molinari 2008), though there
have been very few studies characterizing failure micro-
mechanisms of rock materials under dynamic loading.
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