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Split Hopkinson Pressure Bars (SHPB) test is widely used among the various methods for investigating the dynamic behavior of rocks at high
strain rates. Various factors affect the waveform and the results of this test. In this study, the aim was to investigate the effect of geometrical
parameters of strikers including the effect of shape, length, and impact cross-section width (ICSW) on the waveform induced in the SHPB
test using numerical modeling. For this purpose, in the first stage, the required information including geometrical properties and the required
micro-parameters have been collected from two laboratory and numerical modeling studies. Then, the initial model was constructed using
the discrete element numerical method (DEM), and its results were compared with laboratory and numerical results. Evaluation of the effect
of striker shape demonstrated that SS strikers have induced a semi-sinusoidal wave and CS strikers have induced a quasi-rectangular wave.
Among the waveform properties, the wavelength was strongly related to the geometric properties of the strikers in both CS and SS types in a
way that was directly related to the striker’s length and inversely related to the ICSW. On the other hand, the maximum amplitude is directly
related to the striker’s length and ICSW in both CS and SS types. According to the results, the use of SS strikers is more appropriate according
to the waveform, and its geometric properties can be determined according to the problem requirement, using numerical modeling results.
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1. Introduction

Evaluating the behavior of materials and determining their properties
are essential to the design of most engineering projects under different
loads. Several in-situ and laboratory tests are performed for such
purposes. Various methods are available to assess the dynamic behavior
of concrete, rock, metal, and composites under a wide range of strain
rates and various loading conditions. In this regard, some of the most
important techniques are the Split Hopkinson Pressure Bar (SHPB) test,
Taylor impact test, drop weight machines, and shock loading by plate
impact. Moreover, high-speed imaging techniques and optical methods
are used to analyze the behavior of materials under dynamic loading
conditions [1]. Among the mentioned techniques, the SHPB test is most
commonly applied in various loading modes (e.g., pressure, tensile,
shear, and torsion) in order to assess the behavior of materials under
high dynamic rate loading [2, 3].

The SHPB test is widely used as a laboratory test for the assessment
of the strength properties of concrete, rocks, and metals under dynamic
loading with high strain rates (HSRs). The test encompasses a striker
and two bars (incident and transmitted) with the specimen placed
between the aforesaid two bars. The test stages involve the induced
stress wave as a result of the impact of a striker on the incident bar and
reaching the specimen through the incident bar. The stress wave
(incident wave) propagates along the incident bar towards the
specimen. While part of the wave is transmitted to the specimen through
the interface of the incident bar-specimen, another part of the wave is
reflected from the interface. Following that, the wave transmitted to the
specimen reaches the bar through the interface of the specimen-

transmitted bar. Finally, an energy absorber is often installed close to the
end of the transmitted bar so as to damp the movement of the
transmitted bar after testing. The stress, strain, and strain rate of the
specimen could be calculated using Equation. 1 to Equation. 3,
respectively [4].
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Where o, €, € ,E, A, and L are stress, strain, strain rate, elastic
modulus, cross-sectional area, and length, respectively, and C is the wave
velocity. The subscripts I, R, and T represent the incident, reflected, and
transmitted parts, respectively. Also, the subscripts b and s represent the
bar and specimen, respectively.

The Split-Hopkinson pressure bar (SHPB) test is applied in rock
engineering projects and discussions of rock dynamics to assess the
dynamic behavior of rocks under dynamic loadings, such as explosion
and projectile impact. Considering the excessively high loading rate of
explosions, loading is applied to the samples under high loading rates in
the SHPB test.

The traditional and conventional forms of the SHPB test use the
Cylindrical shape Striker (CS) and bars. This approach has some
limitations such as difficulty in achieving uniform stress and stress
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equilibrium in the specimen and high oscillation of the generated wave
[5, 61. CS strikers generate a rectangular stress wave in the incident bar
and specimen. On the other hand, this wave takes a very short time to
reach the maximum strain compared to the time required to create a
uniform stress state in the specimen. Therefore, the shape of the striker
must change, so that it could have a semi-sinusoidal shape to reach the
maximum level. In this regard, a model of the SHPB test has been
proposed where a SS striker is applied to induce a semi-sinusoidal stress
wave (Figure 1(a)). The geometry of the SS striker in the test is shown
in Figure 1(b). The stress waveform induced by the striker with a special
conical shape has a semi-sinusoidal waveform, leading to low-wave
scattering during wave propagation [7]. In addition, it is possible to
evaluate the dynamic behavior of rocks during the post-failure stage by
this test [8]. The SHPB test is applied to conventional systems, while CS
is used for the dynamic tests of metallic materials.
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Figure 1. SHPB test; a) striker, incident, transmitted bars, and rock specimen; b)
geometry of special-shape striker [9].

Figure 2 shows the classification of various dynamic tests, which are
used to evaluate the dynamic behavior of rocks in different ranges of
strain rates. According to [10], the classification indicates the rock
conditions in these methods, including the creep behavior of rocks with
the strain rate of 1078 - 107 per second and quasi-static behavior with
the strain rate of 1075 - 107" per second, as well as moderate, high, and
very high strain rate behaviors. Furthermore, numerical simulation
provides efficient access for the implementation of testing and data
analysis for the following reasons: 1) repetitive simulations with
completely identical numerical samples could be performed, 2) the
approximation could be obtained before experimental tests for
guidance, and 3) details are available at any given time even in dynamic
modes [11]. The high cost of manufacturing laboratory equipment is one
of the reasons that has limited the sensitivity analysis studies of the
geometrical properties of Striker-Bar assembly. Therefore, numerical
modeling approaches can be used due to low time and cost with
acceptable accuracy to model a wide range of geometry of Striker-Bar
assembly and also choose the waveform appropriate to the purpose of
the problem.

According to the literature, the SHPB test, which is applied to various
materials, uses different forms of strikers, lengths of the bars, and
specimen geometries. Diversity is observed in the geometry, length, and
type of the striker and pressure bars [12, 13]. Moreover, samples of
loaded materials (e.g., rocks, metal, and ceramics) have been studied in
different dimensions and geometries [14]. Xu et al. [11] have
demonstrated that numerical modeling could be applied based on the
discrete element approach to simulate dynamic fracture and for the
modeling of the SHPB test. In the mentioned study, acceptable results
were obtained following the assessment of the dynamic behavior and
fracture toughness of rocks using numerical modeling of the discrete
element method. Peng et al. [9] evaluated rock dynamic features using
the SHPB test in the laboratory. In addition, the researchers assessed the
results using numerical methods in ANSYS/LS-DYNA. Liao et al. [15]
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evaluated the behavior of rock specimens under compressive and shear
loadings using the Hopkinson test, concluding that the numerical
models could effectively simulate the behavior of rocks under such
loading. In [12], it was experimentally demonstrated that the length of
the striker could affect the wave pattern. Also, using the experimental
and numerical finite element methods [13] and discrete element
method [11] have demonstrated that the geometry of the striker affects
the created waveform. Therefore, the geometric characteristics of the
striker have been a challenge in the test to assess the dynamic behavior
of materials.
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Figure 2. Classification of dynamic loading methods and rock conditions at various
strain rates [10].

Accordingly, considering the capability of numerical modeling and
the limitation of laboratory equipment in high strain/load rate condition
simulations, in this study, DEM numerical modeling was performed to
investigate the effect of geometrical parameters of striker including the
effect of shape, length, and, impact cross-section width (ICSW) on the
waveform induced in the SHPB test. The structure of this paper is as
follows: In Section 2, the methodology (including data gathering,
numerical modeling, and sensitivity analysis steps) is presented. In
Section 3, the results of the study including verification of the initial
model and other sensitivity analysis results are presented. In the end, in
Section 4, the main results and recommendations are presented.

2. Material and Methods

In this study, the aim was to investigate the effect of geometrical
parameters of striker including the effect of shape, length, and impact
cross-section width (ICSW) on the induced wave in the SHPB test using
numerical modeling. For this purpose, as shown in Fig.ure 3, in the first
stage, required data have been collected from two laboratory and
numerical modeling studies. Then, the initial model was constructed
using the discrete element numerical method (DEM), and its results
were compared with laboratory and numerical results. Then, the
validated model has been used for the sensitivity analysis stage. In the
sensitivity analysis, the characteristics of the induced waveform
including maximum amplitude, wavelength, and wave velocity were
evaluated from the impact of 10 models of cylindrical (CS) and specific
shape (SS) striker types.

21 Data Gathering

In this research, laboratory and numerical studies performed by Zhao
et al,, 2011 [16] and Li et al., 2014 [4] have been used, the data of which
are in Table. 1 and Table. 2. According to Zhao et al. and considering the
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properties of Tabel 1, the results of SHPB test have shown that when the
striker (specific_shape in Figure 1(b)) is shot toward the incident bar at
the velocity of 10 m/s, a semi sinusoidal stress wave of 170 MPa is
generated in the incident bar, which reaches one meter to the free
section of the incident bar and strain gauge, approximately 360
milliseconds after the impact (Figure 4). Regarding the numerical
modeling, Li et al [4] showed that the PFC2D software could carry out
the process of the impact and transfer of the resulting stress wave with
high accuracy and the lowest level of simplification. According to the
high agreement of the results obtained from the modeling with the
numerical model and experimental results of the aforementioned
researchers, their findings were used for model validation in this
research.

3
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Figure 3. Flowchart of the current study.

Table 1. Test equipment properties [16].

Properties Unit Value
Incident bar length mm 1500
Incident bar width mm 50
Transmitted bar length mm 750
Transmitted bar width mm 50
Striker’s length mm 360.1
Striker’s ICSW mm 174
Striker and bars elastic modulus GPa 240
Striker and bars density (kg/m?) 7800
Striker impact velocity (m/s) 10

2.2. Numerical Modeling of SHPB Test

A particle model of the striker, incident, and transmitted bars was
developed in the PFC2D (Particle Flow Code2-Dimension) software to
evaluate the wave-induced by various geometries of the striker
considering the properties which are presented in Table 1 and Table 2.
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PFC is based on the Distinct Element Method (DEM), which considers
the material and structure to be analyzed as the composition of particles.
PFC models the synthetic materials composed of an assembly of
variably-sized rigid particles that interact at contacts to represent both
granular and solid materials. The particles are treated as individual
members to find force and displacement acting on the particle. PFC
simulates the mechanical behavior of a system with included shaped
particles [17,18].

Table 2. Micro-parameters properties for numerical modelling of SHPB Test [4]

Element Characteristics Value
Minimum radius (mm) 09
Maximum radius (mm) 15
Discs Normal stiffness(N/m) 6.86x10"
Shear stiffness(N/m) 2.45x101
Density(kg/m3) 7894.7
Porosity (%) 0
Model Type Contact bound
Normal strength (MPa) 1x1010
Bonds
Shear strength (MPa) 1x1010
Internal friction coefficient 0.577
= = = Experimental result (Zhao et al., 2011)
Numerical result (Li et al., 2014)
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Figure 4. Waveform induced in experimental and numerical results.

2.3. Sensitivity Analysis of Waveform

In this section, the sensitivity analysis of the effects of the striker’s
geometry has been done on the characteristics of the propagated
waveform in the incident bar of the SHPB. Two scenarios of changes in
the length and cross-sectional area at the interface between striker and
incident bar were considered for each striker, which is further discussed
in the following sections.

231 Effect of Striker’s Shape

In order to analyze the effect of a striker’s shape on a waveform, two
types of strikers including Cylindrical (CS) (in 2D, it appears as a
rectangular shape) and Specific-shape (SS) Strikers have been modeled
as shown in Figure 5. These two types of strikers have the same length
360.1 mm and impact cross-section of 17.4 mm with different geometry.

2.32. Effect of Striker’s Length

In order to analyze the effect of striker’s length on the waveform, two
types of striker shapes including cylindrical and specific shaped strikers
with three lengths named CS I, CS II, CS III, SS I, SS II, and SS III have
been modeled shown in Figure 6 and Figure 7. These six types of strikers
have the same impact cross-section of 17.4 mm with different lengths of
360.1, 260.1, and 160.1 mm for CS and SS strikers, respectively.
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Figure 5. Two types of strikers are used for shape effect analysis on the
waveform.
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Figure 6. The geometry of CS strikers with different lengths and the same cross-
sections.
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Figure 7. The geometry of SS strikers with different lengths and the same cross-
sections.

233, Effect of Striker’s ICSW

In order to analyze the effect of a striker’s impact cross-section width
on the waveform, two types of striker shapes including cylindrical and
specific-shaped strikers with three impact cross-section widths named
CSI_1,CSI_2,CSI_3,SSI_1,SSI_2,and SSI_3 have been modeled as
shown in Figure 8 and Figure 9. These six types of strikers have the same
length 360.1 mm with different impact cross-section widths 17.4, 33.7,
and 50 mm for CS and SS strikers, respectively.

3. Results and Discussions

3.1 Numerical Modeling and Verification

The developed particle model of the SHPB test, including 27329 discs,
is shown in Figure 10. As is observed, the particles had regular
arrangement at the point of the interface of the incident-transmitted
bars and striker-incident bar for the full transmission of the wave. In
addition, the five measuring points of A, B, C, D, and E with a circle
diameter of 15 mm were placed along the bar to measure stress at various
times.

As mentioned earlier, numerical modeling validation was carried out
by comparing the results of the numerical modeling in terms of stress
versus time at a one-meter distance from the striker and impact velocity
of 10 m/s in the incident bar with the results of the numerical and
experimental studies of [16] and [4] as shown in Figure 11(a). Also, data,
from highlighted regions in Figure 11(a), are presented in Table. 3 for
more accurate comparisons. The accuracy value is calculated using
Equation. 4 and Equation. 5, as follows:
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Avg Error = w (%)
RMSE =———— 5)

Where t is time, A is amplitude resulting from this study, and AEX
and ANU are amplitude from experimental results [16] and numerical
modeling results [4]. As shown in Figure 11(b) and Figure 11(c), the
accuracy of the initial model was 87% and 81% compared to the
laboratory and numerical studies, respectively. Accordingly, this model
can be used in the sensitivity analysis stage.

Figure 12 shows the wave pattern induced in the incident and
transmitted bars during various steps of the SHPB. Figure 13 illustrates
the waveform in the incident-pressure bars of the SHPB, caused by the
impact of the SS striker at the velocity of 10 m/s in the model. In this
respect, Stage I is the stage of the impact and formation of a semi-
sinusoidal stress wave at the outset of the incident bar and striker
interface. Stage II involves the traveling of the wave throughout the bar,
passing from the measurement points A, B, C, and D. According to the
findings, the stress wave was completely transmitted to the transmitted
bar by reaching the end of the incident bar in Stage III. In Stage IV, the
stress wave entering the transmitted bar travels through the bar,
reaching the E measurement point at the mentioned time and moving
to the end of the bar. By reaching the end of the bar in Stage V, the
induced wave takes a tensional form and moves throughout the bar with
a changed sign.
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Figure 8. The geometry of CS strikers with different cross-sections and the same
lengths.
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Figure 9. The geometry of SS strikers with different cross-sections and the same
lengths.
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3.2, Sensitivity Analysis of Waveform

3.2.1 Strikers Shape Effect

In Table. 4, the characteristics of the wave resulting from two models of
strikers in two types CS and SS with unique 174 mm ICSW and
360.1mm lengths are presented. Also, Figure 14 shows the waveform
resulting from the impact of the CS and SS strikers with the same ICSW
and lengths. It can be seen that the waveform resulting from SS striker
impact is semi-sinusoidal, which is similar to the results of the tests
performed in [16] compared to an approximately rectangular waveform
from CS striker impact. Also, the maximum amplitude resulting from
SS striker impact has been obtained as approximately two times bigger
than the maximum amplitude in CS striker type. On the other hand,
wave travel time in SS striker impact is faster than in CS striker impact.
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Figure 11. Model results verification; a) comparison of waveform resulting from
the current study with experimental and numerical modeling, b) accuracy of the
model rather than experimental study, c) accuracy of the model rather than
numerical modeling study.

M. Nikkhah & M. Bajolvand /Int. J. Min. & Geo-Eng. (IIMGE), 56-3(2022) 285-292

289

Table 3. Comparison of compressional stress measured at D-point in the incident
bar in representative times (in the range 280 — 500 ps).

. Experimental result Numerical result
No.  Time(ps)  Camentstudy 7y cral2011)  (Lietal,2014)
1 280 0.00 0.00 0.00
2 300 -7.85 -8.10 -8.01
3 320 -110.00 -116.27 -114.83
4 340 -158.50 -154.31 -159.33
5 360 -170.10 -170.10 -169.80
6 380 -145.69 -165.07 -161.48
7 400 -85.41 -139.23 -140.67
8 420 -61.00 -106.94 -12847
9 440 -52.20 -53.83 -55.98
10 460 -27.27 -38.04 -2512
11 480 -7.89 -10.77 -7.22
12 500 -0.72 -0.72 -718
200
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Figure 12. Wave propagation pattern in bars of SHPB test by the impact of SS
striker.
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Figure 13. Different stages of induced stress wave and propagation by the impact
of striker in bars.

Table 4 Characteristics of propagated wave in the incident bar from different
shape strikers.

Properties Unit CSI SSI
Striker’s length mm 360.1 360.1
Striker’s ICSW mm 174 174
Wave amplitude MPa 89.34 17041
Wave velocity! ps/m 519 359
Wavelength us 240 220




290 M. Nikkhah & M. Bajolvand /Int. J. Min. & Geo-Eng. (IIMGE), 56-3 (2022) 285-292

Stress (MPa)
2

=160 —_— 881
-150 ___ cs1

-200

90 151 212 274 335 397 456 517 578 639 700 762 821

Time (us)

Figure 14 Waveform resulting from SS and CS impact.

3.2.2. Strikers Length Effect

In Table. 5, the characteristics of the wave resulting from six models
of striker in two types CS and SS with unique ICSW and 360.1, 260.1,
and 160.1 mm lengths are presented. As is observed, the wave amplitude
decreased in the CS strikers with a reduced length. While the traveling
time of the wave decreased more significantly in the CS II striker
compared to the CS I striker, it was extremely higher in the CS III type.
Figure 15 shows the waveform resulting from the impact of the CS
strikers with different lengths. It can be seen that the wave had an
approximately rectangular shape and an extremely low rise time. In
addition, the wavelength decreased with the reduction of the striker
length. The wave pattern formed by this striker had high oscillation, and
another prominent feature was the non-uniformity of the induced wave
compared to the semi-sinusoidal mode, which is a favorable shape for a
test wave.

Table 5. The waveform characteristics resulting from length analysis of SS and CS
Strikers.

Striker types

Properties Unit
CCI CCI CCII SST SSII SS III

Striker’slength  mm 3601 2601 1601 360.1 260.1 160.1

Strike’sICSW ~ mm 174 174 174 174 174 174

Max amplitude ~ MPa 8934 8927 8192 17041 17376 17321

Wave velocity!  ps/m 519 322 727 359 483 282

Wave length us 240 166 80 220 148 110

z
S =0
Q -60 —_—CsI
v 0 ——csT

-80 — —csIm

90

-100

90 151 212 274 335 397 456 517 STR 639 o 76 821
Time (pus)

Figure 15. Waveform resulting from CS strikers impact with different lengths.

In SS strikers, the decreased length led to a different behavior for the
CS type. Decreased striker length resulted in increased wave amplitude.
Meanwhile, the traveling time of the wave decreased in the SS II type
compared to the SS I type, whereas it extremely increased in the SS III
type. Figure 16 depicts the stress waveform resulting from the numerical
modeling of the effect of this striker. As is observed, the shape of the
wave is semi-sinusoidal, which is similar to the results of the tests
performed in [16]. Similar to the CS strikers, the wavelength decreased
with reduced striker length. Moreover, the shape of the wave changed

JMGE |}

from smooth to non-smooth and sharp. This type of wave also has
extremely low oscillation and maintains stability throughout the bar.
The sensitivity analysis plots of induced waveform versus different
lengths of two types of strikers are shown in Figure 17. As demonstrated,
among the waveform properties, the wavelength and maximum
amplitude were directly related to the striker’s length in both CS and SS
types. However, the study of the wave velocity does not show a clear
relationship with the striker’s length. Also, the study of the oscillation
on the induced waves shows that the waves resulting from the SS types
are much less oscillating than the waves resulting from the CS types.
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Figure 16. Waveform resulting from SS strikers impact with different lengths.
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Figure 17. The sensitivity analysis plots of induced waveform versus different
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323 Strikers ICSW Effect

In Table 6, the characteristics of the wave resulting from six models
of strikers in two types CS and SS with unique lengths and 17.4, 33.7, and
50 mm ICSW are presented. Accordingly, in CS striker type, the wave
amplitude significantly increased with the increased impact cross-
section width. In addition, the traveling time of the wave decreased in
the CS 1-2 striker compared to the CS I-1 striker, whereas it extremely
increased in the CS I-3 striker. Figure 18 shows the waveform resulting
from the impact of the CS strikers with different ICSW. As illustrated in
Figure 18, the induced wave has an almost approximately rectangular
shape, and the wavelength is not significantly affected by the impact
cross-section of the striker. Furthermore, this type of wave has high
oscillation.

In SS strikers, the wave amplitude increased with the increased
impact cross-section. On the other hand, the traveling time of the wave
decreased in the SS I-2 striker compared to the SS I-1 striker, whereas it
extremely increased in the SS I-3 striker. Figure 19 depicts the shape of
the stress wave resulting from the modeling process. As is shown in
Figure 19, the induced waves have a semi-sinusoidal form, and similar to
the CS strikers shows that the wavelength is not affected by the impact
cross-section of the striker. In addition, the waveform remained stable
with the least oscillation along the bar.

The sensitivity analysis plots of induced waveform versus different
ICSW of two types of strikers are shown in Figure 20. As demonstrated
in Figure 20, among the waveform properties, the wavelength was
inversely related to the ICSW in both CS and SS types. On the other
hand, the maximum amplitude is directly related to the striker’s ICSW
in both CS and SS types. However, the study of the wave velocity does
not show a clear relationship with the striker’s ICSW.

Table 6. The waveform characteristics resulting from ICSW analysis of SS and CS
strikers

Striker types
Properties Unit
CCI CCI2 CCL3 SSI  SSI2  SSI3
ls:;”s mm 3601 3601 3601 3601 3601 3601
fgs““;” s mm 174 337 S0 174 337 50
Max 893 1371 1704 1718 1775
amp]itude MPa 4 4 17761 1 7 4
Wave
velonity? wsim 519 123 220 359 550 196
Wave length s 240 51 74 220 65 S4
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Figure 18. The shape of propagated stress wave in the incident bar from the impact
of CS striker with different cross-sections

4. Conclusion

In the present research, the discrete element method (DEM) was used
to evaluate the effects of the striker’s geometry on the characteristics of
the waves induced in the incident bar of the SHPB test. The numerical
modeling of the two CS and SS strikers was performed, and the
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Figure 19. The shape of propagated stress wave in the incident bar from the impact
of SS striker with different cross-sections.
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Figure. 20. The sensitivity analysis plots of induced waveform versus striker’s
ICSW for (a) Max amplitude, (b) wave velocity, and (c) wavelength.

characteristics of the waves resulting from the impact of each striker
were assessed by changing the length and cross-section of the striker.
Some of the most important results of the study are as follows:

e  The discrete element method could properly simulate the
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propagation of the waves induced and propagated by impact in
the split Hopkinson pressure bar dynamic test. Such ability
provides an opportunity to model specific geometries for each
experimental assessment within a short time and in a cost-
efficient manner using the software for the evaluation of the
resulting wave and its propagation in the bar.

e A direct correlation was observed between the striker length
and wavelength of the induced wave which was observed in
both the CS and SS strikers.

e The waves resulting from the impact of the CS strikers have an
approximately rectangular shape, while the wave-induced from
the SS strikers with trimmed-cone have the semi-sinusoidal and
semi-triangular compressive waveform in both modes of length
and ICSW change.

e Among the waveform properties, the wavelength was strongly
related to the geometric properties of the strikers in both CS
and SS types in a way that was directly related to the striker’s
length and inversely related to the ICSW.

e  The maximum amplitude is directly related to the striker’s
length and ICSW in both CS and SS types.

e The study of the wave velocity does not show a clear
relationship between the striker’s length and ICSW.

e The study of the oscillation on the induced waves shows that
the waves resulting from the SS types are much less oscillating
than the waves resulting from the CS types.

. Therefore, according to the results, the use of SS strikers is more
appropriate according to the waveform rather than CS Strikers.
Also, the SS striker’s geometric properties can be determined
according to the problem requirement, using numerical
modeling results.

Because of some limitations such as laboratory data, this research
focused on the striker’s geometrical properties and effects on the
induced waveform. It can be useful if some researchers focus on impact
velocity effect, rock, and other critical materials behavior under induced
load from this test, etc. using the proposed workflow in this study.
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