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Abstract
This study aims to explore dynamic behaviours of fracturing and damage evolution of rock materials at the grain scale. A 
grain-based discrete element method (GB-DEM) is proposed to reveal microscale characterisation and mineral grain com-
positions of rock materials realistically. Micro-parameters of GB-DEM are obtained by calibrating quasi-static strengths, 
elastic modulus, stress–strain curves, and fracture characteristics of igneous rocks. Comprehensive numerical simulations 
are conducted to compare with dynamic experimental results obtained by the split Hopkinson pressure bar (SHPB). The 
reasonability of using the GB-DEM is presented to validate fundamental pre-requisites of the SHPB technique. Combined 
with crack strain and acoustic emissions, the rate dependency of crack initiation stress threshold and crack damage stress 
threshold is investigated. The dynamic damage evolution in the form of Weibull distribution is distinctively different from 
that in static tests and the shape/scale parameters are presented as functions of strain rate. Moreover, microcharacteristics of 
crack fracturing transition and fracturing patterns formation are discussed in detail. It is found that there exist two classes 
of mechanical behaviour (i.e., Class I and Class II) observed from stress–strain responses of dynamic tests. Main fracturing 
surfaces induced by intergranular fractures split the specimen along the direction of stress wave propagation in the type of 
Class I behaviour. Branching cracks derive the cracks’ nucleation and in turn increases the fragment degree. A shearing 
band formed near the fracture surface is caused by grain pulverisations, which eventually enhances the sustainability of 
rocks under dynamic loading. At last, we propose a generalised equation of dynamic increase factor in the range from  10− 5 
to 500/s, and also discuss the characteristic strain rate.

Keywords Grain-based DEM · Realistic micro-heterogeneity · Failure mechanisms · Micro-fracturing · Strain rate · 
Dynamic fracturing

1 Introduction

Rock deformation and breakage behaviours under dynamic 
loading have a significant impact on a wide range of engi-
neering areas such as tunnelling (Hajiabdolmajid and Kai-
ser 2003), earthquake ruptures (Aben et al. 2017), projec-
tile penetration (Heuze 1990), planetary bodied collision 

(French 1998), and exploration drilling for oil, gas, and min-
eral deposits (Hogan et al. 2012). Rock pulverisation or fault 
rupture, consists of fragments much smaller than the natu-
rally existed crystals of intact rock, has been found surround-
ing faults induced by dynamic slip localisation (Doan and 
Gary 2009; Yuan et al. 2011) and successive coseismic load-
ing (Aben et al. 2016). This intensively fractured rock indi-
cated the fragment formation or damage process generally 
behave in strong rate dependency and the energy dissipation 
or fragment size distribution is significantly different from 
that of static loading (Hogan et al. 2016; Zwiessler et al. 
2017; Aben et al. 2017). Reliable characterisation of the 
rock properties under dynamic loading is crucial. The SHPB 
is used substantially in the range of �̇� = 101–104/s which is 
generally considered as high strain rate (HSR) (Kolsky 1949; 
Gray 2000; Zhou et al. 2011; Zhang and Zhao 2014). This 
technique has been extensively utilised to investigate the 
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mechanical behaviours of geological materials, e.g., fail-
ure strength (Olsson 1991; Lankford and Blanchard 1991; 
Kimberley et al. 2013; Fondriest et al. 2017), crack damage 
threshold (Xing et al. 2018; Li et al. 2017), fragment size 
distribution (Hogan et al. 2012, 2013), and fracture tough-
ness (Chen et al. 2009; Wang et al. 2011; Zhang and Zhao 
2013; Dai and Xia 2013) under extreme loads in laboratory. 
Although some new techniques such as ultra-high speed 
cameras (Xing et al. 2017), splitting-beam laser extensom-
eter (Panowicz et al. 2017), and high-speed X-ray imaging 
(Huang et al. 2016) have been applied to SHPB testing, 
the dynamic damage process and microscale fracturing of 
materials are still challenging to be quantitatively measured. 
Especially, by considering the small strain to failure of brit-
tle materials (i.e., less than 1.0%), several uncertain issues, 
such as the improvement of a valid strain-rate range, repro-
ducing the micro-damage process under dynamic loading, 
and the instinct micro-fracturing mechanisms, considering 
the heterogeneity of rocks, are remaining to be addressed.

The numerical method is an alternative approach aimed 
to overcome experimental difficulties to investigate dynamic 
behaviours of rocks. Continuum-based methods are widely 
used in conjunction with the damage degradation or plastic 
flow, e.g., finite-element method (FEM) (Hao et al. 2012; 
Fang and Xu 2016; Régal and Hanus 2017), finite-differ-
ence method (FDM) (Zhong et al. 2015), smooth particle 
hydrodynamic method (SPH) (Ma et al. 2014; Baranowski 
et al. 2014), and rock failure process analysis (RFPA) (Zhu 
and Tang 2006; Zhu et al. 2015; Liao et al. 2016). These 
methods normally incorporate rate-dependent constitutive 
models, e.g., the HJC model (Shemirani et al. 2016), the 
dynamic Drucker–Prager model (Yu et al. 2017), the RHT 
model (Riedel et al. 1999), the K&C model (Malvar et al. 
1997), or a modified one (Li and Meng 2003; Polanco-Loria 
et al. 2008; Tu and Lu 2010) to describe the phenomeno-
logical failure of the continuum matrix that relate to stiff-
ness degradation and strain softening. With a focus on the 
realistic rupture diffusing from the initial defect existed, 
cohesive zone models (Zhou and Molinari 2004; Molinari 
et al. 2007; Kazerani and Zhao 2011; Gui et al. 2016) allow 
the crack propagating along the edges of standard elements. 
The combined finite-discrete element method is also used to 
investigate the fracturing process of rocks (Ma et al. 2018; 
Mahabadi et al. 2010; Osthus et al. 2018; Rougier et al. 
2014; Saksala et al. 2013; Saksala 2015, 2016). In recent 
decades, mesh-free methods (Ren and Li 2012) and smooth 
particle hydrodynamic methods (SPH) (Rabczuk and Eibl 
2003) have been applied to reveal the fracturing and frag-
mentation of brittle materials in the context of continuum 
frame. The peridynamics (PD) method is a nonlocal for-
mulation of continuum mechanics which is used to solve 
discontinuous problems such as crack initiation, coalescence 
and interaction (Zhou et al. 2015a, b; Wang et al. 2016). 

Further applications of the PD in dynamic fracturing include 
concrete tensile fracturing at HSR (Gu et al. 2016), crack 
propagation and branching in functionally graded materials 
(Cheng et al. 2018) and modelling the complex fracturing 
behaviours of a single flaw embedded in rock-like materi-
als (Ha et al. 2015). The discontinuum-based method has 
recently been used to model a great number of defects propa-
gating, branching, and coalescing with each other (Ma et al. 
2010; Xu et al. 2016), and the heterogeneity of geological 
materials can be reproduced by generating a structure of 
polygonal particles with various contact sizes. The previous 
studies (Donze et al. 1999; Brara et al. 2001; Hentz et al. 
2004a, b; Wang and Tonon 2011, etc.) presented explora-
tions on the fracture propagation or fragment pulverisation 
of rocks under dynamic loading. Although the investigations 
of influence on the microcracking path choices and macrobe-
haviours as a result of the grain-scale heterogeneity or natu-
rally existed defects were performed in the DEM modelling 
(e.g., Lan et al. 2010; Peng et al. 2017), such characteristics 
seem to be more popular for rock materials containing ran-
domly distributed mineral grains of crystalline rocks.

Multi-scale homogenisation is a hierarchical method to 
incorporate microscale modelling into macroscale modelling 
(Sun et al. 2017). At the grain scale, the rock heterogeneity 
is characterised by the presence of different mineral grains 
and randomly distributed geometry. The continuum model 
(Li et al. 2003; Villeneuve et al. 2011; Ma et al. 2014; Farah-
mand and Diederichs 2016) and discrete–continuum model 
(Liu et al. 2016) in association with grain morphology have 
been reported for modelling heterogeneous rocks. To repro-
duce the de-bonding behaviours between mineral grains, 
the grain boundaries are treated as discontinuities existed 
in nature and the fracturing pattern is determined by the 
stress state adjacent to the polygonal blocks in association 
with the Voronoi tessellation technique in DEM (Lan et al. 
2010; Christianson et al. 2006; Lin et al. 2007; Nicksiar and 
Martin 2014; Tan et al. 2016; Li et al. 2017). Although simu-
lated results seem to be comparable with the realistic failure 
observed in experiments, the impossibility of transgranular 
fracturing limits its further application to fine simulation. 
Particle clustered polygonal grains can be used to overcome 
these shortcomings (Bahrani et al. 2014; Bahrani and Kai-
ser 2017; Park et al. 2017). The intergranular contacts are 
inherited from the algorithm presented in block-based DEM, 
and the transgranular contacts are applied to reproduce frac-
turing behaviours of grain materials themselves. The most 
common approach used in the particle-based modelling for 
grains is to associate with heterogeneity through a stochastic 
distribution (Bahrani and Kaiser 2017). However, these sto-
chastic models lead to qualitative results, since the heteroge-
neity is dependent on the statistical distribution parameters. 
In this study, the digital image processing incorporation with 
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DEM is presented to reproduce the actual heterogeneity of 
the sample.

This paper aims to reproduce the SHPB loading principle 
by incorporating the DEM. The validities of SHPB tech-
nique using DEM are discussed to decrease the uncertainties 
caused by stress wave dispersion, end friction, and stress un-
equilibrium. The realistic heterogeneity of rock sample was 
obtained by the digital image scanning, and then, a simpli-
fied geometry was imported in DEM to build the grain-scale 
structures and mineral compositions of rocks. The grain-
based DEM (GB-DEM) is calibrated according to static uni-
axial compression and direct tension tests. The reasonability 
of GB-DEM on the SHPB technique is validated by compar-
ing with laboratory investigations. This microscopic model 
is then used to reproduce fracturing process under dynamic 
loading. Finally, we discussed the dynamic increase factor 
(DIF), stress thresholds, dynamic damage evolutions, and 
fracturing characteristics associated with energy dissipation.

2  Grain‑Based Discrete Element Model 
(GB‑DEM) for Rocks

2.1  Microstructures and Mechanical Properties 
of Rock

Rock heterogeneity is characterised by the presence of grain-
scale minerals and microstructures (i.e., grain structures and 
initial defects) (Mahabadi et al. 2012). The geometric hetero-
geneity resulted from the angular shape and grain size, but 
due to the discretisation of mechanical properties of miner-
als, material heterogeneity and the anisotropy of contacts 
make up the macroscopic heterogeneity of the medium. The 
grain size distribution is a considerable index to describe 
the heterogeneity characteristics of rocks. The representa-
tive photomicrographs presented in Fig. 1 show that the 
granite sample is mainly composed of feldspar (51.7%), 
quartz (26.3%), biotite (19.5%), and other mineral compo-
sitions (2.5%), as listed in Table 1. The grain size distribu-
tions are approximately isotropic and seriate, with average 
grain sizes from 0.95 to 2.38 mm for different minerals, as 
shown in Fig. 2. The grain size ratios ( dmax∕dmin ) of feld-
spar, quartz, and biotite are 5.4, 3.2, and 2.6, respectively. 
Obtaining reliable micromechanical properties of mineral 
materials is importance. Physical densities of minerals are 
estimated by numerous mineral identification references, as 
listed in Table 1. Elastic properties such as bulk modulus 
Kg and shear modulus µg are determined from the com-
pressibility measurement at zero-confining pressure. The 
elastic modulus Eg and Poisson’s ratio υg are acquired by 
Eg = 9Kg�g∕(3Kg + �g) and �g = (3Kg − 2�g)∕(6Kg + 2�g) . 
In general, the quartz has the greatest elastic modu-
lus Eg,Qz = 94.5 ± 6.8 GPa, but the lowest Poisson’s ratio 

υg,Qz = 0.08 ± 0.02. The biotite has the opposite characteris-
tics Eg,B = 33.8 ± 12.4 GPa and υg,B = 0.36 ± 0.14. Compara-
tively, the feldspar is easily influenced by the surrounding 
environment and intrinsic compositions. The average elastic 
modulus is Eg,F = 39.7 ± 26.4 GPa, and the average Poisson’s 
ratio is υg,F = 0.32 ± 0.14. Suggested mineral strength val-
ues of uniaxial compression strength σc, tensile strength σt, 
and fracture toughness KIC have been discussed (Villeneuve 
et al. 2011) and the friction coefficients of grain boundaries 
and grains are studied (Horn and Deere 1962; Morrow et al. 
2000).

2.2  Grain‑Based Discrete Element Modelling 
(GB‑DEM)

Realistic reproduction of the grain shape, distribution, 
and orientation based on the digital image processing is 
presented in this section. Figure 3 illustrates the grain-
based model generation. The first step is to identify grain 

Fig. 1  Optical microscope photomicrographs showing crystalline 
structures and mineral compositions of granite. a Photomicrograph 
for feldspar and quartz. b Photomicrograph for quartz and biotite. Qz 
quartz, F feldspar, B biotite
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categories according to the grey-level imaging. For granite, 
the feldspar has the highest grey level, followed by quartz 
and biotite. Different mineral compositions are distin-
guished by setting colour thresholds, and the precision is 
determined by the image pixels of the optical microscope 
image. The second step is to locate the grain shapes and 
positions by identifying vertexes of the grain edge. To be 
compatible with numerical modelling, the grains are simpli-
fied as convex polygon tessellations in GB-DEM. The third 
step is to import the geometry information into the particle-
based model, and the clustered particles are distinguished 
as different kinds of mineral. In general, the intergranular 
contacts are treated as joint models with reduced mechani-
cal properties of materials. The widely used contact model 
in GB-DEM is the smoothjoint model which can capture 
the behaviour of an interface regardless of the local parti-
cle contact orientation. However, the smoothjoint contact 
overlooked the initial cohesion existed in boundaries which 
have rotation resistance around grains. At the large strain, 
the smoothjoint contact is active only when the surface gap 
is negative, which results in the interlocking problem and 
further decreases the realistic behaviour of boundary joints 

(Mehranpour and Kulatilake 2017). A compromised treat-
ment is performed in this study to overcome this shortcom-
ing. The intergranular contact is modelled as parallel bonds 
and the boundary particles are set small enough to minimise 
the inherent toughness resulting from interlocked particles.

In bond parallel model (BPM), the particles are bonded 
by parallel contacts with linear elastic springs both in normal 
and shear directions. The microshear strength is mobilised 
when the bond is broken either by shear or rotation. Once 
the contact is broken, the shear strength is set to residual 
strength which is a function of the normal force and friction 
coefficient. The tensile strength of the bond is set to zero 
regardless of its contact condition when a tensile contact 
is broken. Comparatively, rock models in which the mate-
rial is represented as a continuum by a net of weak bonds 
exhibit more realistic responses regarding shear and post-
failure behaviour than most continuum models. However, 
the micro-mechanisms occurring in rocks are complicated 
and difficult to characterise within the frame of existing con-
tinuum theories. The BPM directly approximates rocks as 
a cemented granular material, which is similarly observed 
microscopically with an inherent length scale and provides a 

Table 1  Geometry and physical properties for different mineral materials of granite

Vratio volume composition, dave . average grain size, dmax. maximum grain size, dmax∕dmin ratio of maximum grain size to minimum grain size, 
� mineral density, K volume modulus, G Shear modulus, Cp P-wave velocity, Cs S-wave velocity, �c uniaxial compression strength, �t tension 
strength, �tra. transgranular friction, �int. intergranular friction
Schön (2011), Villeneuve (2008), Horn and Deere (1962), Morrow et al. (2000)

Vratio (%) dave. (mm) dmax. (mm) dmax/dmin � (g/cm3)[1] Modulus 
(GPa)[1]

Velocity 
(m/s)

Strength 
(MPa)[2]

�tra. [3] �int . [4]

K G Cp Cs �c �t

Quartz (QZ) 26.3 1.6 3.18 3.2 2.65 37 44 6050 4090 200–328 20.0 0.11–0.14 0.55–0.65
Alkalifeldspar (F) 56.2 2.38 6.73 5.4 2.62 37.5 15 4680 2390 180–290 5.0 0.14 0.55–0.8
Biotite (B) 17.5 0.95 1.83 2.6 2.90 41.1 12.4 6170 3730 80–160 10.0 0.31 0.43

Fig. 2  Representative mineral 
compositions and their number 
distributions with various grain 
diameters for granite rock 
sample
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synthetic material that can be used to verify how the micro-
structure affect macro response.

GB-DEM retains methodology of particulate discrete 
element modelling proposed by Cundall and Strack (1979) 
and has remained advances in computational performance 
which are allowed for multi-scale and complicated simula-
tions by resembling particles with bonded contacts. Contact 
forces are calculated by identifying which particles inter-
act with one another and the velocities and displacements 
are updated by integrating the accelerations on the basis of 
Newton’s second law motion. The particles are treated as 
spherical and rigid bodies in GB-DEM and large deforma-
tions are allowed by overlapping or slipping of the contact 
between two neighbouring particles. Two-scale structures 
exist in GB-DEM as (a) grain behaviours between mineral 
grains (intergranular) and (b) particle behaviours intragrains 
as transgranular behaviours (Li et al. 2018). Two structures 
have the same contact principle as proposed by parallel bond 
model, and the inhomogeneity is ensured by setting differ-
ent micro-parameters such as stiffness, strength, and friction 
coefficient for different mineral grains.

The modelled mineral grains are shown in Fig. 4, and tes-
sellated polygonal materials are quartz, feldspar, biotite, and 
others. The grain distribution is one-to-one mapped from the 
photomicrographs of the sample. The grain shape is mod-
elled as convex polygons with geometry heterogeneity, as 
shown in Fig. 4a. The average grain diameter is 1.52 mm and 
the minimum particle radius is 0.08 mm. Contacts across 

the grain boundaries are grouped as intergranular disconti-
nuities, and the microscopic models are assumed as parallel 
bonds (Fig. 4b). Internal to the grain in Fig. 4c includes 
46–73 particles for different mineral compositions. There-
fore, the fractured contacts can be categorised into tensile 
fracturing, shear fracturing on grain boundaries and tensile 
fracturing, and shear fracturing in the grains, as shown in 
Fig. 4d. The transgranular particles are treated as homoge-
neous materials, and the contacts’ orientation distribution is 
illustrated in Fig. 4e. Similar results for grain boundaries in 
Fig. 4f show that the intergranular contacts are heterogene-
ously distributed.

2.3  Calibration of Microcharacteristics

The crucial step in GB-DEM is to properly select bond 
micro-properties according to the known macro-properties 
including elastic modulus E, Poisson’s ratio υ, uniaxial 
compressive strength σc, and direct tensile strength σt in 
experiments. Potyondy and Cundall (2004) indicated that 
under uniaxial loading, the disk or spherical particle model 
resulted in a lower peak strength envelope in comparison 
with the strength envelope obtained in the laboratory. To 
overcome it, a novel assembly with finite-strength particle 
clusters is proposed to increase the slope of the strength 
envelope. The cluster with irregular grain boundaries will 
increase the friction angle which is more appropriate to 
simulate the failure process of rock, as shown in Fig. 5a, b. 

Fig. 3  Flow chart of the generation of the grain-based model. Methodology is used to generate polygons on the basis of realistic grain distribu-
tion in combination with image scanning technique (modified from Li et al. 2018)
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Li et al. (2016) demonstrated that the cluster allowed fail-
ure within cluster coincident with the transgranular frac-
ture, which shows a reasonable agreement with experimental 
observations under high confining pressure or dynamic load-
ing. Since there is no significant effect of the particle size 

on the conventional tests, the assembly model, consisting of 
164,863 particles in the domain of 50 mm wide and 100 mm 
long, is built for the calibrations of static uniaxial compres-
sion and tension tests. Moreover, additional calibrations 
have been done to validate the loading process including 
the elastic modulus and Poisson’s ratio, as shown in Fig. 5a, 
b. The overall results obtained by the clustered model are 
well matched with the macro-responses of experiments, par-
ticularly the elastic modulus and peak failure strength. The 
post-peak softening of experimental compression test is not 
as obvious as that of numerical results. For the tension test, 
the simulated brittleness dilation is weaker than the experi-
mental observation. The failure modes of numerical uniaxial 
compression and tension tests are compared with those of 

Fig. 4  a Element composition of the grain-based discrete element 
method (GB-DEM), yellow polygons are the grain boundaries. b 
Contact generation and distribution on the grain boundary. c Mineral 
grains distribution. d Examples of broken contacts after an impact 
loading. Red existed grain contacts, blue transgranular tensile frac-
ture, black intergranular tensile fracture, and green intergranular shear 
fracture. e Transgranular contacts’ orientation distribution within the 
generated specimen. f Intergranular contacts’ orientation distribution. 
TG transgranular, IG intergranular. (Color figure online)
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Fig. 5  Comparison of the stress–strain curves obtained by labora-
tory test and numerical results for a uniaxial compression test (UCT) 
and b direct tension test (DTT). Solid lines are experimental results, 
and dotted lines are simulated results. In UCT, the experimental 
results are Esta − 42.3  GPa, �c = 129.6  MPa, and � = 0.21, corre-
sponding simulated results are Esta − 44.6  GPa, �c = 127.4  MPa, 

and � = 0.21. In DTT, the tensile strengths are �t.exp = 11.5 MPa and 
�t.num = 12.7 MPa. c Static uniaxial compression test. d Static direct 
tension test. Black intergranular tensile crack (IG: tensile), blue inter-
granular shear crack (IG: shear), orange transgranular tensile crack 
(TG: tensile), and green transgranular shear crack (TG: shear). (Color 
figure online)
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experimental tests in Fig. 5c, d. The shear band generated 
within the specimen shows good agreement with the experi-
mental observation, and the fracture across the specimen 
is dominated by tensile cracks in the tension test. The cali-
brated results of specimens are listed in Table 2. The overall 
macro-properties of simulations and experiments are well 
agreed. The average values of uniaxial compressive strength 
in the experiment and simulation are 129.6 and 127.4 MPa, 
respectively. For the tension test, the numerical model has a 
lower strength with an error of 5.9%.

3  SHPB Technique and GB‑DEM Modelling

3.1  Principle of the SHPB Apparatus

A typical SHPB test consists of a striker, an incident bar, 
a transmitted bar, a damping configuration, and a sample 
sandwiched between the incident bar and transmitted bar, 
as shown in Fig. 6. The impact of the striker generates a 
compressive wave travelling from the incident bar toward 
the sample (Fig. 6a). The sample response [e.g., strain ε(t)] 

can be measured by strain gauges mounted on the bars using 
the three-wave analysis, as shown in Fig. 6b. The validity of 
the SHPB technique has two assumptions: the stress wave 
propagation in the specimen and bars is one-dimensional and 
stress equilibrium in the specimen after an initial ‘ringing-
up’ period can be ensured (Gama et al. 2004). To ensure the 
pre-requisites determining the success of using the SHPB 
technique, several techniques (e.g., wave dispersion elimi-
nating, and ends friction eliminating) will be detailed in the 
following parts.

3.1.1  Modelling 1D Wave Propagation on Bars

Increasing the wavelength/diameter of the pressure bar is 
widely used in the experiments to decrease the geometry 
dispersion (Zhang and Zhao 2014). By considering the 
homogeneity of geomaterials, the IRSM suggested that the 
diameter of the specimen should be close to 50 mm or at 
least ten times the average grain size of rocks (Zhou et al. 
2011). Meanwhile, the larger specimen has the advantages of 
eliminating the ends effect resulting from the friction on the 
interface. The solution obtained in this study is to restrain 

Table 2  Calibrated micro-
parameters for different mineral 
materials used in GB-DEM

Quartz Feldspar Biotite Others

General
 Volume composite, Vratio 27.9% 49.8% 19.6% 2.7%
 Average grain size, dave. (mm) 1.43 2.42 0.98 1.17
 Maximum grain size, dmax (mm) 3.3 2.2 1 1.83
 Maximum/Minimum, dmax/dmin 3.2 5.4 2.6 3.7

Particle
 Minimum radius, Rmin (mm) 0.08
 Radius ratio, Rmax∕Rmin 1.66
 Density, � (kg/m3) 2650 2600 3050 1650
 Young Modulus, Eball (GPa) 95 35 32 5.8
 Stiffness ratio, kn∕ks 1.0 1.8 2.0 4.0
 Friction coefficient, �tra. 0.13 0.16 0.31 0.44

Transgranular contacts
 Young modulus, Ec

tra.
 (GPa) 95 35 32 5.8

 Stiffness ratio, k̄tra.
n
∕k̄tra.

s
1.0 1.8 2.0 4.0

 Friction angle, �tra. (degree) 7.5 9.2 17.3 23.7
 Cohesion strength, ctra. (MPa) 196 ± 42 142 ± 28 116 ± 22 25 ± 0
 Tension strength, �t

tra.
 (MPa) 105 ± 22 90 ± 18 72 ± 14 12 ± 0

Intergranular contacts

 Parallel Young modulus, Epb

int.
 (GPa) 0.2

 Parallel stiffness ratio, k̄int.
n
∕k̄int.

s
3.0

 Linear Young modulus, Ec
int.

 (GPa) 0.2
 Linear stiffness ratio, kint.

n
∕kint.

s
1.5

 Friction coefficient, �int. 0.8
 Friction angle, �int. (degree) 38.6
 Cohesion strength, cint. (MPa) 50.0
 Tension strength, �int.

t
 (MPa) 23.0
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the Poisson’s effect (υ = 0.0) of the pressure bars using rec-
tangularly distributed particles, as shown in Fig. 7. Two 
800 mm length bars filled with regular-distributed particles 
and random-distributed particles are generated to compare 
the wave dispersion propagated in the finite diameter bars. 
Three measurement boxes (measurements A–C) shown in 
Fig. 7a are set up at different positions paralleling to the 
wave propagation direction to evaluate the axial dispersion. 
Other three points (Poi. 1–3) are set to record lateral disper-
sions at the measurement box A. Lateral unbalance force 
distributions are plotted in Fig. 7b in association with the 
homogeneity differences. The unbalance force range covers 
from − 300 to 600 N considering the Poisson’s effect of bars 
and that of the rectangularly filled bar is nearly zero when 
the incident stress is approaching 250 MPa. Figure 7c illus-
trates the stress histories (σxx,σyy) measured at points 1–3 for 
two bar modelling methods as-mentioned above. In terms of 
the rectangularly distributed bar, σxx distributions at different 

y positions are the same and σyy approximates to zero. Such 
dispersion is highly strengthened when the Poisson’s effect 
is accounted and the maximum difference between σxx is 
as high as 82.3 MPa (0.33σi). Similar results can be drawn 
for σyy and the induced stress by lateral inertia is around 
27.8 MPa (0.11σi). The stresses at different x positions for 
the method I in Fig. 7d and the method II in Fig. 7e indicate 
that there is no significant oscillation occurred along the 
wave propagation direction. The lateral inertia stress σyy on 
the neutral axis is negligible, and thus, the 1D wave propaga-
tion within the bars is ensured when particles are regularly 
distributed.

The multiaxial constraint induced by the end friction not 
only leads to the increase of dynamic failure strength, but 
also cannot remain satisfied with the 1D loading assump-
tion. To eliminate the friction among contacts, the following 
treatments are conducted. The boundary contacts between 
the bar particles and sample particles are replaced by the 

Fig. 6  a Schematic of the 
Spilt Hopkinson Pressure Bar 
(SHPB) testing system and 
stress wave propagation in bars. 
b Typical incident, reflected and 
transmitted waves after the time 
shift by three-wave method
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(a)

(b) Rectangular- distributed particles

Random- distributed particles

Fig. 7  Dispersion comparison of the semisinusoidal wave propagat-
ing in finite length bar modelled as random-distributed particles or 
rectangular-distributed particles. a Schematic of the bar geometry, 
measurement circles in the x direction (wave propagation direction) 
and measurement particles in the y direction. b Unbalance force dis-
tribution in the lateral direction of random-distributed particles and 

regular-distributed particles, respectively. c Comparison of the stress 
histories at x = 50  mm (axial stress and lateral stress) of random-
distributed particles and regular-distributed particles, respectively. d 
Stress dispersion at measurements A, B, and C along the bar direction 
of regular-distributed particles. e Stress dispersion at measurements 
A, B, and C along the bar direction of random-distributed particles
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Fig. 7  (continued)

Fig. 8  Smoothjoint interface between the specimen and the bars elim-
inating the end friction effect. a Example of the boundary element. b 
Schematic of the smoothjoint contact, this model restricts the force of 

the contact is only in the x direction regardless of the contact orienta-
tion. c Schematic of the parallel bond contact, the global force of the 
contact is related to the contact orientation
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smoothjoint model; therefore, the forces transmitted by the 
contacts are only parallel to the x direction (Fig. 8). The 
shear stiffness k̄s and the friction coefficient µ of the smooth-
joint contacts are set as zero. The particles at the ends of the 
interface are regularly arranged, and the average radius of 
the particles rb within the bars is equal to that of the speci-
men to ensure the centre collision between boundary balls. 
The specimen is clustered particle modelling which results 
in smooth contact boundaries to minimise the dispersion 
effects.

3.1.2  Modelling Stress Equilibrium on Bars

Decoupling the rate dependency of materials and inertia 
effects is a crucial step to solve the dynamic problem using 
the SHPB. In experiments, the specimen slenderness ratio is 
suggested as L∕d = (3�∕4)1∕2 to minimise the dispersion by 
Davies and Hunter (1963). An alternative range from 0.5 to 
1.0 is given by Gray (2000) taking as a compromise of the 
friction effect and lateral dispersion. The length of the bars 
should obey restrict rules to ensure that the reflected wave 
will not interfere with the measurement of the incident wave. 
By considering the time consuming of numerical simulation, 
the lengths of the bars should be as short as possible. To 
eliminate the wave disturbance of the reflected wave from 
the free end boundary, the viscous boundary is performed, 
as shown in Fig. 9. Therefore, the length of the incident bar 
is taken as 1500 mm, and the transmitted bar is designed 
with a length of 750 mm. The diameter (50 mm) of bars and 
specimen are identical with the experiment. Assuming the 
half period of the wave is 200 µs, the lengths chosen above 
allow the stress waves travelling at least ten rounds in the 
specimen, and thus the dynamic equilibrium state can be 
obviously guaranteed.

3.2  Numerical Model Setup

As discussed above, the SHPB apparatus model is estab-
lished with identical geometries by considering both the 
realistic configuration and computational efficiency. The 
incident and transmitted bars are modelled as 1500 and 
750 mm long, respectively. The diameter is determined by 
the experimental condition and the value is set as 50 mm, 
as shown in Fig. 9. The micro-parameters of contacts in the 
bars are calibrated referring to Table 3. Based on the grain 

geometric properties in Table 1, a specimen with a width 
50 mm and height 50 mm is modelled, as shown in Fig. 9a. 
The radius of particles ranges from 0.08 to 0.13 mm with 
the normal random distribution, which is small enough to 
minimise the size effect on results. The total number of 
particles in a specimen is 84,675. The geometry of mineral 
grains is realistically mapped from the thin section of the 
sample and the modelled grain number is around 1647. Five 
measurement boxes are assigned at points A (375 mm, 0), 
B (750 mm, 0), C (1125 mm, 0), D (1500 mm, 0), and E 
(1875 mm, 0) to measure the stress and strain-rate changes 
induced by stress wave. Unlike laboratory tests, numerical 
simulation can directly detect the stress and strain fields by 
measurement circles mounted on the specimen, as shown in 
Fig. 9a. The average stress and strain fields are computed 
by 4 × 4 measurement circles directly; therefore, the strain 
localisation after the peak failure can also be characterised. 
The geometry structure and grain distribution are shown 
in Fig. 9b. The physical models described in the specimen 
included two structures. Particle behaviours in the grains 
are shown in Fig. 10c, and grain behaviours between differ-
ent mineral grains are shown in Fig. 10d. The grain struc-
tures are clustered by a number of particle structures, and 
the grain elastic behaviour is determined by the assembly 
of particles.

3.3  Validation of SHPB Technique

The premise of constant strain-rate loading is the specimen 
in an equilibrium state. It can be seen from Fig. 10a that 
time t = 0 corresponds to the moment the striker shooting 
from the gas gun. Then, stress wave propagates along the 
incident bar as a compressive wave resulting from the col-
lision of the striker (from t = 35 ~ 140 µs in Fig. 10a), and 
stress wave velocity in the incident bar is around 5292 m/s 
(the wave velocity of the SHPB bar is 5200 m/s). The first 
round compressive wave arrives at the right end of the speci-
men, and the tensile wave is reflected into the incident bar 
at t = 283 µs. The wave propagates through the specimen 
and then transmits into the transmitted bar. When stress 
wave reaches the free boundary of the transmitted bar, 
it is absorbed, and the reflected wave is then secondarily 
reflected from the loading boundary. To evaluate the speci-
men stress equilibrium simulated by GB-DEM, the time-
shifted incident, reflected, and transmitted wave stresses at 
two different impact velocities are compared in Fig. 10b. The 
superposition of incident wave and reflected wave σinc. + σref. 
agrees well with the transmitted wave σtra. as well as the 
directly measured stress σspecimen when the impact velocity 
is v = 10 m/s. During wave propagation in the specimen, 
the platform on the reflected wave indicates that constant 
strain rate is guaranteed. The maximum unbalance stress 
σinc. + σref + σtra. is 8.7 MPa. The results for v = 50 m/s have 

Fig. 9  a Numerical modelling for SHPB test system and direct meas-
urement on the specimen. b Generation of grain-based discrete ele-
ment model and its mineral compositions. c Micro-mechanism of 
transgranular contacts behaviour. Left tensile failure perpendicular to 
the contact, right shear slip parallel to the contact. d Micro-mecha-
nism of Intergranular contacts behaviour. Left tensile failure perpen-
dicular to the contact, right shear slip parallel to the contact (modified 
from Li et al. 2018)

◂
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an unacceptable loading condition, though the superim-
posed wave is identical to transmitted wave, as shown in 
Fig. 10b. The maximum stress difference in the specimen 
exceeds 84 MPa, and thus, the assumption of stress equilib-
rium cannot be ensured when the strain rate is too high. The 
normalized stress distribution after the balanced process is 
denoted as ξ = (σmax − σ)/(σmax − σmin), as plotted in Fig. 10c. 
σmax and σmin are the maximum and minimum stress values 
in the specimen, respectively. The uniform stress distribu-
tion is destroyed when the loading velocity is high enough. 
Direct evaluation of the historical stress state in the speci-
men, as shown in Fig. 10d, is available with the aid of simu-
lation. The total loading process is ttur = 130 µs and the first 
‘ring-up’ duration under equilibrium loading is 36 µs. The 
stress equilibrium factor is computed by η = 2(σinc. − σtra.)/
(σinc. + σtra.), and the oscillation error within 8% ensures the 
stress equilibrium within the specimen. The correspond-
ing changes, as listed in Fig. 10d, for the impact velocity 
of v = 50 m/s indicate 24% error existed when the stress 
wave reverberation has been finished. The assumption of 
1D stress wave propagation is broken, as shown in Fig. 10e. 
The stress σyy induced by lateral inertia movement increases 
from − 28.3 to 64.6 MPa as the impact velocity changed 
from v = 10 m/s to v = 50 m/s. This change is relevant to the 
loss of the constant strain-rate loading platform, as shown 
in Fig. 10e. These results guarantee that the reasonability of 
the SHPB technique at higher strain rates (i.e., �̇� ⩾400/s with 
the sample length is 50 mm) is questionable, and another 
condition, decreasing the studied specimen length, needs to 
be obtained. Overall, the proposed methods have the capa-
bilities to satisfy fundamental assumptions for the SHPB 
technique within the certain range.

4  Dynamic Mechanical Behaviour 
and Micro‑fracturing Process

4.1  Dynamic Stress–Strain Curves

Four kinds of rocks (i.e., granite, sandstone, dolomite, and 
limestone) with different grain-scale properties are con-
ducted using the SHPB, as shown in Fig.  11. Dynamic 
stress–strain curves are categorised into two groups (Class 
I and Class II) by incorporating with fracturing character-
istics. Class I failure has a significant unloading stage in 
association with stored elastic energy release. These samples 
are loaded up to peak stresses surrounding static UCS at 
lower strain rates and the sample generally did not fail or 
roughly fractured with few fragments. Energy consumption 
is also limited, and the input work by the striker impact-
ing does not exceed the critical fracturing energy consumed 
for dynamic fragmentation. The transition from Class I to 
Class II is governed by the external input work. The sam-
ples have a continuous transition from intact → fractured or 
fragmented → pulverised as the increase of input energy, in 
particular, when the strain rate is much higher exceeding 
the bearable capacity of the samples, as shown in Fig. 12d. 
Pulverisation results in energy-releasing in the form of fric-
tional sliding, kinetic and heat released outside environment. 
These unrecoverable dissipations drive successive deforma-
tion, and thus, the stress–strain curves behave as Class II.

Mechanical Class I failure (Fig. 12a–c) results in locally 
splitting fragments when the applied stress is 107.6 MPa 
which is below static UCS. The peak strain rate is 42.3 s− 1 
occurred before the stress reaches the peak value. Then, this 
value decreases to the negative which results in a recovery of 
strain. These observations concluded that the Class I loading 
has no constant strain-rate phase, since the sample is not in a 
failure state. The loading has an elastic energy release which 
behaves as the recovery of the elastic strain, the permanent 
deformation is formed by the damage of the sample, and 
the hysteresis loop represents the dissipated energy during 
the loading process. The failure of Class I is the result of 
the tensile stress reflected from the free boundary and the 
failure strength commonly below the static UCS. Hence, this 
failure usually occurs at low strain-rate impacts. The frag-
ment shape is intact, single fractured, or slightly fragmented 
induced by the lateral splitting.

Class II failure, as shown in Fig. 12d–f, is characterised 
by the significant residual strain as well as pulverised frag-
ments. The peak dynamic strength is 238.4 MPa, and the 
strain rate is 96.4/s. These characteristics show that the sam-
ple has a constant strain-rate loading phase preceding the 
peak point and maintaining a permanent deformation after 
its complete breakage. The failure strength exceeds the static 
UCS, and the strain rate is relevantly high. Failure shape 

Table 3  Micro-properties of particles and bonds of the SHPB bars

Properties Parallel 
bond model 
(mean ± SD)

Ball density (kg/m3) 9931
Ball radius (mm) 0.1
Particle-based material parameters
 Young’s modulus ( Ec , GPa) 210
 Stiffness ratio kn∕ks 2.5

Bond-based material parameters
 Young’s modulus ( ̄Ec , GPa) 210
 Stiffness ratio k̄n∕k̄s 2.5
 Normal strength ( � , Pa) 10100 ± 0
 Shear strength ( � , Pa) 10100 ± 0
 Friction coefficient � 0
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transits from fragment to pulverisation resulted from huge 
energy transform from strain energy to dissipated energy 

such as slipping energy and kinetic energy. Class II is a 
result of HSR loading or successively dynamic impacts.
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Fig. 10  Calibration of the simulated SHPB results using GB-DEM at 
two impact velocities of v = 10.0 m/s and v = 50.0 m/s. a Wave prop-
agation within the modelled bars and specimen at different time. b 
Indirect stress equilibrium using the three-wave method. c Normal-

ized stress factor distribution of the specimen. d Direct stress equi-
librium at the ends of the specimen. e Lateral inertia stress and strain 
rates within the specimen
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Table 4 lists the strain rate, fragmentation, and dynamic 
strength results from experiment and numerical simula-
tion at similar strain rates. It shows that the failure degree 
increases rapidly with increasing strain rate with the range 
of �̇�= 23.8–102.7/s. At low strain rates, the cracks propagate 
along the loading direction with lateral splitting near the free 
boundaries. The number of fragments dramatically increases 
from the single fractured sample to the pulverised sample. 
The dynamic failure strength corresponding to similar strain 
rates are comparable.

To verify the strain-rate dependency of rocks, numeri-
cal results are explored under different impact velocities 
(Fig. 13). The failure strength exhibits a general increase 
with the increase of strain rate. The elastic modulus, which 
is the slope of a linear fit to the rising portion between 10 

and 90% of peak strength, is independent of strain rate. The 
strain rate (Fig. 13b) under the satisfying condition of stress 
equilibrium ranges from 47.6 to 334.2/s (listed in Table 5).

The simulated result at the velocity of v = 5.0  m/s 
(Fig.  14a) exhibits Class I mechanical behaviour, but 
Fig. 14b at the velocity of v = 10.0 m/s reveals Class II 
behaviours. Figure 14 outlines the stress, stiffness degrada-
tion, Poisson’s ratio, acoustic emission, volumetric strain, 
and crack strain changes with the strains. The volumet-
ric strain is defined as εv = εa + 2εl and the crack strain is 
εc = εv − (1 − 2υ)σ/E, where E and υ are the elastic modulus 
and Poisson’s ratio of the material and σ is the stress applied 
on the specimen. The crack initiation stress σci is marked 
as the beginning point of the crack initiation induced by 
the external loading force and the crack damage stress σcd 
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corresponding to the unstable fracturing of the specimen 
under successive loading (Zhang et al. 2017a, b). The Class 
I failure has a peak strength σdyn = 163 MPa at the strain 
rate of �̇� = 36.7 s− 1. Elastic energy release leads to strain 
recovery restricts and further fracturing of the specimen. 
This recovery does not occur on the lateral strain εyy due 
to the axial splitting. Different results revealed for Class II 
loading are shown in Fig. 14b. Pulverised failure results in 
unrecoverable fracturing and successive energy dissipation.

4.2  Dynamic Damage Stress Thresholds

Damage stress thresholds, as shown in Fig. 14, are sum-
marised in Table 5 to characterise the microcracks’ fractur-
ing-induced macro-dynamic responses. The crack initiation 
stress σci is identified according to the intensity of initiated 
cracks in the specimen which are characterised by the AE 
frequency. In GB-DEM, each bond broken is considered as 

an AE event. This stress threshold increases from 88.6 to 
123.4 MPa as strain rate increases (Fig. 15a). This static 
value is 66.3 MPa. It is known that fracturing toughness 
is enhanced under dynamic loading. Based on the fractur-
ing process in Sect. 4.1, most microcracks generated at the 
period surrounding the point A are intergranular tensile 
cracks resulted from initial defects of mineral grains. There-
fore, the Mode-I fracture toughness is commonly determined 
by the initially defected state of the sample and the sustain-
able capacity of grain boundaries. Another problem should 
be noted is that the equilibrium state in the sample is just 
roughly reached. Therefore, the unbalanced stress is may 
contributes to a fictitious enhancement of σci. An opposite 
result is observed for normalized crack initiation stress 
σci/σdyn, as presented in Fig. 15b. The normalized crack ini-
tiation stress ranges from 0.38 to 0.52 at a roughly linear 
increasing. It indicates that the crack initiation stress σci has 
less dependency on strain rate in comparison with the peak 
failure strength. The crack damage stress σcd is the point cor-
responding to the maximum crack strain which indicates the 
start of subsequently unstable fracturing. First, this thresh-
old is heavily enhanced from 117.3 MPa (static strength) 
to 260.45 MPa ( �̇� = 334.2 s− 1) with respect to the increase 
of strain rate. According to microcracks’ distribution pre-
sented in Fig. 16, transgranular tensile cracks dominate the 
macrocracks’ coalescence, and in turn influence this stress 
threshold. Shear faults resulted from the grain pulverisation 
consumes large strain energy, and these faults also increase 
the friction sliding between grains. The macrofailure transits 
from the splitting dominated fracturing to sliding dominated 
pulverisation, which increases σcd, and the range of σcd/σdyn 
is 0.82–0.95.

4.3  Micro‑fracturing Process of Rocks

The micro-fracturing processes after two classic loadings 
are compared in Figs. 16 and 17. The loading processes 
are divided into six stages by five points (A, B, C, D, and 
E) according to fracturing characteristics of the specimen 
response. Point A is the beginning of microcracks’ genera-
tion corresponding to the crack initiation stress σci. Point B 
ends the stable fracturing process and corresponding cracks 
begin to coalesce and interact. Point B is also labelled as the 
crack damage threshold σcd preceding the peak failure point 
C. Point D, as the un-equilibrium point of constant strain-
rate loading, is labelled as the accelerating fracturing of the 
specimen. Point E represents the final failure state after a 
complete impact loading. According to the cracks’ fracturing 
and microcracks’ orientation distribution in Figs. 16 and 17, 
it can be summarised that:

1. Initial microcracks are randomly generated in the 
specimen after the first reverberation of the stress 
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Fig. 11  Experimental compressive stress–strain curves at different 
strain rates for various rock materials. a Typical class I dynamic load-
ing. b Typical class II dynamic loading
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(the strain rate is in constant in Fig.  16b). These 
crack orientations are limited to the ranges of 
0 ⩽ 𝜃 < 30◦, 150◦ ⩽ 𝜃 < 180◦ , which are parallel to the 
loading direction. Most cracks are intergranular tensile 
cracks resulted from local stress concentrations at the tip 
of grain boundaries.

2. Macrocracks initiated from Point B result from the inter-
action of microcracks. Most fractures are generated from 
the boundaries, and interacted cracks are not the coales-
cence of intergranular cracks rather than the clustering 
of transgranular cracks on the macrocrack paths. There-
fore, the orientation of the cracks gradually transits to 
the shear band and the angle range is increased. This 
point also results in a nonlinear increase of the damage 
variable and dramatically outbreak of acoustic emis-
sions.

3. The peak stress point corresponds to the maximum fre-
quency of acoustic emissions and macro cracks’ propa-
gation through the specimen. Meanwhile, the dissipated 
energy density in Class II rapidly increases resulted from 
unrecoverable macro fracturing sliding. This change is 

under a linearly increasing within a limited range in 
Class I.

4. The un-equilibrium stress generates after the peak fail-
ure. The frequency of the microcracks decreased, and 
these cracks are clustered in the macro faults as types of 
transgranular cracks. The cracks’ orientation distribution 
has become more homogeneous.

5. Unloading after the peak failure results in further axial 
splitting, and finally, the specimen is fractured to frag-
ments due to the coalescence of the nearby macrofrac-
tures in Class I. In addition, further macrofault sliding 
and grains pulverisation are observed in the Class II fail-
ure. Most fragmentations occurred in the post-peak stage 
in association with stress unloading and strain energy 
dissipation.

4.4  Damage Modelling and Evolution Process

Damage characterisation subject to dynamic loading has 
not been explored due to the limitation of measurement 
techniques. Without loss of generality, the damage model 

Fig. 12  Stress, strain, and strain rate as functions of time for two typi-
cal impact results: Class I and Class II. a Stress, strain, and strain-rate 
changes with time at lower strain-rate loading (Class I impact load-
ing), red curve stress, blue curve strain, and black curve strain rate. b 
Stress–strain relation of the Class I impact loading and the hysteresis 
loop resulting from recovery elastic strain energy. c Typical sample 

failure of the Class I impact loading. d Stress, strain, and strain-rate 
changes with time at higher strain-rate loading (Class II impact load-
ing), red curve stress, blue curve strain, and black curve strain rate. e 
Stress–strain relation of the Class II impact loading. f Typical sample 
failure of the Class II impact loading. (Color figure online)
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is developed as the cumulative area loss of the final failure 
surface as

where Nand n are the total crack number at ultimate failure 
and current crack number cumulated, respectively. r

i
 and 

l
i
 are the radius and length of the ith crack. The moment 

when the sample completely loses the sustainability cor-
responds to the damage state ω = 1.0. The modelled sam-
ple is treated as initially continuous, and thus, the initial 
damage state is ω = 0. The damage change from 0.0 to 1.0 
as a function of strain is mobilised as a damage evolution 
equation (Fig. 18a). The proposed damage evolutions are 
characterised by the loading classes: Class I and Class II. In 
Class II tests, the ultimate failure strain shows dramatically 
increase with strain rate. This result widens the shape of the 

(1)� =

∑n

i=1
r
i
l
i

∑N

i=1
r
i
l
i

,

damage evolution curve. Several critical points are founded 
in the damage evolutions characterising the transit tenden-
cies of the damage variable. One point among these, marked 
as the damage threshold ωcd, is mobilised at the beginning 
of dramatically increase for dissipated energy density. The 
corresponded damage threshold is presented in Fig. 18b. It is 
found that this damage threshold increases successively from 
0.19 to 0.54 when the strain rate is increased from 47.6 to 
334.2 s− 1. However, this value in the static test is only about 
0.14. In dynamic tests, this threshold is crucial to represent 
the unstable dynamic fracturing of the material, and thus, it 
is commonly used as the critical threshold controlling the 
long-term sustainability after HSR loading. Therefore, this 
approximately linear increase in Fig. 18b reveals that the 
fact the long-term strength is synchronously enhanced with 
dynamic peak strength. Moreover, this characteristic also 
increases the reliability redundancy based on current design 
standards.

Table 4  Comparisons of 
experiments and numerical 
simulation results Strain rate (/s)

Experimental 

fragmentation
Numerical fragmentation

Dynamic 

strength (MPa)
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To further characterise the dynamic damage evolu-
tions, the Weibull distribution is built and the cumulative 

distribution function (CDF) is described as

where a and b are two parameters determine the shape of 
the function. The parameter a determines the scale of the 
distribution, and the parameter b affects the shape of the 
distribution. Numerical results can be regressed by Eq. 2, 
and corresponding parameters are presented in Fig. 18d. The 
exponential decrease of the parameter b from 8.79 to 2.64 
reveals more flat the distribution is. Since this description 
is in the strain space, it does not mean the fracturing dura-
tion at higher strain rates consuming more time. In contrary 
to the parameter b , the parameter a increases linearly from 
3.08 × 10− 3 to 5.6 × 10− 3. Therefore, the ultimate fracturing 
strain is reduced at the low strain rate.

4.5  Criteria of Pulverisation and Dynamic 
Fragmentation

Microscale fracturing characteristics of rocks subject to 
dynamic loading are obvious (Fig. 19). The sample is easily 
impacted to small pieces at high strain rates in the laboratory. 
Fragmentation analysis can be only collected before and 
after the failure states of the sample, and thus, the fragmen-
tation process capturing seems to be unavailable. Figure 19 
shows that shear bands (Fig. 19c) result in macrosliding 
between dominant fragments, and these bands are composed 
of transgranular and intergranular cracks’ clustering which 
consuming huge energy. Unloading induced macrotensile 
fracture (Fig. 19b) successively breaks these dominant frag-
ments into small pieces, and the stored elastic strain energy 
is then transformed into the kinetic energy of fragments. 
That is to explain why the kinetic energy is dramatically 
increased when the strain rate is improved. Most microc-
racks appear on the direction parallel to wave propagation 

(2)� = 1 − exp
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Fig. 13  a Numerically simulated stress strain behaviours of different 
strain rates. b Directly measured strain-rate change within the speci-
men at different impact velocities

Table 5  Simulated results of the GB-DEM at different strain rates

DIF dynamic increasing factor, IT intergranular tensile crack, IS intergranular shear crack, TT transgranular tensile cracks, TS transgranular 
shear crack

�̇�(s−1) Strength (MPa) �d DIF Energy density (J/cm2) Crack area  (mm2) Crack area composition 
ratio

�ucs �ci �cd edis ekin efric IT IS TT TS IT IS TT TS

0.00001 129.6 66.3 117.3 0.14 – 0.86 0.06 0.80 61.79 3.72 55.61 4.13 0.49 0.03 0.44 0.03
47.6 168.2 88.6 159.79 0.19 1.30 1.89 0.69 1.39 75.08 3.35 50.72 1.18 0.58 0.03 0.39 0.01
63.8 213.9 96.34 189 0.25 1.65 15.83 9.26 6.57 161.41 7.60 221.10 12.77 0.40 0.02 0.55 0.03
102.7 247.8 104.36 203.78 0.305 1.91 27.50 18.06 9.49 186.28 8.06 298.86 22.12 0.36 0.02 0.58 0.04
175.4 272.3 109.4 213.4 0.365 2.10 40.44 27.45 13.09 196.00 8.78 354.43 31.92 0.33 0.01 0.60 0.05
196.4 292.4 116.4 238.7 0.394 2.26 51.44 35.68 15.83 213.12 9.12 422.20 41.61 0.31 0.01 0.62 0.06
296.2 307.6 114.2 247 0.42 2.37 57.24 39.22 18.03 211.93 9.56 438.18 48.45 0.30 0.01 0.62 0.07
334.2 319.2 123.4 260.5 0.54 2.46 68.91 48.36 20.62 223.37 9.42 476.46 56.64 0.29 0.01 0.62 0.07
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Fig. 14  Comparison of the macromechanical behaviour and micro-fracturing characteristic under different strain rates. a v = 5.0  m/s. b 
v = 10.0 m/s
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(Fig. 19d), and these cracks are dominated by transgranular 
tensile cracks which are far away from the shear bands. In 
general, these parallel cracks are the results of axial splitting 
induced by reflected tensile waves between grain boundaries. 
Another typical fracturing feature is the fracture network 
around grains by intergranular tensile cracks, as shown in 
Fig. 19e, f. These fractures are more likely to be generated 
by large grain rotations. More specifically, the macrocracks 
result from grain pulverisation, as shown in Fig. 19g. These 
cracks are commonly existed on the shear bands and directly 
lead to macro pulverisation phenomenon. Apparently, this 
type of failure takes away most sliding energy but results in 
less residual kinetic energy.

In association with previously described results, two 
mechanical classes (class I and class II) can be observed in 
SHPB tests. The Class I only existed when strain rate is low, 
and the unloading process is associated with huge elastic 
strain energy release. The failure state is characterised by 
single fracturing or several fragments parallel to the load-
ing direction. In contrary to Class I, Class II is subjected to 
higher strain rate with all loss of cohesion. This catastrophic 
failure results in sample pulverisation. From the theoretical 
analysis, it is agreed that macro behaviours are determined 
by the transition of the micro-fracturing patterns. In asso-
ciation with the dynamic mechanical classes, the fracturing 
patterns can be categorised into two main forms, as shown in 
Fig. 20a–j. The transition stages presented in Fig. 20f–i show 
the successive inheritance from the pattern I to the pattern 
II. It can be concluded that: (a) Class I loading induces axial 
splitting fracturing adjacent to the free boundaries of the 
specimen as a result of micro tensile failures. This fracturing 
is coalesced to the main fracture surface and then results in 
the ultimate fragmentation. Since the fracturing toughness of 
intergranular contacts is much less than that of transgranular 
contacts, some branching cracks occur at the tip of the grain 
boundary (corresponding laboratory observation shown in 
Fig. 20e). The lengths of these branching cracks are deter-
mined by the subsequent energy input. (b) Once the external 
energy is capable of driving the branching cracks’ propaga-
tion, these secondary cracks nucleate into the fracture sur-
face, and localised fragments are generated. This fragmenta-
tion is a classical failure characterisation of dynamic loading 
which consumes higher energy and in turns results in macro 
behaviours enhancements. (c) Once the external energy is 
high enough, the friction bands surrounding the fracture sur-
face are induced by the large kinetic energy release of the 
particles. This kind of failure aims to transform the strain 
energy stored in contacts to friction energy which eventually 
leads to large deformation of the specimen.

4.6  Microcracks’ fracturing transition

This section explores the fracturing transition from inter-
granular fracturing (rough surfaces) to transgranular fractur-
ing of rocks under dynamic fragmentation. Figure 21 shows 
typical fracture surfaces at strain rates of 42.3/s (Fig. 21a, 
b) and 96.4/s (Fig. 21c, d). Fractures are rough and grain 
profiles are clearly reserved at the lower strain rate. Inter-
granular tensile fracturing is commonly observed, and this 
low-toughness rupture creates smooth surfaces along grain 
boundaries. The rupture surface of samples at the strain rate 
of 96.4/s with the same magnification seems flatter. The 
newly generated fractures are roughly sheared and the sur-
faces are covered by particulate matters as consequences of 
local shear pulverisation. More energy drives pervasively 
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Fig. 15  Stress thresholds change with respect to strain rates. a Stress 
threshold �ci, �cd . b Normalized stress thresholds �ci∕�dyn, �cd∕�dyn.
The static results are listed in the grey box. The highlighted intervals 
(blue and pink) indicate the slightly fractured or fragmented strain 
rate (40–130 s− 1) and pulverised strain rate (160–340 s− 1). (Color fig-
ure online)
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pulverised cracks surrounding the shear bands, and in turn, 
this transition results in rate dependency of failure strength.

The fractured microcracks can be divided into Mode-I 
fracturing (normal tensile broken) and Mode-II fracturing 
(tangential shear broken). According to the fractured contact 
properties, these cracks can be further classified as inter-
granular tensile crack (IG: tension), intergranular shear crack 
(IG: shear), transgranular tensile crack (TG: tension), and 
transgranular shear crack (TG: shear). It is widely accepted 
that grain boundary fracturing is the dominant failure in 
the static test of brittle materials. These conclusions can 
also be observed in dynamic tests (Fig. 22). At low strain 
rates ( �̇� ⩽ 100/s), especially for Class I loading, the inter-
granular tensile crack area has a dominant influence on the 
specimen fracturing with a composition ratio of more than 
57.6%. This value gradually decreases to 29.2% as strain rate 
increases. Meanwhile, the transgranular tensile crack, which 
resulted in grain pulverisation dramatically, increases and 

shows dominant composition at higher strain rates. Shear 
cracks (either intergranular or transgranular) seem to present 
similar behaviours, but the overall composition ratios are no 
more than 10%. From the transition of fracturing microcrack 
modes, it is found that the strain-rate dependency is related 
to the dominance of grain pulverisation.

4.7  Scaling of the Rate‑Dependent Strength

The dynamic increasing factor (DIF) [i.e., the ratio of 
dynamic UCS to static UCS (DIF = σdyn/σsta)] is widely 
used to evaluate the rate dependency for rock materials. 
The previous studies show that DIF has a nonlinear increase 
in the strain rate at the full scope ( 10−5 ⩽ �̇� ⩽ 106 s−1 ) for 
quasi-brittle materials. This change includes slightly lin-
ear enhancement at low strain rates ( �̇� ⩽10/s), but rapidly 
increases at HSR ( 100 ⩽ �̇� ⩽ 105 s−1 ) and rate independence 
at ultra-high strain rate ( 105 s−1 ⩽ �̇� ). The low strain-rate 

Fig. 16  Various variables, stress 
(black line with symbols), dam-
age (blue line with symbols), 
strain rate (yellow line with 
symbols), dissipated energy 
density (pink line with symbols) 
and acoustic emission counts 
(grey bars) changes as a func-
tion of time at two strain rates. 
a v = 5.0 m/s. b v = 10.0 m/s. 
(Color figure online)
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threshold �̇�lc divides the quasi-static fracturing and dynamic 
fracturing. This dynamic fracturing transits from single frac-
tured → fragmented → pulverised, and then turns to the ther-
mal fluid when the strain rate exceeds the upper threshold 
�̇�uc which is also marked as the point of Hugoniot elastic 
limit (HEL) (Zhang et al. 2017a, b). Some empirical laws 
are developed in Table 6 for quasi-brittle materials such 
as rock and concrete. These laws can be categorised into 
one-parameter type (e.g., Kimberley model), two-param-
eter type (e.g., exponential model), three-parameter type 
(e.g., Olsson model and Grady model), and four-parameter 

type (e.g., Johnson model) according to parameters needed 
to characterise the strain-rate effect in the range of 
10−5 ⩽ �̇� ⩽ 103 s−1 . Experimental and numerical results are 
plotted in Fig. 23a for comparing the validity of GB-DEM 
in rock dynamic fragmentation modelling. Numerical DIF 
is plotted as a function of strain rate, as shown in Fig. 23b. 
Existed empirical laws are performed to fit the simulated 
results. The results show that the change of DIF can be 
divided into slight rate dependence and strong rate depend-
ence. The classical laws (e.g., Johnson model, Grady model 
and Olsson model) are not continuous for fully describing 

(a) (a) (a) (a) (a)

(b) (b) (b) (b) (b)

(c)(c)(c)(c)(c)

Stage A Stage B Stage C Stage D Stage E

(d) (d) (d) (d) (d)

Fig. 17  Comparison of fracture initiation and propagation process at 
different stages for two classic loading types. a, c Grain-based DEM 
simulated cracks’ distribution and propagation at impact velocity 
v = 5.0 m/s and v = 10.0 m/s. b, d Corresponding crack orientation in 

a and c. Different columns represent different stages A, B, C, D, and 
E plotted in Fig. 18. Black intergranular tensile crack, blue intergran-
ular shear crack, orange transgranular tensile crack, and green trans-
granular shear crack. (Color figure online)
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dynamic behaviours. The Olsson model has advantages of 
less parameter but poor ability to characterise the interme-
diate strain-rate behaviours. The Kimberly model gives a 
better match on the experimental and computational results 
(with a correlation coefficient of above 0.7). The parameter 
�̇�s is defined as characteristic strain rate as (Kimberley et al. 
2013)

(3)�̇�s = 𝛼
vcKIC𝜂

1∕4

s̄Es

,

where �c is the limiting crack growth velocity (m/s), and KIC 
and Es are the mode-I fracture toughness ( Pa

√

m ) and elastic 
modulus (Pa), respectively. s̄ is the average flaw size (m) and 
� is the areal flaw density  (m− 2). The term � is a dimension-
less constant with a value of 2.4. This characteristic strain 
rate corresponds to the critical point that the DIF = 2.0 
regardless of the power parameter of the scaling law. In Kim-
berly’s model, the rate increase factor β is limited to 2/3. 
This factor is found to be reduced to 1/3 (Birkimer 1970; 
Grady and Hollenbach 1979), 0.05 (Lipkin and Jones 1979), 
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Fig. 18  Damage characteristics for rocks at different strain rates. a 
Damage variable and dissipated energy density changes as function 
of strain. b Damage threshold with respect to strain rate. c Damage 

evolutions at different strain rates. d Rate dependency of the damage 
evolution parameters in c 
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Fig. 19  a Microcracks’ distribution of the specimen at an impact veloc-
ity v = 10 m/s and its comparison with relevant SEM scan results. a Full 
cracks’ distribution within the specimen. Black intergranular tensile 
crack, blue intergranular shear crack, orange transgranular tensile crack, 
and green transgranular shear crack. b, c Close-up of the boxed in areas 
(a). d Parallel (top) and cross-polarized (bottom) images of a fracture 
zone running through minerals (modified after Aben et  al. 2016). e, f 

Overview images and closeups of finely comminuted zones with grain 
sizes below 10  µm. The cross-polarized light images show an in  situ 
“explosion” without rotation of the grains (modified from Aben et  al. 
2016). g SEM images that zoom in from left to right on a highly pul-
verised region with particles that are smaller than 1 µm (modified from 
Aben et al. 2016). (Color figure online)
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Fig. 20  Microcrack rupture difference at three different strain rates 
(the corresponding velocities of the three rows are v = 4.2  m/s, 
v = 5.0  m/s, and v = 10.0  m/s). The first column is the results of 
microcracks’ distribution, and the second column is the main frac-
tures existed in the specimen and the sketches of the crack cat-

egory. The third column is the finalized specimen fragment state 
and the fourth column is the microphotographs of crack damag-
ing on the section of specimen at dynamic fracture toughness 
K̇ = 1.79 × 105 MPa m1/2 (modified from Zhang et al. 2000)

Fig. 21  Scanning electron 
images of fracture surface under 
different strain rates. a, b Evi-
dences of intergranular fractures 
at strain rate of 42.3/s. c, d SEM 
images of fracture surface at 
strain rate of 96.4/s
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0.19 (Grady and Lipkin 1980), and 0.25 (Grady and Hol-
lenbach 1979) with different experimental methods. In this 
study, we use the extended model in the form of 
DIF = 1 +

(

�̇�

�̇�s

)𝛽

 to characterise the strain-rate dependency. 

The regressed result presented as DIF = 1 +
(

�̇�

154

)0.54

 has 

the best regression value R2 = 0.96 and the rate-insensitive 
response at intermediate strain rate can also be well pre-
sented at the same time.

With a focus on the characteristic strain-rate change for 
different rocks, a summary of the DIF at different strain rates 
is presented in Fig. 23c. The regressed results for some geo-
logical materials are presented in Table 7. The values listed 
in Table 7 provide useful database for estimating the strain-
rate effect of different materials.

5  Conclusion

In this study, we performed a realistic modelling of the 
micro-heterogeneity for rocks using the grain-based dis-
crete element method (GB-DEM). With the aid of the digital 
image processing, the GB-DEM can characterise inter- and 
intra-granular fractures of crystalline rocks from the view-
point of realistic microstructure distribution. Smoothjoint 
interfaces and rectangularly distributed bars are proposed 
to eliminate end frictions and wave dispersions. The results 
of stress equilibrium factor change, nominalised stress fac-
tor distribution, and lateral inertia stress indicate that the 
pre-requisites of the SHPB simulations using GB-DEM 
can be guaranteed. Dynamic compression tests on granite 
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Fig. 22  Different crack types area and composition ratio with respect 
to various strain rates. a Crack area. b Crack composition ratio

Table 6  Reviewed empirical strain-rate equations for quasi-brittle 
material

Refer-
ences

Mate-
rial

Strain-rate semi empirical equation

Liu 
(1980)

Rock 𝜎dyn = 𝜎stae
c�̇�

Grady 
and 
Lipkin 
(1980)

Rock
𝜎dyn =

(

2bE2

Cg

)
1

3

�̇�
1

3

Lankford 
(1981)

Rock
𝜎dyn∞

{

�̇�
1

nc+1 �̇� ⩽ �̇�c

�̇�
1

n �̇� > �̇�c

Olsson 
(1991)

Rock 𝜎dyn = 𝜎sta a �̇�
n

Comite 
Euro-
Interna-
tional 
du 
Beton 
(1993)

Con-
crete

𝜎dyn =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜎sta �̇� ⩽ �̇�s

𝜎sta

�

�̇�

�̇�c

�A𝛼

�̇�s < �̇� ⩽ 30 s−1

𝜎sta𝛾

�

�̇�

�̇�s

�0.33

�̇� > 30 s−1

Malvar 
and 
Craw-
ford 
(1998)

Con-
crete

𝜎dyn =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜎sta �̇� ⩽ �̇�s

𝜎sta

�

�̇�

�̇�c

�A𝛼

�̇�s < �̇� ⩽ 1 s−1

𝜎sta𝛾

�

�̇�

�̇�s

�0.33

�̇� > 1 s−1

Johnson 
et al. 
(2003)

Con-
crete

𝜎dyn = 𝜎sta(1 + C ln �̇�∗)

Zhou and 
Hao 
(2008)

Con-
crete-
like 
mate-
rial

𝜎dyn =

⎧

⎪

⎨

⎪

⎩

𝜎sta �̇� ⩽ 10−4∕s

𝜎sta(a + b log (�̇�)) 10−4∕s < �̇� ⩽ 1 s−1

𝜎sta(a + c log (�̇�)) �̇� > 1 s−1

Kimber-
ley et al. 
(2013)

Rock
𝜎dyn = 𝜎sta + 𝜎sta

(

�̇�

�̇�s

)2∕3

Present 
study

Rock
𝜎dyn = 𝜎sta + 𝜎sta

(

�̇�

�̇�s

)𝛽



Grain-Based Discrete Element Method (GB-DEM) Modelling of Multi-scale Fracturing in Rocks…

1 3

10-2 10-1 100 101 102 1030

1

2

3
 Granite
 Sandstone
 Dolomite
 Limestone
 Numerical results

D
IF

Strain rate (/s)

10-5 10-3 10-1 101 103

1.0

1.5

2.0

2.5

3.0

10-1 100 101 102 103 104
0

2

4

6

8

10

10-1 100 101 102 103 104
0

2

4

6

8

10

 Green, 1968 Limestone
 Green, 1968 Granite
 Olsson, 1991 Tuff
 Frew, 2001 Limestone
 Li, 2005  Granite
 Cai, 2007 Argillite
 Green, 1968 Tuff
 Kumar, 1968 Granite
 Kumar, 1968 Basalt
 Klepaczko, 1990 Coal
 Li, 2005  Granite
 Perkins, 1970 Tonalite
 Howe, 1974 Marble
 Lindholm, 1974 Basalt
 Goldsmith, 1976 Granite
 Lankford, 1976 Oil shale
 Zhao, 1999 Granite
 Frew, 2001 Limestone
 Sylven, 2004 Kidney stone
 Doan, 2009 Granite 
 Doan, 2009  Granite 
 Doan, 2011 Marble
 Zhang, 2013 Marble
 Yuan, 2011 Granite
 Kimberley, 2011 Chondritechondrite
 Kimberley, 2013 Meteorite chondrite
 Chakraborty,2016 Quartzite  
 Chakraborty,2016 Limestone  
 Chakraborty,2016 Dolomite  
 Zwiessler, 2017 Marble
 Zwiessler, 2017 Sandstone
 Wu, 2016 Granite
 Xia, 2008 Granite

Strain rate (s-1)
 Marble 
 Granite 
 Limestone
 Sandstone
 Argillite
 Tuff
 Tonalite
 Oil shale
 Basalt
 Chondrite
 Limestone
 Meteorite 
 Quartzite  
 Dolomite
 Kidney 
 Coal

Strain rate (s-1)

cd
cd

(a) (b)

(c)

Fig. 23  a Comparisons of numerical results and experimental results. b Numeri-
cally simulated dynamic increasing factor for rocks by GB-DEM and its empirical 
laws. Blue scatters are simulated results at intermediate strain rates by conventional 
static loading test. Grey scatters are simulated results at high strain rate by SHPB 
test. b Summary of the dynamic increase factor for rocks as a function of strain 
rates (data from Green and Perkins 1968; Kumar 1968; Perkins et al. 1970; Howe 

et al. 1974; Goldsmith et al. 1976; Lankford 1976; Lindholm et al. 1974; Klepaczko 
1990; Olsson 1991; Zhao et al. 1999; Frew et al. 2001; Sylven et al. 2004; Li et al. 
2005; Cai et al. 2007; Xia et al. 2008; Doan and Garry 2009; Doan and Billi 2011; 
Wang and Tonon 2011; Kimberley and Ramesh 2011; Kimberley et al. 2013; Zhang 
and Zhao 2013; Chakraborty et al. 2016). (Color figure online)
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at different strain rates are conducted to validate numeri-
cal simulation. Two classical mechanical types (Class I and 
Class II) are observed as strain rate from 23.8 to 102.7/s 
in experiments. The intact, single fractured or lightly frag-
mented sample at the low strain-rate experiences loading and 
unloading process in association with elastic strain energy 
release. More intensive dynamic loading pulverises the sam-
ple, and most energy is reserved in the forms of friction 
sliding energy and residual kinetic energy.

Two damage stress thresholds (σci and σcd) show a similar 
dependency on the basis of failure behaviours such as crack 
volumetric strain change and acoustic emission (AE) fractur-
ing. The normalized crack initiation stress σci is reduced to 
0.38 when the strain rate reaches 350 s− 1. Damage evolution 
under dynamic loading is distinctively different from that 
under static loading. Under dynamic loading, the Weibull 
distribution exhibits a broader shape (shape parameter b , 
2.64–8.79) and a larger average scale (scale parameter a , 
3.08–5.6 × 10− 3). The transition of dominated microcracks 
from intergranular to transgranular fracturing results in dif-
ferent macrofailure characteristics. The single fractured or 
lightly fragmented samples are generated by the fracture sur-
face in association with branching cracks which are domi-
nated by intergranular fracturing. In contrary, pervasively 
damaged rocks are the results of transgranular fractures 
clustering surrounding the fracture surface and in turn form 
the substantial shear bands.

The simulations are further conducted at a higher strain-
rate range ( 47.6 ⩽ �̇� ⩽ 334.2  s− 1). The results reveal that 
granite is significantly dependent on strain rate. The dynamic 
increase factor behaves first linear increase until the interme-
diate strain rate and then dramatically increased to 2.5 when 
the strain rate exceeds the maximum value �̇� = 334.2  s− 1. 
A novel scaling law has a continuous and smooth descrip-
tion of this behaviour from low to high strain rates, and the 
characteristic strain rate is 154 s− 1.
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