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To study the impact properties of granite, the parameters (including the stress-strain curve, elasticity modulus, peak strength, and
peak strain) of the test pieces in each group were determined via standard split-Hopkinson pressure bar tests. -e results revealed
that the prepeak stress-strain curves are approximately linear; the postpeak stress-strain curve declined sharply and exhibited the
characteristics of brittle material failure after the stress exceeded the peak strength. In terms of the specimen form following
failure, for increasing strain rate, the granite specimen became increasingly fragmented after failure. In addition, the single-
parameter statistical damage constitutive model was improved, and a double-parameter statistical damage constitutive model for
describing the total stress-strain curve of granite under the action of impact loading was proposed.-e parameters of the statistical
damage model, m and a, were obtained via fitting. -e results revealed that the parameter m decreases with increasing elasticity
modulus, whereas the parameter a increases. Similarly, the peak strength and the peak strain increased (in general) with increasing
strain rate.

1. Introduction

In many practical engineering problems, the applied load is
dynamic. For example, rock blasting and excavation involve
mechanical properties associated with the dynamic failure of
rocks. -e mechanical characteristics of impact have been
extensively investigated. Vostretsov and Yakovitskaya [1]
studied the mechanical properties of a preloaded rock
specimen under the action of an impact load. Li et al. [2]
proposed a novel technique for combined dynamic and
static loading of a rock.-e results revealed that, for this type
of loading, the strength of the rock decreased significantly
when the axial preload exceeds 70% of the static load
strength of the rock. Wang et al. [3] studied the nonlinear
damage of brittle rock under the action of an impact load.
Furthermore, Millon et al. [4] investigated the mechanical

characteristics of sedimentary rocks under the action of an
impact load and the fragmentation of rock under different
strain rates. Wu et al. [5] proposed a method for quantifying
the fatigue damage of brittle rocks under an impact load.
Peng et al. [6] assessed the failure process and the governing
mechanism in sandstone under biaxial isostatic pressure and
found that microcrack propagation is more likely under a
combined load than under separate loads. -rough nu-
merical simulation, Bi et al. [7] evaluated the failure process
of the rock material under the action of an impact load.
Saksala [8] used a viscoplastic damage model to investigate
the low-frequency impact loading of rocks. Wang and Yang
[9] studied the dynamic fracture toughness of coal rocks
under the action of an impact load. Liu et al. [10] assessed
the acoustic emission wavelet denoising threshold of rocks
under a dynamic load. Scherbakov and Chmel [11]
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investigated the impact fracture characteristics of granite at
different temperatures. In addition, Wang et al. [12–14] and
Meng et al. [15] studied the mechanical behavior of clayey
soil under different conditions and the weakening mecha-
nisms of gypsum interlayers from Yunying salt, respectively.
Tu et al. [16] proposed a new criterion for defining slope
failure.

Previous studies have shown that the mechanical be-
havior of rocks under an impact load differs significantly
from that under a static load. However, theoretical analyses
and experimental studies focused on the dynamic failure of
rock materials are rare, and thus, the dynamic characteristics
of rocks under impact loading have received an increasing
attention. -erefore, in the present work, granite specimens
are subjected to a split-Hopkinson pressure bar (SHPB) test.
-e model parameters of specimens in each group are
obtained via fitting based on the improved statistical damage
constitutive model. -e determined impact properties of
granite are important from both theoretical and practical
points of view.

2. Tests

2.1. Testing Process. Cylindrical 63mm× 31.5mm black
granite specimens with a diameter (D)-to-height (H) ratio of
D :H� 2 :1 were tested. To guarantee the flatness of the
upper and lower surfaces, these surfaces were symmetrically
ground with a grinder. In the standard SHPB test, specimens
with a diameter-to-height ratio of 2 were investigated
(Figure 1). -e SHPB consisted of three parts (Figure 2 for
the loading device): bullets, incident bar, and transmission
bar. When a bullet strikes the incident bar, an incident wave
will form, then propagate to the specimen along the bar, and
interact with the specimen, resulting in a reflected wave and
a transmission wave. -e three types of wave can be mea-
sured by the strain gauge on the bar and acquired by an
oscilloscope via an electrical bridge and ultrahigh dynamic
strainometer.

2.2. Test Signal. Figure 3 presents the waveform signal of
specimen #6 during testing. -e black line and the red line
denote the incident bar signal and the transmission bar
signal, respectively. Incident waves, reflected waves, and
transmission waves are typical triangular waves. -e
waveform suggests that the dynamic impact loading is a
linear mode of loading and unloading that occurs imme-
diately after the failure strength is reached, consistent with
the dynamic failure characteristics of brittle materials.

2.3. Test Result. Figure 4 presents the dependence of the
dynamic compression strength on the time. As shown in the
figure, the dynamic failure process of the rock lasts for
several dozens of microseconds. -e minimum and maxi-
mum strengths are 189MPa and 280MPa, respectively.
Most specimens have compression strengths of 260MPa,
except for specimens #2, #13, and #19, which have a slightly
lower strength of 190MPa–200MPa.

Figure 5 presents the stress-strain curve of dynamic
compression. -e prepeak stress-strain curves are approx-
imately linear. However, the postpeak stress-strain curve
declines rapidly after the stress exceeds the peak strength. An
average dynamic compression strength of 240MPa (average
error: 18.75%) is determined. Most other failures occur at
strain ranging from 7% to 9%, except in the case of specimen
#8 where failure occurs at a strain of >11%, consistent with
the failure characteristics of brittle materials. -e fitted
stress-strain curve is described by a linear elastic relation-
ship, and an average dynamic modulus Ed of 31.5GPa is
determined.

Figure 6 shows the dependence of the dynamic com-
pression strength on the strain rate ranging from 81

Figure 2: SHPB loading device.

Figure 1: Partial specimens under dynamic compression (diameter-
to-height ratio 2 :1).
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Figure 3: Signal diagram for specimen #6 under dynamic
compression.
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to 210 s− 1. -e strength increases significantly with in-
creasing strain rate, indicating that the granite is hardened
when withstanding the dynamic compression. Table 1
presents the test result of the granite under the action of
the impact load.

2.4. Analysis of Failure Modes. -e failure modes of some
specimens are shown in Figure 7. Overall, the specimens
are broken into pieces of different sizes under dynamic
loading at different strain rates. -e strain rates of
specimens #2, #4, #6, #8, #13, and #19 are 81.90 s− 1,
81.26 s− 1, 107.02 s− 1, 185.98 s− 1, 97.34 s− 1, and 99.29 s− 1,
respectively. With increasing strain rate, the fragment
size and impact compressive strength of the granite
specimens decrease and increase, respectively, after
failure.

3. Improved Statistical Damage Constitutive
Model of Granite under Impact Load

3.1. Improved Statistical Damage Constitutive Model.
According to Krajcinovic and Silva [17], the Weibull
distribution can be used to describe the internal damage of
materials. -erefore, in this work, the microunit strength
of granite is described by the Weibull distribution, with a
probability density distribution function, which is given
as

P(F) �
m

F0

F

F0
 

m− 1

exp −
F

F0
 

m

 , (1)

where P(F) and F are the probability density distribution
function and strength distribution variable of the microunit,
respectively, while m and F0 are the Weibull distribution
parameters.

-e damage degree D can then be expressed as

D � 
F

0
P(y)dy � 1 − exp −

F

F0
 

m

 . (2)

-e microunit strength based on the Drucker–Prager
failure criteria is

F � z0I1 +
��
J2


,

α0 �
sinφ

���������

9 + 3 sin2 φ
 ,

(3)

where φ is the internal frictional angle of the material, I1 is
the first stress invariant of the stress tensor, and J2 is the
second stress invariant of the stress tensor.

Li et al. [18] have reported that the microunit strength
under a one-dimensional stress state is given as
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Figure 6: Dependence of the dynamic compression strength on the
strain rate.
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Figure 4: Dependence of the compression strength on time.
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F � α0 +
1
�
3

√ Eε1, (4)

where ε1 is the axial strain.
-e improved time-dependent damage models based on

the Kelvin model include

σ � Eε1(1 − D) + η
dε1
dt

, (5)

where σ, E, and η are the axial stress, elasticity modulus, and
viscosity coefficient, respectively.

Substituting formula (2) into formula (5) gives

σ � Eε1 exp −
F

F0
 

m

  + η
dε1
dt

. (6)

At the peak of the stress-strain curve (εm, σm),
(dε1/dt) � 0 and (dσ/dε1) � 0. Taking the derivative of
formula (6) yields

F0 � α0 +
1
�
3

√ Eεmm
(1/m)

. (7)

By substituting formula (7) into formula (6), we obtain

η
dε1
dt

� σm − Eεm exp −
1
m

 . (8)

Substituting formulas (4) and (7) into formula (2) yields

D � 1 − exp −
1
m

ε1
εm

 

m

 . (9)

-e statistical damage computational formula, expressed
as equation (9), consists of only one parameter, i.e., m. -e
prepeak damage and postpeak stress-strain curve slope are
inadequately reflected by a single-parameter statistical damage
constitutive model. In other words, the specimens with similar
prepeak damage may have different postpeak stress-strain
curve slopes, suggesting that the single-parameter statistical

Table 1: Test result of the granite under impact load.

Specimen number Strain rate (s− 1) Elasticity modulus (GPa) Peak strength (MPa) Peak strain (%)
#2 81.90 37.90 189.95 0.784
#4 81.26 52.30 267.59 0.662
#6 107.02 49.64 246.99 0.686
#7 130.24 38.35 247.12 0.848
#8 185.98 29.19 253.03 1.016
#10 204.87 33.91 273.10 0.937
#11 192.40 38.81 278.51 0.955
#12 172.44 52.88 280.68 0.774
#13 97.34 89.78 194.71 0.758
#15 155.04 55.27 257.29 0.822
#16 153.87 57.73 257.23 0.809
#19 99.29 38.13 212.92 0.805

(a) (b)

(c)

Figure 7: Photograph showing failure characteristics of (a) specimens #2 and #4, (b) specimens #6 and #8, and (c) specimens #13 and #19.
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damage constitutivemodel has limitations. For this reason, the
present work proposes an improved computational formula
for statistical damage:

D � 1 − exp − a
ε1
εm

 

m

 , (10)
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Figure 8: Comparison of the test data and the fitting result obtained for the statistical damage constitutive model: (a) specimen #2;
(b) specimen #4; (c) specimen #6; (d) specimen #8; (e) specimen #13; (f ) specimen #19.
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where a and m are statistical damage parameters. Parameter
a reflects the peak strength of the specimen; i.e., the peak
strength of the specimen increases with decreasing a. -e
parameter m reflects the decline slope of the postpeak stress-
strain curve; i.e., the decline slope of the curve increases with
increasing m.

By substituting formulas (8) and (10) into formula (5),
we obtain the expression describing the improved statistical
damage constitutive model:

σ � Eε1 exp − a
ε1
εm

 

m

  + σm − Eεm exp −
1
m

 . (11)

-is formula describes the improved statistical damage
constitutive model based on the Weibull distribution.

3.2. Fitting Result of the Improved Statistical Damage Con-
stitutive Model. -e fitting result of the improved statistical
damage constitutive model is shown in Figure 8 and Table 2.
As the table shows, good fitting results are obtained. A
correlation coefficient of R2> 0.9390 is obtained for all
specimens, except for specimen #13. -e poor fitting result
of this specimen results from the occurrence of significant
plastic deformation and downward bending of the prepeak
stress-strain curve, as shown in Figure 8(e).-is trend differs
significantly from the characteristics of other specimens,
which are described by approximately linear prepeak curves.
Based on Tables 1 and 2, parameter m decreases with in-
creasing elasticity modulus, whereas parameter a increases.
Similarly, the peak strength and the peak strain increase (in
general) with increasing strain rate.

4. Conclusion

A statistical damage constitutive model is used to investigate
the behavior of granite under impact loading. -e major
conclusions are summarized as follows:

(1) Under the impact load, the average dynamic mod-
ulus and average peak strength are 31.5GPa and
240MPa, respectively; the average peak strain ranges
from 7% to 9%, consistent with the failure charac-
teristics of brittle materials.

(2) -e failure morphology of the granite samples in-
dicates that, for increasing strain rate, the samples

become increasingly fragmented after failure, and
the impact compressive strength increases.

(3) -e present work proposes an improved statistical
damage constitutive model for granite subjected to
an impact load and reveals the physical significance
of the model parameters, m and a. -e improved
statistical damage constitutive model is used to fit the
test data. A good fitting result is obtained, and the
association coefficients are largely larger than 0.9390.
Investigation of the parameters obtained via fitting
revealed that parameter m decreases with increasing
elasticity modulus, whereas parameter a increases.
Similarly, the peak strength and the peak strain
increase (in general) with increasing strain rate.

-e impact behavior of rocks (including granite) is a
complex scientific problem. In this work, the statistical
damage theory is used to study this behavior from a mac-
roscopic point of view and, hence, the present study has
certain limitations. -erefore, future work will also consider
the behavior from a microscopic point of view.
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Table 2: Fitting result of the improved statistical damage constitutive model.

Specimen number Strain rate (s− 1) m value a value Association coefficient R2

#2 81.90 2.151 0.585 0.9536
#4 81.26 2.627 0.436 0.9666
#6 107.02 2.191 0.480 0.9625
#7 130.24 2.472 0.426 0.9637
#8 185.98 3.432 0.241 0.9501
#10 204.87 3.484 0.248 0.9390
#11 192.40 2.621 0.428 0.9706
#12 172.44 2.118 0.486 0.9768
#13 97.34 0.805 1.542 0.7391
#15 155.04 1.612 0.728 0.9823
#16 153.87 1.536 0.769 0.9791
#19 99.29 2.264 0.491 0.9850
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