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a b s t r a c t

The ISRM-suggested Brazilian disc (BD) test using split Hopkinson pressure bar (SHPB) for dynamic rock
tensile strength requires central crack initiation and stress equilibrium. This study aims to re-evaluate
the critical strain rate, ensuring a valid dynamic Brazilian disc test, and to analyse the reliable dynamic
tensile behaviour of granite using high-speed digital image correlation (DIC). The comparison between
the measured strain obtained through high-speed DIC analysis and the strain gauge allowed for
determining the optimal subset parameters used to obtain the real-time deformation field and the
stress-strain curve from DIC data. Crack initiation, crack velocity, and failure process are studied to
reveal the rate dependence of granites. A unified dynamic increase factor (DIF) model is proposed for the
tensile strength of rocks, and the reason for the sudden drop in DIF for high strain rates is discussed. The
results reveal that the upper limit of the valid strain rate, which ensures the validity of the ISRM-
suggested dynamic BD test, is co-determined by the conditions of stress equilibrium and crack initia-
tion from the centre of the disc. At higher strain rates (75 s− 1), BD test results fail to capture the actual
tensile behaviour of rocks, and the potential factors influencing the critical valid strain rate (CVSr), such
as sample radius and boundary crack length, should also be considered.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

Understanding the dynamic behaviour of rock material is of
significance for underground excavation (Zhou et al., 2014),
earthquake rupturing (Griffith et al., 2018), rock fragmentation
(Grady and Kipp, 1980) and military prevention against projectile
penetration (Schultz et al., 2007). The tensile strength of brittle
materials is much lower than the compressive strength, making
rocks more prone to tensile failure without significant associated
deformation and cause dynamic disasters, e.g. the spalling in
tunnels induced by reflected stress waves in blasts (Cai et al.,
2012), the evident rate-dependent debris distribution deter-
mined by tensile fracturing initiated from initial defects (Hogan
et al., 2015), and the pervasively pulverized rocks at grain scale

due to isotropic tensile impacts during earthquakes (Griffith et al.,
2018). Therefore, understanding the dynamic tensile behaviour of
rocks is critical for studying the dynamic response of rock engi-
neering under blast and seismic loading.

Characterising the dynamic tensile behaviour of rocks requires
appropriate specimen configurations and reliable testing methods.
During last few decades, the dynamic behaviour in tension for
rocks tested using the SHPB has been well understood through the
direct tension test (Howe et al., 1974; Goldsmith et al., 1976) the
Brazilian disc (BD) test (Gomez et al., 2001; Zhang and Zhao,
2013a); the flattened BD test (Wang et al., 2006); the BD test
with jaws (Dai et al., 2010a); the semi-circular bend test (Dai et al.,
2010b); the spherical splitting test (Huang et al., 2014); and the
spalling test (Kubota et al., 2008). Direct tension test is straight-
forward, but suffers from the difficulty of boundary bonding, and
results in stress concentrations or eccentric tension loads near the
sample ends (Heard et al., 2018). Due to the ease in sample prep-
aration and low requirements on the loading apparatus, BD is
suggested by the International Society for Rock Mechanics and
Rock Engineering (ISRM) to determine the dynamic tensile
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strength of rock materials (Zhou et al., 2012). But the prerequisites
for a valid dynamic BD test are (a) stress equilibrium within the
specimen, (b) one-dimensional stress wave propagation, and (c)
crack initiation from the centreline of the disc. The test results are
acceptable only when the sample is close to stress equilibrium,
which requires around 5–10 round trips of the incident wave
within the sample prior to fracture. Preliminary tests with high
strain rates demonstrated that cracks initiated from damage zones
in the vicinity of load platens, near the sample contact area, while
the measured value of fracture strength is heavily influenced by
the quality of the fixture (Gomez et al., 2001)), resulting in the
following maximum allowable strain rates to achieve stress
equilibrium: 1.0–5.0 s− 1 for the concrete plain splitting test
(Albertini and Montagnani, 1994); 20 s− 1 for the BD test (Tedesco
et al., 1993); 120 s− 1 for the spalling test (Klepaczko and Brara,
2001); and 45 s− 1 for the flattened BD test (Wang et al., 2006).
Higher strain rates induce stress concentration beneath contact
loading points, causing premature cracking at sample ends. This
violates fundamental assumptions of the standard Brazilian disc
(BD) test. Nevertheless, from the literature review of dynamic
tensile tests on rocks in the last decades, as shown in Fig. 1, there
are still many studies evaluating dynamic tensile strength beyond
the limited strain rate range. In Fig. 1a, the black curve is the
predicted dynamic increase factor (DIF) of tensile strength by
fitting the unified dynamic strength model. The DIF, which is the
ratio of dynamic tensile strength (σtd) to static tensile strength (στ),
describes the strain rate effect on the failure strength, and has
values theoretically >10 when the strain rate is close to 100 s− 1.
However, the strength decreases with the increase of strain rate in
region IIIb, and DIF drops to 2–4 in a higher strain rate range. The
critical strain rate dividing region II and region III is the maximum
strain rate which can maintain the strain rate effect of rocks in
tension. This phenomenon appears to be independent of the rock

type tested, as demonstrated in Fig. 1b, since region IIIb is
commonly found in various rock types such as granite, sandstone,
and dolomite, among others. As the data is regrouped according to
the testing approach, the drop of strength in tension is evident in
the BD test, shown in Fig. 1c. It is concluded that there is an upper
limit to the range of reliable strain rates that can be measured by
the ISRM-suggested method. The results will fail to characterise
the actual dynamic response of rocks when the loading rate ex-
ceeds the limit range. Therefore, evaluating the validity of exper-
imental results is crucial to determine the dynamic behaviour in
the laboratory and remains to be solved herein.

In recent decades, there have been many attempts to explore
uniform stress conditions and the validity of the dynamic BD test.
For example, Gomez et al. (2001) used the photoelastic method to
compare the stress equilibrium difference of Homalite-100 under
quasi-static and dynamic loads and found that the failure pattern
of the specimens was consistent in both static and dynamic BD
tests. Other non-contact techniques, for example the laser mea-
surement technique (Li and Ramesh, 2007), Moir�e method (Zhang
et al., 1999), caustic method (Field et al., 2004) and DIC (Chen et al.,
2013; Zhang and Zhao, 2013a; Xing et al., 2018), were carried out to
explore the mechanical properties and fracture processes of rock
materials. Among these, DIC is a non-contact, non-destructive,
powerful full-field method which is capable of tracking spatial and
temporal displacement and the strain fields of materials (Peters
and Ranson, 1982). However, research in extreme dynamic re-
gimes involving high-strain-rate phenomena (>103 s− 1) such as
impact, blasting, and Kolsky bar tests remains at a nascent stage of
development. With the advantage of ultra-high speed (UHS) im-
aging technique, high-speed DIC is employed to understand the
onset of fracturing and crack velocity (Zhang and Zhao, 2013a),
full-field deformation (Chen et al., 2014; Fourmeau et al., 2014),
strain localisation and fracturing mechanism (Yao et al., 2016),

Fig. 1. (a) Dynamic tensile strength and DIF versus strain rate of rocks (Goldsmith et al., 1976; Grady and Kipp, 1980; Khan and Irani, 1987; Dutta and Kim, 1993; Cho et al., 2003;
Cai et al., 2007; Kubota et al., 2008; Asprone et al., 2009; Wang et al., 2009; Cadoni, 2010; Dai et al., 2010a, 2010b; Dai and Xia, 2010; Huang et al., 2010a, 2010b; Yan et al., 2012;
Saksala et al., 2013; Zhang and Zhao, 2013b; Chen et al., 2014; Wong et al., 2014; Wu et al., 2016), (b) DIF by rock type, and (c) DIF by test method.
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dynamic toughness of notched semi-circular bend (Gao et al.,
2015) and crack damage thresholds (Xing et al., 2018). The UHS
camera is currently available at a recording frequency of up to one
million frames of second and the deformation field is recorded at a
temporal resolution of microseconds. Nevertheless, the applica-
tion of high-speed DIC to simultaneously validate the BD meth-
odology and characterise rate-dependent tensile behaviour in
geological materials remains largely unexplored in experimental
rock mechanics. Zhang and Zhao (2013a) employed the digital
image correlation (DIC) technique for dynamic BD and obtained
the real-time strain field for marble with the SHPB. Due to the
strict assumptions required for the standard SHPB BD test,
obtaining the full field strain is meaningful because the distribu-
tion and spatial localisation of strain gradient can be directly used
to determine the crack initiation and propagation, which is
impossible with conventional strain gauge methods (Pierron et al.,
2011).

This study aims to address the questions: (a) “What are the
actual dynamic tensile properties of granites, their rate de-
pendency, and deformation fields measured using the DIC tech-
nique with a high-speed camera?” and (b) “What is the range of
the critical valid strain rate (CVSr) that defines the validity of the
BD test”. To answer these two questions, BD tests using a Kolsky
bar test are carried out on disc rock samples to re-evaluate the
validity and the stress equilibrium state of BD method based on the
transit displacement and strain fields for the first time. Then, the
rate dependency of tensile strength is analysed by excluding
invalid results induced by boundary failure and compared to the
theoretical model to determine the characteristic strain rate.
Finally, the critical strain rate and progressive failure patterns are
discussed.

2. Methodology

2.1. Sample preparation

Granite, a typical brittle rock whose mechanical properties
reflect most crystalline brittle rocks, is used for dynamic BD ex-
periments in this study. The Electron Backscatter Diffraction
(EBSD) technology and thin section image are employed for
mineralogy analysis as discussed in our previous study (Li et al.,
2021). By injecting an accelerated electron beam into the sample
and analysing the diffracted backscattered electrons, EBSD tech-
nology can obtain the information of crystal microstructure in high
resolution, enabling effective identification of mineral phases and
their crystallographic orientations. According to the results, the
main mineral constituents of the samples are quartz (Qtz), soda
feldspar (Soda Fsp), plagioclase, mica (ma) and accessory minerals
(<0.4 %), including hornblende, pyroxene, and garnet. The content
ratio of different minerals can be obtained from thin section and
Electron Backscatter Diffraction (EBSD) images, as shown in Fig. 2a
and b (see details in Table 1). The result shows the average grain
sizes of Qtz, Fsp, and ma are 1.88 mm, 2.64 mm and 0.85 mm,
respectively. The orientation distribution of grain boundaries from
the granite sample is depicted in Fig. 1c. The result shows no
evident anisotropic fabric with preferred beddings in the spec-
imen, and most minerals are uniformly distributed with a proba-
bility frequency approximating 3.0 %.

All samples are cored into disks with a diameter of 50 mm and a
thickness of 25 mm. The thickness/diameter ratio is set as 0.5 to
minimise the inertia effect and to reduce the effect of thickness on
the tensile strength. In addition, the maximum grain size
(4.54 mm) is less than 1/10 of the diameter (50 mm), so the grain
size effect on strength can be neglected according to the ISRM

suggestion. The static experiments are performed on an MTS-815
apparatus at a strain rate less than 5 × 10− 5 s− 1. In order to avoid
any size effect on laboratory tests, all samples for both dynamic
and static tests have the same dimensions. The quasi-static
experimental results indicate that the Young's modulus of this
granite is (54.6 ± 3.7) GPa, and Poisson's ratio is 0.19 ± 0.04. The
average values for uniaxial compressive strength (UCS) and Bra-
zilian tension strength (BTS) are 192 MPa and 11.4 MPa,
respectively.

2.2. Loading configuration and testing method

Dynamic experiments are conducted with SHPB, and the dia-
gram of the apparatus is shown in Fig. 3. The setup consists of a
loading system, high-speed camera system, and strain measure-
ment system. The loading system includes the incident bar,
transmitted bar, and the striker, which are made of 48CrMoA steel
with a diameter of 50 mm and lengths of 300 mm, 2500 mm and
2500 mm, respectively. As the oscillation induced by the sharp
rising of the incident wave would result in difficulty in reaching
stress equilibrium in the rock sample, a pulse shaping technique,
by changing the dimension of a rubber pulse shaper, is used to
minimise the influences of dispersion and inertia in this study.

The high-speed camera and conventional strain gauges are
used to monitor the deformation signals across the sample. During
the test, the tensile wave is reflected when the incident wave
reaches the end of the incident rod while the rest continues to
travel through the sample towards the transmitted bar. All signals
are recorded by strain gauges mounted on incident and trans-
mitted bars. The signals are amplified by a Wheatstone bridge and
stored using an oscilloscope (Fig. 3a). The subscripts in, re, and tr
represent the incident, reflected and transmitted waves, respec-
tively. The forces at the ends of the sample are

Plef(t) = EbAb[εin(t) + εre(t) ]
Prig(t) = EbAbεtr(t)

}

(1)

where Eb is the elastic modulus of the rod, Ab is the area of the bars.
Plef (t) and Prig(t) are forces at the left and right ends of the sample,
respectively. The forces are balanced when the stress equilibrium
in the sample is achieved. Therefore, the maximum vertical tensile
stress located at the centre of the disk is determined as

Fig. 2. (a) Thin section images of a representative granite sample, Quartz-Qtz; Feld-
spar-Fsp; Mica-ma. (b) Rock digitisation of the EBSD grain orientation map, (c) the
orientation distribution of the grain boundaries in the granite sample, and (d) the
grain size distribution.
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σt =
2P(t)max

πdsbs
=

[
Plef(t) + Prig(t)

]

max
πdsbs

(2)

where σt is the tensile strength and P(t)max coincides with the
maximum force when the failure occurs. ds and bs are the diameter
and thickness of the sample. The stress rate and strain rate are
computed by

_σt =
σt

tp
; _εt =

_σt

E
(3)

where tp is the loading time corresponding to the peak force
P(t)max and E is the elastic modulus of the sample in tension.

2.3. High-speed digital image correlation (DIC)

A CMOS UHS camera was used to acquire the digital images
during the loading process. As shown in Fig. 3b, the region of in-
terest (ROI) of the camera is 50 mm × 50 mm, and the magnifi-
cation factor is 0.195 mm per pixel. In order to obtain an optimised
speckle pattern, the mean intensity gradient suggested by Pan
et al. (2010) is used in this study. To record the cracking

propagation, three strain gauges with a resistance value of 120 Ω
are mounted on the back of the sample. The horizontal space be-
tween the strain gauges is 15 mm, and their orientation angle is
90◦.

The DIC algorithm finds the optimal matching subsets in the
reference and deformed digital images. Different from the static
loading, the rock undergoes large displacement and background
noise under impact loads. The cross-correlation function Zero-
Normalised Sum of Squared Differences (ZNSSD) with strong
anti-interference ability is used for high-speed tests; the correla-
tion coefficient CΩ of ZNSSD will not change even when the light
intensity in ROI changes

CΩ =
∑

p∈Ω

[
gref(x) − gref

m

Δgref
−

gdef(x+ u(x;uΩ)) − gdef
m

Δgdef

]2

(4)

where p is the point in the subset (central point is x0, y0) with
position of x, Ω is the subset zone, and gref and gref

m are the grey
values of p before and after the deformation, respectively. u is the
displacement vector, which is a function of x and uΩ. uΩ is the
displacement vector of the subset zone Ω.

For simplicity, the first-order displacement function is used in
this study

∀(x) ∈ Ω; ∃
(
uΩ;m

)

m∈[1;6] ∈ ℝ6;

u1(x;uΩ) = uΩ;1 + uΩ;3 × Δx+ uΩ;5 × Δy
u2(x;uΩ) = uΩ;2 + uΩ;4 × Δx+ uΩ;6 × Δy

}
(5)

The Newton-Raphson method is used to optimise the equation
for each subset as

∀Ω;
(
uΩ;m

)

m∈[1;6] = Argmin(CΩ(uΩ) ); uΩ ∈ ℝ6 (6)

While each component satisfies

∀m ∈ [1;2;⋯;6];
∂CΩ(uΩ)

∂uΩ;m
= 0 (7)

The strain in the field can be computed as

εxx = uΩ;3 +
1
2

(
u2

Ω;3 + u2
Ω;4

)

εyy = uΩ;6 +
1
2

(
u2

Ω;5 + u2
Ω;6

)

εxy =
1
2
(
uΩ;4 + uΩ;5

)
+

1
2
(
uΩ;3 × uΩ;5 + uΩ;2 × uΩ;6

)

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(8)

The subpixel interpolation based on the bicubic spline is

g(x)=
∑3

i=0

∑3

j=0

Nijxi × xj (9)

where Nij is the coefficient determined by the grey-scale values of
the point. x is an arbitrary point position vector in the subset zone.

Table 1
Mineral composition and grain size of granites.

Mineral Chemistry ingredient Content (%) Minimum size (mm) Maximum size (mm) Average size (mm)

Quartz SiO2 32.7 0.86 2.45 1.88
Feldspar NaAlSi3O8, KAlSi3O8 52.6 1.46 4.54 2.64
Mica K3Si3O10 14.3 0.28 1.54 0.85
Others * 0.4 0.08 0.45 0.34

Note: * includes hornblende, pyroxene, and garnet.

Fig. 3. (a) Diagram of SHPB apparatus. (b) The processing of high-speed DIC.
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The detailed algorithm of the local DIC used in this study can be
found in Algorithm 1.

3. Results

3.1. Stress equilibrium

To evaluate the stress difference at two ends of the sample, the
stress equilibrium factor, which is a dimensionless ratio of the
stress difference to the average stress, is computed

ησ =2
⃒
⃒
⃒
⃒
σin + σre − σtr

σin + σre + σtr

⃒
⃒
⃒
⃒ (10)

The sample can be considered in stress equilibrium when ησ is
less than 5.0 % (Ravichandran and Subhash, 1994). The challenge of
this method is the uncertainty in determining the arrival time of
reflected and transmitted waves and the error associated to the
three-wave aligning process by the human operator. At a lower
impact velocity, e.g. vs = 5.6 m/s, the stress difference at the ends
of the sample is nearly eliminated. From the stress equilibrium
factor as shown in Fig. 4b, the sample is balanced during the whole
process of loading, which is confirmed by both the three-wave
method and the stress equilibrium factor. As a typical example
to distinguish the difference between these two methods, Fig. 4c
and d plots the history stresses at the ends of the sample as well as
the stress equilibrium factor when the impact velocity is 8.7 m/s. It
is hard to obtain a balanced stage by comparing the stress state at
the ends of the sample, as shown in Fig. 4c. This result violates the
conclusion obtained by the three-wave method. As marked in
Fig. 4d, the balanced state was achieved only in a range from 75
μs to 100 μs. That means the equilibrium hypothesis within the
sample is only reached for a short period prior to peak stress, and
this stage will be significantly shortened when the loading rate is
increased. The critical loading rate, which determines the
reasonability of stress equilibrium and central crack initiation, will
be fully discussed in the following section.

3.2. Sensitivity of DIC subset parameters

In local DIC, the subset size is coupled with the speckle char-
acteristics and plays a great role in the displacement calculation. If
the grey pattern has low levels of noise, the choice of a small
subset size will introduce a higher variability in the measured
displacement. In order to obtain the optimal subset size for DIC
analysis of dynamic BD, four subset sizes were chosen for strain
analysis and the results compared. The subset size varied from 10
pixels to 40 pixels at a step size of 5 pixels, and the results of the
maximum principal strain field are shown in Fig. 5a. The subset
size suggested by the International Digital Image Correlation So-
ciety (Jones and Iadicola, 2018) should contain a minimum of three

speckles, as a smaller subset will result in insufficient filtering for
the strain results of the DIC virtual strain gauge. The results indi-

cated that the subset size of 20 shows less mean bias error than the
size of 10, while not over-filtering the strain. The tensile strains on
the centreline performed by different subset sizes are plotted in
Fig. 6a. The larger subsets will decrease the values of measured
strain and result in a smoother strain field. The strain distribution
is excessively discrete as the subset size is 10, and the comparison
between DIC results with strain gauge will be discussed in the
following section.

The subset step determines the density of pixels at which DIC
data is computed and influences the resolution of the measure-
ments. Four subset step sizes, s = 1, 5, 7 and 10, are chosen to
obtain the optimal subset step. The increase of the subset step-size
will increase the overlap between two neighbouring subsets, and
the tensile strain on the centreline with different step sizes is
compared in Fig. 6b. An “oversized” step-size will over-interpolate
the measurements and increase the bias to determine the crack
tips. However, decreasing the step size further does not improve
the resolution of measurements as expected and consumes more
computational time.

3.3. Calibration of DIC results with strain gauges

We further compared the tensile strain obtained by DIC anal-
ysis with the strain gauge measurement. A virtual strain gauge is
set at the middle point of the Brazilian disc with a length ld. The
orientation of the strain gauge is perpendicular to the loading
direction, and the crack opening displacement (COD) is the dif-
ference in the vertical displacement between two points. To avoid
the disturbance of the displacement discontinuity, a displacement
gradient of the virtual strain gauge is defined as:

gyy(i)=
∂v

∂y
=

v(i+ 1) − v(i)
2d

(11)

where d is the spacing of subsets and i is the subset id on the
virtual strain gauge. v is the velocity of the i th subset. The com-
parison of tensile strain between the strain gauge method and DIC
analysis is plotted in Fig. 7. The prerequisite of the stress wave
method is that the sample is well contacted with the rods. That is
only satisfied during the loading period prior to peak stress. After
the failure of the sample, the transmitted stress is unloaded, but
the tension deformation (red curve) in the specimen is still
increasing. The strain measured by the strain gauge is identical to
the results obtained by the one-wave method and three-wave
method, as shown in Fig. 7. The subset size of 20 shows a better
match with the strain gauge measurement and therefore is chosen
as the optimal size for further DIC analysis. The strain value

Algorithm 1. Calculation procedure of local subset DIC
1 Input the reference image gref , deformed image gdef , subset size, size step, estimate displacement

2 Use a coarse-fine search approach to find the optimum initial integer displacement
3 Compute the subpixel interpolation
4 Set the initial displacement u0

Ω and the displacement gradient u1;1u2;1u1;2u2;2 = 0
5 Warp the deformed image with the initial displacement
6 Compute the first gradient ∇C(uΩ) and Hessian matrix ∇∇C(uΩ) while

⃦
⃦
⃦Cn+1 − Cn

⃦
⃦
⃦> ε

7
Compute the current displacement using un+1

Ω = un
Ω −

∇C(uΩ)

∇∇C(uΩ)
while

⃦
⃦
⃦Cn+1 − Cn

⃦
⃦
⃦> ε

8 Subpixel interpolation considering the displacement at step n while
⃦
⃦
⃦Cn+1 − Cn

⃦
⃦
⃦> ε

9 Warp deformed image with current displacement un+1
Ω while

⃦
⃦
⃦Cn+1 − Cn

⃦
⃦
⃦> ε

10 Return Displacement vector uΩ of each subset
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measured by DIC is larger than that calculated from the stress
wave method because (a) the strain calculated from the stress
wave method is an average value on the centreline, and (b) the

strain recorded by the stress wave method in the post-peak stage
is not the actual deformation of the sample, as the sample is
separated from the rods. That means the stress equilibrium
checked by the three-wave method is valid only when the sample
is in perfect contact with the rods.

3.4. Displacement and strain fields from DIC analysis

Fig. 8 shows the results of displacement for rock sample GB-3-
5.6 at different stress levels. The zone of camera (ZOC) is 256 × 256
pixels, and the zone of interest (ZOI) is 240 × 80 pixels. The
optimal subset size and subset-step size are set to 20 and 5,
respectively. From Fig. 8b, the stress difference is eliminated at the
peak stress moment. The platform after the peak strain rate im-
plies that the sample at the moment corresponding to peak stress
is balanced. The peak strain rate corresponds to the moment that
the crack initiates from the sample centreline, where the
maximum principal strain is 0.32 %.

From the fields of displacement shown in Fig. 8a, the stress
propagation from left to right can be evidently captured. The stress
level of crack initiation is about 0.9 σp, and after that, the stress
wave continues to propagate to the end of the sample and
resulting in an increase in the transmitted stress. The vertical
displacement displays the rupture in the horizontal centreline and

Fig. 4. (a), (c) Variance of the stresses and strain rate at two ends of the typical rock samples GB-3-5.6 and GB-8-8.7 and (b) and (d) dynamic three-wave stress equilibrium.

Fig. 5. (a) Effect of subset size and (b) subset step on the maximum principal strain
for determining the crack propagation in the ROI.

Fig. 6. (a) Effect of subset size and (b) subset step-size on the tensile strain distri-
bution along the centreline crossing the horizontal crack.

Fig. 7. Comparison of different strain results computed from one-wave method,
three-wave method, and direct strain gauge and DIC analysis.
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results in evident COD at that instant. That implies that the drop of
stress is a result of a boundary failure rather than the fracturing of
the centreline.

Based on the evolution of strain fields estimated by DIC anal-
ysis, the relations between the crack initiation, peak failure and
boundary failure can be investigated and compared. As discussed
above, the critical moment of boundary failure on horizontal
deformation is not significant. The value of εxx generally increases
as the loading is continued. The time interval between two lines is
5 μs, and the moment when the peak stress occurs is 295 μs. In
Fig. 9a, the average value of εyy corresponding to crack initiation
is 0.32 %. The value of boundary failure is 1.0 % in post-peak, and
after that moment, the strain field is dramatically distributed
because of the displacement discontinuity.

We obtained stress-strain curves using DIC analysis, as shown
in Fig. 10. The tensile strain at the centre of the disc rapidly in-
creases and results in great errors in the post-peak stage. The
strain rate of the virtual DIC strain gauge shows a dramatic in-
crease compared with that of the physical strain gauge. The strain
rate corresponding to crack initiation is 5.3 s− 1 from the strain
gauge and 13.8 s− 1 from DIC measurement. The peak strain rate
from the strain gauge is 13.6 s− 1, which is much smaller than that
value on the curve of _εDIC (~40 s− 1). The actual increase of tensile
strain rate is the red dotted line presented in Fig. 10b; the critical
point is the moment that the sample reaches its peak stress. After
this moment, the stress starts to drop while the strain is still

increasing. Therefore, that means the actual strain and strain rate
of the sample in the post-peak can only be obtained from the
direct measurement, such as a strain gauge on the sample or DIC
approach.

3.5. Crack initiation and propagation

The crack initiation and propagation should be evaluated to
understand whether the failure is (a) initiated from the centre of
the disc and (b) whether the crack path is symmetric. Three strain
gauges are mounted on the back of the rock sample. The
arrangement of the strain gauges (abbreviated sg) is as follows:

(1) sg.1 is located along the centreline at 10 mm away from the
end of the incident bar

(2) sg.2 is mouthed at the middle of the sample and
(3) sg.3 is 15 mm away from sg.2.

Fig. 11a and b shows typical dynamic results of sample GB-1-
4.5. The electric voltages of sg.1 and sg.2 dramatically increase
when the incident wave reaches the sample, and the step-like
onsets mean that the strain gauges are broken. However, sg.3 in-
creases slowly after crack initiation because the main crack fails to
cross the strain gauge. The loss of the simultaneous increase in sg.1
and sg.3 reveals that the crack propagation in the sample is
asymmetric. The onset of sg.2 corresponds to the moment of 50 %
peak stress. By defining the point where the voltage signal
dramatically increases as the crack initiation point, the cracking
time of sg.2 is τ1

ini = 432 μs and the corresponding values for sg.3
and sg.1 are 462 μs and 457 μs, respectively. The mean crack ve-
locity can be estimated by ΔL

Δτ, and the value is 500 m/s herein.
Estimation of crack velocity using strain gauges is limited to the

accurate location of crack tips (Ju et al., 2019). The results from the
strain gauge will be valid only when the crack propagates through
it. DIC has been proven as an effective method to determine the
fracturing process and propagation for rocks (Ju et al., 2019). From
the results presented in Fig. 12, the evolution of displacement,
strain and fracturing sequence can be acquired by DIC. Only uy and
εyy are illustrated here because the vertical variables are more
sensitive to the displacement discontinuity. From the profiles of
vertical displacement, the crack initiates at the centre of the disc
with a maximum displacement step of 0.9 mm when the stress
level is 0.9 σp. The tip of the discontinuity propagates to the ends of
the sample, and the maximum tensile strain is approximately 1.0 %
when the stress reaches its peak value. Accordingly, the displace-
ment step is 1.5 mm. The location of the crack tips can be found by
defining the critical tension strain: in this study, the tensile strain
threshold is 0.32 %. Hence, the evolution of crack tips in association
with time is indicated by the arrows on the profiles of strain, while
the white arrows denote the crack tips labelled from visual anal-
ysis of the images. Fig. 13a presents the COD of seven virtual
gauges located on the centreline. It's noted that line (1) firstly
increases at a time of 250 μs, shortly followed by lines (2) and (3).
The displacement gradients are calculated to identify the position
of transit tips of the crack, and the results of crack velocity are
plotted in Fig. 13b. As mentioned previously, the mean crack ve-
locity determined by strain gauges is 500 m/s, which significantly
overestimates the crack velocity, as we treated the beginning
points of step-like voltage as the crack initiation moment. From
the results estimated by visual observation, it is difficult to pre-
cisely capture crack tips and, therefore, the crack velocity is
generally underestimated. The DIC method provides the real-time
change of the crack velocity as well as the propagation direction.
The value of the crack velocity experimentally determined by DIC

Fig. 8. (a) The experimental displacement fields at different stress levels, (b) history
curves of the tensile stress, strain rate and strain distribution of sample GB-3-5.6.

Fig. 9. (a) The experimental vertical strain and (b) the horizontal strain on the cen-
treline at different moments, the lines with dots are the moments corresponding to
crack initiation, peak stress and boundary failure, respectively.
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is between 200 m/s to 600 m/s. This value is slightly increased
when the crack approaches the ends of the sample. Besides, the
crack velocity propagating in the left part of the disc is larger than
that in the right part, which means the crack propagation is
asymmetric.

4. Discussion

4.1. Rate dependency of tensile strength

Understanding the mechanism of rate-dependency is crucial to
investigating the fracturing and fragmentation of brittle materials
subject to impact load (Grady and Lipkin, 1980; Li et al., 2018a). Li
et al., (2018b) summarised the dynamic strength models of geo-
materials under uniaxial compression state and proposed a unified
form of the DIF as a function of strain rate

Fig. 10. (a) The stress-strain curves computed by DIC analysis and the strain gauge method. (b) Comparison of strain rates computed by the strain gauge method and DIC method.

Fig. 11. (a) Dynamic results of the typical sample GB-1-4.5, and (b) history of tensile stress after shifting the transmitted wave.

Fig. 12. Fracturing sequence, vertical displacement and strain fields recorded by high-
speed camera for rock sample GB-3-5.6, the first column shows the displacements in
y-direction, and the second column shows the DIC results of strain εyy , the third
column shows images of the fracturing process.

Fig. 13. (a) The location of the virtual gauges and COD as a function of time, (b) the
comparison of crack velocity computed from DIC, strain gauge and visual method.
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σd
στ

=1 +

(
_ε
_εs

)β
(12)

where στ is the quasi-static tensile strength, _εs and β are dynamic
parameters depending on material properties. For arbitrary β, the
DIF is 2.0 when the strain rate equals the characteristic strain rate
_εs. β is the dynamic increase factor only determined from initial
defects within the sample.

Table 2 lists the theoretical results of the dynamic increase
factor for different rocks. Grady and Hollenbach (1979) conducted
plate impacts on oil shales and suggested the dynamic increase
factor is 0.33 and 0.25 when the strain rate is 104 s− 1. The dynamic
increase factor for Limestone is valued as 0.05 by Lipkin and Jones
(1979) and as 0.19 by Grady and Lipkin (1980). Kimberley et al.
(2013) assume the dynamic increase factor to be the same for all
brittle materials, equal to 0.67. Li et al., (2018b) summarised the
dynamic behaviour of different rock types and found that the value
of the dynamic increase factor is influenced by the rock types, but
always in between 0.31 and 0.79.

Kimberley et al. (2013) proposed the upper-bound solution of
the characteristic strain rate when the crack velocity approaches to
Rayleigh wave velocity as _εs = αυcKICη1=4=(sE), where υc is the
Rayleigh wave velocity; KIC is the mode I fracture toughness (Pa
m1/2); s is the mean defect size (m); η is the crack area density
(m− 2); and α is a dimensionless material parameter.

From the increase tendency of DIF predicted by Eq. (12) and
experiment results in Fig. 1, the rate dependency of tensile
strength can be divided into three regions: (a) region I (<1 s− 1) is
rate independent; (b) region II (1-30 s− 1) is the range conducted by
SHPB apparatus, the DIF increases from 1.0 to 7.0 and the materials
behave evident increasing tendency as the strain rate increases in
this range; and (c) region IIIb (>30 s− 1) violates the increasing
tendency predicted by theoretical model, the DIF decreases when
the strain rate exceeds a certain threshold value.

Table 3 illustrates experimental results of granites under
different strain rates. _εsg is the strain rate computed from the
strain gauge, and _εDIC is that value directly obtained from DIC
analysis.

The stress-strain curves and the dynamic increase factor as a
function of strain rate are plotted in Fig. 14. As described above, the
variation of peak stress with strain rate is not strictly coincident.
Due to the limitation of the SHPB apparatus, it is hard to obtain the
failure strength in region I, which is illustrated in Fig. 1a. The
tensile strength in region II is significantly dependent on the strain
rate. For the granite used in this study, the DIF ranges from 1.3 to
2.7. The discrepancy in tensile strength shows that the DIF de-
creases with the increase of strain rate in region IIIb. The strain rate
measured from the strain gauge was in the range of 5.1–65 s− 1,
whereas the DIC result ranged from 17 s− 1 to 213 s− 1. As illustrated
in Fig. 14b and c, the dot lines represent results obtained by strain
gauge and DIC analysis, which exclude the invalid results in region

IIIb, and the predicted characteristic strain rates are 14.5 s− 1 and
48.3 s− 1, respectively. But the corresponding characteristic strain
rates of the results, including region IIIb are 48.8 s− 1 and 141 s− 1,
and the dynamic increase coefficients are 0.14 and 0.15, respec-
tively. The β shows the rate dependency of the tensile strength on
strain rate, that value commonly ranges from 0.31 to 0.79 in
compression tests for different rocks (Li et al., 2018b). The theo-

retical strain rate can be estimated by _εs =
αυcKICη

1
4

(sE) , Rayleigh wave

velocity cR in this study is 2562 m/s. Assuming the average defect
size of the specimen to be s = 1 mm, the defect spacing
lη = 2.0–3.5 mm and the fracture toughness KIC = 1.6 MPa m1/2, the
density of crack area is η = 0.82 × 106 m− 2. α is the parameter
related to material strength, which meets α = σt s η1/4/KIC, α can be
set as 0.21 for tension tests. It is worth noting that the actual crack
velocity is much slower than the Rayleigh wave and, in this study,
it ranges from 200 m/s to 600 m/s. Therefore, the theoretical
characteristic strain rate should be in the range of 12–62 s− 1.
However, the characteristic strain rates, including region IIIb,
exceed the upper bound of the theoretical prediction, while those
values, excluding region IIIb, are between 14.5 s− 1 and 48.3 s− 1,
thus more consistent with the theoretical solution. By using DIC
analysis, the characteristic strain rate is 48.3 s− 1, the dynamic in-
crease factor is 0.97, and the coefficient of determination is
R2 = 0.88. Thus, the unified dynamic increase factor model of Eq.
(12) well predicts the dynamic behaviour of rocks as well as the
characteristic strain rate.

σtd
στ

= 1 +
( _εsg

48:5

)0:14
; R2 = 0:28

σtd
στ

= 1 +
( _εDIC

141

)0:15
; R2 = 0:28

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

Including region IIIb (13)

σtd
στ

= 1 +
( _εsg

14:5

)0:94
; R2 = 0:82

σtd
στ

= 1 +
( _εDIC

48:3

)0:97
; R2 = 0:88

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

Excluding region IIIb

(14)

4.2. The determination on CVSr

As depicted in section 4.1, the relation between the tensile
strength and strain rate can be divided into regions I, II and III. In
region III, the increase in tensile strength with strain rate is no
longer observed. Fig. 15 shows four typical results of the stress
equilibrium factor under different strain rates. The stress equilib-
rium factor below − 5 % is the loading stage from t = 50–150 μs.
When it falls within 5 %, the equilibrium is achieved and can be
regarded as the boundary between the unbalanced and balanced

Table 2
The theoretical results of the dynamic increase factor of brittle materials.

Material Methodology Dynamic increase factor Reference

Arkansas Novaculite Plate impact 1/3 Grady and Kipp (1979)
Quartz Monzonite SHPB test 1/3 Birkimer (1970)
Westerly Granite SHPB test 1/3 Lipkin et al. (1977)
Solenhofen Limestone SHPB test 0.05 Lipkin et al. (1977)
Oakhall Limestone SHPB test 0.19 Lipkin et al. (1977)

Oil Shale
Taylor plate 0.25

Grady and Hollenbach (1979)
Electromagnetic shock 1/3
SHPB test – Lipkin and Jones (1979)

Concrete SHPB test 1/3 Birkimer (1970)
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zone. The result reveals that less time will be consumed to get the
stress equilibrium at the lower loading rate, meaning that it is
easier to obtain the valid tensile strength in BD tests. The stress
wave already travels several rounds in the sample to realise an
equilibrium state before the balance stage. If the moment of peak
stress falls out of the balanced zone, which means the failure

occurs when the moment is in an unbalanced state, which violates
the validity of SHPB tests.

From the experimental results, the failure modes of the dy-
namic splitting test can be divided into four types, as shown in
Fig. 16. Type I is an ideal failure mode, indicating the crack initi-
ates from the centre of the disc. The shear cracks at the interface
sample bars are few and do not influence the distribution of tensile
stress along the centreline. This failure type was only observed in
quasi-static test and in samples of GB-1, GB-2 and GB-3 with a
strain rate less than 24.5 s− 1. Type II is a common failure mode
dominated by tensile cracks on the centreline with forming
obvious pressurised zones at both ends of the sample. Under
certain circumstances, crack bifurcation may occur and result in
debris around the centreline. The shear crush beneath the loading
points may occur after a tensile crack has already initiated at the
centre of the disc, therefore it does not break the assumption of the
dynamic BD test. This mode was found in samples GB-3-5.6 and
GB-4-7.1, and the maximum strain is 68.4 s− 1. The appearance of
type III is induced by the failure of loading boundary at the end of
the transmitted rod. This failure may be caused by reflected tensile
waves resulting from poor initial contact or unevenness of the end
of the sample. This situation causes stress differences during
loading and results in invalid testing results. Type IV is a common
failure mode for unbalanced loading. When the strain rates reach a
certain threshold level, the stress difference during the balancing
process is sufficient to cause pressurised damage at the end of the
incident rod, which directly leads to instability of the boundary.

The non-uniform stress distribution and coupled stress state
increase the complexity of the fracture criterion. The recom-
mended strain rate operated by conventional SHPB is on the order
of 10 s− 1 to 104 s− 1 (Kolsky, 1949). Recently, Staehler et al. (1993)
have reported a discrepancy in material behaviour beyond the
CVSr. The results indicate that for tests above 2700 s− 1, the
compressive stress will be 50 % lower. Many other researchers
(Ravichandran and Subhash, 1994; Jia and Ramesh, 2004; Pan
et al., 2005) also reported that there is an upper limit of the
achievable strain rate in brittle materials using SHPB. Assuming
the rock is linearly elastic until failure, the average strain rate in
the sample can be calculated as

_εlim;1 =
εr

τ
(15)

where εr is the rupturing strain of the material under tensile stress,
which is taken as 0.32 % in this study. The failure time τ should
never be less than the time to reach the balanced state. Generally,

Table 3
Brazilian disc experimental results of granites.

Sample No. vs (m/s) ds (mm) bs (mm) _εsg (s− 1) _εDIC (s− 1) σt (MPa) Boundary failure condition

GBs-0 – 49.8 24.5 1e-5 – 11.2 Intact, type I
GB-1-4.5 4.5 49.6 24.8 6.24 24.5 15.4 Intact, type I
GB-2-4.8 4.8 48.3 25.1 5.1 17 14.5 Intact, type I
GB-3-5.6 5.6 49.2 25.2 13.6 47 16.3 Split, conical failure, type I
GB-4-7.1 7.1 51.3 24.9 16.4 68.4 29.2 Split, conical failure, type II
GB-5-7.6 7.6 49.3 24.7 26.3 75.4 23.4 Split, fails to capture
GB-6-6.7 6.7 50.1 25 14.81 42.6 19.7 Right end failure
GB-7-8.1 8.1 49.4 24.8 18.6 64.8 23.3 Split, fragmented, type II
GB-8-8.7 8.7 50.2 24.6 21.3 54.6 31.0 Split, crack branch, type II
GB-9-7.9 7.9 50.6 25.2 54.3 164 22.2 Fragmented, type IV
GB-10-8.9 8.9 49.1 25.1 58.4 154 22.1 Split, crack branch, type IV
GB-11-9.2 9.2 49.8 25.3 64.3 184 18.6 Split, conical failure, type III
GB-12-9.7 9.7 49.4 25.2 77.6 213 24.6 Left end failure, type III
GB-13-10.6 10.6 49.7 25.0 38.5 121.3 18.4 Left end fragmented, type III

Note: type I failure is an ideal failure mode, indicating the crack initiates from the centre of the disc; type II failure is dominated by tensile cracks on the centreline with
forming obvious pressurised zones; type III failure is induced by the failure of loading boundary at the end of the transmitted rod and type IV failure is induced by unbalanced
loading.

Fig. 14. The stress-strain curves and tensile strengths as a function of strain rate, (a)
stress-strain curves and (b) the dependency of tensile strength on strain rate.

Fig. 15. History curves of the stress equilibrium factor under different strain rates.
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the loading stress wave will travel 5–10 rounds to realise stress
equilibrium in the specimen. Hence, the CVSr can be estimated by
_εlim;1 = cεr

10r, in which c is the P-wave velocity, and the theoretical
value of CVSr is _εlim;1 = 76 s− 1. This value only considers the stress
equilibrium hypothesis before the failure. For the BD test, the
assumption of crack initiation from the centreline will be broken
when the fracture initiates from the loading boundary. If we as-
sume the end of the sample to be a point contact by a disc with
radius r, the maximum tensile stress at the circular boundary can
be calculated according to the Hertzian contact theory as

σt =
(1 − 2υ)P

2πa2 (16)

where a is the radius of the contact surface as shown in Fig. 17a. σt
is the tensile stress induced by Hertzian indentation, and the
tensile failure occurs when it equals the tensile strength σ̂t of the
rock. Assume the boundary will be destroyed when the crack
under the contact point propagates to a distance of a. The time
before the loading wave reaches the right end of the sample is tf =

a=vcrack. Therefore, the CVSr determining the central crack initia-
tion is obtained by substituting Eq. (2) into Eq. (16)

_εlim;2 =
εravcrack

(1 − 2υ)bsr
= λ

εrvcrack
(1 − 2υ)bs

(17)

where vcrack is the crack velocity. It is noted that _εlim;2 is dependent
on the ratio of a to radius r, the failure beneath the ends of the
sample will disturb the stress field in the specimen, and break the
requirement of central crack initiation as the failure range λ is large
enough. Fig. 17b shows the CVSr as a function of sample radius. It
should be noted that the critical strain rate _εlim;2 in Eq. (17) is
determined by λ rather than the radius of the sample. The upper
strain rate of _εlim;1 decreases with the increase of sample radius,
but the CVSr is codetermined by _εlim;1 and _εlim;2. When the length

ratio λ increases from 0.001 to 0.5, the upper critical strain rate of
_εlim;2 increases. The CVSr will be determined by _εlim;2 if the length
ratio is small.

In fact, the existence of a crushed zone under the loading points
has little influence on the maximum principal stress distribution
in the centre of the disc if the crack length is less than 0.2r.
Therefore, for the sample radius of 25 mm used in this study, the
theoretical CVSr result is close to 75 s− 1. This value is very close to
the measured maximum strain rate by DIC analysis for type I and
type II, which is 68.4 s− 1 in this study.

The CVSr can be roughly estimated from the equations dis-
cussed above. It was found that the critical strain rate is mainly
influenced by the sample radius. Due to the heterogeneity of rocks
and the suggested size by ISRM, the available sample size can be
chosen for the BD test is very limited. Unfortunately, it is still
unknown whether this critical strain rate is dependent on the rock
type. It appears that the range of CVSr is influenced to some extent
because the fracture strain and wave velocity are different for
different rocks. However, it is also clear from the results in Fig. 1b
that rock type does not affect the value of CVSr as expected.

Overall, the assessment of the validity of the stress state is an
indispensable procedure of the dynamic splitting test. The evalu-
ation should be carried out by the three-wave method, stress
equilibrium factor and the failure patterns recommended in this
study. The reliability of over-strain rate data in previous experi-
ments deserves further discussion. Of course, adopting the modi-
fied Brazilian splitting method, such as the flattened BD test (Wang
et al., 2006) and the BD test with jaws (Dai et al., 2010a) can reduce
the uncertainty of the traditional BD method. But for higher strain
rate testing of rocks in tension, some direct methods, such as the
spalling test or Taylor impact, are recommended to avoid the un-
certainty associated with the BD test.

4.3. Limitations

The CVSr in dynamic Brazilian disc tests is defined by requiring
the peak strain to occur after stress equilibrium. However, the wave
travel distance required for stress balance can only be determined
empirically and roughly in a range of 5–10 rounds. Because this
distance is determined by a complex interaction of multiple factors,
e.g. diameter/thickness ratio, wave impedance mismatch between
specimen and bar, loading pulse characteristics and so on. These
complexities introduce uncertainty to CVSr value. Furthermore, the
CVSr value might change when employed in other rock types, as
wave velocity might differ. This highlights the need for the devel-
opment of a universal CVSr model in the future.

In addition, due to resource constraints, this study is solely
restricted to granite. While the four failure modes identified in this
study should be theoretically applicable to other brittle rocks
(given granite's representative behaviour), ductile rocks (e.g.

Fig. 16. The fundamental failure modes in the Brazilian disc test subject to impact loads.

Fig. 17. (a) Schematic diagram of the point contact between the sample and rod. (b)
CVSr range dominated by stress equilibrium and central crack initiation.
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halite, gypsum, and mudstone) may exhibit fundamentally
different responses under dynamic BD testing, warranting future
investigation.

5. Conclusions

In this study, BD tests are performed on granitic rocks in
combination with DIC and SHPB setup. We performed a compar-
ison between the strain gauge measurements with DIC results to
ensure the validity of DIC analysis. Then, the evolutions of
displacement and strain fields are explored to present the spatial
and temporal changes of deformation under different strain rates.
The actual deformation and strain rate are much larger than those
measured from conventional strain gauges, which are limited to
boundary continuity. Finally, the rate dependency of tensile
strength for rocks is discussed to calibrate the unified DIF model.
The validity of the loading condition, based on the CVSr deter-
mined by the required conditions of stress equilibrium and central
crack initiation, is investigated. The main conclusions are:

(1) The tensile strength of granite is significantly dependent on
strain rate. There are three regions in the experimental re-
sults of DIF as a function of strain rate. The discrepancy in
region III is a result of boundary failure and violates the
validity of the dynamic BD test. The unified DIF model is
extended to tension tests after eliminating abnormal results.
The calculated characteristic strain rate is 48.3 s− 1, which
agrees more with the theoretical prediction range (12-62
s− 1).

(2) The values of strain and strain rate experimentally
measured by DIC are larger than those from strain gauges.
Because the strain measured from strain gauges is an
average value on the centreline, the strain in the post-peak
stage is not the actual deformation of the sample due to
the separation between the sample and rods. DIC can
overcome these shortcomings and estimates the actual
value of tensile strain for crack initiation to be 0.32 %, and
the crack velocity to range from 200 m/s to 600 m/s.

(3) The theoretical CVSr, co-determined by stress equilibrium
and boundary failure, is 75 s− 1. This value matches well with
the measured CVSr ( _ε = 68:4

s ) from DIC measurements. With
the increase in strain rate, the failure pattern of rocks can be
categorised into four types: splitting → splitting and frac-
turing → asymmetric fracturing → boundary failure. The
appearance of boundary failure, e.g. type III and IV, indicates
that the assumptions at the base of the BD test are not met,
meaning that the validity of experiments is broken as the
strain rate reaches a certain level. The influence of rock
types on CVSr is unknown, and it should be studied in the
future.
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